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ABSTRACT

BACKBONE CARBONYL INTERATIONS IN PROTEINS

Robert W. Newberry
under the supervision of Professor Ronald T. Raines

at the University of Wisconsin—Madison

Proteins are nature’s principal molecular machines, and their many functions arise from their
complex and varied three-dimensional structures. Understanding protein structure has therefore
been one of the central scientific challenges of the twentieth and twenty-first centuries.
Additionally, advances in DNA sequencing technology have far outpaced advances in
experimental structural biology, motivating computational methods for predicting protein
structures. Personalized medicine would likewise benefit from methods that predict changes in
protein structure and function given sequence data. Moreover, a thorough understanding of
protein folding should enable the design of new proteins de novo, which holds enormous promise
for solving technical challenges in fields as diverse as medicine, materials, and energy. Yet,
despite decades of research, the methods available for protein structure prediction and design still
offer only limited success, suggesting an incomplete understanding of the forces governing
protein folding. To address these limitations, | have undertaken a variety of studies that examine
the potential contributions of previously unappreciated interactions to protein folding. This

dissertation focuses specifically on the role of the carbonyl group in such interactions.



| begin with a foreword that serves as an introduction for general audiences; in it, | outline
the fundamental physics of protein folding, thereby providing context for the original research |
describe later. In Chapter 1, I review in detail a variety of secondary interactions that have been
proposed to contribute to the folding of proteins and evaluate the relative importance of those
contributions. The history of research regarding one such interaction in particular, the n—z*
interaction, becomes the focus of Chapter 2, as it is the subject of a large proportion of the
original research presented in this dissertation. Finally, in Chapter 3, I introduce the utility of
fluoroprolines as probes of noncovalent interactions in proteins.

In Chapter 4, | describe original research that provides fundamental insights into the n—z*
interaction. In particular, spectroscopic, crystallographic, and computational analyses of proline
model compounds bearing thioamides clarifies the nature of this interaction. These studies also
provide an approximate lower bound for the energy of a typical interaction and highlight the
utility of thioamides for modulating these interactions in peptides and proteins. In light of these
insights, | employed thioamides to probe noncovalent interactions in the backbone of the
collagen triple helix, which | describe in Chapter 5. The unique structure of collagen allows for
selective perturbation of individual interactions, though biophysical analysis of backbone-
modified collagen peptides highlights the challenges of studying weak interactions within the
complex structure of proteins.

In Chapter 6, | describe computational analyses of polylactide, a polyester that has recently
been demonstrated to adopt the same general secondary structure of the collagen triple helix: the
polyproline Il conformation. My computational analysis demonstrates the influence of
ubiquitous n—z* interactions in polylactide, and the ability of these interactions to guide

structure in the absence of hydrogen bonding not only highlights their relevance, but also



iii
suggests that they might play key roles in the early stages of protein folding. The broad influence
of these interactions for protein folding is again underlined by a series of bioinformatics analyses
| present in Chapter 7. Specifically, analysis of ultrahigh-resolution protein crystal structures
demonstrates that residues in folded proteins bear the distinctive signature of the n—z*
interaction: carbonyl pyramidalization. | also present evidence that these interactions affect the
electronics of the protein backbone. Chapter 8 then describes how an n—z* interaction can
contribute to the ability of protein to bind to a ligand; specifically, 1 show that free N-acyl
homoserine lactones, which mediate quorum sensing in Gram-negative bacteria, engage in an
n—z* interaction that likely deters binding to their cognate receptors.

Arguably, the central role of the n—z* interaction is to provide stability to helical secondary
structures in proteins. Why then are f-sheets so common in proteins when they cannot benefit
from stabilizing n—z* interactions? To address this discrepancy, | performed a series of studies,
outlined in Chapter 9, that demonstrate the existence of a common, yet heretofore-unrecognized
hydrogen bond within single strands of p-sheets. Specifically, | hypothesize an attraction
between the amide proton and carbonyl oxygen of individual amino acid residues in f-sheets,
which should bias residues toward the “C5” geometry. Computations suggest that this geometry
does permit meaningful hydrogen bonding, and experimental physical organic studies of a
preorganized small-molecule model system demonstrate that these interactions bear many of the
properties of canonical hydrogen bonds. Spectroscopic studies of backbone-modified peptides
indicates that this interaction does operate in S-sheets, and biophysical analyses demonstrate that
selective perturbation of this interaction causes changes in the global stability of g-sheets.
Finally, bioinformatics analysis of folded proteins demonstrates that these interactions are quite

common and can impart significant stabilizing energy. These interactions might also play a



particular role in the early stages of p-sheet folding, as well as in the formation of amyloid
structures.

The conclusions and immediate future directions of this research are summarized in
Chapter 10. In Appendix A, | explore the detection of n—xz* interactions in solution using
nuclear magnetic resonance spectroscopy. In Appendix B, | characterize solvent effects on the
conformations of proline derivatives, the results of which corroborate earlier studies as to the
nature of the n—z* interaction. Appendix C examines various thioesters as n—z* acceptors,
which could serve as probes of noncovalent interactions in proteins. Finally, Appendix D

presents some examples of n—z* interactions between proteins and their ligands.
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FOREWORD

Decoding Protein Languages:

An Introduction for the General Public

Living organisms are organized into cells, each of which is capable of performing the basic
processes of life: acquisition of nutrients and energy, reproduction, and self-defense. Within the
cell, each of these activities is orchestrated by a team of complex machines called proteins. Like
all molecules, proteins are particular combinations of atoms bonded together; however, unlike
other molecules, such as water or carbon dioxide that have only a few component atoms, proteins
can have up to hundreds of thousands of atoms each. The cell produces these enormous
molecules by linking together smaller molecules, called amino acids, into long chains. Nature
makes use of twenty specific amino acids, and together, these twenty building blocks provide all
of the pieces necessary to create the 20,000 or so different proteins that enable life.

Even though proteins are constructed by linking amino-acid building blocks into long single
chains, proteins do not look like long strings in the cell. Rather, those chains collapse down upon

themselves into condensed particles. We call this process protein folding (Figure 1).

Figure 1. Proteins are chains of chemical building blocks that fold up into condensed particles.
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While the final arrangement of the atoms may appear random, it is actually highly evolved to
perform a specific function. Just like IKEA furniture, it’s not enough for a protein to contain all
of the correct components; those building blocks have to be correctly arranged, or the protein
will not function. Even worse, sometimes when proteins fold into the wrong structure they cause
disease. This is precisely what happens in Alzheimer’s and Parkinson’s diseases; specific
proteins in the brain are prone to misfolding, and when they do, they obstruct neural activity. So
what makes some proteins fold into the correct structure and what makes others go awry?

Unlike furniture, protein chains arrange themselves almost entirely on their own. Even if you
manage to stretch a protein out into a single chain, it will usually go back the exact same, correct
structure once you stop stretching it. It’s as if, somehow, each of the pieces of the protein are
communicating with one another so that each one knows exactly where to go. So, if we want to
understand why proteins fold and misfold, we need to learn how to speak their language, or more
precisely, languages. The trouble is that proteins are more like Europe than they are like
America; many different languages are spoken, everyone seems to be able to speak multiple
languages, some groups that speak one language like to cluster together, other groups like to
reside in areas where lots of languages are spoken, and to top it all off, there are many forms of
nontraditional communication that we do not fully comprehend. Understanding how each
specific protein is able to arrange itself so perfectly has therefore been one of the greatest
scientific challenges of the twentieth and twenty-first centuries, and it is a challenge | decided to
pursue during my doctoral studies.

Over the course of several decades, the scientific community has identified several ways in
which the amino acids on a protein communicate or interact with one another; these interactions

depend on the chemical groups in each amino acid building block (Figure 2).



XX
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Figure 2. Proteins are comprised of building blocks called amino acids, each of which have different
physical properties.
For example, several amino acids have areas of either positive or negative charge. As a result,
amino acids with positive charge will form attractions with amino acids that have negative
charge while avoiding other positively-charged amino acids. Another important interaction that
occurs between amino acids involves water. Proteins are constantly bathed in water inside of the
cell, but different amino acids have different affinities for water. Some amino acids form very
favorable interactions with water, while others much prefer to avoid water. As a result, the
“hydrophobic” amino acids will tend to congregate at the interiors of proteins, while
“hydrophilic” amino acids will decorate the outside surface of proteins. Moreover, each of the
different amino acids is a slightly different size and shape, so some combinations of amino acids
can fit easily next to each other, akin to pieces of a jigsaw puzzle, whereas other combinations
may not be able to.

However, despite everything we have learned about how amino acids interact with one
another, we still do not understand how one protein folds into one structure while a different
protein will fold into a different sequence. For example, the scientific community has a very low

success rate in predicting the structure of a protein given information about which amino acids it



XXi

contains. Moreover, many scientists have tried to design new protein structures to solve
important problems, but there have been very few successes; the sequences that scientists
propose for new proteins seldom adopt the structures they want. One could envision designing
new proteins that treat disease by acting as microscopic surgeons or proteins that help us to
produce fuels from renewable resources by breaking down plant matter. Being able to design
new proteins could aid in solving a wide variety of challenges, but doing so will require us to
fully understand how each amino acid interacts with others in the chain, which has motivated an
entire field of science devoted to the study of protein folding.

The atoms in proteins communicate entirely through physics, which means that a thorough
understanding of physics is essential to understanding proteins. Unfortunately, most scientists
who study proteins only understand classical physics, which treats atoms as small balls of fixed
charge. While classical physics works well for large objects like pendulums or roller coasters, it
breaks down for small objects like atoms. Pioneering experiments in the early twentieth century
showed that atoms do not behave as one would expect for simple charged balls; rather, studies on
the negatively-charged electrons that surround the positively-charged atomic nucleus showed
that electrons have curious, wave-like properties. The most important wave-like property of
electrons is that they can interfere with one another. Consider, for example, what happens when
two cars pass one another versus when two pond ripples pass one another. Whereas the cars
simply run by each other without any noticeable interaction, the two pond ripples will cause
dramatic changes in one another as they go by. In order to account for these previously
unappreciated properties, theoretical physicists developed a new model for the physics of small
particles, which was later termed quantum mechanics. The development of this model was

accompanied by several Nobel prizes, and it stands as one of the most successful theories in the
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history of physics. I am one of few scientists studying proteins who can understand quantum
mechanics, and | have been using that understanding to dissect proteins in ways that no one ever
has before.

So how does quantum mechanics affect proteins? Again, like all molecules, proteins are
comprised of atoms, each of which is surrounded by a cloud of electrons. Some of those
electrons create the chemical bonds that hold the atoms together. Other electrons, however, are
not involved in bonds, which leaves them free to form other interactions. What interactions they
can form, depends of course on where they are located and what else is nearby. But one cannot
accurately predict the locations of those “non-bonded” electrons without invoking the ideas of
quantum mechanics. Appreciating the correct locations of non-bonded electrons leads to the
discovery of previously unknown interactions that help to hold proteins into their correct
topology. My dissertation concerns two examples of those previously unknown interactions.

One common chemical group in proteins is the carbonyl group (Figure 3). It consists of an
oxygen atom that is chemically bonded to a carbon atom through two different electron pairs.
Because the two atoms share two pairs of electrons, they are said to be “double-bonded.” Carbon
and oxygen both prefer to have or share a total of eight electrons. Carbon atoms in carbonyl
groups will often attain those remaining four electrons by forming two additional bonds to other
atoms. Oxygen, on the other hand, generally prefers not to form more bonds, so it keeps its
remaining four electrons largely to itself. However, because they are not involved in bonds, those
remaining, non-bonded electrons can interact with other nearby atoms, though these interactions
are much weaker than chemical bonds. The relatively weak interactions that the non-bonded
electrons can form are therefore perfect for helping a protein to fold; they provide the

metaphorical glue for protein structures.
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Figure 3. The carbonyl group features four non-bonded electrons (blue), but physical theories predict
that they are in different locations.

For the carbonyl group, the location of the “non-bonded” electrons has been the subject of
debate. Originally, the “non-bonded” electrons were predicted to be evenly spaced around the
oxygen atom (Figure 3, left). This model implied that both pairs of electrons are identical,
however, an experiment showed that those electrons actually have two different energies,
proving that they cannot be the same. To account for this new information, chemical physicists
performed sophisticated quantum mechanical calculations that showed a very different
arrangement of non-bonded electrons (Figure 3, right).

This new model of the non-bonded electrons is essential for proteins because it shows where
attractive interactions can occur within proteins. For example, one type of attraction non-bonded
electrons can form is with a hydrogen atom. Hydrogen atoms are often slightly positively-
charged, which makes them perfect partners for non-bonded electrons. The interactions between
hydrogens and non-bonded electrons are termed hydrogen bonds because they draw the
hydrogen atom close to the atom bearing the non-bonded electrons. In proteins, many hydrogen
atoms are bonded to nitrogen atoms. If the hydrogen atom in this N-H group approaches a
carbonyl oxygen, it will form an attraction; however, the angle at which the N-H and the
carbonyl approach each other depends on the orientation of the non-bonded electrons on oxygen.
For example, the two most common patterns in proteins, the alpha-helix (a-helix) and the beta-

sheet (f-sheet), both form interactions that approach the carbonyl group along the C=0 bond
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(Figure 4). If you were only considering the old model for the location of the non-bonded
electrons (Figure 3), the orientation of these hydrogen bonds would not make much sense. This

shows why it is important for protein scientists to appreciate modern physics.
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Figure 4. The a-helix and the S-sheet are the two most common structural patterns in proteins, but both
feature hydrogen bonds that form along the carbonyl bond axis. Carbon atom labels are omitted for
clarity.

We can also use quantum mechanics to predict other interactions that occur within proteins
that no one has seen before. Let us examine the s-sheet (Figure 4, right). Notice that the carbonyl
oxygen is actually close to two hydrogen atoms, one of which forms a hydrogen bond that was
known previously, shown as short dashes. The fact that the oxygen is also close to a second
hydrogen suggests that it may form a second attractive interaction. However, no one ever thought
that the second hydrogen would form an interaction because they were mistaken about where the
non-bonded electrons are. Without knowing that there are non-bonded electrons between the
carbonyl oxygen and the adjacent hydrogen, no one would have expected there to be an

interaction. Based on what | know about quantum mechanics, | was the first to predict that those

two atoms would attract one another (Figure 5).
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Figure 5. A new type of hydrogen bond that uses a second pair of non-bonded electrons from the
carbonyl group. Carbon atom labels are omitted for clarity.

While this prediction seems reasonable, it is difficult to discern whether the C=0 and N-H
groups actively attract one another or if they are simply held close together by chemical bonds.

| therefore needed to determine if that interaction really is attractive. If it is, it should help to
hold the S-sheet together, and | can measure how strongly the S-sheet is held together using a
variety of methods. To test if the second hydrogen bond really does hold g-sheets together, |
designed a p-sheet in which the second hydrogen bond, if it exists, would be weaker. To make
the putative hydrogen bond weaker, | distracted the non-bonded electrons with a decoy
interaction in the opposite direction. This should weaken the hydrogen bond and destabilize the
[S-sheet. There is only one problem with that strategy: if | distract the non-bonded electrons from
engaging in this new hydrogen bond (horizontal in Figure 6), | will also distract them from
forming the original hydrogen bond (vertical in Figure 6), which is already well-established. So,
if | see change in the stability of the s-sheet, | cannot tell if it is due to weakening one hydrogen

bond or the other.
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Figure 6. Oxygen atoms in S-sheets can form multiple hydrogen bonds. To probe my newly proposed
?é(ér)(.)gen bond (horizontal dashes), | eliminated the original hydrogen bond by introducing an oxygen

To get around that problem, | eliminated the original hydrogen bond by changing the N-H
group to an oxygen (red in Figure 6). Unlike nitrogen, which prefers to make three bonds,
oxygen prefer to form just two, which eliminates the hydrogen that forms the hydrogen bond.
That leaves just the second hydrogen bond that | want to probe. When | then made these
modified p-sheets, | found that distracting the non-bonded electrons away from the new
hydrogen bond made the whole g-sheet less stable. That means that my new hydrogen bond
really is attractive. Nobody knew that before this experiment. This might be one of the reasons
that scientists cannot design new proteins: we have not yet been accounting for all of the
interactions that hold proteins together. In fact, this second type of hydrogen bonds is very
common: it happens in approximately 20% of g-sheets, meaning that there are a great many
interactions that we have yet to account for.

The new picture of carbonyl lone pairs in Figure 3 has also inspired the discovery of another
previously-unrecognized interaction. Non-bonded lone pair electrons on a carbonyl oxygen can
also form an attraction to the carbon of another carbonyl group (Figure 7). Like hydrogen atoms,
carbon atoms tend to have positive charge, so they can interact with the negatively-charged

electrons on oxygen. These interactions have been named n—x* interactions (read “n to pi star”),
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n representing the non-bonded electrons and z* representing the carbonyl carbon that the non-

bonded electrons interact with.
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Figure 7. An attraction between the non-bonded electrons of a carbonyl oxygen and an adjacent carbonyl
carbon, termed an n—x* interaction. Carbon atom labels are omitted for clarity.

Proteins have an enormous number of carbonyl groups, meaning that they can potentially engage
in numerous n—z* interactions. In fact, based on how close the atoms have to be to engage in an
n—7* interaction, we predict that approximately one-third of all residues in folded proteins will
engage in an n—z* interaction. To test this hypothesis and determine if proteins really do engage
in this interaction, | examined protein structures in detail, looking for signatures of the n—z*
interaction. Because the non-bonded electrons pull on the adjacent carbon atom, the pull it away
from the atoms it is bonded to. We can see this effect by looking at how flat the carbonyl groups
are; in the carbonyl group, the central carbon and all of the atoms to which it is bonded lie in one
plane. So, when the non-bonded electrons pull on the central carbon of the carbonyl group, they

pull that carbon out of the plane, and we can measure that distortion (Figure 8).
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Figure 8. As non-bonded electrons pull on a carbonyl carbon, they pull it out of the plane formed by the
atoms to which it is bonded.
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When | looked at how flat the carbonyl groups in proteins are, | found that those carbonyl groups
that were close to non-bonded electrons were usually less flat than carbonyl groups that were far
away from non-bonded electrons. This result shows that the n—xz* interaction does occur in
proteins, and in fact, occurs very commonly. Again, protein scientists, who do not usually
appreciate modern physics, do not currently account for these interactions when predicting what
a particular protein will look like. If we were to include the n—z* interaction in our predictions,
perhaps we will be better able to design our own proteins.

While the data | have generated so far demonstrate that n—z* interactions are present in
proteins, it is not yet clear what they do. To help determine what roles they might play, |
developed technology that allows us to manipulate these interactions. Specifically, | substitute
the oxygen in the carbonyl group with sulfur. Sulfur is directly below oxygen on the periodic
table, so it forms most of the same bonds that oxygen does. However, because sulfur is larger
than oxygen, its non-bonded electrons are farther from the nucleus, so they are not held as
tightly. As a result, the non-bonded electrons in sulfur are more likely to go interact with other
atoms. Replacing carbonyl oxygens with sulfur therefore enhances the n—x* interaction. So, if
we want to understand what an n—z* interaction does in a protein, we can substitute the
carbonyl oxygen with sulfur and look for what changes.

Based on the studies | have completed, we have learned much about how atoms
communicate to coordinate protein structure. In particular, | identified a previously-unrecognized
interaction, or “language,” that turns out to be very common in proteins. Still, proteins harbor
many secrets that we have yet to unearth, but the results of my studies and the technology I have
developed bring us one step closer to being able to control proteins and design new ones, with

potentially revolutionary implications.
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Secondary Forces in Protein Folding

Proteins are the principal molecular machines of the cell, capable of a myriad of activities
that enable life. Each individual protein derives its function from the unique, three-dimensional
arrangement of its chemical components.' Seminal experiments by Anfinsen? demonstrated that
amino-acid sequences can contain all of the chemical information necessary to specify a
particular, thermodynamically stable structure.® That result implies that decoding the chemical
information present within the polypeptide chain would, in principle, allow one to predict the
structure from its sequence alone. Given the number of putative protein sequences generated
from DNA sequencing data,* such technology would prove invaluable for addressing many
biological questions. Moreover, the same insight could eventually allow physicians to predict the
effects of particular mutations, empowering personalized medicine; this prospect could be
especially important for the treatment of diseases caused by protein misfolding.®> Finally, a
complete understanding of the factors governing protein structure could be leveraged toward the
design of new proteins with emergent functions, the limits of which are hard to conceive.
Understanding the molecular basis for protein structure has thus become one of the central

biophysical challenges of our age.



Dominant Forces in Protein Folding

We now appreciate that the folding of polypeptide chains is encouraged by key noncovalent
interactions,® excepting the formation of disulfide bridges. Heretofore, modeling of proteins has
focused on a handful of interactions that are now accepted as canonical contributors to protein
folding: the hydrophobic effect, van der Waals interactions, electrostatics, and hydrogen
bonding.

Among these interactions, the hydrophobic effect has been shown to be the dominant
contributor to the folding of globular proteins,”® where the release of ordered water molecules
due to the burial of hydrophobic surface provides stability by increasing the overall entropy of
the system. Various estimates suggest that over half of the thermal stability of proteins can be
attributed to the hydrophobic effect.® It is important to note, however, that the hydrophobic effect
is relatively nonspecific; to a first approximation, hydrophobic surfaces discriminate between
one another on the basis of sterics alone. Despite the lack of chemical specificity, steric
interactions at hydrophobic interfaces can provide important specificity to protein folding;
notably, the hydrophobic cores of proteins are found to be especially dense, even compared with
crystalline solids, indicating substantial geometric complementarity in proteins that may specify
particular structures.’® Moreover, in the arena of coiled coils, interfacial hydrophobic amino
acids specify both oligomerization state and binding partners™* due to so-called “knobs-into-
holes” packing.*? Continuing research on the hydrophobic effect attempts, among other things, to

delineate the length scales on which the effect operates,*®

as well as to refine the energy
associated with burial of hydrophobic surface, estimates of which vary widely between systems

and analytical approaches.™



Other nonspecific interactions in proteins include van der Waals interactions, such as the
London dispersion forces that exist between the fluctuating induced dipoles of molecular
electron clouds.'® These interactions become attractive only at short distances; for example, the
Lennard—Jones potential indicates that the strength of attraction varies with an inverse-sixth
dependence on the internuclear separation.'® At even shorter distances, these interactions become
repulsive due to the interactions of filled electronic orbitals, which is referred to as the exchange
repulsion or Pauli repulsion term. Ultimately, the degree of attraction depends on electronic
polarizability, which in turn is related to atomic and molecular weight. Thus, though individually
weak, these interactions can become significant for larger hydrocarbons, even to the point that
they overcome seemingly insurmountable steric clashes,'” and thereby provide stabilizing energy
to the hydrophobic cores of globular proteins.

Whereas nonspecific interactions are key for providing stability to proteins, the correct
arrangement of chemical groups is essential for protein function and relies on the formation of
specific interactions. The simplest class of specific interactions are the electrostatics.
Experimental measurements indicate that typical, solvent-exposed salt bridges can impart 0.5—
1.5 kcal/mol of stability each.’**® Moreover, electrostatic interactions need not involve full
charges, but may also involve the partial charges of permanent electric dipoles.?’ These dipolar

interactions contribute to the formation of secondary structures® 2

and lead to the macroscopic
helix dipole moment,®* though this notion is controversial.”®> Electrostatic interactions are
particularly important for protein folding because they have relatively weak distance

dependence,?*?’

making them relevant at longer length scales and key determinants of nonlocal
contacts and complex formation.?®?° The interaction of classical charges can often be described

in a relatively simple manner by assuming that charges can be ascribed to infinitely small regions



of space. Nonetheless, there are two main complications in calculating the energy of electrostatic
interactions. The first is estimating the dielectric constant of the medium, which for proteins has
been the subject of considerable debate,® due in part to its heterogeneity. The second challenge
is accounting for molecular polarization due to nearby charges. The latter complication has
motivated the development of polarizable force fields, such as AMOEBA 33

Perhaps even more important for protein structure than electrostatics is the hydrogen bond,
which has been the subject of intense scrutiny. One of the first questions addressed by
researchers was whether or not the hydrogen bond provides thermodynamic stability. Because
proteins can alternatively form hydrogen bonds between peptide groups or to water, it was
hypothesized that hydrogen bonds would not contribute significantly to the stability of the folded
state. Indeed, this hypothesis has been supported spectroscopically.®® There is also evidence,
however, that many common types of hydrogen bonds in proteins, particularly amide—amide
hydrogen bonds, are somewhat stronger than hydrogen bonds to water.* Perhaps the most
convincing evidence for stabilization of the folded state by the hydrogen bond is the observation
that polyalanine peptides form an a-helix®®> whose stability increases with increasing length.*
Indeed, this paradigm was leveraged to provide accurate estimates of the energetics of individual
hydrogen bonds. Conventional wisdom now holds that hydrogen bonds between peptide groups
are slightly stabilizing to the folded state, and have expected energies on the order of one

kilocalorie per mole.®

Moreover, native protein structures are highly optimized to make
complete use of their hydrogen bonding potential.®’

Hydrogen bonding energy can be substantially higher in the interior of a protein, where the
dielectric constant is reduced and fewer competing donors and acceptors are present; indeed,

membrane proteins are believed to benefit from enhanced hydrogen bonding within phospholipid



bilayers.®® The dependence of hydrogen-bond energy on the dielectric of the environment has
also raised the question as to the nature of the hydrogen bond. Such a dependence on
environmental dielectric suggests a largely electrostatic contribution to the energy of a hydrogen
bond. Yet, calculations,***! NMR spectroscopy,*” and scattering experiments*® have all shown
important charge-transfer character to the hydrogen bond,** and accounting for this charge-
transfer character has been shown to improve molecular force fields.* Regardless of their nature
or stabilizing influence, hydrogen bonds are known to direct the folding of the polypeptide chain
into various higher-order structures. The geometry of hydrogen bond formation is highly
specific,** helping to give rise to the most common structural patterns in proteins. Indeed, based
entirely on molecular modeling that was guided by insight into hydrogen bond geometry, Pauling
and coworkers were successfully able to predict the atomic arrangements of both the a-helix*
and the -sheet,*” the two most common elements of local structure in proteins.*® Because of the
importance of hydrogen bonds for imparting structure, their presence in proteins has been

catalogued repeatedly.*®*°

Current Limitations

The study of these interactions has enabled development of many important technologies,

51-53

including force fields for molecular dynamics simulations® ™ and automated methods for protein

>+ which in turn have yielded some exciting results.”®’ In order to assess the state of

design,
the art in understanding protein structure and folding, and therefore the limitations in these
methods, the biophysics community has engaged for the past several years in a systematic
evaluation called the Critical Assessment of Structure Prediction (CASP).”® The premise of this

biannual competition is simple: given only the target sequence, computational biophysicists



attempt to predict the three-dimensional structures of proteins that have recently been
characterized by experimental structural biology. The contest has been held eleven times since
1994, and several insights have been gained.”® Unfortunately, though significant improvements
were made in the first several years of the CASP competition, results of late have stagnated.™
Similar limitations have been reviewed in the arena of protein design.®® These results
underscore the sheer size of the problem. Proteins have access to an enormous number of
conformations, each of which differs only slightly in energy, creating a massive computational
challenge. Moreover, the accuracy of models for sequences bearing low similarity to proteins of
known structure remains poor; even the most successful of these models rarely achieve accuracy
at either the secondary or tertiary levels of structure.®® In the absence of homologous proteins or
domains on which to base initial models, structure prediction relies almost entirely on molecular
mechanics approaches, which can be problematic.?® Our inability to predict protein structures or
to improve our prediction methods therefore suggests an incomplete understanding of the forces
that govern protein structure, stability, and folding.®® Indeed, similar limitations have been noted

in the prediction of organic crystal structures,®*®

a problem that is conceptually similar to that of
protein structure prediction in that it requires an accurate inventory of intermolecular forces. It is
apparent, therefore, that understanding of the now-canonical forces in protein folding is

insufficient for properly describing their biophysics. To address this problem, a great deal of

research has now identified a suite of additional interactions that also contribute.

Secondary Interactions of the Main Chain
For the sake of discussion, the term secondary interactions will encompass those interactions

identified in proteins that are outside the four canonical forces identified above. Perhaps the most



ubiquitous secondary interactions articulated to date are noncanonical hydrogen bonds involving
carbon-based donors. Though proteins generally feature weaker carbon acids than some other
organic molecules, there are some protons that are sufficiently acidic to engage in hydrogen
bonding. For example, there is substantial evidence that histidine side chains can donate
hydrogen bonds from CF, as occurs in enzyme active sites.®® By far the most common C-H
hydrogen-bond donors, however, are the o protons of the amino-acid backbone.

C—H hydrogen bonds have been widely observed in crystal structures of small molecules, and
in fact, were proposed to contribute to protein stability as early as the 1960s.5” Despite early
debate, C—H hydrogen bonds are now well-accepted,®®™ as they share many properties with
canonical hydrogen bonds, such as directionality and cooperativity,”* though they notably often
induce blue shifts in vibrational spectra.”””® Like canonical hydrogen bonds, they are
predominantly electrostatic interactions, with smaller contributions from van der Waals
attraction and charge transfer.”* Experimental characterizations of their energy within peptides or

proteins remain scarce,”*"

owing in part to their small energies and in part to the challenge of
probing the peptide backbone. Computations generally point to energies of 1-2 kcal/mol
each,”®"" which is approximately half that computed for canonical hydrogen bonds.”
Nevertheless, detailed analysis of the geometry of intermolecular contacts in proteins has
shown a substantial propensity for carbon-based acids to engage with hydrogen-bond acceptors.
Like other hydrogen bonds,’® these interactions are identified by a short donor—acceptor distance
(<2.5 A typically), and relative linearity between the donor, acceptor, and their antecedents;
however, some analyses also require that C—H hydrogen bonds approach the acceptor within the

plane of the carbonyl acceptor.*® By far the most common example in protein structure is the

interstrand C—H--O hydrogen bond in f-sheets (Figure 1.1).5"
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Figure 1.1 C-H:--O Hydrogen bonds in the backbone of the S-sheet.

Derewenda and coworkers identified these contacts by observing that C—H---O contacts occur at
distances significantly shorter than expected for repulsive van der Waals interactions, and in fact,
the observed distances correspond closely to those observed in small-molecule crystal structures
with validated interactions. Moreover, approach of the donor to the carbonyl acceptor occurs
largely within the plane of the peptide group, where the carbonyl electron density is maximal.
Later analyses have shown that these interactions affect some 35% of residues in g-sheets.®
There are additional, albeit less frequent, examples of C—H---O hydrogen bonds in proteins.
Contacts with carbonyl oxygens in the backbone of the a-helix have been noted,® though these
interactions usually involve less acidic B-protons, so the energy contributed by such contacts is
likely modest. Additionally, a-helices may benefit from C—H--O hydrogen bonds involving
donation of a proline o-proton to carbonyl acceptors.®* Indeed, this interaction has the potential
to attenuate the strong helix-breaking tendencies of proline residues. C—H hydrogen bonds are
also a feature of the collagen triple helix,®> and can contribute to binding energy and
discrimination at protein—protein interfaces.®® One notable example of the latter occurs between
transmembrane helices. Transmembrane helices, whether within individual proteins or at
interfaces within complexes of multiple proteins, often contact one another along ridges of small

amino acids, typified by the GXXXG motif.®” These contacts are mediated by a network of C—H



hydrogen bonds between helices®® and lead to a characteristic interaction geometry, which has
been termed the GAS-right motif.*

Recently, a distinct interaction within the peptide backbone has been posited to contribute to
protein folding, termed the n—x* interaction.”® These weak interactions occur between adjacent
carbonyl groups in the peptide backbone due to donation of lone-pair (n) electron density from a

carbonyl oxygen into the z* orbital of another carbonyl group (Figure 1.2).
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Figure 1.2 n—x* Interactions between adjacent carbonyl groups in the peptide backbone.

Originally invoked to explain the correlation of proline ring pucker on the conformation of
adjacent peptide bonds in collagen,™ this interaction has now been recognized in a variety of
systems. It is identified® by a sub-van der Waals contact of the donor oxygen on the acceptor

carbon along the Biirgi-Dunitz trajectory.**®* Though it was argued that these interactions are a
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particular example of dipolar interactions, extensive evidence indicates that these
interactions harbor distinct, charge-transfer character, a view that has gained acceptance.'®* The
ensuing electronic donation can distort the acceptor, which has also been observed in ultra-high
resolution protein crystal structures.'*?*% Computational'® and experimental®® studies on small
molecules have estimated the energy of a typical n—x* interaction to be between 0.3 and 0.7
kcal/mol each; experimental estimates of the energy of an n—z* interaction in a folded peptide
or protein have yet to be achieved. Despite their modest energy, n—x* interactions are predicted

to contribute significantly to protein stability, thanks to their frequency; approximately one-third

of all residues in folded proteins are poised to engage in n—x* interactions.*> Moreover, they
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likely contribute to secondary structure formation; over 70% of residues in a-helices are
predicted to engage in n—x* interactions, while less than 10% of g-sheet residues will.*? These
interactions are also implicated in other helical conformations, such as 310* or PPII

104 Additional interactions are possible in amino-acid side chains,®*% though this

geometries.
area remains underexplored.

An analogous, highly local interaction has recently been identified in S-sheets. Specifically,
data shows that amide protons in S-strands can donate hydrogen bonds to their own carbonyl

oxygens, forming what is termed a C5 hydrogen bond (Figure 1.3).

Figure 1.3 C5 Hydrogen bond in the peptide backbone.

These interactions appear to become significant at donor—acceptor distances below 2.5 A, and
despite their distorted geometry, they bear the hallmarks of traditional hydrogen bonding; their
perturbation also causes predictable changes in the stability of model A-sheets. Though
computation suggests that these interactions are significantly weaker than traditional hydrogen
bonds, often affording only around 0.25 kcal/mol each, nearly 5% of residues in folded proteins
are affected by such interactions, potentially making the C5 hydrogen bond a key contributor to

protein structure and stability.
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Figure 1.4 Secondary interactions in the protein backbone.
(A) Canonical hydrogen bonding (black) and secondary n—=* interactions (blue) in the a-helix.
(B) Canonical (black), C-H:--O (green), and C5 (blue) hydrogen bonding in the S-sheet.
Secondary Interactions Involving Side Chains

Among the secondary interactions possible between protein side chains, most important are
those with aromatic rings. The unique electronic distribution in these side chains enables a
number of possible interactions.®” The facial = cloud bears significant partial negative charge
and is nucleophilic, whereas the ring edges bear partial positive charge and are electrophilic. This
unique charge arrangement also creates a significant permanent electric quadrupole that forms

strong electrostatic interactions with both cations and anions. Indeed, perhaps the most important

single example of noncanonical forces in protein folding is the cation— interaction.
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The importance of this interaction derives not only from its specific roles, but also from its
energy, which is uniquely larger than other secondary interactions in proteins; individual cation—
7 interactions can contribute 2-5 kcal/mol each to the binding of ligands to their receptors.'®

199 these interactions

Originally articulated in the supramolecular chemistry of organic cations,
are largely electrostatic attractions between electric monopoles and the electronically negative
surfaces of aromatic rings, along with their corresponding quadrupole moments.™™® Other
contributions to the cation— interaction, such as dispersion and charge transfer, exist and can be
important, but predictions of binding affinity trends based on electrostatics alone are usually
quite successful.*****2 Importantly, this energy is often sufficient to overcome the desolvation
penalty for the binding of ions to protein pockets or cavities.** Indeed, protein binding sites for a
variety of organic cations feature an abundance of aromatic residues, making the cation-z

interaction key for proteins to recognize small-molecule ligands'®

or post-translational
modifications on proteins such as histones.

In addition to these critical functional roles, the abundance of aromatic and cationic residues
in protein side chains presents an important opportunity for their contribution to protein stability
and folding. The cation—z interaction has been observed to perturb pK, values of residues in
proteins,"™®> demonstrating their influence unambiguously. Even under stringent criteria for
identification, cation— interactions are ubiquitous in protein structure, affecting approximately 1
in every 77 amino acids;**° for comparison, using similar criteria, canonical salt bridges are only
approximately twice as common. Arginine forms cation—z interactions more often than does
lysine, though this preference is not due to intrinsic interaction energies, but rather likely arises

from the ability of arginine to participate in additional intermolecular interactions while near an

aromatic ring. Aromatic residues in proteins form cation— interactions with the relative
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frequency of tryptophan more often than tyrosine more often than phenylalanine, which parallels
the intrinsic interaction energies of the side chains. Analysis of cation—z distributions across
structural motifs is much less advanced; however, study of designed peptides indicates that
cation—z interactions can make significant contributions to secondary structure.**"*** In addition,
preliminary work has shown that they may be a common feature of protein—protein interfaces.™

Importantly, though the contributions of individual cation—z interactions to ligand binding can

8

lead to several kcal/mol of stabilization,'® experimental measurements of contributions to

protein folding provide somewhat lower values, suggesting that the energy of single cation—

interactions in peptides and proteins are generally in the range of 0.5-1.0 kcal/mol.*%" %0

Unsurprisingly, given their affinity for cations, aromatic rings are additionally capable of

121-122

accepting hydrogen bonds even from weaker, carbon-based acids.’**?* Like the cation—=

interaction, these interactions appear to be especially relevant for ligand binding, where they

125-126

contribute in particular to carbohydrate recognition; the binding sites of lectins are often

enriched in aromatic residues, particularly tryptophan,*?” which can direct the binding mode of

the carbohydrate with exquisite specificity.'?

Within protein structure, hydrogen bonds to
aromatic acceptors are identified by short contact of the donor heavy atom with the center of the
aromatic ring at a steep angle of elevation to the plane of the ring.'?? By these criteria, they
appear sufficiently common to contribute to protein folding; surveys estimate that approximate
10% of aromatic residues accept hydrogen bonds from oxygen-, nitrogen-, or sulfur-based
donors.'?? In addition, interactions of aromatic rings with backbone donors, although relatively

infrequent,'?

can help to demark changes in the secondary structure pattern and stabilize
structural termini. These interactions are, however, uniformly weaker than cation—z interactions,

given the reduction in electrostatic attraction. Gas-phase studies indicate that energies of these
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interactions are approximately 5- to 10- fold weaker than for analogous cations; for example, the
interaction energy for ammonia and benzene in the gas phase is 1.8 kcal/mol,**” whereas that for
ammonium and benzene is 18 kcal/mol.**°

The unique charge distribution in aromatic rings also allows them to interact favorably with
one another. Inspired by the high aromatic contact of protein interiors, an early survey of
aromatic—aromatic interactions in proteins by Burley and Petsko found not only that such pairs
were more common than expected by chance, but also that particular short contact distances
were strongly favored, suggesting an attraction.'?® Specific attraction between aromatic rings was
first suggested by the dominance of enthalpy in the interaction, ruling out the previously
hypothesized solvophobic nature.®” Extensive characterizations have shown that aromatic rings
interact primarily in two geometries: the T-shaped (or edge-to-face) and displaced-stacked (or
offset-stacked);’®” Hunter and Sanders showed that both arrangements are well described by
electrostatic considerations.’® Geometries observed in crystal or gas-phase arenes are
recapitulated in proteins, though the exact preference of aromatic residues for different
geometries differs between estimates,™*® possibly due to expansions in the number of available
protein structures.’® Nevertheless, these contacts can clearly offer stability to proteins.
Interestingly, thermophilic proteins have significantly more aromatic—aromatic contacts than do
homologues from mesophilic organisms, suggesting a contribution to protein stability.™*
Experimental characterizations of individual aromatic—aromatic interactions in peptide and
protein model systems have estimated the energy of a single interaction at approximately 0.5-1.5

133-134 and

kcal/mol each, lower values being observed for solvent-exposed residues in peptides
larger values for residues in proteins.*®* These values generally agree well with those from

computation.’**™*” Importantly, over half of aromatic residues in proteins have been predicted to
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engage in attractive interactions, based on the simple criterion of a inter-centroid distance of less
than 7 A%

Aromatic rings can also interact with anions at their edges, which bear partial positive
charge.™*® Indeed, initial analyses observed that carboxylates contact aromatic rings in proteins
more frequently than would be expected by chance, and approach is predominantly edge-to-
edge.”®® Energy deconvolution indicates that these interactions are likely dominated by
electrostatics over other contributions, such as van der Waals interactions. Experimental
measurements of the energy of a single anion— interaction suggest that each such interaction
contributes approximately 0.5 kcal/mol of stabilizing energy.'*® Using an energy-based criterion
for identification, anion—z interactions were observed in approximately 70% of proteins
examined.’! Though it is unclear how frequently they occur on a per-residue basis, they are
somewhat less common than cation—z interactions. Sequence analysis suggests that anion-z
interactions are predominately nonlocal, often involving residues outside secondary structure,
though a small subset occur within single helices. No preference for aspartate or glutamate was
observed, but importantly, inventories have only been collected for interactions with
phenylalanine residues. Additional consideration of tyrosine and tryptophan residues may not
only adjust our understanding of the overall frequency of these interactions, but could also
illuminate particular amino-acid pairing preferences.

Surprisingly, aromatic rings are additionally capable of interacting with lone pairs, though
these contacts generally involve electron-deficient rings, unlike those in proteins.'*
Nevertheless, reports have documented an enrichment of sulfur atoms near aromatic rings in

143

proteins,"*® leading to postulation of the so-called sulfur—arene interaction.'”” Though

experimental perturbations of this interaction in peptides have found stabilizing energies on the
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order of 0.5 kcal/mol each,"***** experiments in proteins have provided contradictory results on
whether these contacts are stabilizing.*****’ Moreover, the geometries of interaction observed in
proteins are not the same as those found in small-molecule crystal structures;'*® specifically,
whereas contacts in proteins occur at the face of the ring, contacts between small molecules favor
interactions at the ring edge. In the former case, rather than acting as a lone-pair donor, the sulfur
atoms can donate hydrogen bonds to the ring; in the latter cases, the sulfur can act as a hydrogen
bond acceptor. These results raise the question as to the nature of this interaction, and results
from peptide studies suggest that these interactions are dominated by the hydrophobic effect,

rather than by a specific attraction.'*®

Relative Contributions of the Secondary Forces

Upon consideration of this complex suite of interactions, it is clear that they can be divided
largely into two groups. The first is the set of strong interactions that are relatively uncommon in
proteins, either because of geometric constraints or amino-acid frequency, typified by the cation—
7 interaction. These interactions can contribute significant energy to the overall energy of
folding; but more importantly, they direct specific contact formation, particularly at positions
remote in sequence. Moreover, as these interactions pertain largely to side-chain functionalities,
their appreciation is likely to improve methods for predicting protein structure from sequence.

Contrast these interactions with the weaker, yet more abundant interactions, such as C-H
hydrogen bonds or the n—z* interaction. In these cases, individual interactions are likely to be
of little importance, given that their energies fall below that of thermal energy at ambient
temperatures; however, their cumulative effects over a large number of residues can contribute to

both the structure and stability of proteins. Due to their low energy, most are highly local
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interactions, occurring often within single residues or between adjacent residues, and could
thereby guide early events in the protein folding process. In addition, invoking the specific
geometric preferences of these interactions may improve overall model accuracy and refinement.
Finally, even crude estimates of the total contributions of pervasive, weak interactions suggest
that they play critical roles in stabilizing the overall fold of proteins (Table 1.1), perhaps even
more so than stronger interactions.

Table 1.1 Frequency and energy of various forces in protein folding.

Approximate  Approximate  Total Energy
Frequency per Energy per 100 Residues

Interaction 100 Residues  (kcal/mol) (kcal/mol)
n—m* Interactions 33% 0.25'% 8.5
C—H Hydrogen Bonds 13-15% 0.57%"8 6.5
C5 Hydrogen Bonds 5 >0.25 4.5
- Interactions 528 0.5-1.5"%1% 2575
Salt Bridges 2-4M5 0.5-1.5%% 2-6
Cation—= Interactions 1216 1-217 1-4
Anion—z Interactions < 0.5 <0.5
X—H-+-z Hydrogen Bonds 1'% <0.25"" <0.25

Other Contributions
Though this discussion focuses on chemical interactions within proteins themselves, it would

be remiss not to acknowledge the importance of environmental and biological contributions to

149-152

protein structure, including the effects of cellular crowding, as well as interactions of

153-154 155-156

proteins with the ribosome, chaperones, and biological membranes.® "% Nature

has evolved an exquisite set of post-translational modifications**® and cellular machinery™®®6? ¢

0
control the folding and function of proteins.’®**% These factors, whose regulation is the subject
of intense study, undoubtedly contribute significantly to the observed structures of proteins. This

area will likely be a source of immense insight into protein structure and folding over the coming

decades.



18

Outlook

While significant progress has been made in inventorying the noncovalent interactions
available to proteins, additional interactions undoubtedly remain to be identified. In addition,
many known interactions remain undercharacterized, either in terms of their nature, as in the case
of sulfur—arene interactions, their individual energetic contributions, as in the case of C—H
hydrogen bonds or n—xz* interactions, or their frequency, as in the case of the anion—x
interaction. Probing the contributions of backbone interactions is particularly challenging given
the lack of genetic approaches to perturbation. There is also limited data on the distributions of
these secondary interactions across both secondary and tertiary structural motifs. The interplay of
these interactions with one another, as well as with canonical hydrogen bonding or electrostatic
interactions, also remains largely uncharacterized. In addition, relatively little work has been
done to characterize secondary contributions involving post-translational modifications.
Although strong electrostatic effects of phosphorylation are well described, the effects of other
modifications, such as acetylation or oxidation, remain largely unexplored. Moreover, as protein
design and engineering efforts continue, consideration of interactions not possible in natural,

proteinogenic amino acids, such as halogen bonding, ¢’

might also be warranted.

A comprehensive understanding of these secondary contributions to protein structure will
most directly benefit the accuracy of computational force fields. Understanding the nature of
each interaction is particularly important, since electrostatic or dispersive contributions are likely
to be better modeled by current force fields than are contributions from charge transfer,
polarization, or multipolar interactions. Given the intimacy of the secondary interactions, they
could help to achieve the dense packing observed commonly in folded proteins; proper packing

densities have previously been attained by, for example, arbitrary scaling of atomic radii.'®® In



19

addition, because some of these interactions correlate with secondary structure, such as the
n—7* interaction or C5 hydrogen bonds, including these parameters could improve secondary
structure prediction or refinement. Most importantly, assigning proper energies to individual
contributions allows them to be sampled accurately and independently. As is, force fields reduce
a variety of interactions into relatively few terms. Take for example the hydrogen bonds in the a-
helix. There is significant evidence that the a-helix is stabilized by both hydrogen bonds and
n—7* interactions; however, a force field only accounts for the hydrogen bonds. Thus, in order
to achieve agreement with experimental results, hydrogen bonding potentials have absorbed the
energy that should be attributed to the n—=z* interaction. Although this approach might suffice
for modeling the a-helix, it distorts hydrogen-bonding energies within other areas of the protein.
Similar arguments can be made for each interaction discussed above. By properly dissecting the
individual contributions of specific interactions, one likely improves the generality and
robustness of these methods, making them more suitable for use in a wider variety of
applications. The integration of additional interactions into computational methods therefore

holds great promise for improving these vital technologies.
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CHAPTER II

The n—z* Interaction

Conspectus

The carbonyl group holds a prominent position in chemistry and biology not only because it
allows diverse transformations, but also because it supports key intermolecular interactions,
including hydrogen bonding. More recently, carbonyl groups have been found to interact with a
variety of nucleophiles, including other carbonyls, in what we have termed an n—x* interaction.
In an n—x* interaction, a nucleophile donates lone pair (n) electron density into the empty z*
antibonding orbital of a nearby carbonyl group. Mixing of these orbitals releases energy,
resulting in an attractive interaction. Hints of such interactions were evident in small molecule
crystal structures as early as the 1970s, but it was not until 2001 that the role of such an
interaction was clearly articulated.

These noncovalent interactions were first discovered during investigations into the thermal
stability of the proline-rich protein collagen, which achieves a robust structure despite a
relatively low potential for hydrogen bonding. It was found that by modulating the distance
between two carbonyl groups in the peptide backbone, one could alter the conformational
preferences of a peptide bond to proline. Specifically, only the trans conformation of a peptide
bond to proline allows for an attractive interaction with an adjacent carbonyl group, so when one
increases the proximity of the two carbonyls, one enhances the carbonyl-carbonyl interaction and
promotes the trans conformation of the peptide bond, which increases the thermal stability of

collagen.
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Since then, much attention has been paid to the nature of these interactions. Some have
argued that, rather than resulting from charge transfer, carbonyl interactions are a particular
example of dipolar interactions that are well approximated by classical mechanics. However,
experimental evidence has demonstrated otherwise. Numerous examples now exist where an
increase in the dipole moment of a carbonyl group decreases the strength of its interactions with
other carbonyls, demonstrating unequivocally that a dipolar mechanism is insufficient for
describing these interactions. Rather, these interactions have important quantum mechanical
character that can be evaluated through careful experimental analysis and judicious use of
computation.

While individual n—z* interactions are relatively weak (~0.27 kcal/mol), the ubiquity of
carbonyl groups across chemistry and biology gives the n—z* interaction broad impact. In
particular, the n—z* interaction is likely to play an important role in dictating protein structure.
Indeed, bioinformatics analysis suggests that approximately one-third of residues in folded
proteins satisfy the geometric requirements to engage in an n—z* interaction, which is likely to
be of particular importance for the a-helix. Other carbonyl-dense polymeric materials like
polyesters and peptoids are also influenced by n—x* interactions, as are a variety of small
molecules, some with particular medicinal importance. Research will continue to identify
molecules whose conformation and activity is affected by the n—z* interaction and will clarify

their specific contributions to the structures of biomacromolecules.
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Introduction

Study of the carbonyl group has justifiably received great attention, thanks in part to its
varied reactivity and ubiquity across chemistry and biology. In addition to the enormous
catalogues of chemical transformations supported by carbonyls, their intermolecular interactions
play a paramount role in the organization of biological systems. For example, carbonyls

169 and

participate in the hydrogen bonding that governs the structure of nucleic acids
proteins.*®*” More recently, it has been recognized that carbonyl groups can additionally form
attractive interactions with one another. This interaction was first studied in detail by Allen, who
identified intimate intermolecular contacts between carbonyl groups in crystal structures.*”
These interactions were reminiscent of other nucleophilic interactions with carbonyl groups that
had been identified by Birgi and Dunitz.**** However, it was not until 2001 that a definitive
example was presented wherein perturbations to a carbonyl-carbonyl interaction was shown to

affect the stability of a protein.*! Since then, substantial effort has been devoted to studying the

nature of these interactions and their contributions to chemical and biological phenomena.

Nature of Carbonyl Interactions

The charge distribution of the carbonyl group creates the potential for a variety of attractive
interactions to exist between two carbonyl groups. In particular, one can envisage (a) an
electrostatic interaction between opposite point charges on the carbon of one moiety and the
oxygen of another, (b) a dipolar interaction between the permanent electric dipoles of the two
groups, or (c) a charge transfer interactions where electrons from the nucleophilic end of one
carbonyl donate into electron deficient orbitals of another. Purely electrostatic and dipolar

contributions to carbonyl interactions are likely to be well approximated by molecular force
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fields used for interrogating biological phenomena; however, contributions from charge transfer
are not represented in even sophisticated force fields, and thus represent a potential point of
contention with the behavior of real biomolecules.

Contributions of each of these mechanisms to the interaction of carbonyl groups have been
explored using a proline dipeptide model system (Figure 2.1). Not only does the pyrrolidine ring
preorganize the i-1 and i carbonyl groups for interaction, but these molecules also provide a
convenient readout for perturbations to the interactions. Specifically, peptide bonds to proline
populate both the cis and trans conformations, but because an attractive carbonyl interaction only
exists in the trans conformation, changes in the conformer populations can report on changes to
the strength of a carbonyl interaction. For example, perturbations that enhance the strength of

carbonyl interactions should cause an increase in the population of the trans conformer, since

this geometry allows for attractive interactions.
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Figure 2.1 Characterization of carbonyl interactions by torsion balance analysis.
Experimental Kyansicis Values of proline derivatives are measured by NMR spectroscopy in D,O at 25°C.

To probe the nature of carbonyl interactions, thioamides were strategically incorporated into
either 1 or 3.% 1% Thioamides bear less partial negative charge on sulfur than oxoamides do at
oxygen, so substituting the acetyl proline peptide bond with a thioamide should attenuate

electrostatic interactions.”* However, an increase in the population of the trans conformation
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was observed upon thioamide substitution of the i-1 carbonyl, indicating a stronger carbonyl
interaction in 2 relative to 1 and 4 relative to 3 (Figure 2.1). Carbonyl interactions are therefore
not well described by simple electrostatics. To interrogate the relative contributions from dipolar
interactions and charge transfer, the methyl ester of 1 was exchanged for the dimethyl amide of
3. Amides have higher dipole moments than esters,*’* so one would predict that if a dipolar
interaction is dominant, 3 would have a stronger carbonyl interaction than 1, but the opposite
was observed experimentally. Moreover, the thioamide has a still larger dipole moment than
oxoamides,*™ and yet 5 has a weaker carbonyl interaction than 3. These data clearly demonstrate
that carbonyl interactions cannot be described as purely dipolar.

Instead, the data are more consistent with a charge transfer interaction. For example, 3 shows
a weaker carbonyl interaction than 1 because amides are less electrophilic than esters. Moreover,
the divergent effects of thioamide substitution of the two amides of 3 (compare 4 and 5 relative
to 3) also demonstrates that each carbonyl has a unique role in these interactions: one as a lone
pair donor, and the other as the electronic acceptor. These interactions are reminiscent of the
approach of a nucleophile to a carbonyl during an addition reaction. This trajectory of approach
maximizes overlap of the lone pair donor (n) of the nucleophile, which need not be a carbonyl,
with the z* orbital of the acceptor carbonyl and is named for Biirgi and Dunitz (Figure 2.2).%
Carbonyl interactions have thus garnered the term Burgi-Dunitz interactions, or more commonly,

n—7* interactions to reflect participation of the relevant electronic orbitals.

Figure 2.2 Overlap of the n and z* orbitals of N-acetyl proline dimethyl amide.
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Several additional lines of evidence support the quantum mechanical character of carbonyl
interactions. It has been observed in analyses of both small molecule®® and protein® crystal
structures that while the angle between the two carbonyl dipoles varies between interacting pairs,
approach of the nucleophile to its carbonyl partner occurs strictly along the Birgi-Dunitz
trajectory, highlighting the importance of the molecular orbitals of these groups in dictating the
interaction. Moreover, since the n—z* interaction involves population of the z* antibonding
orbital, it should weaken the strength of the carbonyl z-bond, which should manifest itself
multiple ways. First, a red shift in the acceptor carbonyl stretching frequency, corresponding to a
weaker carbonyl bond, has been noted repeatedly.”™ "#'* Second, weakening of the z-bond
should reduce the planarity of the carbonyl group, thus engendering pyramidalization (Figure
2.3) that can be observed in high-resolution crystal structures. Indeed, such signatures of the
n—m* interaction have been reported for many years in a wide variety of systems, %100 102 175-178

including polymers'” and proteins,’® giving strong credence to the notion of carbonyl

interactions as fundamentally electronic in nature.

Figure 2.3 Geometric parameters characterizing an n—z* interaction and the ensuing pyramidalization.

As the n—z* interaction relies on orbital mixing, two fundamental quantities govern the
energy of an n—z* interaction: the degree of orbital overlap and the energy difference between
donor and acceptor orbitals. Greater orbital overlap, generally corresponding to shorter donor-

acceptor distances, increases the strength of an n—x* interaction.”® However, as donor-acceptor
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distances decrease, the filled donor orbital will also experience Pauli repulsion by filled orbitals
on the acceptor. It is therefore important that the acceptor group be highly polarized, which
allows preferential interaction of the electron pair donor with the unfilled antibonding orbital of

the acceptor over the filled bonding orbital (Figure 2.4).

'
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Figure 2.4 Orbital interactions between carbonyl groups.
Overlap of the n donor orbital with the (A) z* and (B) = orbitals of N-acetyl proline methyl ester.

For example, while carbonyl groups are effective n—xz* acceptors, isosteric alkenes and
fluoroalkenes do not engage in substantial n—z* interactions, due to the lack of sufficient orbital
polarization.’® As to the effect of the donor-acceptor energy gap, it is known from second-order
perturbation theory that the energy released upon the mixing of a filled orbital with an empty one
is inversely proportional to the energy gap between the donor and acceptor orbitals. Pairs of
thioamides, like those in 6 for example, form especially strong n—z* interactions because the
lone pair donor orbital is higher in energy than the corresponding amide while the acceptor

antibonding orbital is lower in energy.'%

Alkenes, on the other hand, have particularly high
energy 7* orbitals, again making them poor n—z* acceptors.*®

Because of the quantum mechanical nature of carbonyl interactions, computational methods
have proven especially important in evaluating n—z* interactions. In particular, natural bond

orbital (NBO) analysis is often used to estimate the energy of n—z* interactions.*® NBO

protocols partition electron density from diffuse molecular orbitals into localized, Lewis-type
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orbitals, from which the energy of mixing can be computed. Extensive calculations have
revealed the energy of the n—z* interaction for a wide variety of amide-amide geometries® and
have placed a lower bound on the energy of a typical n—z* interaction between amides at
approximately 0.27 kcal/mol,*® though numerous examples of stronger interactions exist (see
below). These calculations and others'®*# highlight the modest energy of common n—z*
interactions. Nevertheless, because of the ubiquity of carbonyl groups across chemistry and

biology, these interactions make important contributions to a variety of systems.

Contributions of n—z* Interactions to Protein Structure

Because the pyrrolidine ring of proline preorganizes adjacent carbonyl groups for formation
of an n—x* interaction, these interactions are particularly important for the conformations of
proline-rich peptides and proteins. In fact, the first observation that an interaction of this type
contributes to the structure of proteins was made on collagen mimetic peptides.** Collagen is the
main structural protein of the skin and extracellular matrix and consists of three polyproline type
Il helices wrapped around one another. This unique structure is enabled by its distinctive amino
acid sequence: a Xaa-Yaa-Gly repeat, where Xaa is often proline and Yaa is often 4(R)-
hydroxyproline.'®® The presence of a 4(R) electron-withdrawing substituent on the Yaa proline
residue had been found to be important for the thermal stability of collagen because it enforces
the exo pucker of the pyrrolidine ring through the gauche effect (Figure 2.5A).2***% Curiously,
incorporation of prolines with a 4(S) electron-withdrawing substituent, which enforces the endo
pucker, was found to be destabilizing.®* When molecular modeling showed no obvious clashes in
either case, it was hypothesized that the different conformations of the proline ring modulated

the attraction between adjacent carbonyl groups. This hypothesis was confirmed by examining
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the trans/cis preferences of AcProOMe derivatives (Figure 2.5B). Indeed, prolines with 4(R)
electron withdrawing substituents, either hydroxy or fluoro, had higher preferences for the trans
conformation of the acetyl-proline peptide bond, indicating a stronger carbonyl interaction.
Conversely, prolines with 4(S) electron withdrawing substituents had weaker preferences for the

trans conformation. Similar results were later obtained for prolines with 4-azido substituents.*"
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Figure 2.5 Conformational preferences of substituted prolines.
(A) C"-exo and C'-endo puckers of the pyrrolidine ring. (B) Experimental Kyanscis Of proline derivatives
measured by NMR spectroscopy in D,O at 25 °C.

Crystallographic and computational analyses,”® microwave spectroscopy,’® and study of
constrained methanoprolines'®*# have since established that the endo pucker of the pyrrolidine
ring increases the distance between the donor oxygen and the acceptor carbon, leading to weaker
n—7* interactions. These results explain the destabilization of collagen mimetic peptides by
prolines with 4(S) electron withdrawing substituents at the Yaa position: because collagen
requires exclusively trans peptide bonds, weakening the n—z* interaction that enforces the trans
conformation decreases the overall thermal stability of collagen. This insight has now been

applied to the design of collagens with a variety of physical and chemical properties.*">*174 189-194
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The importance of the n—xz* interaction for controlling the conformational preferences of
peptide bonds to proline is magnified in polyproline peptides, which, because of the lack of
backbone hydrogen bonding, rely heavily on the n—xz* interaction. Polyproline adopts two
distinct helical conformations: the polyproline type | helix with exclusively cis peptide bonds

and the aforementioned type Il helix with exclusively trans peptide bonds. In polymers of 4(R)-

4 195

hydroxy-, methoxy-, fluoro,’®* or azidoproline,’*® there is a strong preference for the PPII
conformation relative to polymers of proline. Conversely, polymers of the diastereomeric
prolines inverted at C4 show a weaker preference for the PPII conformation than does
polyproline. Moreover, a later study also showed that the presence of a strong n—z* interaction,
enforced by 4(R) electron withdrawing substituents, also increases the barrier to interconversion
between the PPl and PPII helices.'®® The n—x* interaction has been further implicated in the
PPIl structures of other sequences,®*° demonstrating its ability to control peptide
conformation. Recently, a crystal structure of an oligoproline reported by Wennemers and
coworkers demonstrated unequivocally that n—z* interactions contribute significantly to the
PPIl secondary structure.”® Specifically, this structure bears the hallmarks of the n—z*
interaction, namely short donor-acceptor distances and significant pyramidalization. Moreover,
the lack of water in this structure precludes the importance of hydration for stabilizing PPII
structure, underscoring the important stabilizing effect of the n—z* interaction.

The immense carbonyl density of proteins suggests that the impact of the n—z* interaction
could be quite broad. Molecular modeling suggested early that many conformations of the

O which was

peptide backbone would allow for close contact of adjacent carbonyl groups,’
confirmed later through detailed computational and bioinformatics analysis.”* In a key study,*

the energy of the n—z* interaction was calculated for the entire conformational space of the



31

peptide backbone, which showed clear areas of Ramachandran space with significant (>0.5
kcal/mol) n—z* interactions. In addition, a survey of high resolution crystal structures from the
Protein Data Bank found a large fraction (~34%) of residues were properly oriented (Oj.1---C’
distance within the sum of the van der Waals radii and O;_;---C"j=0; angle approximately along
the Burgi-Dunitz trajectory) for an n—z* interaction. Importantly, those residues found to be
properly oriented for an n—z* interaction had backbone dihedral angles consistent with those
predicted computationally to engage in n—x* interactions with significant energy. A later study
of sub-A protein crystal structures showed that residues engaging in n—z* interactions showed
greater pyramidalization of the acceptor carbonyl than those that do not, demonstrating that these
interactions have measurable consequences for protein structure.’®® Even considering only the
reported lower bound to the energy of a typical n—x* interaction (0.27 kcal/mol),’® the fact that
approximately one-third of residues in folded proteins engage in an n—z* interaction means
their contributions could be on the order of 10 kcal/mol for a 100 residue protein. Given that the

thermal stability of most proteins is estimated at 5-10 kcal/mol,**

this contribution could be key.

Many of the residues engaged in n—x* interactions are located within helical secondary
structures, particularly the a-helix. Initial analysis of protein crystal structures demonstrated that
almost 90% of residues in a-helices are aligned for participating in the n—x* interaction.®
Dissecting the energetic contributions of the n—x* interaction to the stability of the a-helix
remains ongoing,?®® but strong evidence for their effect came from analysis of high-resolution
crystal structures, which showed pyramidalization of residues in o/f peptides that adopt helical

conformations similar to the a-helix.'%

While a-amino acids can position adjacent amide
carbonyls within close proximity, B-amino acids, which contain an extra methylene group

between the amine and carboxylate, cannot achieve the close contact of carbonyl groups
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necessary for formation of an n—=z* interaction. Interestingly, only those carbonyls from a-
amino acids were pyramidalized toward their putative n—z* donors in these helices. These
results provide convincing evidence that the n—z* interaction does result in attraction between
carbonyls in a-helices. There is also evidence that n—z* interactions similarly contribute to the
stability of 349 helices,? as a-aminoisobutyric acid residues (Aib), which strongly enforce the 310
conformation, also induce strong n—z* interactions.?*

Amino acid side chains are additionally capable of forming n—z* interactions. For example,
Pal et al. investigated the ability of aspartate residues to interact with their own main chain
carbonyls.’®™ These interactions were first identified by their relatively short oxygen-oxygen
distances, which seemed counterintuitive. The authors examined the geometries of these
interactions and found not only that the aspartate oxygen approaches the backbone carbonyl
along the Burgi-Dunitz trajectory, but also that the arrangement of the carbonyl dipoles was
likely to be destabilizing, suggesting that the n—x* interaction stabilizes what would otherwise
be an unfavorable self-contact; this hypothesis was supported by extensive computational
evidence.

A more recent study examined similar self-contacts made by asparagine residues.'® In
addition to confirming the ability of asparagine side chains to donate n—z* interactions to the
protein backbone, this paper examined how hydrogen bonds to a carbonyl oxygen affect its
ability to serve as an n—x* donor. Self-contacting n—z* interactions were much more common
when the asparagine side chain carbonyl receives a hydrogen bond along the carbonyl bond axis.
When the hydrogen bond donor approaches at ~120° to the carbonyl bond axis, the prevalence
and calculated energy of self-contacting n—x* interactions were diminished. It was shown that

the geometry of a hydrogen bond to an n—z* donor affects the ensuing n—xz* interaction by
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controlling the demixing of the carbonyl lone pairs. When hydrogen bond donors approach at
~120° to the carbonyl bond axis, they encourage mixing of the orthogonal lone pair orbitals,
which reduces the ability of the lone pairs to function independently in separate interactions.
Conversely, when hydrogen bond donors approach along the carbonyl bond axis, they encourage
demixing of the carbonyl lone pairs into s- and p-type orbitals (Figure 2.6A-B), which allows
them to function independently, corresponding to higher incidences and energies of self-
contacting n—x* interactions. In this latter case, the n—z* interaction seems to stabilize what
would otherwise be nonideal hydrogen bonding geometries. This effect of hydrogen bonding on
orbital demixing likely also contributes to the stability of the a-helix, where the canonical i—i+4

hydrogen bond occurs along the carbonyl bond axis (Figure 2.6C-D).
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Figure 2.6 Carbonyl lone pairs in the a-helix.
(A) s-Type and (B) p-type lone pairs of a carbonyl oxygen. (C) Hydrogen bonding to the s-type carbonyl
lone pair and (D) an n—z* interaction with the p-type carbonyl lone pair in an a-helix.

We note that n—z* interactions can also occur between proteins and their ligands. In an

205

intriguing example,”” an n—z* interaction was found to be conserved between the protein

backbone of fluorescent proteins and the imidazolidine chromophore. The presence of this n—z*
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interaction is consistent with the red shift in the vibrational frequency of the imidazolidine
carbonyl in the protein-bound chromophore relative to small molecule mimics in solution.
Moreover, it was hypothesized based on analysis of protein crystal structures with premature
chromophores that this n—z* interaction preorganizes the chromophore for cyclization and

precludes bond rotations that would lower quantum yield.

Contributions of n—z* Interactions to Other Polymers
While proteins have received the most attention, the n—z* interaction contributes to other
polymers as well. For example, it was recently reported that the n—z* interaction contributes to

poly(lactic acid),*”

a biodegradable polyester (Figure 2.7A). Fiber diffraction has shown that the
backbone dihedral angles in PLA resemble those of the PPII helix of peptides, which takes
advantage of numerous n—z* interactions (see above). Computation placed the average energy
of an n—x* interaction in PLA at 0.44 kcal/mol, and analysis of small molecule crystal
structures demonstrated characteristic pyramidalization of the acceptor carbonyl resulting from
n—7n* donation. Like polyproline, PLA has no potential for hydrogen bonding, so the
observation of n—z* interactions in this polymer demonstrates not only that the n—z*
interaction can operate independently of hydrogen bonding, but also that it is sufficient for
dictating molecular conformation, even in the absence of preorganizing rings. Moreover, because
the PP1I conformation has been observed in the unfolded states of some peptides and proteins,?®
one could imagine that the n—z* interaction, which operates between adjacent residues, may
direct the peptide chain toward folding into the PPIl conformation prior to the formation of the

native hydrogen bonding pattern, which can involve contacts between residues relatively distant

in sequence.
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Figure 2.7 n—x* Interactions in synthetic polymers.
Amide-amide (blue) and amide-aryl (green) n—=z* interactions in (A) poly(lactic acid) and (B)
polypeptoids.

n—7* Interactions are especially important for controlling the conformation of polymers of

N-substituted glycines, or peptoids (Figure 2.7B).%%

Analogously to polyproline and PLA, the
lack of backbone hydrogen bonding places an enormous burden on amide n—z* interactions for
determining the molecule’s overall conformation. In addition to the typical backbone n—z*
interactions, however, peptoids are additionally capable of forming n—xz* interaction with aryl
rings on some peptoid side chains. Antibonding orbitals in aromatic z-systems can be potent
electron pair acceptors, and this observation has been used to tune peptoid structure. Specifically,
while backbone amide-amide n—z* interactions favor the trans conformation of the tertiary
amide, the amide-aryl backbone-side chain n—z* interaction favors the cis conformation.?%
These two interactions can therefore be exploited for exquisite control of peptoid structure, with
the amide-aryl n—z* interaction offering an exciting new avenue. For example, decoration of
side chain phenyl rings with electron withdrawing fluoro or nitro groups increases the
electrophilicity of the aromatic z* orbitals and therefore encourages the cis conformation of the
tertiary amide, while adding electron donating hydroxy groups can reverse this preference.?®
One can also construct peptoid side chains using click chemistry, which affords the electron

deficient triazolium ring, a potent n—* acceptor enforcing cis geometry of the tertiary amide.?*



36

Alternatively, one can modulate the ability of the carbonyl to donate an n—x* interaction, either

enhancing it with thioamides or attenuating it with electron withdrawing groups.”*%*

Contributions of n—z* Interactions to Small Molecules

In principle, multitudinous compounds (Figure 2.8) are likely to engage in an n—z*
interaction, especially given that the lone pair donor need not be a carbonyl group. For example,
Lesarri et al. observed n—z* interactions between the hydroxyl group of 4(S)-hydroxyproline
and the C1 carbonyl using microwave spectroscopy in the gas phase. This result has now been
observed in crystal structures of a wide variety of prolines, including thiaproline,'®
acetoxyproline, and methoxyproline. It is now clear that many groups can interact with carbonyls
in an n—z* fashion, including halide ions,* thiols/thioethers/disulfides,”*® and a variety of
nitrogen heterocycles.”*** Similar types of electronic interactions involving carbonyls have

been studied computationally and include complexes of SO, with carbon dioxide?’® or

formaldehyde.?"’

n—r* Interactions have also been detected in other amino acids besides proline. In
particular, gas phase microwave spectroscopy identified conformations of B-alanine that are
consistent with the presence of an n—x* interaction between the amino nitrogen and the
carboxylic acid. The population of this conformer was similar to those for hydrogen bonded
conformations, demonstrating that the energy of the n—z* interaction may be similar to a typical
hydrogen bond. Similar results were obtained for an analysis of y-aminobutyric acid (GABA), an
important neurotransmitter, though in this case the n—xz* interaction was observed in the

conformation predicted as the global minimum, demonstrating the profound impact that the

n—* interaction can have on the global topology of small molecules.?*®
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Figure 2.8 Selection of small molecules reported to engage in n—x* interactions.

Recently, medicinal implications of n—xz* interactions have been noted. For example, an

77 and spectroscopic®

n—z* interaction in aspirin was revealed through both crystallographic
investigations. Donation of electron density from the negatively-charged carboxylate into the
ester carbonyl is predicted to shield the negative charge on the molecule and improve its entry
into cells. An n—z* interaction was also observed in N-acyl homoserine lactones (AHLS), which
mediate quorum sensing in Gram-negative bacteria.!”® Crystallography and computation
established the presence of an n—xz* interaction in the free AHL, while examination of protein
crystal structures with bound AHLs demonstrated that AHL receptors break that n—z*
interaction upon binding. One can hypothesize, therefore, that attenuating the n—z* interaction,
which can be accomplished by appending electron-withdrawing substituents to the acyl group,
could preorganize the ligand for receptor binding and increase potency.

These interactions also affect carbonyl reactivity. Using an imidazolidine-based model
system, Choudhary et al. observed that the presence of one n—x* interaction to a particular
carbonyl discourages its interactions with a second donor; they concluded, therefore, that n—z*

donation reduces the electrophilicity of the acceptor carbonyl. This has important consequences

for the reactivity of carbonyls that receive n—x* interactions. For example, Houk and coworkers
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have identified carbonyl interactions as determinants of stereoselectivity, such as in the
dihydroxylation of cis-bicyclo[3.0.0]octenes,?”® as well as the kinetic resolution of azlactones by
benzotetramisole catalysis.””> An analogous stereoelectronic interaction was also proposed to
explain the observed preference of anhydroarabinonucleosides for phosphorylation at the 3’
position rather than the less sterically encumbered 5'-position.*” This reaction is a key step in a
proposed prebiotic route toward nucleotide synthesis, and regioselectivity in phosphorylation is
essential for generating cyclic phosphates of cytidine for polymerization. A similar interaction
was observed in cycloaddition of 3-hydroxyflavones.’? The n—x* interaction induced by
proline was also shown to be the cause of slow ligation at proline thioesters during native
chemical ligation.??® There, the presence of a putative donor carbonyl actually increased the
reactivity of the thioester, preorganization of that carbonyl toward the n—z* interaction by the

pyrrolidine ring accounted for the dramatically reduced ligation rates observed during NCL.

Outlook

We anticipate that n—z* interactions will be found in an ever-expanding array of molecules,
particularly those with high carbonyl density such as proteins. Their impact on the structure of
proteins has only begun to be studied and will require both ingenious experimental studies and
judicious use of computation. Given the current limitations in protein structure prediction and
design, it is likely that a thorough understanding of these ubiquitous interactions will improve

efforts across protein science.
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CHAPTER 11

4-Fluoroprolines: Conformational Analysis

and Effects on Peptide and Protein Stability and Folding

Proline is unique among proteinogenic amino acids thanks to the pyrrolidine ring connecting the
side chain to the amino nitrogen; as such, it plays an indispensible role in restricting
conformational freedom of the peptide backbone and templating secondary structure. Proline
residues are frequently subject to post-translational modification at the 4- or y-position to yield
4(R)-hydroxyproline, which has been observed in several proteins, most notably collagen.
Interest in understanding this important modification led to the development of 4-fluoroprolines,
which approximate the inductive effects of the hydroxyl group of 4-hydroxyprolines while
eliminating complications from hydrogen bonding. The inductive effect of the fluoro substituent
has three main effects: it enforces a particular pucker of the pyrrolidine ring, biases conformation
of the preceding peptide bond, and accelerates cis/trans isomerization. These effects have
important consequences for stability and folding of a number of proteins, and fluoroprolines have
found great utility in this area due to the limitations in mutagenic approaches to assessing the
many roles of proline. We examine in detail these effects on a wide variety of peptides and

proteins.

This chapter has been published, in part, under the same title: Newberry, R.W.; Raines, R. T. Top.
Heterocy. Chem. 2016, DOI: 10.1007/7081_2015_196.

R.W.N. performed the literature review and drafted the manuscript, which was edited by both authors.
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Introduction
Proline is unique among proteinogenic amino acids because the a-amino group is constrained
by the side chain within a pyrrolidine ring. This cyclization of the amino acid restricts backbone

dihedral angles, making proline an important determinant of polypeptide structure.??*

Moreover,
the pyrrolidine ring enables population of both the cis and trans conformations of the preceding
peptide bond, thereby enabling structural diversity; this step in particular has been implicated as
rate-limiting in the folding of many proteins.?® It is not surprising, given the conformational
restriction of proline relative to other amino acids, that proline is highly enriched in structural
proteins, particularly collagen. ** It was the study of collagen, the main protein component of
the skin and extracellular matrix, that first highlighted the ability of proline residues to be
modified post-translationally. Specifically, within collagen strands, proline residues can become
stereospecifically hydroxylated at the 4-position. Attempts to understand this modification

eventually led to the development of a wide variety of proline analogues.?®

Among these, 4-
fluoroprolines have emerged as a powerful tool, not only for the study of collagen, but for
protein engineering in general. 4-Fluoroprolines were first reported in 1965,%” when they were
used to investigate the mechanism of collagen hydroxylation and were found to be successfully
incorporated into collagen proteins.?®#* Though early studies focused mainly on collagen
hydroxylation,??” #3223 4-fluoroprolines have now been applied to a wide variety of systems,
small and large, some of which have been reviewed previously.?*?® In this review, we
introduce the utility of these important heterocycles with a thorough discussion of their synthesis
and conformational properties, before examining in detail their impact on the stability and

folding of peptides and proteins. We conclude with an overview of the growing interest of

employing fluoroprolines for medicinal applications.
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Synthesis

While significant improvements in fluoroproline synthesis have been made since the first
report, nearly all take the same general approach of displacing the hydroxyl group of 4-
hydroxyproline with a fluoride source. The original report by Witkop®*’ activated the hydroxyl
group of Cbz-4-hydroxyproline as the tosylate before displacement by inorganic fluoride at
elevated temperatures (Figure 3.1A). Yields were modest (56-62%), and while stereochemical
inversion to 4(S)-fluoroproline (flp) from 4(R)-hydroxyproline (Hyp) was complete, mixed
stereochemistry was observed in pursuit of the 4(R)-fluoroproline (Flp) starting from 4(S)-
hydroxyproline (hyp). Moreover, subsequent reports found difficulty in generalizing the

procedure in the presence of alternative protecting schemes.*’

Most importantly, demand existed
for syntheses that could provide both stereoisomers starting from naturally-occurring Hyp.
Preliminary work to bypass the alcohol activation step by employing organic fluorinating
agents generally resulted in inseparable mixtures of fluoroproline stereoisomers.?*®*** Successful
syntheses of both fluoroprolines from a single hydroxyproline were first reported by Dugave and
coworkers.?®” Employing diethylaminosulfur trifluoride (DAST) as the fluorine source, they
were able to generate both Boc- and Fmoc-flp in approximately 80% yield from Boc-Hyp-OMe
(Figure 3.1B). Moreover, from the same starting material, they were able generate Boc-hyp-OMe
through a Mitsunobu procedure with hydroxide as the nucleophile, allowing access to Boc- and
Fmoc-Flp. However, yield for the alcohol inversion was less than 25%, and conditions were

incompatible with carbamate protection of the amine, instead requiring temporary trityl

protection before introducing the fluoro substituent using DAST.
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Improvements on this procedure were reported later by the Kobayashi group.?* By
substituting formic acid for the benzoic acid used previously, they were able to conduct the
Mitsunobu reaction in the presence of Boc-amine protection to generate Boc-hyp-OMe in
substantially better yield (78%, Figure 3.1B). The authors then chose to exchange methyl ester
protection for phenylacylcarboxy (Pac) protection, which cleaves by reduction with Zn/AcOH, to
improve orthogonality with the Boc and Fmoc amine protecting groups, though the authors admit
that this complication likely is not necessary. Fluorination with morpholinosulfur trifluoride
converted the Pac esters of hydroxyproline to the inverted fluoroprolines in excellent yield (79-
94%), and X-ray diffraction and chiral HPLC established that the synthesis produces only a
single stereoisomer. Protecting group manipulation then provides the starting materials for solid-
phase synthesis in good yields (Figure 3.1B).

A later report sought to improve the scalability and cost of fluoroproline synthesis while
bypassing the often explosive aminosulfur trifluoride reagents used previously.?** To generate
flp, Hyp was first Boc and methyl ester protected before generating the triflate and treating with
tetrabutylammonium fluoride (TBAF). Acidic reflux provided deprotected flp in 16% overall
yield (Figure 3.1C). Though considerably lower-yielding than previous approaches, largely due
to inefficiency in the safer fluorination step, this synthesis was successfully scaled to kilogram
quantities. To generate Flp, rather than employing the Mitsunobu approach, Boc-Hyp was first
activated as the mesylate before displacement of the hydroxyl group by the carboxyl group was
induced using potassium t-butoxide. Opening of this ensuing lactone with lithium hydroxide
provided the isomeric Boc-hyp in good vyield (78%), which could then be subjected to
fluorination as before. A similar lactonization approach was also used to prepare the D-isomers

through treatment of Hyp with acetic anhydride prior to subsequent manipulation.
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Of particular importance for peptide chemists is the recent advent of an approach termed
proline editing.?**%** Zondlo and coworkers have demonstrated that the reactions necessary for
generating fluoroprolines are amenable to solid-phase synthesis. In this approach, rather than
preparing an appropriately protected fluoroproline monomer, Hyp is incorporated into a growing
peptide by traditional solid phase methods, after which it can be elaborated. Synthetic chemists
can elect to functionalize the Hyp residue either immediately following coupling or just prior to
cleavage by employing selective protection and deprotection of the hydroxyl group, generally
using trityl groups, though Alloc and TBS groups have also be used. Fluoroproline residues have
successfully been incorporated by both strategies using the DAST fluorinating reagent.
Moreover, Flp can be accessed following Mitsunobu inversion of the C4 alcohol, analogously to
solution-phase approaches. These methods circumvent the labor required for solution-phase

purification.

Conformational Analysis

Eclipsing interactions generally prevent population of the planar conformer of saturated five-
membered rings, which instead adopt one of two predominant conformations: the envelope
conformation, where four atoms lie in plane with the fifth distorted away; or the half-chair
conformation, where two adjacent atoms distort in opposite directions out of the plane of the

other three (Figure 3.2A).
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Figure 3.2 Conformations of proline rings.
(A) Conformations of saturated five-membered rings. (B) Pyrrolidine ring puckers. (C) Peptide bond
configurations.
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Early crystallographic studies, as well as data from NM indicated that proline
generally adopts the envelope conformation. Many envelope conformations are possible, but
crystallographic analysis demonstrates that two predominate: one where C4 (also called C")
distorts out of plane to the same side of the ring as C1; and another where it distorts out of plane
to the opposite side of the ring as C1 (Figure 3.2B).%° These conformations can appropriately be
termed C"-endo and C"-exo, respectively, to reflect the relative positions of the out-of-plane C'-
atom and C1. It is worth noting, however, that these designations are approximate. For example,
many molecules labeled as “C'-ex0” are better described as CP-endo. Moreover, many proline
crystal structures display some half-chair character. Nevertheless, because C* experiences the
largest changes in orientation, and because this is often the site of modification, the C*-endo/exo
terminology has become customary and indeed is immensely useful for discussing
stereoelectronic effects on proline conformations (see below).

The energy difference between the endo and exo puckers is small for proline (approximately
0.5 kcal/mol), and thus the two forms interconvert rapidly at room temperature.’® NMR

spectroscopy has estimated the equilibrium population of the two forms to be approximately 2:1

endo:exo for Ac-Pro-OMe.*®® Fluorination of C4 serves to bias this equilibrium.
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Figure 3.3 Stereoelectronic effects in fluoroprolines.

o(C-H)—a*(C-F) Gauche interactions stabilizing the (A) C"-exo or (B) C'-endo conformations of Ac-
Flp-OMe or Ac-flp-OMe, respectively. (C) n—=z* Interaction between adjacent carbonyl groups
stabilizing the trans conformation of the Ac-Flp peptide bond in Ac-Flp-OMe.

Specifically, C—F bonds in fluoroprolines will orient antiperiplanar to adjacent C—H single bonds
thanks to a gauche effect. The polarity of the C—F bond makes the ipso carbon electron deficient
and therefore a potent electronic acceptor. The C—F o* orbital in particular is highly electrophilic
and will accept electron density from C—H bonding orbitals when oriented closely in space.?*
The C—F bond in Flp is satisfied by C—H donor orbitals when the fluoro group orients toward the
opposite side of the ring as the carbonyl carbon, thereby enforcing the C*-exo pucker (Figure

3.3A). Conversely, flp exists largely in the C'-endo conformation due to similar

hyperconjugation (Figure 3.3B). These preferences were first established using *H NMR
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spectroscopy,?? where the fluoro substituent is valuable for dispersing the condensed proline
proton signals, thereby allowing for accurate Karplus calculations. Refinements of this analysis
quantified the preference of flp for the endo conformation to be approximately 20:1; similarly,

Flp prefers the exo conformation at a 6:1 ratio.'®

Table 3.1 Conformational preferences of proline residues.
Compound  Ring Pucker ¢ (°) w(°) Kuyawes = Reference

Ac-Pro-OMe endo -79 177 4.6 253
Ac-Hyp-OMe exo -57 151 6.1 253
Ac-Flp-OMe exo -55 141 6.7 253
Ac-flp-OMe endo -76 172 2.5 185

Importantly, the reorientation of the pyrrolidine ring between the two puckers causes changes
in the main chain dihedral angles, where the exo pucker generally reduces absolute backbone
torsions (Table 3.1).>>* Though the ¢ (C’i..—Ni~C%~C";) angle is constrained by the pyrrolidine
ring, it is still found to vary significantly between ring puckers, from around —60° in the exo
pucker to approximately —75° for the endo conformation;'® while these changes may appear
modest, they can have a profound effect on the structure and stability of proline-rich peptides
(see below). Two general orientations exist for the y (Ni-C%-C’i—Nj+1) rotation: one around
150°, corresponding to the polyproline type Il (PPII) peptide secondary structure; and the other
around —30°, which is consistent with a-helical secondary structure. In isolated proline molecules
and derivatives, the former is more common, and calculations suggest that it is indeed lower in
energy.*®® Within the PPII rotamer, the influence of fluorination on proline ring puckering has
been shown to affect the y dihedral angle by as much as 30°, from approximately 140° in the exo
pucker of Flp to around 170° in the endo pucker of flp.'®

As a result of the influence of ring pucker on the backbone dihedral angles, fluorination of

C4 can modulate interactions between the carbonyl groups on either side of the proline residue.
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Adjacent peptide carbonyl groups have been shown to engage in attraction through so-called
n—m* interactions.” In an n—x* interaction, lone pair (n) electron density delocalizes from the
oxygen of one carbonyl group into the z* antibonding orbital of an adjacent carbonyl (Figure
3.3C).” Donation typically occurs from the i-1 residue to the i residue within a polypeptide.**
Effective orbital mixing requires close, sub-van der Waals contact of the donor oxygen with the
acceptor carbon along the Birgi-Dunitz trajectory for nucleophilic addition. These interactions
have energies generally greater than 0.27 kcal/mol per interaction,'® and have been shown to be

ubiquitous in proteins.? 103 106

n—7* Interactions are particularly common at proline residues
because the pyrrolidine ring preorganizes adjacent carbonyls for interaction. As such, the effect
of fluorination on proline ring pucker, and therefore on the backbone dihedral angles, has
important consequences for the n—z* interaction.’®” Specifically, the oxygen-carbon donor-
acceptor distance is generally longer in the endo pucker, which leads to weaker n—z*
interactions.*® Conversely, the exo pucker is associated with shorter donor-acceptor distances and
stronger n—z* interactions. In turn, the n—xz* interaction biases the conformation of the
preceding peptide bond. An attractive n—x* interaction is only possible in the trans
conformation of the peptide bond (w, C%.1—C'i.;-—Ni—C%, Figure 3.2C), and as such, trans peptide
bonds are highly correlated with population of the exo pucker of the proline ring that can be
enforced by a 4(R)-fluoro group (Table 3.1, Figure 3.4). Modification of the proline ring with
fluoro groups therefore has important structural consequences that are transduced to all three

dihedral angles of the protein main chain. We will see later that this principle can be exploited to

modulate peptide and protein stability with exquisite control.
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Figure 3.4 Conformational preferences of fluoroprolines.
(A) Conformational preferences of Ac-flp-OMe. (B) Conformational preferences of Ac-Flp-OMe.

The inductive effect of 4-fluoro substituents has additional consequences for peptide bonds to

proline residues. Specifically, electron withdrawal by fluoro groups reduces C—N double bond

character of peptide bonds to proline;?* this in turn reduces the rotational barrier between the cis

and trans conformation of the peptide bond.?** As isomerization of peptide bonds to proline has

been hypothesized to be a rate-determining step in protein folding,?® fluoroprolines have

emerged as powerful probes of protein folding kinetics. In addition to the monofluorination

discussed above, 4,4-difluoroproline (Diflp) has also been developed to exacerbate this effect to
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study protein folding (see below). Though a detailed conformational analysis has not yet been
achieved as have been for the monofluorinated prolines, we can likely expect the conformational

preferences of Diflp to echo those of proline itself.

Effects on Collagen Stability

Fluoroprolines have found no greater utility than in the study of collagen stability.'®
Collagen is the principle structural protein in animals, forming a large portion of the dry weight
of the skin. It is also prevalent in the extracellular matrix, again fulfilling a structural role.
Collagen consists of a distinct triple helical structure comprised of three polypeptide strands that
each have a characteristic Xaa-Yaa-Gly amino acid repeat.” This sequence allows the three
individual strands to each adopt PPII helices that wrap around one another with a single amino
acid register offset; a slice through a collagen strand will therefore contain one each of Xaa, Yaa,
and Gly residues on different strands. Interestingly, the PPII secondary structure of the individual
strands lacks intrastrand hydrogen bonding, and each slice of the triple helix contains only a
single interstrand hydrogen bond. The relatively low prevalence of hydrogen bonding raised the
question as to the source of collagen’s thermal and mechanical stability.

One clue to the source of this stability came from the amino acid content of collagen.
Collagen has a high prevalence of Pro and Hyp residues, which appear at 28% and 38%
frequencies in the Xaa and Yaa positions, respectively.”® The importance of the hydroxyl
modification was shown early by thermal denaturation studies of both synthetic peptides®’ and
protocollagen,?® which is the non-hydroxylated precursor to mature collagen. A crystal structure
of a collagen mimetic peptide (CMP) showed bridging water molecules between the hydroxyl

substituent and backbone carbonyl groups that were proposed to be stabilizing.?%?*° However, it
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was speculated that the entropic penalty associated with the ordering of those water molecules
would be destabilizing overall. The stabilization of collagen by bridging water molecules
between Hyp residues therefore remained unclear until replacement with the equivalent
fluoroprolines settled debate. To eliminate the ability of the 4-substituent to participate in
hydrogen bonding, the Hyp residues in the Yaa position of a CMP were substituted for Flp;
circular dichroism (CD) spectroscopy then demonstrated that the substitution increased the
thermal stability of the resulting CMPs relative to peptides containing Hyp (Table 3.2).'8 %!
Thermal stabilization of CMPs by hydrogen-bonded water networks would be disrupted by the
fluoro substitution, so the observed data emphatically discredited the hypothesis that such
networks were responsible for collagen stability. Molecular dynamics simulations of CMPs
containing Hyp later confirmed that bridging water molecules in CMPs organize only

transiently.?®® This also marked the first synthetic incorporation of fluoroproline into a protein-

mimetic.

Table 3.2 CMP melting temperatures.
(Xaa-Yaa-Gly), Tn(°C) Reference
(Pro-Pro-Gly);  No Helix 263

(Pro-Hyp-Gly), 36 91
(Pro-Flp-Gly); 45 91
(Pro-flp-Gly); ~ No Helix 91
(flp-Pro-Gly), 33 264

(Flp-Pro-Gly); ~ No Helix 264
(flp-Flp-Gly), No Helix 263

(Pro-Pro-Gly),,  31-41 261
(Pro-Hyp-Gly),,  61-69 261
(Pro-FIp-Gly)so o1 261
(flp-Pro-Gly) 58 265
(Flp-Pro-Gly);,  No Helix 265
(flp-Flp-Gly) 1 30 266

Instead, thorough conformational analysis of fluoroproline monomers, as described above,

provides convincing evidence that collagen is stabilized by stereoelectronic effects that are
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exaggerated by fluoroprolines.®* For example, while Flp incorporation at the Yaa position
increased thermal stability relative to peptides with Pro at that position, flp incorporation caused
a decrease in melting temperature (Table 3.2), clearly demonstrating the importance of
stereochemistry at the proline 4-position. Inspection of available crystal structures indicated a
prevalence of exo ring puckers in the Yaa position of collagen;*® as Flp serves to enforce this
ring pucker, it likely serves to stabilize CMPs at the Yaa position through templating of the
correct local dihedral angles. Moreover, because Flp encourages higher population of the trans
configuration of the peptide bond (Table 3.1), it better templates the » dihedral angle for the
collagen triple helix, which features only trans peptide bonds.?*®> The ability of Flp residues to
affect all three local dihedral angles therefore enables its unique stabilizing effect. These effects

P?7 and were shown to affect the

are evident even with a single Flp/flp substitution of a CM
biological activity of collagen by modulating the ability of cells to adhere to collagenous
substrates.”®®

Further fluoroproline substitutions have revealed additional stereoelectronic influences on
collagen stability. Specifically, whereas Flp incorporation at the Yaa position caused an increase
in melting temperature of CMPs relative to Pro-Pro-Gly repeats, it caused a decrease in melting
temperature when incorporated in the Xaa position.?®* Conversely, flp demonstrated a stabilizing
effect on CMPs when incorporated at the Xaa position, unlike its effect at the Yaa position.?®
Again, inspection of available crystal structures demonstrated a prevalence of the endo ring
pucker at the Xaa position; flp likely templates this structure better than Pro itself, even though
Pro does have a slight preference for the endo pucker. The slight preference of Pro for the endo

pucker likely also explains why the effect of Flp at the Yaa position is stronger than the effect of

flp at the Xaa position (Table 3.2).
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By templating the appropriate backbone dihedral angles of both the Xaa and Yaa residues,
the incorporation of flp and Flp, respectively, into the same peptide is predicted to confer greater
stability than either substitution alone. Surprisingly, simultaneous incorporation of fluoroprolines
in this manner dramatically destabilized the collagen triple helix, even relative to repeats of Pro-
Pro-Gly (Table 3.2).%%* 2% Molecular modeling then revealed a potential steric clash between the
two different fluoroprolines on adjacent strands that would prevent self-association of this
peptide. These clashes could in principle be attenuated by incorporating fluoroprolines into only
a single strand of the triple helix. By mixing different ratios of (flp-Flp-Gly); and (Pro-Pro-Gly);,
stable triple helices could be formed (Table 3.2). This makes flp-Flp-Gly polymers unique: they
are capable of binding to other collagen strands while avoiding associations with other molecules
of themselves. This principle has been applied to the probing of biological collagen samples.
Collagen helices can often be disrupted by damage to the skin, potentially providing binding
opportunities for probe peptides like flp-Flp-Gly polymers. This concept, termed “strand
invasion,” based on its conceptual similarity to analogous processes in nucleic acids, has
successfully been applied to specifically visualize collagen damage in wounds.?®® Moreover,
these invasive strands can be conjugated with a variety of factors designed to affect the biology
of the surrounding environment, such as growth factors that aid in wound healing.?”

Differential scanning calorimetry later provided complicating data regarding the stability
conferred upon collagen by fluorination.?”* Specifically, melting of (Pro-Hyp-Gly)y, indicated a
strong enthalpic contribution to stability compared to (Pro-Pro-Gly)i, while (Pro-Flp-Gly)o
showed a stronger entropic contribution. Analysis of molecular volumes indicated that the
enthalpic contribution to the stability of (Pro-Hyp-Gly)io was mediated significantly by solvating

water, the release of which likely explains the entropic stabilization of (Pro-Flp-Gly)io. In this
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sense, the stabilization of CMPs by Flp could be due to the hydrophobic effect. Indeed, the Fip
fluoro group is a much weaker hydrogen bond acceptor than the corresponding alcohol of
Hyp,?"? while also not possessing any hydrogen bond donor. In an interesting follow-up, Diflp
was employed to further test this hypothesis.?”® Whereas Diflp retains the hydrophobicity of Flp,
it lacks the strong preference for the exo ring pucker, so if the hydrophobic effect is dominant in
the contributions of Flp to CMP stability, Diflp should have a similar effect. However, Diflp was
shown to decrease CMP stability when incorporated into the Yaa position of CMPs, relative to
CMPs with Flp in the Yaa position. This result argues against a strong contribution from the
hydrophobic effect in driving CMP assembly.

Despite limited attention heretofore,?’* fluoroprolines also make excellent NMR probes due
to the utility of the *°F nucleus. This technology was recently exploited by the Kobayashi group
to shed light on the mechanism of collagen strand association and dissociation.?” Specifically,
they synthesized a Pro-Hyp-Gly repeat peptide featuring a single Flp residue at the center Yaa
position. They were then able to use *F-NMR, and in particular *H-"*F and *°F-**F exchange
experiments, to study the populations of various native and nonnative structures in solution. As
the temperature of the solution increased, approximating the denaturation of native collagen
strands, they observed the presence of multiple intermediates, contradicting the two-state model
often assumed for the denaturation of CMPs. Using information from their exchange
experiments, they were able to conclude not only that isolated monomer strands feature both cis
and trans peptide bonds, but also that collagen assembly takes place only from monomers with
strictly trans peptide bonds. Moreover, they characterized off-pathway intermediates as
misaligned triple helices featuring more than a single residue offset; these misaligned helices

converted to the native state only through the all-trans monomer. These data therefore
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demonstrate not only an additional power of the fluoroproline substitution, but also shed new
light on the detailed mechanisms of collagen folding.

In addition to imparting thermal stability and binding specificity to collagen strands,
fluoroprolines have also been used to investigate the mechanism by which collagen strands are
hydroxylated by prolyl-4-hydroxylase (P4H), an essential enzyme in animals.?’*?"” By using a
model P4H substrate, it was shown that prolines like flp that prefer the endo pucker and the cis
peptide bond conformation were better substrates than residues like Flp that prefer the opposite
conformations; in fact, while flp is a substrate for P4H, Flp is not even bound by the enzyme.?"®
These results, along with studies of other proline modifications, helped to determine that P4H
discriminates its substrates during the binding event and not during the chemical turnover. These
results not only shed light on the mechanism of collagen hydroxylation, but also provide
valuable information for designing inhibitors of P4H that could potentially serve to treat fibrotic
diseases that feature an overabundance of collagen. Moreover, the oxidation of flp to 4-
ketoproline (Kep) by P4H has been developed into a facile probe of P4H activity, since
enzymatic activity can be measured by fluoride ion release, allowing for direct and continuous

assaying.2’®

Effects on Peptide Structure

Fluoroproline incorporation has benefitted peptide studies beyond the triple helical domain of
collagen. Perhaps most important among these are the studies of polyproline helices. Two major
conformations of the oligoproline peptide are known: the polyproline type | (PPI) geometry,
which is marked by the cis orientation of the peptide bonds, and the aforementioned PPII

geometry, which features trans peptide bond; the PPII conformation in particular is quite
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common in both the folded®®® and unfolded®® states of proteins; polyproline helices also find
utility as molecular rulers.*® PPII structure is generally favored in more polar solvents, such as
water, while the PPl conformation is formed preferentially in less polar solvents like n-
propanol.?®! As the transition between these structures involves isomerization of the peptide
bond, it was predicted that modulating the conformation of the proline ring could have a
profound effect on the observed structures of oligoprolines, given the connection between the
proline ring pucker and backbone dihedral angles (see above). To evaluate this hypothesis, Proj,
Flpio, and flpyp were synthesized by solid-phase methods and subjected to analysis by CD
spectroscopy.’® Unlike Prosg, Flpy demonstrated PPII structure in both aqueous and organic
solutions. Moreover, the observed melting temperature of Flp;o was over 25 °C higher than that
of Projo. Conversely, flpip demonstrated only slight PPII content in water and high population of
the PPl geometry in propanol. These results are readily explained given the conformational
preferences of the amino acid monomers; for example, because of the exo ring pucker enforced
by Flp, a stronger n—z* interaction forms between adjacent carbonyls, leading to increased
population of the trans conformation of the peptide bonds, thereby resulting in a PPII helix. A
subsequent report also demonstrated that the stereoelectronic effects of fluorine incorporation on
proline structure also affect the rate of interconversion between PPl and PPII geometries.'® By
transferring host-guest peptides from aqueous solution into propanol, it is possible to observe
polyproline structural transitions over time by monitoring changes in the CD spectra. Results
showed that Flp incorporation slowed the rate of PPII—-PPI conversion, while flp incorporation
accelerated it. This is again consistent with Flp stabilizing the trans conformation of the peptide
bond. A follow-up study then demonstrated that this effect is stronger when the fluoroproline is

placed at the C terminus of the peptide, relative to placement at the N terminus.?®? These data are
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consistent with a proposed mechanism of PPI«<PPII transition occurring by a mechanism that
initiates at the C terminus.?®®

Polyproline helices have recently gained additional attention as motifs in important protein-
protein interactions.”® For example, SH3 domains, a ubiquitous peptide module for protein-
protein interactions, binds to Pro-rich protein substrates, and structural analysis has demonstrated
that these substrates often adopt a PPII geometry.?®® In an effort to design high-affinity ligands
for SH3 domains, possibly as a step toward therapeutics for cancer chemotherapy, among other
applications, Ruzza et al. incorporated fluoroprolines into various Pro-rich peptides (P2 peptide)
derived from hematopoietic progenitor kinase 1 (HPK1).%* These peptides were then assayed for
binding affinity to the SH3 domain of the hematopoietic-lineage cell-specific (HS1) protein.
Interestingly, while the effect of fluoroproline substitution on the peptide structure followed
hypotheses based on conformational analysis of fluoroproline monomers (see above), this
relationship did not translate to potency of binding: despite the observation that SH3 ligands
have high PPII structural content, encouraging PPII structure did not improve binding. These
data suggest that SH3-ligand interactions involve recognition of features beyond secondary
structure. Alternatively, the individual fluoro groups may perturb specific binding interactions,
though no evidence of this possibility was presented.

The Horng lab has expanded the utility of fluoroprolines beyond modulating PPII secondary
structures, beginning with a study on the C-terminal subdomain of the villin headpiece (HP36), a
small, mostly a-helical miniprotein.?®” It has been noted that a proline-aromatic interaction likely
forms between Pro62 and Trp64 at the N-terminus of its C-terminal helix, possibly contributing
to the stability of this peptide. Structural investigations of this peptide have assigned an exo ring

pucker to Pro62,%® so it was hypothesized that the substitution of this residue with flp would
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weaken the proline-aromatic interaction and depress the thermal stability of this peptide.
However, flp substitution was found to have little effect on the structure or stability of HP36;
rather, Flp, which enforced the exo pucker, was found to be significantly destabilizing. The
incorporation of flp was predicted based on molecular modeling to position the fluoro group
toward the hydrophobic core of this protein, while the positioning of the fluoro group toward the
exterior of the protein by Flp was suggested as a source of its destabilizing effect. Regardless of
the exact nature of the effect, these results highlight the fact that even subtle perturbations can
have unexpected effects in the context of complex systems like proteins.

A subsequent report by the Horng lab on fluoroproline incorporation into a B-rich peptide
underscores this point.®® They sought to determine the role of a key proline residue on the
stability of the Pin1 WW domain, a small, three-stranded p-sheet protein of about 40 residues. In
particular, the crystal structure of this miniprotein shows Pro37 packed into the hydrophobic core
of the structure and adopting an endo pucker.”® To examine the role of this residue in
establishing the stability of this peptide, they synthesized variants that contained various
substituted prolines, among them both fluoroproline diastereomers. Consistent with the
hypothesis that the native endo pucker is preferred for Pin1 WW domain stability, prolines that
favor the exo pucker of Pro37, including Flp, decreased the thermal stability of this peptide.
Interestingly, most endo-favoring prolines, including hyp and 4(S)-methoxyproline (mop), were
also destabilizing at this position; however, flp increased the thermal stability of this protein. The
authors rationalized this result by pointing out that the hydrophobicity of flp makes it more likely
to be well tolerated in the hydrophobic core of this peptide than hyp or mop. Moreover, flp
incorporation was also shown to increase the affinity of the protein for a phosphorylated peptide

ligand. This result again highlights the advantages of fluoroprolines for probing peptide
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structure: complications from hydrogen bonding to hyp produce a potentially misleading result,
while flp incorporation allows for more selective perturbation of the proline ring conformation.

The Zondlo lab has further extended the use of fluoroprolines as structural probes of key
structural motifs in peptides through their study of the Trp cage miniprotein.”** This 20-residue
peptide displays some of the physical characteristics associated with full proteins, namely
tertiary structure and cooperative folding,?*? which is unique for a peptide of this size. The Trp
cage consists of a C-terminal polyproline helix that folds back on the N-terminal a-helix thanks
to a structured loop. Critical for this loop is a single proline residue, Prol2, and based on the
observation of an exo ring pucker of this residue in the NMR structure reported for this peptide,
the hypothesis was formed that the local structure of this proline residue could be important for
the stability of this small protein. Employing the “proline editing” approach described earlier,
they were able to generate Trp cage peptides bearing flp or Flp residues, among others, at the key
position. In accord with the hypothesis, they found that Flp incorporation increased the thermal
stability of the Trp cage relative to native proline, while flp incorporation caused a decrease in
stability. Moreover, the destabilizing effect of flp was much greater than the stabilizing effect of
Flp, which is consistent with the native proline being puckered in the exo conformation. The
authors point out that these subtle effects in conformation, even of a single residue, are
particularly important for small proteins which lack a hydrophobic core, the formation of which
drives the folding of larger proteins.

In another example of the influence of fluoroproline on conformations of key turns, Moroder
and coworkers examined the folding of cysteine-rich terminal regions of minicollagen-1, an
important structural protein in lower animals.”®® Specifically, both the N- and C-terminal

domains of this protein contain cysteine-rich sequences with central prolines that fold into
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unique disulfide-bonded conformations, despite significant sequence homology. In an NMR
structure of the N-terminal domain, the central proline was found to exist in the cis conformation
of the preceding peptide bond, whereas similar analysis of the C-terminal domain indicated a

2% Moreover, while

trans peptide bond to the central proline, thereby enabling a Type I B-turn.
the C-terminal domain was found to adopt its native fold within one hour under experimental
conditions, the N-terminal fragment folded orders of magnitude more slowly. Considering the
relatively slow rate of cis/trans isomerization of peptide bonds to proline, it was hypothesized
that this could present the rate-determining step in folding of these domains. To test this
hypothesis, the authors substituted the key proline residue of the N-terminal domain with both
stereoisomers of fluoroproline. The incorporation of Flp, which, through its stabilization of the
exo ring pucker favors the trans conformation of the preceding peptide bond, was found to
further slow the kinetics of folding, while the substitution of flp enhanced folding kinetics. The
authors were able to show through a combination of molecular dynamics simulations and kinetic
analysis that the effect of flp is to decrease the population of the trans isomer of the key peptide
bond, which prevents it from being trapped in nonnative disulfide bonds. Their lab also
employed fluoroprolines to investigate the contributions of similar disulfide bonds to CMP
stability and folding.?®

Beyond modulating peptide stability, fluoroprolines have also been used to successfully alter
peptide function. Specifically, fluoroprolines were recently used to modulate the DNA-binding
properties of peptides derived from integration host factor (IHF).?*® Crystal structures of this
protein have demonstrated that the so-called a-arm senses DNA sequence in part by intercalating
an endo-puckered proline residue between base pairs.?” To probe its role, this proline was

substituted with a variety of analogues in the context of a cyclic peptide mimicking the a arm;
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this peptide was subsequently conjugated to a lysine dendrimer, which provides the necessary
electrostatic environment to allow DNA binding. Replacement of the key proline by flp was then
shown to increase the binding of this construct to specific DNA sequences in an electrophoretic
mobility assay. These data indicate that fluoroprolines can be used successfully to modulate not

only peptide structure, but also the emergent functions of those peptides.

Effects on Protein Folding

As the power of fluoroproline substitutions has gained broader appreciation, the
incorporation of this monomer into larger protein systems has been achieved. Important for this
work has been the development of complimentary approaches to the incorporation of
fluoroprolines into full-length proteins. The first approach, termed selective pressure
incorporation (SPI), exploits protein biosynthesis in proline auxotrophs and results in global
fluoroproline substitution for proline. Importantly, this approach has enabled the simultaneous
incorporation of multiple unnatural amino acids by combining auxotrophic mutations.?*®*% The
second method employs chemical ligation of fluoroproline-substituted peptides with protein
fragments expressed biologically.®®* Though operationally challenging, this latter approach
allows for site-specific fluoroproline substitution in proteins bearing multiple proline residues.
Both approaches have now found use in protein chemistry.

The first complete replacement of the proline residues in a protein with fluoroprolines was
performed on an engineered barstar variant, the cognate inhibitor of bacterial ribonuclease

(barnase).3®

Wild-type barstar has two prolines, one in each peptide bond conformation. Genetic
manipulation yielded a variant containing only the cis-configured proline. The authors showed

that the protein was expressed from a proline auxotroph at approximately equal efficiency
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regardless of whether the bacteria were fed proline or either fluoroproline. This result was
profound for the utility of fluoroprolines in protein science because it demonstrated that
fluoroprolines could be recognized efficiently by the endogenous proline amino-acyl-tRNA
synthetase, thereby allowing future investigations. In accord with the hypothesis that flp
incorporation would favor the cis peptide bond conformation, the authors observed that the
barstar variant containing flp had a higher melting temperature than the parent protein;
conversely, the variant containing Flp demonstrated a lower melting temperature. Moreover,
these fluorinated barstar variants were subsequently employed to study the mechanism of peptide
bond isomerization by peptidyl-proline isomerases.*®® These results highlight not only the
importance of proline residues in protein stability but also the power of fluoroprolines for
probing these effects; no other method, genetic or chemical, provides such selective perturbation
of peptide conformation at proline residues.

Improvement of bacterial strains by the Conticello group enabled even more efficient
fluoroproline incorporation, particularly into elastin derivatives.*®” While the initial report of
fluoroproline incorporation by an auxotropic bacterium employed a pan-auxotroph, Conticello
and coworkers were able to express elastin derivatives efficiently from strains lacking one of two
genes: either 1) the proA gene that encodes 5-glutamylphosphate reductase to generate
glutamate-5-semialdehyde, which spontaneously cyclizes to a pyrroline intermediate, or 2) the
proC gene that encodes pyrroline carboxylate reductase, which is responsible for reducing the

pyrroline to generate free proline (Figure 3.5).
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Figure 3.5 Biosynthesis of proline from glutamate.
Cofactors omitted for clarity.

Knockout of the proC gene, followed by supplementation of fluoroproline to the growth media
resulted in efficient fluoroproline incorporation throughout the expressed protein, which contains
eighty total proline sites. Elastin consists of concatenated oligopeptide repeats, most commonly
VPGVG, making elastin highly enriched in proline residues. Structural investigations have
indicated a prevalence of B-turn structure within this peptide repeat, for which proline is critical;
these turns are believed to form above a critical transition temperature, below which the protein
likely lacks definite structure. Moreover, it is believed that the opening and closing of these short
hairpins gives elastin its elastic properties.*® As such, the ability of the proline residue to

participate in the formation of these hairpin structures was hypothesized to be of critical
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importance. Using the auxotroph strategy developed previously, the Conticello group was able to
produce elastins uniformly substituted with either Flp or flp.*® As Flp enforces the exo
conformation commonly observed in type II B-turns, it was predicted to stabilize the structured
state and thereby lower the critical transition temperature. Differential scanning calorimetry and
CD spectroscopy studies both confirmed this hypothesis. Conversely, elastins incorporating flp
not only transitioned at a higher temperature, indicating weaker B-turn stability, but they also had
weak thermal transitions. In addition, **F NMR analysis suggested significant population of the
cis isomer of the valyl-proline peptide bond, also consistent with flp incorporation relative to
Pro, which could exacerbate the destabilizing effect of this modification. These results provide
dramatic new insight into the role of proline in controlling the structure of this protein.
Importantly, this insight is unlikely to be gleaned from mutagenic experiments; rather, it is the
exquisite control of proline conformation by diastereomeric fluoroproline incorporation that
allows for this key advance.

The simplicity of this method has made it broadly applicable, as evidenced from studies of
ubiquitin.**® Ubiquitylation serves as a key post-translational modification with a wide variety of
cellular effects, notably targeting of proteins for proteasomal degradation.®'* Ubiquitin has thee
native prolines that were replaced with fluoroproline via the SPI method. The three prolines in
native ubiquitin all are found in the trans-exo conformation, according to high-resolution crystal

structures.>*?

As such, ubiquitin was predicted to better tolerate Flp incorporation than flp. In
accord with this hypothesis, ubiquitin incorporating Flp was efficiently expressed from a
bacterial auxotroph, resulting in ubiquitin nearly uniformly labeled with fluoroproline in
comparable yields to wild-type, despite the use of two different proline codons in the ubiquitin

gene. Conversely, no expression of ubiquitin was observed during attempts to incorporate flp,
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likely due to aggregation or degradation of unfolded protein, demonstrating the importance of
proper proline conformation for ubiquitin folding. Both wild-type and Flp-ubiquitin
demonstrated native ubiquitin structure by CD spectroscopy, and stopped-flow fluorescence
measurements indicated similar folding pathways involving a single intermediate. Rigorous
analysis of these data demonstrated that Flp-ubiquitin has a lower barrier between the unfolded
state and the intermediate and slower unfolding of the native state to the intermediate, both data
establishing that Flp accelerates ubiquitin folding. Thermal denaturation at low pH also
demonstrated an increase in melting temperature upon fluorination by approximately 7 °C; Flp-
ubiquitin was also significantly more tolerant of GdnCl denaturant. Finally, Flp-ubiquitin was
shown to be competent for self-ubiquitylation by ubiquitin-processing enzymes. These results
again highlight that fluoroproline incorporation can increase both the thermal stability and
folding rate of proteins while maintaining their biological function, suggesting important
applications of this strategy in biotechnology.

Fluoroprolines were also used successfully to improve the physical properties of antibody
fragments for potential uses in therapeutics, diagnostics, and biotechnology.®** Antibody
fragments such as single chain Fv (scFv), which are prepared by linking the variable domains of
an 1gG, generally lack the thermal stability of their full-length parents, preventing their
application. To address this issue, Lee and coworkers produced an anti-c-Met scFv substituted
with fluoroprolines using the (SPI) method. As was observed with ubiquitin, flp incorporation
resulted in the expression of misfolded, insoluble protein, whereas as properly folded protein was
obtained following incorporation of Flp. Mass spectrometry analysis demonstrated greater than
90% substitution efficiency of the five proline residues, which are generally conserved between

scFvs. Interestingly, this scFv maintained higher activity in ELISA assays at elevated
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temperature compared to wild-type, suggesting that this strategy may be of use for improving the
physical properties of important bioreagents.

Another intriguing example of this technology was its application to the fluorescent protein
EGFP.*!* Upon expressing EGFP from a proline auxotroph fed either Flp or flp, it was found that
while EGFP incorporating Pro or flp expressed as soluble, fluorescent protein, EGFP
incorporating Flp was detected only in inclusion bodies. Attempts to refold this protein failed,
indicating that Flp incorporation has an irrecoverable effect on the structure of this protein. This
result was unexpected because Flp is known to promote the trans conformation of the preceding
peptide bond, as is common in GFP. Conversely, expression of EGFP containing flp resulted in a

well-behaved protein whose structure was solved by X-ray diffraction experiments Figure 3.6A).

Figure 3.6 Protein crystal structures containing fluoroproline.

Fluoroproline residues are shown in grey spheres. (A) EGFP (2g6p). (B) Tag DNA polymerase (4dle).
(C) Thioredoxin (4hua).

This structure shows no noticeable differences with that of the parent structure, and the
additional fluorine atoms are not found to disrupt local contacts. Moreover, kinetic refolding
experiments demonstrated that flp incorporation accelerated the folding of EGFP relative to
EGFP incorporating Pro. Though not articulated by the authors, it is possible that the reduced w

rotational barrier in flp relative to Pro allowed EGFP to escape from folding intermediates faster

than the wild-type protein.
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A later study performed the same perturbation to another fluorescent protein, mRFP1, with

remarkably different results.*™

Whereas flp incorporation into EGFP resulted in a well-behaved
protein, flp incorporation into mRFP1 produced only insoluble aggregates. Flp incorporation,
which was deleterious to the folding of EGFP, resulted in a soluble mRFP1 that lacked
fluorescence. By modeling the fluorine modification around the chromophore, the authors
discovered an unfavorable steric clash between the chromophore and the fluorine of Pro63. By
genetically mutating that position to alanine before incorporating Flp globally, the authors were
able to express a fluorescent mRFP1 with enhanced thermal stability and faster maturation.
Interestingly, mRFPL1 is the only protein reported to date that will fold when substituted with flp
but not with Flp.

In an impressive extension of the SPI method, global fluoroproline substitution has been
achieved on the nearly 60 kDa KlenTag DNA polymerase.®*® Using appropriate conditions,
Holzberger, et al. were able to replace the 32 native proline residues with Flp at 92% efficiency.
In accord with previous results on other proteins, attempts to incorporate flp did not result in
protein expression. The resulting fluorinated enzyme was less thermostable than its wild-type
counterpart, but otherwise functioned normally, displaying similar replication Kinetics and error
rates. Fortuitously, a refined preparation of the fluorinated protein with 98% substitution
efficiency produced crystals of sufficient quality for diffraction to high resolution (2.4 A,
Figure 3.6B);®" the authors suggest that the presence of fluoro groups on the exterior of the
protein mediate contacts between individual protein molecules within the crystal lattice, thereby
improving crystallinity. A rigorous approach to the structure solution and refinement provided
unprecedented insight into the effect of fluoroproline substitution on protein structure. Reliable

pucker assignments were possible for 28 out of 32 of the native prolines, which demonstrated
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that 89% of these residues adopt the exo pucker. A 1.9 A resolution structure of wild-type
KlenTag DNA polymerase showed only 43% of prolines adopting the exo pucker, demonstrating
that the strong gauche effect in Flp can significantly alter the conformation of proline residues,
even in a context with strong structural biases from nonlocal interactions. While the
incorporation of Flp did not alter the conformation of the preceding peptide bonds (KlenTaq
DNA polymerase contains two cis peptide bonds to proline), both of these residues showed
significant population of the endo pucker, accounting for half of the endo-puckered residues.
Moreover, whereas electron density for 36% of the prolines in the wild-type polymerase were
consistent with a superposition of puckers, only 7% of Flp residues in the fluorinated protein
were consistent with multiple puckers in the electron density map, indicating that fluoroproline
substitution dramatically reduces conformational flexibility of the proline ring.

Because SPI necessarily results in global substitution, dissecting the impact of a modification
at a given position can be challenging. To highlight the use of fluoroprolines as selective probes
of a single position, Rubini et al. engineered a variant of E. coli thioredoxin containing only a
single proline;*® specifically, they mutated the four trans-configured prolines to alanine, leaving
only the single cis-configured proline, the structure of which is conserved among thioredoxins.
They were then able to generate both Flp- and flp-substituted variants of their single proline
mutant, both of which were stable, well-folded proteins. Interestingly, in chemical denaturation
experiments, both modifications were shown to have identical effects on protein stability: they
both stabilize the reduced form of the protein while destabilizing the oxidized form. Both
substitutions also improved the cooperativity of folding, which had been compromised by the
four proline to alanine mutations. Measures of catalytic activity demonstrated little effect of

fluorination. The lack of significant differences in the effect of these diastereomeric substitutions
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was explained by high-resolution crystal structures of the various single proline proteins
(Figure 3.6C). Although Flp and flp generally template the pyrrolidine ring for the exo and endo
puckers, respectively, both were observed in the endo conformation in the crystal structure.
Steric clashes of the 4-fluoro substituent in Flp were predicted to prevent adoption of the exo
pucker. The authors concluded, therefore, that in this case, the tertiary structure of the protein
nullified the usual effect of fluoroproline conformation, resulting in nearly identical proteins.
Compared to the dramatic results obtained with Taq polymerase, these results demonstrate the
complexities of even conservative single-atom replacements in the context of an entire protein.
Further characterization of the role of a single proline residue to protein folding was
accomplished by Hilvert and coworkers in the first fully synthetic production of a fluoroproline-
substituted protein, which they employed to study the folding and aggregation of [2-
microglobulin (B2m), the causative agent of dialysis-related amyloidosis.**® Structural
characterization has shown that one of this protein’s five prolines, Pro32, is involved in a Cis
peptide bond in the native structure.®® Interestingly, this bond isomerizes to the trans
conformation in the amyloid, as shown by solid-state NMR spectroscopy.*?! As such, this
peptide bond isomerization was predicted to be key in the mechanism of amyloid formation.
However, traditional mutagenic experiments yielded contradictory results: substitution with
glycine induced fibril formation, while substitution with valine or alanine did not.*?
Fluoroproline (Flp, flp, Diflp) substitution was therefore selected as a more subtle and selective
approach to evaluating the role of this isomerization in the mechanism of f2m amyloid
formation. To site specifically incorporate fluoroprolines, f2m variants were produced by native
chemical ligation of three peptide segments generated through solid-phase synthesis. Temporary

protection of Cys25 as a thiazolidine allowed for successful synthesis of the full-length protein,
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which could then be oxidatively folded into its native structure. Thermal denaturation of these
variants demonstrated that the cis-favoring flp substitution increased stability of the folded state,
while Flp incorporation was destabilizing relative to wild-type. Interestingly, despite the similar
conformational preferences of Diflp to Pro, the Diflp variant was the least stable of the series.
The Diflp variant also displayed the least cooperative unfolding, the highest association with the
ANS fluorophore (a probe of unstructured hydrophobic patches on proteins), and the most facile
amyloidogenesis; this variant spontaneously formed fibrils after two weeks at neutral pH,
whereas wild-type and the monofluoroproline variants did not. These results demonstrated that
the cis-trans populations alone are insufficient for dictating amyloid behavior in this protein.
Instead, the rate of this isomerization appears to be key. The authors speculate that the nature of
this dependence is related to the ensuing flexibility of the BC loop instigated by rapid cis-trans
isomerization at position 32. Consistent with their observations employing ANS, this flexibility
could expose hydrophobic regions of the protein and increase the rate of amyloid formation.
These results again highlight the power of substituting key proline residues with judicious
choices of fluoroprolines to probe biophysical processes, especially in light of the ambiguous

results from traditional genetic approaches.

Impact in Medicinal Chemistry

Fluorination has emerged as a powerful, general strategy for combating the oxidative
metabolism of various pharmaceutical candidates.’*® As such, fluoroprolines provide a
convenient strategy for fluorination of peptide-based pharmaceuticals.®** One great example
comes from the research laboratories at Merck, which were able to employ fluoroprolines to

improve thrombin inhibitors.** As thrombin is an important protease for blood clotting, effective
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inhibitors are attractive drug candidates for clotting diseases. Working on a tripeptide scaffold
with a central proline residue, they were able to show that though substitution with flp reduced
potency to thrombin approximately 200-fold, substitution with Flp retained potency while
eliminating oxidative metabolism of the central proline residue. The differential effect of fluoro
stereochemistry is explained by comparison to available crystal structures of thrombin:inhibitor
complexes, which show a preference for the exo pucker of the central proline residue *%°. These
results enabled production of compounds with improved metabolic stability and selectivity
toward thrombin over related proteases like trypsin.

Similar results have been obtained for the development of peptide inhibitors of Stat3
phosphorylation.**” Phosphorylation of Stat3 occurs following binding of cytokines to their
receptors and results in dimerization and translocation of Stat3 to the nucleus, where it effects
changes in gene expression; high activation of Stat3 has been observed in a number of disease
states, including cancers, making it an important pharmaceutical target. Because phosphorylation
occurs on the SH2 domain of Stat3, mimics of the SH2 phosphopeptide hold promise as
inhibitors of dimerization. Mandal et al. found that replacing a key proline residue within a
phosphopeptide prodrug with flp or Diflp increased the potency of the compound in cellular
assays, despite decreasing affinity of the compound for full-length Stat3 by in vitro fluorescence
polarization assays. Again, these data suggest that fluoroproline substitution presents an
attractive strategy for increasing compound potency by slowing deleterious metabolism.

Recent crystal structures of the complex between neurotensin (NT) and its receptor NST1
have inspired structure-based drug development programs to yield new analgesics.*® NT
features a key proline residue that binds to a tight pocket of its GPCR receptor; importance of

this residue had been previously confirmed by mutagenic studies. To further develop the lead
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compound, as well as to pursue selective inhibition of the related receptor NST2, which also
binds neurotensin, NT8-13 analogues were produced involving a variety of proline

modifications.?°

A cellular assay was then employed to determine the ability of these analogues
to inhibit binding of the native ligand. These results demonstrated a preference of the receptor for
exo-puckered prolines, including Flp. Further elaboration of this peptide with a single peptoid
moiety produced a fluoroproline-based ligand with nearly 10,000-fold selectivity of NST2 over
NST1, thereby providing a valuable new probe, which the authors suggest may have additional
utility in *°F MRI imaging.

While the effect of the fluoro substituent on ring conformation or peptide bond isomerization
is usually the dominant contribution to systems incorporating N-acyl-fluoroprolines, the story
can be quite different in N-alkyl-fluoroproline derivatives. For example, in a medicinal chemistry
optimization of tiagabine-related GABA uptake inhibitors, fluorination of the amine heterocycle
was shown to drastically decrease potency, regardless of stereochemistry.®* In this case, as the
pyrrolidine amine is ionizable, fluorination likely decreases drug potency by decreasing basicity
of the amine, thereby reducing binding to the GABA uptake protein.

Finally, though not a focus of this review, we note that fluoroprolines are also in the early
stages of development as PET probes. *®F is an attractive PET nucleus due to its half-life (110
min) and lack of necessary chelators. As fluoroprolines are proteinogenic, they offer an
opportunity to incorporate a PET nucleus directly into a protein, notably collagen. However, the
combined time to radiosynthesize the fluoroproline, administer it to a subject, allow for
trafficking and biosynthetic incorporation, and image the results make this strategy a difficult

1-334
d,33 33

one to implement. Nevertheless, several radiosyntheses have been reporte as have
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pharmacokinetic studies.****® While results of this approach to imaging tumors or collagen

synthesis®***#* have been mixed, we anticipate that further advance may be possible.

Outlook

Research to date has clearly demonstrated the utility of fluoroprolines for rationally
perturbing peptides and proteins, both small and large. While conformational analysis of
fluoroproline  monomers is usually predictive of their effects when incorporated into
biopolymers, complications have been observed due to the chemical and structural constraints
imposed by these complex molecules. We expect fluoroprolines to continue to find utility as
probes of key proline residues in a wide variety of proteins thanks to their subtle, yet reliable
modulation of polypeptide structure, making fluoroproline substitution an important compliment
to traditional genetic approaches for exploring protein structure and function. Moreover, as
fluoroprolines have successfully improved the stability and folding kinetics of several important
proteins, it is likely that fluoroprolines will be exploited for improving the physical, chemical,

and biological properties of protein-based technologies and therapeutics.
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CHAPTER IV

n—zx* Interactions of Amides and Thioamides: Implications for Protein Stability

Carbonyl—carbonyl interactions between adjacent backbone amides have been implicated in the
conformational stability of proteins. By combining experimental and computational approaches,
we show that relevant amidic carbonyl groups associate through an n—m* donor-acceptor
interaction with an energy of at least 0.27 kcal/mol. The n—nr* interaction between two
thioamides is 3-fold stronger than between two oxoamides due to increased overlap and reduced
energy difference between the donor and acceptor orbitals. This result suggests that backbone
thioamide incorporation could stabilize protein structures. Finally, we demonstrate that intimate
carbonyl interactions are described more completely as donor—acceptor orbital interactions rather

than dipole—dipole interactions.

This chapter has been published, in part, under the same title: Newberry, R. W.; VanVeller, B.; Guzei, I.
A.; Raines, R. T. J. Am. Chem. Soc. 2013, 135, 7843-7846.

R.W.N. and B.V. conceived the project and designed the experiments and computational analyses with
input from R.T.R. R.W.N. performed the experiments and computations. .A.G. performed X-ray
diffraction analysis. R.W.N. drafted the manuscript, which was edited by all authors.
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Introduction

Protein architecture is mediated by a suite of noncovalent interactions within and between
polypeptide chains, including the hydrophobic effect, hydrogen bonding, Coulombic
interactions, and van der Waals interactions.® ® We have put forth an n—xz* interaction as an
additional means by which peptide bonds themselves interact.**®" 8 18 |n this n—z*
interaction, a carbonyl oxygen donates lone pair (n) electron density into another carbonyl group

(Figure 4.1).

Figure 4.1 Example of an n—z* interaction in a proline model system.
(A) Notion of a carbonyl—carbonyl n—z* interaction in amide 3. (B) Three-dimensional orbital rendering
and (C) contour plot showing overlap of n and z* orbitals in the trans exo conformation of 3.

Such donation occurs when the donor and acceptor form a short contact along the Burgi—Dunitz

trajectory for nucleophilic addition.** These interactions have been implicated in many systems,

99, 177 102, 104, 172-173, 187, 192-193, 195-196, 223, 343-345 92, 201, 203

including small molecules, peptides, proteins,

208-209 175

peptoids, and nucleic acids.

We and others have used a torsion balance in a proline model system to characterize

energetic relationships of importance to peptide and protein structure (Figure 4.2).%0-%% % 172173

181, 185, 196, 245, 305, 345-357
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Figure 4.2 Compounds used to evaluate n—z* interactions in torsion balance analyses

Both the cis and trans isomers of the N-acetyl proline peptide bond are populated at room
temperature and can be distinguished by NMR spectroscopy due to their slow interconversion.
As the n—z* interaction is only possible in the trans isomer, the ratio of isomers (Kranscis)
reports on the energy of the interaction. All previous studies employed esters as the n—z*
acceptor (1); because esters are more electrophilic than the amides found in proteins, those
studies overestimated the strength of n—z* interactions at 0.7 kcal/mol.*® *® Hence, we sought to
determine the energy of a prototypical n—z* interaction between two amides. Primary and
secondary amides can both donate hydrogen bonds to the acetyl group, obscuring the n—z*

249, 251, 358-359

interaction in our analysis; thus, we elected to examine the tertiary dimethyl

amide (3).
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Figure 4.3 Characterization of n—z* interactions in proline model compounds.

(A) Values of Kyansicis for compounds 1-6 in D,0O at 25 °C. (B) Energy of n—z* interactions in 1-6 from
second-order perturbation theory. (C) Overlap integrals between the n and z* orbitals of 3-6. (D)
Reciprocal of the energy gap between the n and z* orbitals of 3-6.

In D,0, the value of Kyanscis for amide 3, like that for ester 1, is greater than unity (Figure
4.3A). We then employed density functional theory (DFT) calculations at the B3LYP/6-
311+G(2d,p)level of theory with natural bond orbital (NBO) analysis to estimate the energy of
the n—z* interaction.® We optimized the geometry of 3 in both the C'-endo and C"-exo puckers
of its pyrrolidine ring (Figure 4.4) and found the corresponding n—xz* energies to be 0.14 and
0.53 kcal/mol, respectively. At room temperature, proline exists ~66% in the endo pucker and
~34% in the exo pucker.’® Based on this ratio, we estimate the energy of the n—z* interaction
in 3 to be E,_ .~ = 0.27 kcal/mol (Figure 4.3B). This interaction is weaker than that in 1, which is
consistent with the lower electrophilicity of the amide acceptor relative to the ester. Importantly,
because the tertiary amide is less electrophilic and more sterically encumbered than the
secondary amides common in proteins, the values we report here are likely to underestimate the
energy of an n—m* interaction between most peptide bonds. Thus, we expect that n—nr*

interactions in proteins contribute >0.27 kcal/mol of stabilization per interaction.
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Previously, we demonstrated that the substitution of an amide donor (i.e., 1) with a thioamide
(2) increases n—x* donation to an ester carbonyl (Figure 4.3A).% ¥ This increase arises from
sulfur being a better electron-pair donor than its oxygen congener. This finding suggested to us
that backbone thioamide substitution could enhance the n—z* interaction between carbonyl
groups and stabilize the folded structures of proteins. Still, the quality of a thioamide as an n—z*
acceptor has been predicted only computationally.'’* Hence, we synthesized 4-6 to evaluate
thioamides as both donors and acceptors of the n—z* interaction for the first time.

Replacing the donor of 3 with the larger thioamide to yield 4 increased the value of Kiransicis
despite the added steric clash confirming that sulfur is a stronger n—z* donor than oxygen
(Figure 4.3A). Interestingly, whereas replacing the acceptor of 3 with a thioamide to yield 5
reduced Kimansicis, replacing the acceptor of 4 with a thioamide to yield 6 led to an increase in
Kiransicis: Our NBO analyses show that replacing the acceptor with a thioamide reduces orbital
overlap with the donor (Figure 4.3C), providing a rational basis for the value of Kianscis for 5
being lower than that for 3.

NBO analysis of thioamides 3 and 5 revealed another pertinent quantum mechanical
attribute. The z* orbital of a thioamide is lower in energy than that of an amide, reducing the
energy gap between donor and acceptor orbitals (Figure 4.3D). From second-order perturbation
theory, the energy released by the mixing of two orbitals is proportional to the reciprocal of the
energy gap between those orbitals. Thus, though a thioamide acceptor overlaps less with an
n—z* donor (Figure 4.3C), a smaller energy gap between the donor and acceptor can produce
more effective orbital mixing and a stronger interaction overall. The consequences are apparent

in thioamide 6, in which the n—z* interaction is particularly strong at 0.88 kcal/mol
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(Figure 4.3B), demonstrating that pairs of thioamides engage in significantly stronger n—z*

interactions than do pairs of analogous amides.

A

y

X Ye
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/&X =y Z
Cr-endo Cr-exo

Figure 4.4 Conformational descriptors of proline model compounds.
(A) C'-endo and (B) C-exo pyrrolidine ring puckers. (C) Parameters that denote pyramidalization of
carbonyl groups due to n—* donation.

As the n—z* interaction populates the z* orbital of the acceptor, it induces pyramidalization
of the acceptor toward the donor (Figure 4.4C). This distortion is detectable by X-ray diffraction
analysis and can provide a signature of n—z* interactions in small molecules and peptides.*®**
102, 176-177, 180 Hence, we conducted X-ray diffraction analysis of crystalline 4-6 to search for this

signature of an n—z* interaction. Thioamide 4 crystallized as its cis isomer and therefore does

not show an n—z™* interaction, leaving the acceptor nearly planar (Table 4.1).

Table 4.1 Conformational parameters of thioamides®

compound conformation d (A) 0 (deg) A (A) O (deg)
4 cis, endo 46158(14)  66.96(7)  0.0035(14)  0.43(17)
5 trans, endo 3.2529(12) 92.19(4) 0.0237(8) 2.61(9)
6 trans, endo 3.4248(16) 96.11(6) 0.0243(17)  2.70(19)
6 trans, exo 3.2433(15)  101.92(7)  0.0392(16)  4.36(18)

*From X-ray diffraction analysis of the crystalline compound. Parameters are defined in Figure 4.4.

Thioamides 5 and 6 both crystallized as their trans isomer, with 6 crystallizing in both
pyrrolidine ring puckers. In both 5 and 6, the acceptor carbon is pyramidalized toward the donor
significantly more than in 4, denoting a stronger n—z* interaction. In addition, pyramidalization

of the acceptor in both conformations of 6 is greater than in 5, which is consistent with the
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stronger n—z* interaction in 6. Moreover, the greater pyramidalization of the acceptor in 6-exo
than in 6-endo confirms that the exo ring pucker of proline promotes stronger n—z*
interactions.'®® Indeed, the pyramidalization in 6-exo is among the largest observed to date in this
proline model system.?® **® These observations are also consistent with the pyramidalization in

crystal structures of thioamide-containing peptides (Figure 4.5).
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Figure 4.5 Carbonyl pyramidalization in peptides containing thioamide bonds.
The abscissa is used to distribute the values randomly. The parameter @ is defined in Figure 4.4. In the
Cambridge Structural database (CSD) were found the structures of 23 peptides in which at least one
peptide bond was replaced with a thioamide. Residues that received an n—z* interaction were identified
by applying a geometric operational definition: a donor chalcogen contacts an acceptor carbonyl group

within the sum of their van der Waals radii (3.22 A for O--:C; 3.50 A for S-*C) and along the Biirgi—
Dunitz trajectory (99-119° X---C=0).

These data further establish the quantum mechanical nature of intimate carbonyl—carbonyl
interactions. Some have argued that these interactions are primarily dipolar in nature.?* *> " The
dipole moment of an amide is greater than that of an ester,®®! so if a dipolar interaction is
dominant, replacing the ester of 1 with the amide in 3 should cause an increase in Kyranscis, Which
is contrary to observation (Figure 4.3A). Moreover, as a thioamide has a still larger dipole

moment than an amide, 233

a dipolar origin would predict a larger value of Kiangcis in
thioamide 5 than in amide 3. That was not observed in our experiments. Finally, in a dipolar
interaction, neither of the participating groups has a defined role; rather, they interact

symmetrically. Thus, if intimate carbonyl interactions are dipolar in nature, then substituting
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either amide with a thioamide should have a comparable effect on Kyans/cis- The conformational
preferences of 4 and 5 suggest otherwise: substituting the n—z* donor amide with a thioamide
increases Kianscis, Whereas replacing the acceptor decreases Kiransicis- These data affirm that a
dipolar mechanism is insufficient to describe intimate interactions between carbonyl groups.
Instead, the data are more consistent with an electronic donor—acceptor effect like the n—z*

interaction.

Conclusions

Individual n—z* interactions between amides are relatively weak. In abundance, however,
they could make a significant contribution to the conformational stability of a protein. We note
another implication as well. Shifts in the equilibrium between a-helices and f-sheets have been
implicated in amyloid fibrillogenesis.> **3%® Hydrogen bonding, which is operative in both a-

helices and p-sheets,®” ***

is unlikely to affect this equilibrium decisively. In contrast, n—z*
interactions are common in a-helices but not g-sheets,* and thus could play a critical role in the
maintenance of protein homeostasis. In addition, our finding that the n—=z* interaction between
two thioamides is 3-fold stronger than that between two amides (Figure 4.3B) encourages efforts
to exploit thioamides to enhance conformational stability in peptides and proteins.’ Finally, as

these interactions are not included in conventional force fields, we argue that accounting for the

n—z* interaction could improve the accuracy of computational investigations of proteins.
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Methods

General Experimental. Commercial chemicals were of reagent grade or better, and were used
without further purification. Proline starting materials and PyBOP were purchased from Chem-
Impex International (Wood Dale, IL). All other chemicals were obtained from Sigma—Aldrich.
Anhydrous THF and CH,Cl, were obtained from CYCLE-TAINER® solvent delivery systems
(J. T. Baker, Phillipsburg, NJ). Reactions were monitored by thin-layer chromatography with
visualization by UV light or staining with KMnQO,. Flash chromatography was performed with
columns of silica gel 60, 230-400 mesh (Silicycle, Québec City, Canada). The removal of
solvents and other volatile materials “under reduced pressure” refers to the use of a rotary
evaporator at water-aspirator pressure (<20 torr) and a water bath of <45 °C. All reported yields

are unoptimized.

Instrumentation. NMR spectra were acquired at ambient temperature with a Bruker Avance Il
500 MHz spectrometer (*H, 500 MHz; *C, 125 MHz) in the National Magnetic Resonance
Facility at Madison (NMRFAM). 3C spectra were proton-decoupled. Mass Spectrometry was
performed with a Micromass LCT (electrospray ionization, ESI) instrument in the Mass
Spectrometry Facility of the Department of Chemistry at the University of Wisconsin—Madison.
X-Ray data were collected in the Molecular structure Laboratory of the Department of Chemistry

at the University of Wisconsin—Madison.
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N-Boc-(2S)-proline dimethyl amide (3a). N-Boc-(2S)-proline (3.0 g, 13.9 mmol) and PyBOP

(8.0 g, 15.3 mmol) were dissolved in DCM (100 mL). N,N-diisopropylethylamine (7.3 mL,
41.8 mmol) and dimethylamine hydrochloride (1.1 g, 13.9 mmol) were added, and the resulting
solution was stirred overnight. DCM was removed under reduced pressure, and the resulting oil
was purified by flash chromatography in EtOAc to yield 3a as a yellow oil (1.8 g, 53%). H
NMR (CDCl3, 1:1 mixture of two rotamers) & 4.69 (dd, J = 8.4, 3.2 Hz, 0.5H), 4.56 (dd, J = 8.2,
4.3 Hz, 0.5H), 3.66-3.40 (m, 2H), 3.11 (s, 1.5H), 3.08 (s, 1.5H), 2.99 (s, 1.5H), 2.97 (s, 1.5H),
2.25-2.00 (m, 2H), 1.85 (m, 2H), 1.47 (s, 4.5H), 1.41 (s, 4.5H); °C NMR & 172.8, 172.4, 154.6,
153.9, 79.5, 79.4, 56.5, 56.4, 46.8, 46.6, 37.0, 36.0, 30.4, 29.6, 28.6, 28.4, 24.2, 23.7; ESI-MS:

[M + Na]" calculated 265.1523, observed 265.1536.

D :
N 1) HCl/Dioxane Q\(

/§ NMe, >
o Xo 2) AcCl, DIEA, DCM NMe;
A o

a

N-acetyl-(2S)-proline dimethyl amide (3). N-Boc-(2S)-proline dimethyl amide (3a, 0.90 g,

3.7 mmol) was dissolved in HCI (4 M in dioxane, 5 mL) and stirred for 1 h. Solvent was
removed under reduced pressure. The resulting oil (0.63 g, 2.8 mmol) was dissolved in DCM
(5 mL) with N,N-diisopropylethylamine (1 mL, 5.6 mmol). Acetyl chloride (0.35 mL, 4.8 mmol)
was added dropwise, and the reaction mixture was stirred overnight. Solvent was removed under

reduced pressure, and the resulting oil was partitioned between EtOAc/hexane and 1 M NaOH.
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The aqueous portion was evaporated, and the residue was extracted with DCM. The organic
portion was evaporated to dryness, and the resulting oil was purified by flash chromatography in
EtOAc/Hex to yield 3 as a clear oil. *H NMR (D0, 3.4:1 mixture of two rotamers) & 4.89 (dd, J
= 9.0, 3.2 Hz, 0.23H), 3.53 (t, J = 6.9 Hz, 1.54H) 3.41 (m, 0.46H), 3.03 (s, 0.69H), 3.01 (s,
2.31H), 2.86 (s, 0.69H), 2.82 (s, 2.31H), 2.31 (m, 0.23H), 2.22 (m, 0.77H), 1.99 (s, 2.31H), 1.79
(s, 0.69H), 1.95-1.72 (m, 3H); *C NMR & 173.3, 173.1, 172.9, 172.4, 59.1, 57.2, 48.7, 47.2,
36.9, 36.8, 30.3, 28.7, 22.8, 22.4, 21.2, 21.0; ESI-MS: [M + H]" calculated 185.1285, observed

185.1285.

[3\(0 &(O
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N N
>
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O
3 4

N-thioacetyl-(2S)-proline dimethyl amide (4). A solution of 3 (0.1 g, 0.5 mmol) and the
Lawesson’s reagent (0.22 g, 0.5 mmol) were refluxed in THF (5 mL) overnight. Solvent was
removed under reduced pressure, and the resulting oil was purified by flash chromatography with
EtOAc/hexane to afford 4 as a white solid. 'H NMR (D0, 4.1:1 mixture of two rotamers) & 5.13
(m, 1H), 3.84-3.68 (m, 2H) 3.04 (s, 2.41H), 3.02 (s, 0.59H), 2.85 (s, 0.59H), 2.82 (s, 2.41H),
2.46 (s, 2.41H), 2.44-2.22 (m, 1H), 2.08-1.82 (m, 3H); *C NMR § 197.7, 197.6, 172.0,171.4,
64.2, 62.8, 55.3, 52.9, 36.9, 36.9, 35.8, 35.6, 31.6, 31.4, 30.6, 28.7, 24.4, 22.5; ESI-MS: [M +

H]" calculated 201.1057, observed 201.1054.
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N-acetyl-(2S)-proline  2-amine-5-nitroanilide  (5a).*®® N-methylmorpholine (2.8 mL,
25.4 mmol) was added to a solution of N-acetyl-(2S)-proline (2.0 g, 12.7 mmol) in THF
(100 mL) at —20 °C. Isobutyl chloroformate (1.6 mL, 12.7 mmol) was added dropwise, and the
resulting solution was stirred for 10 min. 4-Nitro-1,2-phenylenediamine (1.96 g, 12.7 mmol) was
added, and the reaction mixture was stirred at —20 °C for 3 h before warming to room
temperature and stirring overnight. THF was removed under reduced pressure, and the resulting
yellow solid was washed with 1 M NaH,PQO,, followed by EtOAc. Trituration in EtOAc/hexane
afforded 5a as a yellow solid (2.0 g, 51%). *"H NMR (CDCls) & 8.83 (s, 1H), 8.39 (d, J = 2.5 Hz,
1H), 7.93 (dd, J = 8.9, 2.5 Hz, 1H), 6.68 (d, J = 8.9 Hz, 1H), 4.80 (s, 2H), 4.65 (dd, J = 8.6,
2.6 Hz, 1H), 3.63 (m, 1H), 3.52 (m, 1H), 2.54 (M, 1H), 2.22 (m, 1H), 2.18 (s, 3H), 2.04 (m, 2H);
3C NMR (DMSO) 6 171.5, 169.22, 150.5, 135.2, 123.7, 122.8, 121.1, 113.4, 60.0, 47.9, 29.7,

24.6, 22.5; ESI-MS: [M + H]" calculated 293.1245, observed 293.1258.

N 0 P4S10 S
A nN NO, _N22C0s o /§ HN
e
H,N H,N
5 5b

N-acetyl-(2S)-proline 2-amine-5-nitrothioanilide (5b).**® P,S;o (1.5 g, 3.3 mmol) and Na,COs
(0.36 g, 3.3 mmol) were added to THF (100 mL), and the resulting solution was stirred for 1 h

before cooling to 0 °C. compound 5a (2.0 g, 6.5 mmol) was added, and the reaction mixture was
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stirred at 0 °C for 3 h. The reaction mixture was filtered through Celite, evaporated to dryness,
and dissolved in 3:1 EtOAc:hexane (100 mL). The solution was washed with saturated
NaHCOgs(aqg). The aqueous portion was back extracted with 3:1 EtOAc:hexane (100 mL), the
organic portions were combined, dried over Na,;SO4(s), and evaporated to dryness, yielding 5b as
a yellow solid (1.0 g, 47%). *H NMR (DMSO) & 11.07 (s, 1H), 7.98 (dd, J = 9.1, 2.7 Hz, 1H),
7.83 (d, J = 2.7 Hz, 1H), 6.77 (d, J = 9.1 Hz, 1H), 6.47 (s, 2H), 4.75 (dd, J = 8.5, 4.8 Hz, 1H),
3.69 (m, 1H), 3.60 (m, 1H), 2.32 (m, 1H), 2.10 (m, 1H), 1.99 (s, 3H), 1.91 (m, 2H); **C NMR &
206.5, 170.1, 151.1, 135.2, 125.2, 122.3, 113.61, 67.3, 48.5, 32.6, 24.4, 22.8; ESI-MS: [M +

Na]" calculated 331.0836, found 331.0850.

HN NO, NaNO, NO,
— N
N

HoN
5b Sc

1-(N-acetyl-(2S)-thioprolyl)-6-nitrobenzotriazole (5¢).**® To a solution of 5b (1.0 g, 3.1 mmol)
in 95% AcOH/H,0 at 0 °C was added NaNO, (0.32 g, 4.6 mmol) portionwise. The reaction was
stirred for 30 min before adding 100 mL water. The aqueous solution was extracted with DCM
(150 mL), and the organic portion was washed with saturated NaHCO3(aq), dried over
Na,SO4(s), and evaporated to dryness, yielding 5¢c as an orange solid (0.62 g, 62%). *H NMR
(CDCls) 6 9.70 (d, J = 2.1 Hz, 1H), 8.44 (dd, J = 9.0, 2.1 Hz, 1H), 8.30 (d, J = 9.0 Hz, 1H), 6.37
(dd, J = 9.3, 2.8 Hz, 1H), 3.84 (m, 1H), 3.73 (m, 1H), 2.64 (m, 1H), 2.20 (m, 2H), 2.17 (s, 3H),
2.14 (m, 1H); B3C NMR § 206.9, 169.4, 149.6, 148.9, 132.2, 122.2, 121.5, 113.1, 67.5, 48.6,

33.2, 24.4, 22.8; ESI-MS: [M + Na]" calculated 342.0632, found 342.0636.



88

(s
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5¢ 5
N-acetyl-(2S)-proline dimethyl thioamide (5). compound 5c¢ (0.37 g, 1.2 mmol) was dissolved
in DCM (20 mL) with N,N-diisopropylethylamine (0.40 mL, 2.4 mmol). Dimethylamine
hydrochloride (0.094 g, 1.2 mmol) was added, and the reaction mixture was stirred overnight.
Solvent was removed under reduced pressure, and the resulting oil was purified by flash
chromatography, first with EtOAc/MeOH and then with DCM/MeOH. The resulting product was
decolorized over charcoal to yield 5 as a white solid (0.10 g, 43%). *H NMR (D,0, 2.2:1 mixture
of two rotamers) 6 5.09 (dd, J = 8.4, 2.9 Hz, 0.31H), 4.94 (dd, J = 8.7, 4.4 Hz, 0.69H), 3.66-3.40
(m, 2H) 3.35 (s, 0.94H), 3.33 (s, 3H), 3.31 (s, 2.06H), 2.40-2.20 (m, 1H), 1.98 (s, 2.06H), 1.77
(s, 0.94H), 2.08-1.68 (m, 3H); *C NMR & 201.7, 201.4, 173.3, 172.3, 64.8, 62.9, 49.0, 47.4,
45.3,45.1, 41.8, 41.7, 31.9, 30.5, 23.6, 21.9, 21.7, 21.6; ESI-MS: [M + H]" calculated 201.1057,

observed 201.1056.

(Nj\fs Lawesson's Reagent N S
A > A
@]

NMe, THF NMe,
5 6

N-Thioacetyl-(2S)-proline dimethyl thioamide (6). Lawesson’s reagent (0.10 g, 0.25 mmol)
and 5 (0.10 g, 0.50 mmol) were heated to reflux in THF (10 mL) overnight. Solvent was
removed under reduced pressure, and the resulting oil was purified by flash chromatography in
DCM/MeOH to yield 6 as a white solid. *H NMR (D0, 6.3:1 mixture of two rotamers) & 5.34

(dd, J = 8.7, 4.2 Hz, 0.86H), 5.27 (dd, J = 8.7, 2.5 Hz, 0.14H), 3.77 (m, 0.27H) 3.73 (t, J = 7.0
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Hz, 1.73H), 3.29 (s, 2.59H), 3.8 (s, 0.41H), 3.27 (s, 2.59H), 3.26 (s, 0.41H), 2.40 (s, 2.59H), 2.21
(s, 0.41H), 2.30-2.15 (m, 2H), 1.95-1.75 (m, 2H); *C NMR & 199.6, 198.9, 197.6, 197.3, 69.5,
68.4, 55.5, 53.1, 44.9, 44.6, 41.7, 41.6, 32.2, 31.8, 31.8, 30.3, 24.0, 21.9; ESI-MS: [M + H]"

calculated 217.0828, observed 217.0837.

Determination of Kiansicis for compounds 3-6. Each compound (5-10 mg) was dissolved in
D,0 with enough CD30OD to solubilize the compound (less than 10% of total volume), and
equilibrated for a day. *H NMR spectra were acquired and analyzed with the Mestrenova
software package.®’ Proton assignments for cis and trans isomers were confirmed by NOEs
observed between the C® protons and acetyl protons in *H-'H NOESY spectra. Amide methyl
signals for the cis and trans isomers were fitted, and the value of Kyansicis Was determined from

the relative areas of the calculated fits.

Crystal structure determination for compound 4. Compound 4 was dissolved in water, and
slow evaporation afforded diffraction quality crystals after approximately one week. A colorless
crystal with approximate dimensions 0.175 x 0.154 x 0.131 mm® was selected under oil under
ambient conditions and attached to the tip of a MiTeGen MicroMount®. The crystal was
mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam by using a
video camera. The crystal evaluation and data collection were performed on a Bruker SMART
APEXII diffractometer with Cu K, (A = 1.54178 A) radiation and a diffractometer-to-crystal
distance of 4.03 cm. The initial cell constants were obtained from three series of @ scans at
different starting angles. Each series consisted of 41 frames collected at intervals of 0.6° in a 25°

range about @ with an exposure time of 2 s per frame. The reflections were indexed successfully
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by an automated indexing routine built in the APEXII program. The final cell constants were
calculated from a set of 9561 strong reflections from the actual data collection. data were
collected by using the full sphere data collection routine to survey the reciprocal space to the
extent of a full sphere to a resolution of 0.82 A. A total of 12276 data were harvested by
collecting 14 sets of frames with 0.6° scans in » with an exposure time 15-40 s per frame. These
highly redundant datasets were corrected for Lorentz and polarization effects. The absorption
correction was based on fitting a function to the empirical transmission surface as sampled by
multiple equivalent measurements.*®® The systematic absences in the diffraction data were
uniquely consistent for the space group P2;2:2; that yielded chemically reasonable and
computationally stable results of refinement.**® A successful solution by the direct methods
provided most non-hydrogen atoms from the E-map. The remaining non-hydrogen atoms were
located in an alternating series of least-squares cycles and difference Fourier maps. All non-
hydrogen atoms were refined with anisotropic displacement coefficients. All hydrogen atoms
were included in the structure factor calculation at idealized positions and were allowed to ride
on the neighboring atoms with relative isotropic displacement coefficients. The molecule has a
stereocenter at atom C1. The absolute configuration of the molecule was unequivocally
established through anomalous dispersion effects. The molecule is the S enantiomer. The final
least-squares refinement of 122 parameters against 1917 data resulted in residual R (based on F?
for 1>26) and WR (based on F? for all data) of 0.0236 and 0.0636, respectively. The final

difference Fourier map was featureless.

Crystal structure determination of compound 5. Compound 5 was dissolved in water, and

slow evaporation afforded diffraction quality crystals after approximately one week. A colorless
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crystal with approximate dimensions 0.40 x 0.21 x 0.12 mm® was selected under oil under
ambient conditions and attached to the tip of a MiTeGen MicroMount®. The crystal was
mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam by using a
video camera. The crystal evaluation and data collection were performed on a Bruker Quazar
SMART APEXII diffractometer with Mo K, (. = 0.71073 A) radiation and the diffractometer-to-
crystal distance of 4.96 cm. The initial cell constants were obtained from three series of @ scans
at different starting angles. Each series consisted of 12 frames collected at intervals of 0.5° in a
6° range about @ with an exposure time of 1 s per frame. The reflections were indexed
successfully by an automated indexing routine built in the APEXII program suite. The final cell
constants were calculated from a set of 9696 strong reflections from the actual data collection.
The data were collected by using the full sphere data collection routine to survey the reciprocal
space to the extent of a full sphere to a resolution of 0.70 A. A total of 28497 data were harvested
by collecting 6 sets of frames with 0.4° scans in @ and ¢ with exposure times of 10 s per frame.
These highly redundant datasets were corrected for Lorentz and polarization effects. The
absorption correction was based on fitting a function to the empirical transmission surface as
sampled by multiple equivalent measurements.>® The systematic absences in the diffraction data
were uniquely consistent for the space group P2;2,2; that yielded chemically reasonable and
computationally stable results of refinement.**® A successful solution by the direct methods
provided most non-hydrogen atoms from the E-map. The remaining non-hydrogen atoms were
located in an alternating series of least-squares cycles and difference Fourier maps. All non-
hydrogen atoms were refined with anisotropic displacement coefficients. All hydrogen atoms
were located in the difference map and refined independently. The structure is chiral, the

compound is chiral, the configuration of the chiral center C1 is S. The final least-squares
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refinement of 167 parameters against 3029 data resulted in residuals R (based on F? for 1>20)
and wR (based on F? for all data) of 0.0212 and 0.0577, respectively. The final difference Fourier

map was featureless.

Crystal structure determination of compound 6. Compound 6 was dissolved in water, and
slow evaporation afforded diffraction quality crystals after approximately one week. A colorless
crystal with approximate dimensions 0.777 x 0.541 x 0.464 mm?® was selected under oil under
ambient conditions and attached to the tip of a MiTeGen MicroMount®. The crystal was
mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam by using a
video camera. The crystal evaluation and data collection were performed on a Bruker SMART
APEXII diffractometer with Cu K, (A = 1.54178 A) radiation and the diffractometer-to-crystal
distance of 4.03 cm. The initial cell constants were obtained from three series of @ scans at
different starting angles. Each series consisted of 41 frames collected at intervals of 0.6° in a 25°
range about @ with an exposure time of 1 s per frame. The reflections were successfully indexed
by an automated indexing routine built in the APEXII program. The final cell constants were
calculated from a set of 9875 strong reflections from the actual data collection. The data were
collected by using the full sphere data collection routine to survey the reciprocal space to the
extent of a full sphere to a resolution of 0.8 A. A total of 35128 data were harvested by collecting
19 sets of frames with 0.5° scans in @ and ¢ with an exposure time 2-5 s per frame. These highly
redundant datasets were corrected for Lorentz and polarization effects. The absorption correction
was based on fitting a function to the empirical transmission surface as sampled by multiple
equivalent measurements.®® The systematic absences in the diffraction data were uniquely

consistent for the space group P2,2:2; that yielded chemically reasonable and computationally
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stable results of refinement.>®

A successful solution by the direct methods provided most non-
hydrogen atoms from the E-map. The remaining non-hydrogen atoms were located in an
alternating series of least-squares cycles and difference Fourier maps. All non-hydrogen atoms
were refined with anisotropic displacement coefficients. All hydrogen atoms were included in
the structure factor calculation at idealized positions and were allowed to ride on the neighboring
atoms with relative isotropic displacement coefficients. There are two symmetry-independent
molecules with identical composition and opposite handedness in the asymmetric unit. There are
two chiral centers: C4 (R) and C4a (S). The absolute configuration was unequivocally established
based on established by anomalous-dispersion effects in diffraction measurements on the crystal.
The final least-squares refinement of 242 parameters against 4228 data resulted in residuals R

(based on F? for 1>2c) and wR (based on F? for all data) of 0.0254 and 0.0660, respectively. The

final difference Fourier map was featureless.

Computational methodology. Conformational preferences, orbital energies, orbital overlaps,
and n—x* energies were determined using density functional theory implemented in Gaussian
09.3°  Geometry optimizations and frequency calculations were performed at the B3LYP/6-
311+G (2d,p) level of theory for endo and exo conformers of cis and trans geometries of
compounds 3-6. Frequency calculations of optimized structures yielded no imaginary
frequencies, indicating a true minimum on the potential energy surface. Energies were corrected
by the zero-point vibrational energy. optimized geometries were subjected to analysis by NBO

5.0 at the B3LYP/6-311+G(2d,p) level of theory implemented in Gaussian 09.%*
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Table 4.S1 Data depicted in Figure 4.3.

E,_. (kcal/mol)

Overlap Integral

Koo Energy Gap (Hartree)
trans/cis endo ex0 endo ex0 endo ex0
12 4.6 0.42 1.29 ND ND ND ND
22 7.8 0.86 2.08 ND ND ND ND
3 3.4 0.14 0.53 0.0626 0.1212 0.29179 0.35461
4 41 0.64 0.89 0.0949 0.1150 0.23381 0.33908
5 2.2 0.23 0.48 0.0584 0.0743 0.20480 0.20217
6 6.3 0.72 1.19 0.0775 0.0918 0.15013 0.15244

Data from Choudhary, et al. J. Am. Chem. Soc. 2009, 131, 7244-7246.
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Figure 4.S9 Molecular drawing of compound 4 showing 50% probability ellipsoids.



Table 4.52 Crystal data and structure refinement for compound 4.

Identification code
Empirical formula
formula weight
Temperature/K
MA

Crystal system
Space group

alA

b/A

c/A

o

o/
pre

v/°

Volume/A?

z

Pealc MG/mMm?

p/mm™*

F(000)

Crystal size/mm?

20 range for data collection
Index ranges

Reflections collected
Independent reflections
data/restraints/parameters
Goodness-of-fit on F

Final R indexes [I>26(1)]
Final R indexes [all data]
Largest diff. peak/hole / e A
Flack x parameter

Hooft y parameter

Raines64

CoH16N,0OS

200.30

100(1)

1.54178

orthorhombic

P2,2,2,

5.2933(5)

13.513(2)

14.3901(18)

90

90

90

1029.3(2)

4

1.293

2.503

432.0

0.175 x 0.154 x 0.131
8.978 t0 139.44°
-6<h<6,-16<k<14,-17<I1<17
12276

1917[R(int) = 0.0202]
1917/0/122

1.061

R; =0.0236, wR, = 0.0634
R; =0.0240, wR, = 0.0636
0.24/-0.14

0.028(19)

0.032(6)
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Table 4.S3 Fractional atomic coordinates (x10) and equivalent isotropic displacement parameters
(AZX103) for compound 4. U, is defined as /5 of the trace of the orthogonalized U,; tensor.

atom X y 4 Ueq
S1 2200.2(9) 8356.7(3) 8490.6(3) 21.03(14)
01 3494 (3) 10846.6(9) 10274.4(9) 19.7(3)
N1 1030 (3) 9135.3(10) 10114.6(10) 14.5(3)
N2 408 (3) 11655.3(11) 11056.8(10) 15.9(3)
C1 -49(4) 9864.6(13) 10758.1(11) 14.9(4)
C2 396 (4) 9380.0(14) 11712.2(12) 18.3(4)
C3 2936 (4) 8863.6(13) 11581.5(12) 19.1(4)
C4 2821 (4) 8465.8(13) 10585.1(12) 18.1(4)
C5 1445 (3) 10841.9(13) 10673.6(11) 14.5(4)
Cé6 1820 (4) 12584.0(12) 11053.5(12) 19.1(4)
c7 -1897(3) 11668.8(14) 11614.2(13) 21.5(4)
C8 713 (3) 9149.9(13) 9201.1(12) 16.2(4)
C9 -1071 (4) 9915.4(14) 8814.6(13) 22.3(4)

Table 4.54 Anisotropic displacement parameters (A?x10%) for compound 4. The anisotropic
displacement factor exponent takes the form: —2n°[h%a**Uy,+...+2hkaxbxU;,].

atom Uy U Uss Uy Uz Up,
S1 25.5(2) 19.8(2) 17.8(2) -5.13(17) 4.43(17) -0.32(19)
01 19.3(7) 18.4(6) 21.3(06) -0.8(5) 4.5(5) -3.3(5)
N1 15.4(7) 11.9(7) 16.4(7) -0.5(5) 0.8(6) 0.1(6)
N2 17.4(7) 14.2(7) 16.2(7) -0.8(6) -2.4(06) 0.1(6)
C1 14.9(8) 15.2(8) 14.5(8) -1.7(6) 1.9(7) -0.6(7)
C2 22.5(10) 17.2(8) 15.2(8) 1.5(6) 3.0(7) -1.4(7)
C3 24.7(9) 18.0(8) 14.4(8) 2.9(7) -0.7(8) 1.9(8)
C4 20.6(9) 15.3(8) 18.4(9) 0.9(7) -1.4(7) 4.0(7)
C5 17.0(9) 15.8(8) 10.7(7) 2.2(6) -3.6(7) 0.5(7)
C6 25.1(10) 12.7(8) 19.6(8) 0.4 (7) -6.1(7) 0.1(7)
Cc7 17.0(9) 21.3(9) 26.3(10) =7.4(8) -1.4(8) 3.4 (8)
C8 15.4(8) 14.7(8) 18.4(8) -0.6(06) 1.4(7) -5.0(7)
C9 27.2(10) 21.7(9) 17.8(8) -0.1(7) -3.3(8) 3.1(8)
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Table 4.S5 Bond lengths for compound 4.

atom atom  length/A  atom atom length/A

S1 C8 1.6775(18) N2 C7 1.460(2)

01 C5 1.227(2) C1 C2 1.539(2)

N1 C1 1.468(2) Cl1 C5 1.544(2)

N1 C4 1.475(2) C2 C3 1.526(3)

N1 C8 1.325(2) C3 C4 1.532(3)

N2 C5 1.347(2) C8 C9 1.507(3)

N2 C6 1.461(2)

Table 4.56 Bond angles for compound 4.

atom atom atom angle/* atom atom atom angle/*

Cl N1 C4 111.85
C8 N1 C1 124.50
C8 N1 C4 123.08 N1 C4 C3 103.89
C5 N2 C6 119.43 01 C5 N2 123.20

(13) C3 C2 Cl 102.68(14)
(15) (15)
(15) (14)
(15) (16)
C5 N2 C7 125.14(15) 01 C5 C1 119.59(16)
(15) (15)
(14) (14)
(14) (16)
(14) (13)

C2 C3 C4 103.92

C7 N2 C6 114.75 N2 C5 Cl1 117.21
N1 Cl1 C2 102.56 N1 C8 S1 122.39
N1 C1 C5 108.98 N1 C8 C9 117.10
C2 C1 C5 110.83 C9 C8 S1 120.51




Table 4.57 Torsion angles for compound 4.

A B C D

angle/*

N1 C1 C2 C3
N1 C1 C5 O1
N1 C1 C5 N2
Cl N1 C4 C3
Cl N1 C8 ¢S1
Cl N1 C8 C9
Cl C2 C3 C4
C2 C1 C5 01
C2 C1 C5 N2
C2 C3 C4 N1
C4 N1 C1 C2
C4 N1 C1 C5
C4 N1 C8 S1
C4 N1 C8 C9
C5 C1 C2 C3
C6 N2 C5 O1
C6 N2 C5 C1
C7 N2 C5 01
C7 N2 C5 C1
C8 N1 Cl1 C2
C8 N1 Cl1 C5
C8 N1 C4 C3

35.51(1

-80.67(

175.77(
-173.76/(
5.7
168.13(
-74.4

1
1
1
1
1
1
(
-176.48 (1
1
(
1
1
(
1
(
168.41 (1

107



108

Table 4.8 Hydrogen atom coordinates (Ax10%) and isotropic displacement parameters (A*x10°%) for
compound 4.

atom X y 4 Ueq
H1 -1890 9969 10637 18
H2A 484 9883 12211 22
H2B -954 8899 11861 22
H3A 3145 8318 12034 23
H3B 4351 9336 11656 23
H4A 4504 8491 10287 22
H4B 2199 7775 10575 22
H6A 2472 12716 11679 29
H6B 702 13125 10863 29
H6C 3234 12534 10616 29
H7A -2990 11118 11427 32
H7B -2786 12296 11517 32
H7C -1461 11601 12273 32
HOA -1112 9864 8135 33
H9B -491 10577 8993 33

HIC -2770 9803 9064 33
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v

Figure 4.510 Molecular drawing of compound 5 shown with 50% probability ellipsoids.



Table 4.59 Crystal data and structure refinement for compound 5.

Identification code
Empirical formula
formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

o/°

pre

y/°

Volume/A?

z

Peacmg/mm?

m/mm*

F(000)

Crystal size/mm?

20 range for data collection
Index ranges

Reflections collected
Independent reflections
data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I1>26(1)]
Final R indexes [all data]
Largest diff. peak/hole / e A
Flack parameter

Raines63
CoH16N,0OS
200.30

100.0
orthorhombic
P2:2,2,
7.360(3)
7.513(2)
18.801(6)

90

90

90

1039.6(6)

4

1.280

0.276

432.0

0.4 x0.21x0.12
4.332 to 60.022°

-10<h<10,-10<k<10,-26<1<26

28497
3029[R(int) = 0.0227]
3029/0/167

0.974

R, = 0.0212, WR, = 0.0574
R, = 0.0215, WR, = 0.0577
0.27/-0.16

-0.02(5)
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Table 4.510 Fractional atomic coordinates (x10%) and equivalent isotropic
displacement parameters (A?x10°) for compound 5. Ueq is defined as /3 of the trace of
the orthogonalized U,; tensor.

atom X y z Ueq
S1 4366.7(4) 5993.0(4) 6018.55(16) 22.70(8)
01 512.3(13) 6498.9(11) 7277.6(4) 18.91(16)
N1 380.9(12) 5487.5(12) 6151.9(5) 14.15(17)
N2 4388.2(15) 2864.0(14) 6675.4(5) 18.52(19)
C1 1368.3(14) 3867.6(14) 6323.8(5) 13.96(18)
C2 894.8(16) 2662.1(16) 5686.8(7) 19.9(2)
C3 744.1(17) 3964.9(18) 5067.3(6) 23.5(2)
C4 -124.2(18) 5620.7(17) 5397.7(6) 21.7(2)
C5 3430.2(14) 4167.1(15) 6371.8(5) 13.89(18)
C6 6368.5(19) 2898 (2) 6714.2(8) 28.7(3)
C7 3623 (2) 1214.4(18) 6964.9(7) 28.3(3)
C8 25.4(15) 6714.0(14) 6654.9(6) 14.48(19)
C9 -1019.1(18) 8336.6(16) 6423.8(7) 21.4(2)

Table 4.511 Anisotropic displacement parameters (A?x10°) for compound 5. The anisotropic
displacement factor exponent takes the form: —2n’[h’a*?Uy,+...+2hkaxbxUy,].

atom Uy Uy, Uss Uss Uis U,
S1 16.68(13) 22.08(13) 29.33(14) 5.29(11) 0.37(10) 5.94(11)
01 21.4(4) 20.6(3) 14.8(3) -1.6(3) -1.5(3) 2.2(3)
N1 14.2 (4) 14.7(4) 13.6(4) 0.8(3) =-2.0(3) 2.4 (3)
N2 17.3(4) 21.5(4) 16.7(4) -0.1(3) -0.6(4) 5.8(4)
C1 12.5(4) 13.3(4) 16.1(4) 0.8(4) 1.7(3) 1.2 (4)
C2 14.1(5) 18.6(5) 27.1(5) -8.0(4) 0.8(4) -0.7(4)
C3 19.8(5) 33.4(6) 17.3(4) -8.1(4) -2.6(4) 0.9(5)
C4 24.3(5) 26.2(6) 14.5(4) -0.4(4) -5.5(4) 4.6(5)
C5 12.6(4) 17.3(4) 11.8(4) -1.1(4) 0.3(3) 0.9(4)
C6 17.5(6) 37.5(7) 31.1(6) -10.1(6) -7.5(5) 10.9(5)
C7 33.4(7) 23.8(06) 27.9(06) 9.9(5) 6.5(5) 11.9(5)
Cc8 11.8(4) 13.5(4) 18.1(4) 0.5(4) -0.6(4) -1.0(4)
C9 22.3(6) 14.1(4) 27.9(6) -0.7(4) -6.0(4) 4.3(4)




Table 4.512 Bond lengths for compound 5.
atomatom  length/A  atomatom  length/A
S1 C5 1.6727(12) N2 C7 1.4661(18)
01 C8 1.2350(14) Cl1 C2 1.5414(le)
N1 C1 1.4539(14) C1 C5 1.5368(16)
N1 C4 1.4693(14) C2 C3 1.5255(18)
N1 C8 1.3462(14) C3 C4 1.5304(18)
N2 C5 1.3347(14) C8 C9 1.5053(16)
N2 C6 1.4595(19)

Table 4.513 Bond angles for compound 5.

atom atom atom angle/* atom atom atom angle/*

Cl N1 C4 113.46(9) €C3 C2 Cl 103.45(10)
C8 N1 Cl 120.93(9) C2 C3 C4 104.00¢(9)
C8 N1 C4 125.61(9) N1 C4 C3 103.34(9)
C5 N2 C6 122.42(12) N2 C5 S1  123.62(9)
C5 N2 C7 125.17(11) N2 C5 C1 116.06(10)
C6 N2 C7 112.31(12) C1 C5 S1 120.24(8)
N1 Cl1 C2 101.90(9) O1 C8 N1 121.34(10)
N1 C1 C5 112.58(9) Ol C8 C9 121.86(10)
Cs5 C1 C2 110.79(8) N1 C8 C9 116.79(10)
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Table 4.514 Torsion angles for compound 5.

113

A B CD angle/* A B CD angle/”

N1C1C2C3 33.76(10) C4NLICLIC5 99.77(11)
N1C1C5S1 -17.13(12) C4N1C801-179.49(11)
N1C1C5N2 165.89(8) C4N1C8C9 1.56(16)
CIN1C4C3 -3.65(13) C5C1C2C3 -86.22(10)
CIN1C801 -0.54(16) C6N2C5S1 -1.30(15)
CIN1C8C9-179.49(10) C6N2C5C1 175.56(10)
Cl1C2C3C4 -36.87(11) C7TN2C5S1 -177.45(9)
C2C1C5S1 96.24(10) C7TN2C5C1 -0.59(16)
C2C1C5N2 -80.73(12) C8N1C1C2 161.98(10)
C2C3C4N1 25.12(12) C8N1C1C5 -79.30(12)
C4N1C1C2 -18.95(12) CBN1C4C3 175.37(10)

Table 4.515 Hydrogen atom coordinates (Ax10%) and isotropic displacement parameters (A?x10°) for
compound 5.

atom X y z Ueq
H1 900 (20) 3440 (20) 6769 (8) 17
H2A 1770 (20) 1770 (20) 5598 (9) 24
H2B -250(20) 2090 (20) 5787 (9) 24
H3A 30(30) 3470 (30) 4687 (10) 28
H3B 1960 (30) 4300 (20) 4889 (9) 28
H4A 310(30) 6700 (20) 5185 (9) 26
H4B -1400(30) 5620 (30) 5339(10) 26
H6A 6810 (30) 1870 (30) 6507 (12) 43
H6B 6660 (30) 2730 (30) 7197 (12) 43
H6C 6840 (30) 3860 (30) 6525(12) 43
H7A 2300 (30) 1260 (30) 7024 (11) 43
H7B 4210 (30) 990 (30) 7433 (11) 43
H7C 3990 (30) 210(30) 6632 (12) 43
HOA -2230(30) 8030 (30) 6286 (10) 32
H9B -550(30) 8890 (30) 6025 (10) 32
H9C -1090(30) 9180 (30) 6797 (10) 32
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@ S2

Figure 4.511 Molecular drawing of compound 6 showing 50% probability ellipsoids.



Table 4.516 Crystal data and structure refinement for compound 6.

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

o/°

pre

y/°

Volume/A?

z

Peacmg/mm?

m/mm™*

F(000)

Crystal size/mm?

20 range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [1>26(1)]
Final R indexes [all data]

Raines65
CoH16N2S2
216.36

99.97
orthorhombic
P2:2,2,
11.5526(6)
13.3416(8)
14.1333(8)

90

90

90

2178.4(2)

8

1.319

4.078

928.0

0.777 x 0.541 x 0.464
9.114 to 144.92°

-14<h<14,-16<k<16,-17<1<17

35128
4228[R(int) = 0.0200]
4228/0/242

1.100

R, = 0.0254, WR, = 0.0660
R, = 0.0254, WR, = 0.0660

Largest diff. peak/hole / e A~ 0.40/-0.33

Flack parameter

0.010(15)
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Table 4.517 Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters
(AZX103) for compound 6. U, is defined as /5 of the trace of the orthogonalized U,; tensor.

atom X y z U
S1 3773.3(4) 7888.1(4) 4788.2 (4) 17.51(13)
S2 3488.4 (4) 9620.4 (4) 2535.4 (4) 17.93(13)
N1 4761.7(17) 9671.5(14) 4988.4(13) 18.0(4)
N2 4921.1(16) 8128.6(13) 2877.6(13) 13.9(4)
C1 5583 (2) 10478.7(18) 4764.9(19) 26.9(5)
Cc2 4018 (2) 9881 (2) 5806.8(17) 29.6(6)
C3 4652.8(18) 8838.2(16) 4488.6(15) 13.9(4)
C4 5458.1(18) 8715.4(15) 3637.4(14) 13.8(4)
C5 6540 (2) 8099.0(17) 3917.7(16) 20.4(5)
C6 6737 (2) 7394.1(18) 3085.5(17) 23.2(5)
Cc7 5521 (2) 7161.6(17) 2740.2(16) 18.5(4)
C8 4047.4(18) 8475.6(16) 2362.1(14) 14.1(4)
C9 3583 (2) 7797.7(18) 1600.1(15) 20.1(5)
S1A 3464.9(5) 4741.2 (4) 6862.7 (4) 20.21(13)
S2A 3226.2(5) 2921.1(4) 4647.4 (4) 19.34(13)
N1A 4465.1(16) 3037.6(15) 7373.0(12) 17.7(4)
N2A 4750.3(16) 4319.8(13) 5100.5(13) 13.8(4)
C1A 3745 (2) 3001 (2) 8227.9(16) 27.3(5)
C2A 5255 (2) 2174.2(18) 7293.4(17) 23.1(5)
C3A 4366.2(18) 3762.1(16) 6738.7(15) 15.1(4)
C4A 5174.8(18) 3708.3(16) 5879.9(14) 14.0(4)
CBA 6364.3(19) 4182.1(16) 6095.8(17) 19.7(5)
C6A 6186 (2) 5286.9(19) 5859.7(17) 24.3(5)
C7A 5392 (2) 5277.5(17) 5010.9(16) 18.9(5)
C8A 3886.4(18) 4036.4(16) 4545.5(14) 15.7 (4)
CoA 3513 (2) 4783.6(18) 3810.8(16) 22.3(5)
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Table 4.518 Anisotropic displacement parameters (A?x10°%) for compound 6. The anisotropic

displacement factor exponent takes the form: —2n’[h’a*?Uy,+...+2hkaxbxU5,].
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Table 4.519 Bond lengths for compound 6.

atom atom length/A  atom atom length/A

S1 C3 1.679(2) S1A C3A 1.680(2)
S2 C8 1.676(2) S2A CBA 1.678(2)
N1 Cl1 1.469(3) NIAClA 1.468(3)
N1 C2 1.467(3) NIAC2A 1.474(3)
N1 C3 1.323(3) NIAC3A 1.323(3)
N2 C4 1.467(3) N2A C4A 1.456(3)
N2 C7 1.477(3) N2A C7A 1.483(3)
N2 C8 1.328(3) N2A C8A 1.325(3)
C3 C4 1.530(3) C3A C4A 1.533(3)
C4 C5 1.547(3) CAA C5A 1.543(3)
C5 C6 1.523(3) CHA C6A 1.525(3)
C6 C7 1.520(3) C6A CTA 1.510(3)
C8 C9 1.505(3) CBA C9A 1.503(3)

Table 4.520 Bond angles for compound 6.

atom atom atom angle/* atom atom atom angle/*

C2 N1 Cl 114.06(19) C1A N1AC2A 112.82(19)
C3 N1 cC1 124.2(2) C3A N1AC1A 122.21(19)
C3 N1 C2 121.67(19) C3A N1A C2A 124.93(19)
C4 N2 C7 111.36(17) C4A N2AC7A 112.28(17)
C8 N2 C4 122.48(18) CB8A N2A C4A 122.81(18)
C8 N2 C7 126.06(18) C8A N2A C7A 124.91(18)
N1 C3 S1 123.87(17) NI1A C3A S1A 123.43(17)
N1 C3 C4 116.88(18) NIAC3A C4A 116.71(19)
C4 C3 S1 119.05(16) C4A C3A S1A 119.78(16)
N2 C4 C3 112.07(17) N2A C4A C3A 111.56(17)
N2 C4 C5 104.20(17) N2A C4A C5A 102.71(17)
C3 C4 C5 110.29(17) C3A C4A C5A 111.52(17)
C6 C5 C4 104.56(18) C6A C5A C4A 103.42(18)
C7 C6 C5 103.62(18) C7A C6A CH5A 104.35(19)
N2 C7 C6 102.31(17) N2A C7A C6A 104.06(18)
N2 C8 S2 122.02(16) N2A C8A S2A 123.01(17)
N2 C8 C9 116.99(19) N2A C8BA COA 115.9(2)
C9 C8 S2 120.98(16) C9A C8A S2A 121.14(17)




Table 4.521 Torsion angles for compound 6.

A B CD angle/* A B C D angle/’

S1 C3 C4 N2 35.8(2) S1A C3A C4AN2A -22.0(2)
S1 C3 C4C5 -79.8(2) S1A C3A C4A C5A 92.2(2)
N1C3 C4N2-149.16(19) NIAC3A C4AN2A 161.07(18)
N1C3 C4C5 95.2(2) N1A C3A C4A C5A -84.7(2)
N2 C4 C5C6 17.8(2) N2A C4A C5A C6A 32.1(2)
CIN1C3S1 175.93(18) C1A N1AC3ASI1A 3.1(3)
C1N1C3C4 1.2(3) C1A NIAC3AC4A 179.9(2)
C2N1C3S1 -6.6(3) C2A N1AC3ASIA -179.26(17)
C2N1C3C4 178.6(2) C2A N1A C3A C4A -2.5(3)
C3C4C5C6 138.26(19) C3A C4A C5A C6A -87.5(2)
C4 N2 C7C6 -26.7(2) C4A N2A C7A C6A -5.7(2)
C4 N2 C8S2 0.3(3) CA4A N2A C8A S2A -2.9(3)
C4N2C8C9 179.58(18) CA4AN2ACBAC9A 176.60(19)
C4 C5C6 C7 -34.0(2) C4A C5A C6A C7A -36.4(2)
C5 C6 C7 N2 36.7(2) C5A C6A C7TA N2A 26.1(2)
C7N2C4C3-113.59(19) CT7A N2A C4A C3A 102.9(2)
C7 N2 C4 C5 5.7(2) CT7A N2A C4A C5A -16.6(2)
C7N2C8S2 -175.81(16) CTAN2ACBA S2A 177.24(16)
C7 N2C8C9 3.5(3) CT7A N2A C8A C9A -3.3(3)
C8 N2C4C3 69.8(2) CB8A N2A C4A C3A -77.0(2)
C8N2C4C5-170.96(19) CBA N2A C4A CHA 163.45(19)
C8 N2 C7 C6 149.8(2) C8A N2A C7A C6A 174.2(2)
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Table 4.522 Hydrogen atom coordinates (Ax10%) and isotropic displacement parameters (A?x10°%) for
compound 6.

atom X y z Ueq
H1A 5223 10949 4321 40
H1B 6280 10192 4477 40
H1C 5793 10833 5347 40
H2A 4450 9752 6391 44
H2B 3335 9446 5784 44
H2C 3774 10584 5791 44
H4 5696 9388 3393 17
H5A 7217 8542 4013 24
H5B 6398 7717 4507 24
H6A 7199 7724 2584 28
H6B 7140 6776 3290 28
H7A 5522 6961 2066 22
H7B 5159 6624 3122 22
HOA 2864 8080 1346 30
H9B 3429 7133 1867 30
HOC 4155 7739 1091 30
H1AA 3224 2422 8194 41
H1AB 3287 3617 8275 41
H1AC 4243 2939 8786 41
H2AA 5612 2042 7910 35
H2AB 5860 2324 6828 35
H2AC 4819 1583 7090 35
H4A 5272 2997 5671 17
H5AA 6575 4093 6770 24
H5AB 6977 3884 5695 24
HEAA 5823 5645 6397 29
H6AB 6931 5614 5705 29
H7AA 4856 5856 5025 23
H7AB 5841 5297 4415 23
HOAA 4159 4918 3379 33
HO9AB 3278 5408 4122 33

H9AC 2859 4512 3452 33
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Table 4.523 SCF Energies (atomic units) of compounds 3—6 Calculated at the
B3LYP/6-311+G(2d,p) level of theory.

Amide Ring ZPE Energy

Compound Conformation Pucker Energy Correction  (Corrected)
trans endo —612.7666889 0.250153 -612.5165359
3 exo  —612.7661143 0.250001 -612.5161133
cis endo —612.7627137 0.249532 -612.5131817
exo  —612.7616812 0.249632 -612.5120492
trans endo -935.7221726  0.247932 -935.4742406
4 exo  -935.7211053 0.247981 -935.4731243
ciis endo -935.7182725 0.247612 -935.4706605
exo  —935.7164957 0.247507 -935.4689887
trans endo -935.7189804 0.248119 -935.4708614
5 exo  -935.7194686  0.248284 -935.4711846
ciis endo -935.7144801 0.247581 -935.4668991
exo  —935.7132949 0.247558 -935.4657369
trans endo -1258.674434  0.246079 -1258.428355
6 exo  —1258.674022 0.246152 -1258.427870
ciis endo -1258.669679  0.245564 -1258.424115
exo  —1258.667992 0.245704 -1258.422288

Table 4.524 Orbital Energies (atomic units) of n—z* Donors and

Acceptors as Calculated with NBO 5.0

Orbital Energies

Compound Ring Pucker  Donor  Acceptor Difference
3 endo —-0.24811  0.04368 0.29179

exo —0.24652  0.10809 0.35461

4 endo —-0.19233  0.04148 0.23381

exo —-0.19332  0.14576 0.33908

5 endo —0.25003 -0.04523 0.20480

exo —0.24956 —0.04739 0.20217

6 endo -0.19549 -0.04536 0.15013

exo -0.19623 -0.04379 0.15244




Table 4.525 Cartesian coordinates of compound 3 in the optimized trans endo

conformation.
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-1.
.14425600
.89194900
.31508100
.05530300
.37116100

60052300

Table 4.526 Cartesian coordinates of compound 3 in the optimized cis endo

conformation.
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Table 4.S27 Cartesian coordinates of compound 3 in the optimized trans exo

conformation.
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.29237800
.24836300
.24637600
.11850500
.05171000
.41155200
.39119400
.75404100
.24105500

-0

.49786600
.40412200
.40611600
.35588900
.52130200
.53670400
.21984600
.05987200
.42525200
.43629500
.10001500
.09790400
.45207500
.51466500
.65246600
.39545700
.25321100
.39042000
.40455500
.81061000
.76391900
.97534000
.38141000
.06583200
.08991500
.47025100
.18929700
.59691600
.68152000

Table 4.528 Cartesian coordinates of compound 3 in the optimized cis exo

conformation.
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.05423800
.09880300
.59398600
.21132200
.11498800
.36908400
.43931000
.79194500
.99165200
.13660700
.25200000
.89577300
.05243500
.03557200
.77750200
.99276200
.22493500
.60386800
.49633900
.40259600
.97070600
.96738400
.08861900
.39056700
.33093300
.77664400
.43530700
.33818000
.94701900
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.50593100
.03107200
.36959400
.09939700
.32835100
.22276400
.60904300
.25097700
.55191600
.07666800
.94433000
.21558700
.16583200
.49742600
.67057000
.24309200
.56455000
.09806300
.85803600
.71327700
.20291500
.43802200
.06945400
.04061700
.14403400
.51660500
.35646600
.18465800
.89529700
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.40725800
.10701400
.03756500
.54343300
.46903100
.85896900
.85594200
.56983200
.03703900
.63408400
.27516900
.23002800
.43401400
.11440800
.51112700
.88403000
.18028800
.15518500
.77573800
.75297200
.61788600
.16344900
.08654500
.04837800
.05473200
.27065100
.03235300
.89191600
.85419600
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Table 4.529 Cartesian coordinates of compound 4 in the optimized trans endo
conformation.

c 0.07836200 0.55073100 -0.66828600
H 0.24768300 -0.10976900 -1.51057600
c -1.99184100 1.51572600 0.19284000
H -2.33338700 1.49524200 1.22579200
H -2.86611600 1.60928600 -0.45582300
c -0.97908200 2.63812700 -0.05820500
H -0.45438100 2.87123600 0.86514600
H -1.45929700 3.54470100 -0.42201000
c -0.00393500 2.03388700 -1.07800900
H -0.40941300 2.10326600 -2.08847300
H 0.96914500 2.52102200 -1.07274000
N -1.25843100 0.27783900 -0.13612300
c -1.72688600 -0.96529700 0.03230800
c -3.12145500 -1.07668400 0.59508100
H -3.14964100 -0.69178800 1.61700200
H -3.83696000 -0.49760600 0.00747500
H -3.42712500 -2.11578900 0.60534100
c 1.13759000 0.33739500 0.43354000
N 2.36239200 -0.11840800 0.05013600
c 3.35860200 -0.38700600 1.08113700
H 3.46195900 -1.46211200 1.24870600
H 4.32540900 0.01488300 0.77651300
H 3.04208000 0.08346600 2.00495700
c 2.65054500 -0.64404700 -1.28192700
H 3.72710000 -0.76887900 -1.37185000
H 2.17054900 -1.61071300 -1.44896600
H 2.33991300 0.04730000 -2.06223400
0 0.87386100 0.65276100 1.58730100
S -0.84234600 -2.33680300 -0.34410200

Table 4.530 Cartesian coordinates of compound 4 in the optimized cis endo
conformation.

c 0.31301500 0.41666200 -0.62095200
H 0.42766200 -0.11183900 -1.56257800
c -1.58541900 1.59652900 0.35028500
H -1.98578100 1.44725200 1.35048400
H -2.40704500 1.94132100 -0.27990700
c -0.37385100 2.53134100 0.30984200
H 0.15052900 2.50628000 1.26379800
H -0.65796700 3.56177900 0.10662100
c 0.51007200 1.93801900 -0.79468200
H 0.14555800 2.23406700 -1.77933900
H 1.55299400 2.23929700 -0.71734400
N -1.07938700 0.31875900 -0.17673300
C -1.84201200 -0.78506200 -0.24440800
C -1.17987900 -2.03417600 -0.77500100
H -0.86812900 -1.90344200 -1.81452100
H -0.29651100 -2.29117600 -0.18762200
H -1.88332200 -2.85672500 -0.73049700
C 1.28469200 -0.15363200 0.43960800
N 2.54869800 -0.48273800 0.03200300
c 3.49827800 -0.98321500 1.01867500
H 3.94360900 -1.91456700 0.66432400
H 4.29926000 -0.25833100 1.18425300
H 2.97720400 -1.15940200 1.95244700
c 3.09961600 -0.29061800 -1.29974600
H 3.93832200 0.41002600 -1.26604500
H 3.46974900 -1.23908300 -1.69576700
H 2.36481800 0.10274200 -1.99090900
¢} 0.91879700 -0.27771400 1.59764800
S -3.44709900 -0.79710800 0.21455000




Table 4.S31 Cartesian coordinates of compound 4 in the optimized trans exo

conformation.
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.00461300
.22360600
. 74830900
.19788100
.20036400
.23036600
.22281200
.04946700
.18305300
.06960200
.22986300
.52913000
.12507500
.88329500
.87296800
.68334000
.91968500
.03607600
.41443700
.11977300
.56774400
.34912000
.27633200
.36529000
.63218900
.25400700
.70977200
.19835100
.43730100
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.72564000
.25706400
.42791700
.24866500
.31227800
.71480600
.70535500
.38586600
.34393600
.46202300
.96244500
.13677400
.38474000
.46826900
.55301600
.20175000
.63392800
.13797300
.25707600
.05612200
.33946700
.23003000
.17700400
.11577900
.16039800
.63228200
.20179100
.11289800
.28709600
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.49472900
.53495400
.48081100
.37899000
.47930200
.34250500
.42016600
.06077900
.47778600
.44327200
.20158100
.00542000
.50850600
.70553800
.55240200
.09070900
.60530300
.54876800
.95822700
.95329900
.96049500
.68020100
.02615100
.01580500
.39303200
.03526900
.53257600
.70396100
.53168000

Table 4.532 Cartesian coordinates of compound 4 in the optimized cis exo

conformation.
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.32102800
.49679000
.93090000
.74706900
.47205900
.95972300
.13695000
.01552600
.26985300
.70799300
.79134800
.72197200
.29689000
.93781100
.92007300
.18111700
.58676400
.38968400
.51565500
.99281500
.99296100
.29206400
.08446000
.55913600
.11931200
.90099500
.56768200
.36757400
.32148300
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.61930500
.12658200
.68164800
.51624800
.43166400
.23329100
.62404100
.57644500
.93009800
.46367300
.51984000
.82361600
.21605100
.64095000
.92110700
.31438400
.72505700
.56706200
.15030400
.59547800
.93113100
.47960600
.33959500
.42075100
.15384000
.87844500
.63165800
.65727200
.08087300

.40799300
.08423300
.05114600
.49858300
.46953000
.89684100
.81023400
.56246500
.05793800
.58938600
.20232100
.30345000
.44651800
.53276200
.95904400
.25945100
.24646200
.84606900
.78573100
.62404400
.19142500
.16278400
.07761700
.03883800
.25169000
.00738400
.86333600
.84638400
.10568400
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Table 4.S33 Cartesian coordinates of compound 5 in the optimized trans endo

conformation.
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.13732700
.05485400
.34561600
.64397000
.24110400
.60941300
.17447200
.27832500
.49335800
.86125300
.36769000
.37282800
.55507400
.85904000
.93417300
.72050400
.88358700
.06706600
.16983800
.38937500
.32362600
.23267100
.53138300
.18597900
.07931800
.31909500
.22110500
.98410600
.69658400
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.25176200
.46110000
.94538100
.06598900
.73156400
.18646400
.73169900
.85354000
.62954300
.47493500
.29123600
.14665500
.44154700
.78177600
.26047400
.49132100
.85256500
.30643600
.36583900
.25434500
.87056100
.58011400
.77536000
.37570000
.98029700
.02638300
.91457500
.22852500
.29415000
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.85191800
.64579400
.03310000
.00748100
.62237700
.55638700
.27562400
.09801500
.45493800
.47020100
.50614300
.17725400
.18764000
.87763000
.83301100
.27501700
.05132300
.10296000
.26494100
.53442200
.43352000
.06892300
.84842100
.33610900
.21543500
.25293700
.32451500
.49978800
.03031200

Table 4.534 Cartesian coordinates of compound 5 in the optimized cis endo

conformation.
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.11153800
.02460800
.13808100
.46607200
.02580200
.08954300
.54992100
.53397800
.13883800
.55112200
.84878400
.45127900
.10698700
.35121100
.09929500
.42737200
.99306200
.02551900
.24834500
.37419600
.10420000
.21756300
.65330400
.59561700
.46132800
.85368900
.78957500
.74166000
.26340600
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.40934000
.04648700
.26817000
.03813000
.50091200
.38367100
.43029900
.35979700
.95623300
.22838700
.40464200
.10856500
.08294100
.24145900
.03548600
.44816600
.11562400
.07067300
.18894400
.65788400
.56878200
.84774100
.08663600
.16162800
.82498900
.73355600
.67621800
.39631600
.20087200
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.68075100
.65934400
.38205000
.39354400
.20841800
.33422900
.27809100
.14936000
.79301400
.76592200
.70659700
.20410300
.31635900
.93971100
.98199800
.39981100
.90193600
.24593300
.31144300
.49661300
.02547500
.16301700
.24294900
.68920300
.68487000
.25931100
.19361600
.85576200
.06416700
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Table 4.S35 Cartesian coordinates of compound 5 in the optimized trans exo

conformation.
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.17115100
.58887600
.12132200
.39107600
.01111000
.16190100
.23371200
.52172000
.57799600
.26807600
.38261100
.41253500
.08171100
.64985400
.52768100
.48573400
.85377000
.41737500
.56290200
.37859500
.24533900
.35241400
.17599700
.16050000
.08571300
.09385500
.33993500
.03698400
.49843500
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.45783800
.92911500
.92430600
.85132000
.05118300
.55774500
.28325600
.89655600
.63195600
.25356900
.41415400
.48317900
.34660600
.03477600
.92512100
.09021600
.52053200
.26348400
.67384000
.06263700
.43979800
.14168900
.20870800
.95042300
.27919900
.49767000
.66385800
.95992100
.21884400
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.72730300
.97651900
.86618400
.19063400
.67284200
.19909500
.94264100
.58418900
.81306400
.19912900
.10542700
.09887800
.15658900
.77760700
.13850800
.96908200
.71664500
.38547800
.91442000
.12847200
.29593600
.09208200
.38541600
.65618700
.51291500
.73984200
.66278400
.71501100
.26800400

Table 4.536 Cartesian coordinates of compound 5 in the optimized cis exo

conformation.
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.14658700
.29907100
.81037000
.29886300
.00731600
.20927900
.14489300
.03875200
.27555100
.15520800
.33748500
.90189500
.05920700
.97099700
.09604400
.51796700
.62611000
.42767500
.19711000
.22594700
.75205000
.43700700
.24767100
.48867600
.44559200
.52966700
.73050900
.87872700
.02519300
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.58364600
.10031700
.31870500
.98726900
.43963000
.31523500
.72662300
.16278200
.50199700
.93235200
.76029000
.22779900
.00840500
.13146600
.39429800
.03496800
.65827800
.56042700
.55143500
.62379200
.05131300
.01448800
.02089100
.62553300
.14414600
.13361000
.35548700
.60125400
.59316300

-0.
-0.
.01347000
.58067700
.54090600
.79429900
-0.
.66195800
-0.
.66241400
.36136400
-0.
.28222200
.21027400
-0.
-1.
-2.
.28859700
.67118600
-0.
.13119600
-0.
-0.
-1.
-1.
-2.
-1.
.82955100
-0.

-1

-1

47023400
14439100

91673700

95614500

42403600

61578300
45923000
13135800

44669000

09427000
35284700
66512400
64117000
45007000
91772600

10688100
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Table 4.S37 Cartesian coordinates of compound 6 in the optimized trans endo

conformation.
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.00468000
.10104000
.03639600
.33309800
.93619600
.03952700
.51672200
.53577200
.05627300
.44284100
.92284900
.31831600
.82189300
.19931400
.18973100
.92266600
.52234200
.14341900
.27044800
.41649200
.20400400
.27744600
.63050200
.35756000
.34150500
.60866000
.23133700
.99765800
.98544500
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.39471100
.37254300
.52044900
.68225200
.50165700
.57987700
.00449600
.38553400
.80388400
.71562500
.27469700
.23803000
.96122700
.95821300
.42145100
.46014200
.97724100
.26289700
.32676200
.43029000
.12333200
.77917900
.54006600
.03392700
.48309800
.82467900
.35361600
.39933800
.91453300
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.81908400
.57842600
.07863700
.95580800
.69735600
.56020000
.29202400
.09860900
.44870700
.46499000
.50120500
.21337200
.10715500
.71956000
.67089600
.07036000
.89385900
.20405400
.22850700
.67517300
.49078100
.11290900
.11656600
.51355100
.59281600
.56685100
.35564000
.13482000
.73677500

Table 4.538 Cartesian coordinates of compound 6 in the optimized cis endo

conformation.
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.23261100
.32690900
.70004400
.06369500
.55512900
.54101200
.00772700
.88375100
.36594900
.00914700
.39562900
.14575900
.88363300
.19542100
.90955500
.29363500
.87462500
.29535900
.49387300
.54579900
.18951900
.40332700
.83751700
.80021000
.86943600
.52520700
.29854500
.48718300
.97440000
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.46022900
.06281600
.58221300
.43909900
.86514700
.57710700
.62457200
.57977000
.98965200
.24662400
.33370100
.31709300
.80331800
.02702800
.87501600
.26425900
.86956800
.07687800
.38266900
.93333300
.82330500
.18522400
.20970600
.28989400
.13641800
.20481300
.55187600
.86145900
.22748600

.71055100
.65806100
.27240000
.28744100
.34355700
.17684900
.12386800
.07087300
.91163100
.90329200
.83806300
.23750400
.33013700
.88645500
.93081900
.31941100
.83914400
.26643600
.27291500
.58384700
.10049600
.03342900
.34401200
.70355100
.82127300
.23506400
.16793700
.12763000
.89329500
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Table 4.S39 Cartesian coordinates of compound 6 in the optimized trans exo

conformation.
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.04905300
.22438800
.73867700
.19720500
.06530500
.28367400
.19964900
.98676000
.21608600
.01919100
.24382900
.65759200
.13979300
.99140800
.81456100
.08950400
.08225900
.45136400
.62751000
.29727200
.31202200
.33003400
.27514600
.35332400
.15193100
.35935300
.65182500
.66695300
.00263500
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.60106100
.11925400
.35733400
.33686100
.05490200
.68095400
.40602000
.37819100
.14763100
.69603900
.06869600
.10731100
.33130300
.38589900
.06464400
.45016800
.85377500
.33068500
.53769200
.18900300
.50711300
.17982900
.10569500
.53747700
.28701500
.89278300
.35081100
.37173900
.69833700
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.68015100
.94263800
.86197100
.17820300
.61143000
.16200800
.90319900
.57724200
.82011300
.19415800
.07621500
.07180900
.25359500
.72082600
.07830700
.89733100
.66945700
.52845400
.15860900
.18424300
.10977100
.09357200
.31207600
.71328100
.39686900
.90800800
.90125500
.40264100
.88026800

Table 4.540 Cartesian coordinates of compound 6 in the optimized cis exo

conformation.
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.22592200
.30403100
.15756300
.86956900
.35182700
.80063000
.87276200
.27824800
.55368100
.77564300
.92266300
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CHAPTER V

Thioamides in the Collagen Triple Helix

To probe noncovalent interactions within the collagen triple helix, backbone amides were
replaced with a thioamide isostere. This subtle substitution is the first in the collagen backbone
that does not compromise thermostability. A triple helix with a thioamide as a hydrogen bond

donor was found to be more stable than triple helices assembled from isomeric thiopeptides.

This chapter has been published, in part, under the same title: Newberry, R.W.; VanVeller, B.; Raines,
R. T. Chem. Commun. 2015, 51, 9624-9627.

B.V. and R.T.R. conceived the project. All authors contributed to the design of the experiments, which
were performed by R.W.N. and B.V. R.W.N. drafted the manuscript, which was edited by all authors.
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Introduction
Collagen is the main structural protein in animals, forming a significant portion of the

extracellular matrix and the dry weight of skin. At the core of collagen is a three amino—acid

256

repeat, Xaa-Yaa-Gly,”” that imparts a unique three-dimensional structure in which three

individual polypeptide strands wind into a helix with a single-residue offset (Figure 5.1).%%°

A
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Figure 5.1 Conformation and intermolecular interactions of the collagen triple helix.

(A) Schematic diagram and (B) molecular model of the collagen triple helix. n—=z* Interactions across an
Xaa, Yaa, and Gly residue and backbone amides serving as hydrogen bond acceptors (red), hydrogen
bond donors (green), or neither (blue) are indicated explicitly. The image in panel B was derived from
PDB entry 1v4f.*”? Thioamides at the peptide bonds indicated with an “(S)” were examined in this work.
Each individual strand adopts a polyproline type Il conformation. This conformation is devoid of
intramolecular hydrogen bonding within the peptide backbone, thereby allowing for
intermolecular hydrogen bonds to form between strands.”*® Each of those hydrogen bonds

contributes approximately 2 kcal/mol to stability.*® The unique structure of collagen is enforced

further by the high (2S)-proline and (2S,4R)-4-hydroxyproline content of collagen proteins.
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These amino acids serve not only to template the ideal backbone dihedral angles of the collagen
triple helix, but also to effect attraction between adjacent backbone carbonyl groups through an
n—m* interaction.”® The interplay of these steric and electronic contributions gives collagen its
robust thermal and mechanical stability, and has thus received significant attention.®

Most previous studies on collagen stability have relied on the modification of protein side
Chains;183-184, 190-191, 194, 264, 343, 345, 349, 373-375 hg\vever, the core triple-helical structure of collagen is
enforced almost exclusively through backbone—backbone hydrogen bonds and n—z*

189, 192-193

interactions (Figure 5.1), which have been probed directly in only a few cases and

indirectly in others, " 3% 374

Those previous studies have employed either esters'® or alkenes'®® 192193

as surrogates for
the peptide bond, and examined the role of hydrogen bonding as well as cis/trans isomerization
within the backbone as contributors to collagen stability. Though informative, the use of ester or
alkene surrogates necessarily results in the deletion of donors or acceptors of hydrogen bonds,

the alteration of n—x* interactions, or the complete restriction of bond rotations.'’* Here we

sought to use the most subtle of isosteres to interrogate the backbone of collagen—a thioamide.

Results

Replacing the oxygen of a peptide bond with sulfur has several consequences.'” First, the
thiocarbonyl bond is longer than that of a carbonyl group, which could disturb close atomic
packing within the triple helix. Second, the thioamide has a higher rotational barrier than does an
oxoamide, owing to greater C—N double bond character.3®?%¢% 37377 Thjrd  thioamides are
weaker hydrogen bond acceptors than are oxoamides.’”® Fourth, a thioamide is a stronger

hydrogen bond donor than is an oxoamide.”® Finally, thioamides are known to perturb backbone
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n—n* interactions.”® ' Thioamides therefore provide a strategy for subtly modulating a variety
of effects on collagen stability.
To deconvolute these effects, we have pursued site-specific thioamide-substitution within a

collagen mimetic peptide (CMP): (Pro-Pro-Gly);o (O in Table 5.1).

Table 5.1 Sequence of CMPs and thermostability of their triple helices

CMP Sequence Ty + SE (°C)*
O  (PPG)y 30.5+ 1.0
Y (PPG),-PP°GPPG-(PPG), 314+11
G (PPG),-PPG°PPG-(PPG), 243+07

G-N  PPG-PPG°PPG-(PPG), 247+19

G-C__ (PPG);-PPG°PPG-PPG 295+08

*Values were obtained in 50 mM sodium phosphate buffer, pH 7.0, as described in Figure 5.7.

Collagen has only three types of peptide bonds: Xaa-Yaa, Yaa-Gly, and Gly-Xaa (Figure 5.1).
The carbonyl of the Xaa-Yaa peptide bond (red in Figure 5.1) is directed toward the center of the
collagen triple helix, where it accepts a hydrogen bond from another strand. Accordingly, this
position is likely to be especially sensitive to the steric effects of thioamide-incorporation.
Indeed, our molecular modeling suggested significant steric clashes of the thioamide with the
backbone of adjacent strands (Figure 5.2). Accordingly, a thioamide is unlikely to be tolerated in

this position.

Figure 5.2 Space-filling models of thioamide substitutions in the collage triple helix.

Space-filling models of collagen triple helices in which a thioamide replaces an (A) Xaa-Yaa, (B) Yaa-
Gly, or (C) Gly-Xaa peptide bond. The thioamide sulfur is rendered in yellow in the CPK coloring
scheme. Models were made by replacing an oxygen with sulfur in PDB entry 1v4f.*” Thioamides at the
(B) Yaa-Gly and (C) Gly-Xaa peptide bonds were examined in this work.
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On the other hand, the Yaa-Gly peptide bond (green in Figure 5.1) serves as a hydrogen bond
donor, and its carbonyl group points away from the center of the triple helix (Figure 5.2). This
position is likely to be relatively insensitive to the steric effects of thioamide-incorporation while
being sensitive to electronic effects on hydrogen bonding and the n—z* interaction. The Gly-
Xaa peptide bond (blue in Figure 5.1) is not engaged in a hydrogen bond. Thus, this position
should be insensitive to the effect of thioamide-incorporation on hydrogen bonding. Moreover,
the carbonyl group of the Gly-Xaa peptide bond is oriented away from the center of the triple
helix, which should reduce the effect of thioamide sterics on collagen stability (Figure 5.2).
Consequently, the Gly-Xaa peptide bond appears to isolate the effect of the thioamide on the
n—z* interaction.

The synthesis of thiopeptides presents numerous technical challenges. Two routes to

366, 379-382 and direct thionation

thiopeptides are pursued commonly: thioacylation of free amines
of oxoamides.®*3% Thioacylation offers advantages in regiospecificity while suffering from
lower yields and the difficulty of synthesizing activated thioacylating reagents. Thionation, while
easier to implement and often affording higher yields, suffers from idiosyncratic dependencies
on steric effects near the thionation site, complicating site-selective incorporation. Ultimately, we
combined these synthetic approaches to access our targets.

Motivated by our predictions (vide supra), we established four thiopeptides as targets
(Table 5.1). Peptides Y and G have thioamides replacing the Yaa-Gly and Gly-Xaa peptide
bonds, respectively. Peptides G-N and G-C are controls (vide infra). We constructed these four
target peptides by first introducing the thioamide into protected amino-acid trimers and then

condensing those trimers on a solid phase using Fmoc-based chemistry. We discovered early-on

that successful thioamide-incorporation was predicated on placing the thioamide distal to the
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coupling site of the trimer. Peptide synthesis of trimers containing internal thioamides failed,
likely due to attack of the thiocarbonyl sulfur on the activated ester generated during peptide
coupling; similar results were observed for the incorporation of thioamides into proteins using
native chemical ligation.**”** Thus, to realize our CMPs, we pursued the synthesis of tripeptides

1 and 2 as building blocks for peptide synthesis (Figure 5.3).

O,N
a HoN QOtB H @[QFO{B
+ A3l u . u
F
N NN Y moc” " Y
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Figure 5.3 Synthesis of thioamide-substituted CMPs.
Synthetic route to tripeptide units 1 and 2, which were used in the synthesis of thiopeptides Y and G,
respectively.

To access tripeptide 1, we first synthesized the thioacylated 6-nitrobenzotriazole derivative of
Fmoc-ProOH.*®® Test reactions with amine nucleophiles indicated, however, the presence of both
thioamide and oxoamide products. In contrast, when we performed the same reaction with a
thioacylated triazole prepared from Boc-ProOH, we observed quantitative yield of the
thioamide.** Hence, we used this route to access to trimer 1 (Figure 5.3).

To access tripeptide 2, we used the known preference of Lawesson’s reagent for amides over
esters or carbamates,®®* along with previous observations on the inefficiency of thionation of
proline residues.®*?3% Accordingly, we employed direct thionation, treating Fmoc-Gly-Pro-Pro-

OtBu with excess Lawesson’s reagent at elevated temperatures (Figure 5.3). We observed only a
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single, monothionated product. We confirmed its regiochemistry unambiguously with NMR
spectroscopy, which demonstrated coupling between the thiocarbonyl carbon and the glycine
methylene protons in heteronuclear multiple-bond correlation experiments.

With tripeptides 1 and 2 in hand, we synthesized 30-mer thiopeptides Y and G, respectively,
each of which features a single thioamide near its center. We allowed thiopeptides Y and G to
self-assemble overnight in neutral phosphate buffer before examining thermostability with
circular dichroism spectroscopy. For comparison, we performed similar analyses on peptide O,
which does not contain a thioamide. The spectra of all three peptides show the characteristic CD

spectra of PPII helices and collagen, featuring a maximum at 226 nm (Figure 5.4).

Wavelength (nm)

6 (10° deg-cm?-dmol)

A
|

Figure 5.4 CD spectra of triple-helical, thioamide-substituted CMPs.

Representative far-UV circular dichroism spectra of (Pro-Pro-Gly).o peptides containing only oxoamides
(O) or with a thioamide replacing a central Yaa-Gly (Y) or Gly-Xaa (G) peptide bond. Spectra were
recorded at 4 °C in 50 mM sodium phosphate buffer, pH 7.0.

In addition, those peptides containing thioamides had additional features in the 250-300 nm
range, corresponding to the thioamide electronic absorption. We note three interesting
characteristics of these spectra. First, despite outnumbering the thioamide nearly thirty to one,
the absorption band produced by the oxoamides is only marginally more intense than that of the
thioamide. Second, the thioamide region of the CD spectra of Y and G differ qualitatively in the
folded state, with the spectrum of G displaying a maximum at 287 nm in addition to the

minimum that both spectra share at 265 nm. Third, no qualitative differences are observed in the



138

spectra of Y and G in the unfolded state (Figure 5.5). These observations suggest that the CD
spectrum of the peptide in the thioamide region might report on local structural changes around

the chromophore, as proposed by others. 3%
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Figure 5.5 CD spectra of triple-helical, thioamide-substituted CMPs at elevated temperatures.
Arrows indicate wavelengths that have large temperature-dependent changes in ellipticity.
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Upon thermal denaturation, we observed that self-assembled thiopeptides Y and G exhibit

cooperative denaturation, a hallmark of triple helices that distinguishes them from other PPII

structures. Moreover, the transition temperatures of these peptides were consistent regardless of

which spectral feature we tracked (Figure 5.6).
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Figure 5.6 Thermal denaturation of triple-helical CMPs as monitored at various wavelengths.
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In accord with our predictions, triple-helical Y denatured at a temperature 7 °C higher than
that of triple-helical G (Figure 5.7A and Table 5.1). Again, the thioamide is a stronger hydrogen
bond donor than is the oxoamide, so replacing the hydrogen bond donor at the Yaa—Gly position
should increase stability of CMPs relative to replacement at the Gly-Xaa position, which does
not participate in interstrand hydrogen bonding. Moreover, the thermostability of triple-helical Y
was greater than that of triple-helical O (though not significantly so), making a thioamide the
first backbone modification of a CMP that does not compromise the stability of a collagen triple
helix. This tolerance is meaningful given the extreme constraints imposed by the tight packing of

the backbone atoms in the center of the triple helix (Figure 5.1).
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Figure 5.7 Thermal denaturation of triple-helical, thioamide-substituted CMPs.

(A) Thermal denaturation data of (Pro-Pro-Gly),o containing only oxoamides (O) or with a thioamide
replacing a central Yaa-Gly (Y) or Gly-Xaa (G) peptide bond. (B) Thermal denaturation of (Pro-Pro-
Gly)yo with a thioamide replacing a central (G), N-terminal (G-N), or C-terminal (G-C) Gly-Xaa peptide
bond. Denaturation was done in 50 mM sodium phosphate buffer, pH 7.0. Values of § at 226 nm were
recorded every 4 °C from 4-60 °C following a 5-min equilibration. Experiments were performed in
triplicate. Data were fitted to a two-state model to obtain the values of T, (+ SE) listed in Table 5.1. For
comparison, the data for peptide G (blue) are depicted in both panels A and B.
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Why does a thioamide at the Gly-Xaa position diminish triple-helical stability despite the
absence of a direct effect on interstrand hydrogen bonding? We reasoned that this thioamide
could impart a steric clash. To test this hypothesis, we moved the thioamide from the center of
the peptide toward the C terminus, resulting in thiopeptide G-C (Table 5.1). Upon thermal
denaturation of this peptide, we found that, triple-helical G-C had a T, value close to that of O
(Figure 5.7B and Table 5.1). Other backbone modifications have been found to be less
destabilizing at the C terminus than elsewhere,**® consistent with our results. In contrast, moving
the thioamide from the center toward the N terminus, as in thiopeptide G-N (Table 5.1), led to no
measurable change in thermostability (Figure 5.7). CMPs are thought to fold in a C- to N-

terminal direction.3®’

We suspect that a disruption in the backbone near the N terminus might
reduce the extent of folding, consistent with the lower values of o observed for G-N relative to
G-C (Figure 5.7). Regardless, these findings motivate additional study of end-effects on helix

stability.

Conclusions

Our results demonstrate that thioamide-substitution is a conservative approach to the rational
modification of the backbone of CMPs. The effect of thioamide-incorporation at different
positions within the triplet amino-acid repeat is well predicted from known hydrogen-bonding
properties of thioamides. Importantly, thioamide-substitution has yielded the first backbone-
modified collagen triple helix that does not suffer a loss in thermostability. These thiopeptides
inspire and enable a variety of future studies. For example, the cis/trans prolyl peptide bond
isomerization during collagen folding could be modulated by exploiting the tendency of

thioamides to isomerize upon UV radiation.®’" 3%3% |n addition, thioamide-containing CMPs
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could be useful in high-throughput assays of collagen binding by accessing the ability of
thioamides to quench pendant fluorophores.*® Finally, thioamides are protease-resistant,*"
making thioamide-incorporation a potential strategy for producing robust collagen-based
biomaterials.?”® Importantly, backbone modification of a CMP allows for the full suite of side-
chain modifications, which are well-known to be effective in tuning various properties of

col Iagens 183, 402-403
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Methods

General Experimental. Commercial chemicals were of reagent grade or better, and were used
without further purification. Proline starting materials were obtained from Chem-Impex (Wood
Dale, IL). All other chemicals were obtained from Sigma—Aldrich. Anhydrous THF and DMF
were obtained from CYCLE-TAINER solvent delivery systems (J. T. Baker, Phillipsburg, NJ).
Reactions were monitored by thin-layer chromatography with visualization by UV light or
staining with KMnO,. Flash chromatography was performed with columns of silica gel 60, 230—

400 mesh (Silicycle, Québec City, Canada). The removal of solvents and other volatile materials
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“under reduced pressure” refers to the use of a rotary evaporator at water-aspirator pressure

(<20 torr) and a water bath of <45 °C. All yields are unoptimized.

Instrumentation. NMR spectra were acquired at ambient temperature with a Bruker Avance Il
500 MHz spectrometer (*H, 500 MHz; *C, 125 MHz) in the National Magnetic Resonance
Facility at Madison (NMRFAM). *C spectra were proton-decoupled. Peptide synthesis was
performed with a Protein Technologies Prelude automated synthesizer in the University of
Wisconsin—Madison Biotechnology Center. Peptide purification was accomplished on a
Shimadzu LC-20 HPLC. ESI mass spectrometry was performed with a Micromass LCT
instrument in the Mass Spectrometry Facility of the Department of Chemistry at the University
of Wisconsin—Madison or on a Shimazdu LCMS 2020. MALDI mass spectrometry was
performed on a Voyager DE-Pro MALDI-TOF mass spectrometer in the Biophysics
Instrumentation Facility at the University of Wisconsin—Madison. Circular dichroism spectra
were collected using an AVIV Model 420 circular dichroism spectrometer in the Biophysics

Instrumentation Facility at the University of Wisconsin—Madison.

O\(O HZN]@NOZ O\(O O\(S
NO; p.g. N NO,

N N
A OH  HN HN HN
N~ o K —
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/}\ NMM 4\ H,N THF /}\ HoN
THF

N-Boc-L-proline 2-amino-5-nitrothioanilide. N-Methylmorpholine (4.1 mL, 37.2 mmol) was
added to a solution of N-Boc-L-proline (4.0 g, 18.6 mmol) in THF (100 mL) at —20 °C. Isobutyl
chloroformate (2.4 mL, 18.6 mmol) was added dropwise and stirred for 10 min. 4-Nitro-1,2-

phenylenediamine (2.85 g, 18.6 mmol) was added, and the reaction mixture was stirred at —20 °C
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for 3 h before warming to room temperature and stirring overnight. THF was removed under
reduced pressure, and the resulting yellow solid was dissolved in EtOAc. This solution was
washed with 1 M NaH,PO, and saturated aqueous NaHCO3. The organic portion was dried over
anhydrous Na,SO,(s) and concentrated under reduced pressure. The resulting yellow oil was
dissolved in THF, and this solution was added to a solution of P4Sio (4.13 g, 9.3 mmol) and
Na,CO3 (1.00 g, 9.3 mmol) in THF at 0 °C. The reaction mixture was allowed to warm to room
temperature and stir overnight. The solvent was removed under reduced pressure. The residue
was dissolved in EtOAc and washed with saturated aqueous NaHCOg3. The aqueous portion was
back-extracted with EtOAc. The organic portions were combined, dried over anhydrous
Na,SO4(s), and concentrated under reduced pressure. The resulting yellow oil was purified by
chromatography on silica gel with an eluent of 4% v/v MeOH in DCM, affording a yellow solid
(5.75 g, 85%). *H NMR (500 MHz, DMSO, mixture of two rotamers, 6): 11.22/11.09 (s, 1H),
8.01/7.83 (d, J = 2.5 Hz, 1H), 7.97 (dd, J = 9.1, 2.5 Hz, 1H), 6.85/6.78 (d, J = 9.1 Hz, 1H),
6.49/6.23 (s, 2H), 4.70/4.65 (dd, J = 8.4, 4.5 Hz, 1H), 3.52/3.42 (m, 2H), 2.32 (m, 1H), 2.06 (m,
2H), 1.84 (m, 1H), 1.41/1.39 (s, 9H); *C NMR (125 MHz, DMSO, §): 207.7, 207.1, 154.4,
154.2, 151.0, 150.3, 135.5, 135.2, 125.2, 124.9, 124.8, 124.7, 122.6, 122.4, 114.5, 113.6, 79.5,
79.0, 47.3, 47.11, 33.9, 32.7, 28.2, 28.1, 24.0, 23.1; ESI-MS: [M + H]" calculated 367.1435,

found 367.1432.
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1-(N-Boc-L-thioprolyl)-6-nitrobenzotriazole.  N-Boc-L-proline  2-amino-5-nitrothioanilide
(5.75 9, 15.7 mmol) was dissolved in glacial acetic acid diluted with 5% v/v H,O, and the
resulting solution was cooled to 0 °C. NaNO; (1.63 g, 23.6 mmol) was added portionwise over
5 min, and the reaction mixture was stirred for an additional 30 min at 0 °C. The solution was
diluted with water and extracted twice with DCM. The organic portions were washed with
saturated aqueous NaHCOg, dried over anhydrous Na,SQOy(s), and evaporated to dryness to yield
an orange solid (5.00 g, 84%). *H NMR (500 MHz, CDCls, mixture of two rotamers, 6): 9.74 (d,
J=1.9 Hz, 1H), 8.48/8.45 (dd, J = 6.9, 1.9 Hz, 1H), 8.35/8.30 (d, J = 6.9 Hz, 1H), 6.22 (m, 1H),
3.71 (m, 2H), 2.67 (m, 1H), 2.12 (m, 3H), 1.48/1.24 (s, 9H); **C NMR (125 MHz, CDCls, 9):
209.5, 208.0, 154.2, 153.3, 149.6, 148.7, 132.1, 131.9, 122.2, 122.0, 121.5, 121.3, 113.1, 112.8,
80.2., 80.2, 67.8, 67.6, 47.2, 46.9, 34.5, 33.5, 28.5, 28.2, 23.8, 23.1; ESI-MS: [M + HJ]"

calculated 378.1231, found 378.1224.
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Fmoc-glycyl-prolyl-proline. Fmoc-proline (4.0 g, 11.8 mmol) was dissolved in 100 mL of
anhydrous THF containing N-methylmorpholine (3.9 mL, 23.6 mmol). The solution was cooled
to —20 °C before isobutyl chloroformate (1.54 mL, 11.8 mmol) was added dropwise. The
solution was stirred for 10 min before the addition of proline tert-butyl ester hydrochloride
(2.46 g, 11.8 mmol). The reaction mixture was stirred overnight and then allowed to warm to
room temperature. The solvent was removed under reduced pressure, and the resulting yellow
solid was dissolved in EtOAc and washed with 1 M NaH,PO, and saturated aqueous NaHCO:s.
The organic portion was dried over anhydrous Na,SO,(s) and concentrated under reduced
pressure. The resulting solid (5.25 g, 10.7 mmol, 91% yield) was dissolved in 20 mL of 20% v/v
piperidine in DMF and stirred for 1 h at room temperature before the solvent was removed under
reduced pressure. Meanwhile, Fmoc-glycine (3.19, 10.7 mmol) dissolved in 100 mL anhydrous
THF with N-methylmorpholine (3.9 mL, 21.4 mmol). The solution was cooled to —20 °C before
isobutyl chloroformate (1.54 mL, 10.7 mmol) was added dropwise. The reaction stirred for ten

minutes before the addition of prolyl-proline tert-butyl ester. The reaction was stirred overnight
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and allowed to warm to room temperature. THF was removed under reduced pressure, and the
resulting yellow solid was dissolved in EtOAc and washed with 1 M NaH,PO, and saturated
aqueous NaHCOs. The organic portion was dried over anhydrous Na;SO4(s), and solvent was
removed under reduced pressure. Purification of the resulting solid by chromatography on silica
gel in 4% v/iv MeOH in DCM afforded Fmoc-glycyl-prolyl-proline tert-butyl ester as a
crystalline solid, which was then dissolved in 1:1 TFA/DCM for 1 h. Removal of solvent under
reduced pressure afforded Fmoc-glycyl-prolyl-proline as an off-white solid (3.15 g, 6.4 mmol,

55% overall yield).
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Fmoc-thioglycyl-prolyl-proline. Fmoc-glycyl-prolyl-proline tert-butyl ester (2.0 g, 3.6 mmol)
and Lawesson’s reagent (0.74 g, 1.8 mmol) were dissolved in 100 mL THF, and the resulting
solution was heated to reflux overnight. Solvent was removed under reduced pressure, and the
residue was purified by chromatography on silica gel in 7:3 EtOAc/hexanes to afford Fmoc-
thioglycyl-prolyl-proline tert-butyl ester as a crystalline solid (1.0 g, 1.8 mmol, 50% yield).
Fmoc-thioglycyl-prolyl-proline tert-butyl ester (1.0 g, 1.8 mmol) was dissolved in 1:1
TFA/DCM for 1 h. Removal of solvent under reduced pressure afforded Fmoc-thioglycyl-prolyl-

proline as an off-white solid (0.9 g, 1.8 mol, quantitative yield).
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Boc-thioprolyl-glycyl-proline tert-butyl ester. Fmoc-glycine (2.97 g, 10.0 mmol) was
dissolved in 100 mL anhydrous THF containing N-methylmorpholine (3.3 mL, 20.0 mmol). The
solution was cooled to —20 °C before isobutyl chloroformate (1.30 mL, 10.0 mmol) was added
dropwise. The solution was stirred for 10 min before the addition of proline tert-butyl ester
hydrochloride (2.07 g, 10.0 mmol). The reaction mixture was stirred overnight and then allowed
to warm to room temperature. Solvent was removed under reduced pressure, and the resulting
yellow solid was dissolved in EtOAc and washed with 1 M NaH,PO, and saturated aqueous
NaHCOg3. The organic portion was dried over anhydrous Na,SO4(s) and evaporated to dryness.
The resulting solid was dissolved in 20 mL 20% v/v piperidine in DMF and stirred for 1 h at
room temperature before the solvent was removed under reduced pressure. The resulting solid
was dissolved in 100 mL DCM and 1-(N-Boc-L-thioprolyl)-6-nitrobenzotriazole (3.9 g,
10.0 mmol) was added. The reaction mixture was stirred at room temperature overnight.
Following removal of solvent under reduced pressure, purification by chromatography on silica
gel in 2% v/v MeOH in DCM afforded Boc-thioprolyl-glycyl-proline tert-butyl ester as a yellow

solid (3.09 g, 7.0 mmol, 70% overall yield).



149

S. H O O >L S. H 0
j/N\/( )»o 1. TFA, DCM j’N\//< _}LOH
N—/ > 8 N—

BocN— =,

|\/ K/ 2. Fmoc-OSu I\/ K/

Fmoc-thioprolyl-glycyl-proline.  Boc-thioprolyl-glycyl-proline  tert-butyl ester (1.3 g,
2.94 mmol) was dissolved in 20 mL DCM and 20 mL TFA (2.5% H,0, 1% TIPSH), and the
resulting solution was stirred for 1 h at room temperature. Solvent was removed under reduced
pressure and the residue was dissolved in 100 mL DCM. Fmoc-NHS ester (1 g, 3.2 mmol) and
DIEA (3 mL, 17 mmol) were added, and the reaction mixture was stirred for 90 min at room
temperature. Saturated aqueous NaHCO3; was added, and the mixture was stirred for 90 min at
room temperature. The solution was acidified and washed with 1 M HCI, and the organic layer
was dried over MgSOy(s) and concentrated under reduced pressure. The residue was purified by
chromatography on silica gel in 99:1 EtOAc/AcOH, to give Fmoc-thioprolyl-glycyl-proline

(81%).

Peptide Synthesis. Peptide synthesis was accomplished on a 25-umol scale using standard Fmoc
chemistry protocols on NovaSyn Fmoc-Gly TGT resin from EMD Millipore (Darmstadt,
Germany). Briefly, peptide bond formation was accomplished by treatment of deprotected resin
with 4 equiv each of protected amino acid and HATU, and with 8 equiv of NMM. Cleavage was
performed for 1 h in TFA containing 2.5% v/v H,O and 1% v/v TIPSH. Peptides were
precipitated with diethyl ether, isolated, and dissolved in acetonitrile/water before purification by
reverse-phase HPLC on a preparative NucleoSil C18 column from Macherey—Nagel (Duren,
Germany) using 0.1% v/v TFA in H,O (A) and 0.1% v/v TFA in MeCN (B) as eluents.
Lyophilization afforded white solids. Analytical HPLC was performed with an analytical

NucleoSil C18 column from Macherey—Nagel with a 5-95% B gradient over 25 min.
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Circular Dichroism Spectroscopy. Peptide samples were dissolved in 50 mM sodium
phosphate buffer, pH 7.0, to a final concentration of 200 uM and allowed to equilibrate overnight
at 4 °C. Circular dichroism spectra were collected between 200 and 300 nm (1-nm bandwidth,
3-s averaging time) every 4 °C from 4 °C to 60 °C with a 5-min equilibration between
temperature steps. Denaturation experiments were performed in triplicate. The mean residue
ellipticity as a function of temperature was fitted to a two-state model to extract the value of Tp,,
which is the temperature at the midpoint of the thermal transition between the triple-helical and

single-stranded states.
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Figure 5.51 'H and **C NMR spectra of N-Boc-L-proline-2-amino-5-nitrothioanilide in DMSO/DCM.
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Figure 5.52 'H and **C NMR spectra of 1-(N-Boc-L-thioprolyl)-6-nitrobenzotriazole in CDCl/DCM.
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Figure 5.53 LC-MS analysis of Fmoc-glycyl-prolyl-proline

S [M+H]" calc = 508.21

< obs =508.20

)

(&)

[

G

Q

o

U) 1] ]

< 5 10 15

Retention Time (min)

Figure 5.54 LC-MS analysis of Fmoc-thioglycyl-prolyl-proline
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Figure 5.5 LC-MS analysis of Boc-thioprolyl-glycyl-proline tert-butyl ester



154

3

;; [M+H]"* calc = 508.19

c obs =508.30

<

~

5

-1}

2

8

< N

T T T T | T T T T | T T T T | T T
0 5 10 15

Time (min)

Figure 5.56 LC-MS analysis of Fmoc-thioprolyl-glycyl-proline
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Figure 5.88 H,"*C-HMBC spectrum of Fmoc-thioglycyl-prolyl-proline in CDCl; at an *H frequency of
500 MHz. Coupling of the thiocarbonyl carbon (195.8 ppm) to the glycine methylene protons (4.0-4.3
ppm) confirms thionation regiochemistry. Note also the absence of coupling of the thiocarbonyl carbon to
the proline a-protons (5.0 and 4.5 ppm).
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Figure 5.59 Analytical HPLC trace of purified thiopeptide Y. MALDI-MS: [M+H]" calculated 2546.3,
observed 2547.2.
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Figure 5.510 Analytical HPLC trace of purified thiopeptide G. MALDI-MS: [M+H]" calculated 2546.3,
observed 2546.7.
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Figure 5.511 Analytical HPLC trace of purified thiopeptide G-N. MALDI-MS: [M+H]" calculated
2546.3, observed 2546.9.
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Figure 5.512 Analytical HPLC trace of purified thiopeptide G-C. MALDI-MS: [M+H]" calculated
2546.3, observed 2547.0.
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CHAPTER VI

n—zx* Interactions in Poly(lactic acid) Suggest a Role in Protein Folding

poly(L-lactic acid) = poly(L-alanine)

Poly(lactic acid) (PLA) is a versatile synthetic polyester. We noted that this depsipeptide analog
of polyalanine has a helical structure that resembles a polyproline Il helix. Using natural bond
orbital analysis, we find that n—z* interactions between sequential ester carbonyl groups
contribute 0.44 kcal/mol per monomer to the conformational stability of PLA helices. We
conclude that analogous n—z* interactions could direct the folding of a polypeptide chain into a

polyproline 11 helix prior to the formation of any hydrogen bonds between backbone amides.

This chapter has been published, in part, under the same title: Newberry, R.W.; Raines, R. T. Chem.
Commun. 2013, 49, 7699-7701.

R.T.R. conceived the project. R.W.N. designed and performed the computational analysis and drafted the
manuscript, which was edited by both authors.
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Introduction
Polyesters have found widespread utility due to their inexpensive preparation and structural
integrity.*®* Poly(lactic acid) (PLA) is a recyclable polyester that can be prepared by condensing

lactic acid, a renewable resource (Figure 6.1).*%*

(0]
0 H)LO Ring-Opening O:
A Polymerization HO
_—
HOWAOHQ 5 2
I
lactic acid lactide

Figure 6.1 Synthesis of PLA.
Curved arrows indicate putative n—z* interactions.
The thermal and structural properties of PLA can be adjusted by varying the ratio of L- and D-
lactic acid monomers, or by altering the polymer processing conditions. These ensuing materials
have received significant attention amongst macromolecular scientists, especially for use in
biocompatible and biodegradable devices. 7408

Interest in tuning properties of PLA has motivated the determination of its structure in atomic
detail. These analyses have revealed the existence of conformational isomers, which arise from
different preparation conditions.**'° The & form of PLA has received the most attention, due to
its high stability. Fiber diffraction of a-PLA has proven challenging, and the ensuing structure
has been revised several times since its first report.****> Recently, data from neutron diffraction
and NMR spectroscopy have been used to complement X-ray diffraction data.***’ Though

refinement of the structural model continues, the overall topology appears to be consistent

between studies (Figure 6.2A).
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Figure 6.2 n—=z* Interactions in PLA.

(A) Five-residue segment of a-PLA from L-lactic acid (i.e., isotactic PLLA)." Green lines show putative
n—7* interactions. (B) Overlap of the n and z* orbitals in di(L-lactic acid) (CCDC Refcode: DUZMER).
(C) Structural parameters describing the n—z* interaction and the resulting pyramidalization of the
acceptor carbonyl.

415

We became interested in PLA due to its similarity to polyalanine. Indeed, PLA is the
depsipeptide counterpart to polyalanine wherein each amide linkage is replaced by an ester. The
amide-to-ester modification has proven useful for revealing the contribution of hydrogen bonds
to the structure and stability of peptides and proteins because incorporation of the ester linkage
deletes a backbone hydrogen-bond donor and reduces the strength of a hydrogen bond with the
carbonyl oxygen.m' 203, 418-421

By examining the structure of a peptide-like polymer that is incapable of forming
intramolecular hydrogen bonds, we sought to isolate other interactions that bias the conformation
of peptide chains. In particular, we wished to determine the role of the n—z* interaction in
dictating the conformational geometry of PLA. In an n—z* interaction, the filled p-type lone
pair (n) of a carbonyl oxygen overlaps with the empty z* antibonding orbital of a nearby
carbonyl group (Figure 6.1 and Figure 6.2B). This overlap allows for orbital mixing and the

subsequent release of energy. Such an interaction occurs when the donor oxygen contacts the

acceptor carbonyl carbon within the sum of their van der Waals radii (ro + rc = 3.22 A), and
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along the Biirgi-Dunitz trajectory for nucleophilic addition (2O-~C=0 = ~109°).”* We have
estimated that n—x* interactions between amides likely contribute 0.27 kcal/mol of stabilization
energy per interaction,'® and we have shown that these interactions are present in protein
structures, especially helices.®” The question remains, however, does the n—z* interaction bias a
peptide toward a particular conformation, or is the interaction an artifact of a particular structural
motif? By examining the structure of a polymer devoid of hydrogen bonds, we hoped to ascertain

the relevance of the n—z* interaction to macromolecular conformation.

Results

Upon inspection of the structure of a-PLA,*"> we observed that its backbone torsion angles
(Table 6.1) bear striking similarity to those of the polyproline Il helix, which has backbone
torsion angles of ¢ (C'; 1—Ni-C%-C’;) = -75° and y (Ni-C%~C’i-N;) = 150°, and the strands of a
collagen triple helix.'®®* We showed previously that these torsion angles allow for effective n—z*
interactions.*? Indeed, the average O-C distance in the a-PLA structure is 2.98 A, which is
0.24 A less than the sum of the van der Waals radii; moreover, the average 20C=0 is 94°,

which is consistent with an n—sz* interaction.®?

Table 6.1 Structural parameters and n—z* energies of lactic acid polymers.

Eﬂﬂﬂ.’*

Polymer 4 (°) v (°) d (A)" 0 (°)° (kcal/mol)® o (°)°

a-PLA? 637  154.4 2.98 93.6 0.44 ND
Di(L-lactic acid)® -69.2 1480 2.90 102.0 0.67 2.62
Tri(L-lactic acid)° 692 1635 2.98 92.7 0.41 3.40

*Values are the mean over five consecutive L-lactic acid residues.*™ For an image, see: Figure 6.2A. ND,
not determined. "Values are the mean from two molecules in the unit cell of CCDC Refcode DUZMER.
For an image, see: Figure 6.2B. “Values are the mean from three residues in CCDC Refcode DUZMIV.
%For definitions, Figure 6.2C. ®Values are from second-order perturbation theory.
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To evaluate whether or not an n—z* interaction is operative in the structure of a-PLA, we
conducted natural bond orbital (NBO) analysis of its crystalline structure at the B3LYP/6-
311+G(2d,p) level of theory.®® 33" \We observed an average n—r* energy of 0.44 kcal/mol per
interaction. This value is consistent with a strong n—z* interaction between the carbonyl groups
of adjacent backbone esters in a-PLA.

To establish further the presence of an n—z* interaction, we searched for a structural
signature. As the n—z* interaction populates the z* orbital of the acceptor carbonyl, it induces a
pyramidalization of the carbonyl group from planar sp? geometry (Figure 6.2C), which can be
detected in high-resolution crystal structures.®® % 1% ynfortunately, the initial a-PLA

41
d, 4

structure-determination assumed planarity of the ester bon thereby obscuring the most

definitive signature of an n—x* interaction. Later structures do not provide enough resolution to

determine pyramidalization accurately.**°

Accordingly, we sought high-resolution structures of
lactic-acid oligomers.

We analyzed structures of di(L-lactic acid) and tri(L-lactic acid), which were obtained from
the Cambridge Structural Database.”® To ensure that these short oligomers are appropriate
models for the structure of a-PLA, we compared their backbone torsion angles to those observed
in a-PLA and found gratifying agreement (Table 6.1). We also employed DFT calculations and
NBO analysis to estimate the energy of the n—z* interaction in these molecules and found that
the n—z* energies are consistent with those observed in the polymer. Confident that these
structures are an accurate reflection of the structure of a-PLA, we then determined the distortion
of the backbone esters from planarity, as measured by the angle . In both structures, we

observed substantial pyramidalization of the putative n—z* acceptor toward the putative donor.

In the absence of an attractive interaction, one would expect distortion to occur in the opposite
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direction, so as to reduce unfavorable Pauli repulsion.’® Accordingly, the observed
pyramidalization is strong evidence of an attractive n—z* interaction between the monomeric

units in a-PLA.

Conclusions

These observations have broad implications. First, they imply a new means to modulate the
structure of organic polymers. We found previously that the nucleophilicity of sulfur in
thioamides can be exploited to increase the strength of an n—x* interaction®™ '® and that
surrogate alkenes and fluoroalkenes can be used to attenuate an n—z* interaction.'®® These
isosteres’™* could be used to produce polymeric materials with tailored structural and thermal
properties. Secondly, as the n—z* interaction is likely to reduce the electrophilicity of the

175,223 it could contribute to the

acceptor carbonyl by contributing additional electron density,
observed hydrolytic stability of PLA. Thirdly, because n—z* interactions are extant in PLA even
without the potential for intramolecular hydrogen bonding, we conclude that the n—z*
interaction can operate independently of the geometric constraints imposed by hydrogen-bonding
patterns. Finally, the observation of polyproline-like structure in PLA is itself significant, given
that this structural motif is prevalent in the unfolded state of proteins.****?" During their folding,
polypeptide chains are likely to sample highly local interactions sooner than less local ones.
Operating between adjacent residues (that is, i—i+1), the n—x* interaction is considerably more
local than common hydrogen-bonding patterns such as that in the a-helix (i—i+4). Thus, the

presence of n—z* interactions in the structure of PLA suggests that—before hydrogen bonds can

form—the conformation of polypeptide chains can be guided by n—z* interactions.*?®
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CHAPTER VII

Signatures of n—z* Interactions in Proteins

The folding of proteins is directed by a variety of interactions, including hydrogen bonding,
electrostatics, van der Waals’ interactions, and the hydrophobic effect. We have argued
previously that an n—z* interaction between carbonyl groups be added to this list. In an n—z*
interaction, the lone pair (n) of one carbonyl oxygen overlaps with the z* antibonding orbital of
another carbonyl group. The tendency of backbone carbonyl groups in proteins to engage in this
interaction has consequences for the structures of folded proteins that we unveil herein. First, we
employ density functional theory to demonstrate that the n—z* interaction causes the carbonyl
carbon to deviate from planarity. Then, we detect this signature of the n—z* interaction in high-
resolution structures of proteins. Finally, we demonstrate through natural population analysis that
the n—7* interaction causes polarization of the electron density in carbonyl groups and detect
that polarization in the electron density map of cholesterol oxidase, further validating the
existence of n—z* interactions. We conclude that the n—z* interaction is operative in folded

proteins.

This chapter has been published, in part, under the same title: Newberry, R.W.; Bartlett, G.J.; VanVeller,
B.; Woolfson, D. N.; Raines, R. T. Protein Sci. 2014, 23, 284-288.

R.W.N. and B.V. conceived the project. R.W.N., G.J.B., and B.V. designed the analyses, with input from
D.N.W. and R.T.R. R.W.N. performed the analyses and drafted the manuscript, which was edited by all
authors.



168

Introduction

The three-dimensional structures of proteins enable their specific functions and arise largely
from noncovalent interactions within and between polypeptide chains.® These interactions
include hydrogen bonding, electrostatics, van der Waals’ interactions, and the hydrophobic
effect.® The current challenges in de novo structure prediction and protein design demonstrate
that the understanding of these interactions is incomplete.>*®!
We have argued previously that an n—z* interaction between two carbonyl groups can play

a role in dictating protein conformation, " % 180181185 15 g,y 7

interaction, the lone pair (n)
of a carbonyl oxygen overlaps with the z* antibonding orbital of another carbonyl group

(Figure 7.1A).

A m B
-
2. P56 _
} ‘ N VC\\O

N

Figure 7.1 Example of an n—x* interaction in the protein backbone and its structural signature.

(A) Overlap of the n and z* orbitals in the backbone of bitter gourd trypsin inhibitor (PDB: 1vbw),
residues 5-7. Image rendered with NBOView 1.1. (B) Geometric parameters that characterize an n—z*
interaction.

This orbital overlap is possible when the putative donor forms a sub-van der Waals’ contact with
the acceptor (d < 3.22 A) along the Biirgi—Dunitz trajectory for nucleophilic addition (6 ~ 109°).
The result of overlap between the n orbital of the donor and the z* orbital of the acceptor is the
release of energy due to orbital mixing. The energy associated with this interaction varies with
the geometry of the interacting groups, but we anticipate a typical n—z* interaction between

|.100

amide bonds to contribute at least 0.27 kcal/mo We have shown that numerous residues in

folded proteins are oriented to take advantage of this energy release, suggesting that n—n*
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interactions could contribute significantly to the three-dimensional structure and conformational
stability of proteins.%% 1020t

An n—z* interaction results in population of the z* orbital of the acceptor carbonyl. A
distinctive signature should arise in the structures of proteins. Specifically, as population of the
x* orbital weakens the carbonyl z-bond, the acceptor should distort from a planar sp” geometry
toward a pyramidal sp®-like geometry (Figure 7.1B). Such deviations can be represented by the
angle @ at which the carbonyl group rises out of the plane of its substituents; as computed
according to the method of Mazzarella and coworkers.” Previously, we examined the
pyramidalization of carbonyl groups in short, helical peptides from the Cambridge Structural

Database.!’’

We observed that n—z* interactions engender pyramidalization of the carbonyl
group toward its respective donor; helical residues not engaged in an n—z* interaction distort
away from the putative donor so as to reduce Pauli repulsion. We have also detected the

distortion instilled by an n—z* interaction in small molecules.®® 1% 176177 Hera \we ask the

question: Is pyramidalization a signature in proteins as well?

Results

We began our investigation with a foundational computational analysis. To evaluate the
propensity of an amide carbonyl group to pyramidalize in the presence of an n—z* interaction,
we employed density functional theory (DFT) at the B3LYP/6-311+G(2d,p) level of theory to
optimize the structure of a model amide as a putative n—z* donor approaches along the Blirgi—
Dunitz trajectory.*® To reduce the degrees of freedom in our analysis, we studied the structure of
formamide as it was approached by formaldehyde along the Biirgi—Dunitz trajectory (d = 2.75—

3.50 A, 6 = 110°); to simplify our analysis further, we restricted the geometry of the complex to
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ensure parallel orientation of the carbonyl groups. Then, we plotted the observed
pyramidalization as a function of the n—z* interaction energy (E,—..+) determined from second-
order perturbation theory in the natural bond orbital analysis program NBO 5.9 (Figure 7.2A).*
As expected, at high, stabilizing values of E,_,.+, which correspond to shorter donor—acceptor
contacts, we observed greater pyramidalization. This correlation validates pyramidalization of
backbone carbonyl carbon atoms as a signature of an n—x* interaction that could enable its

detection in proteins.
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Figure 7.2 Calculated structural and electronic effects of n—z* donation.

Calculated pyramidalization (A) and carbonyl charge separation (B) of formamide resulting from the
approach of formaldehyde along the Biirgi—Dunitz trajectory. The value of E, .- was determined by
second-order perturbation theory and charge separation is determined from natural population analysis
(NPA), both as implemented by NBO 5.9.

Structural refinement can bias the atomic coordinates of peptide bonds toward planarity.

Hence, we examined a nonredundant set (<25% pairwise sequence identity) of 192 protein
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crystal structures that were determined to sub-A resolution to minimize the bias introduced by
refinement.**%*** We identified residues that receive a backbone n—z* interaction using a
geometric operational definition (Figure 7.1B). Specifically, when a carbonyl oxygen forms a
sub-van der Waals’ contact (d < 3.22 A) with a carbonyl carbon along the Biirgi-Dunitz
trajectory (95° < 0 < 125°), we scored the carbonyl carbon as positive for receiving an n—n*
interaction; those residues not meeting this criteria were scored as negative for receiving an
n—z* interaction.

We sought to control for the effect of secondary structure in our analysis of carbonyl
pyramidalization, recognizing that local conformation could contribute to pyramidalization,** **2
In particular, the prevalence of n—z* interactions appears to vary dramatically between different
secondary structures, being observed with great frequency in a-helices but rarely in g-sheets.*
To remove bias from local conformation, we examined the pyramidalization of the 3,759
carbonyl groups from our high-resolution set of protein structures that were not assigned to any
particular secondary structure by Kabsch and Sander criteria®® as implemented by
PROMOTIF.*** Of these residues, 24% receive an n—x* interaction, a fraction that enables us to
make an effective comparison between the geometries of residues that receive an n—r*
interaction and those that do not.

We were able to observe a difference in the absolute pyramidalization of these two
populations (Figure 7.3A). The absolute pyramidalization was found to be 0.32° higher on
average in the presence of an n—z* interaction, indicating that the two populations are distorted
differently (p < 0.00001). Thus, we conclude that n—z* interactions cause a distortion of the
peptide bond in proteins. Moreover, for those carbonyl groups that accept an n—z* interaction,

we observed that pyramidalization tends to occur toward the donor (Figure 7.3B). In the absence
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of an attractive interaction, one would expect the carbonyl group to distort away from the
incoming oxygen so as to reduce unfavorable van der Waals® contacts and Pauli repulsion.'®® We
note that, even in these high-resolution structures, structural refinement likely enforces planarity
upon the peptide bond; the true effect of the n—=z* interaction on pyramidalization of protein

carbonyl groups could be even greater than that observed herein.
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=) I -1 absent
o0
c N

©
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Figure 7.3 Pyramidalization of backbone carbonyl groups in proteins.
(A) Absolute pyramidalization of residues receiving an n—z* interaction (blue, n = 896) versus those that
do not (red, n = 2863). (B) Pyramidalization of residues receiving an n—z* interaction measured relative
to the location of the n—z* donor, with @ > 0 indicating pyramidalization toward the donor.

As the n—z* interaction involves donation of electron density to a carbonyl carbon, another
signature of the n—x* interaction should be evident. Specifically, the approach of the
nucleophilic n—z* donor oxygen should polarize the electron density of the acceptor amide

carbonyl. To evaluate this hypothesis, we subjected formamide to natural population analysis

(NPA) upon approach by the formaldehyde n—z* donor.** NPA is a reliable method for
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assigning atomic charges and thus provides a measure of charge separation in the acceptor
carbonyl group, which we plotted against the corresponding E, ..« (Figure 7.2B). As expected,
the degree of charge separation in the carbonyl group increases as the n—z* interaction grows
stronger.

Finally, we searched for evidence of this signature in the electron density of a particular
protein. Our analysis is based on a previous report of the electron density in carbonyl groups of
cholesterol oxidase. In that work, Lario and Vrielink classified backbone carbonyl groups by the

degree of charge separation observed between the carbonyl carbon and carbonyl oxygen in the

435

electron density map (Figure 7.4A).

Middle Gap

Middle
47%

n—1* present n—1* absent

Figure 7.4 Electronic polarization of backbone carbonyl groups in proteins.

(A) Prototypical examples of “gap”, “middle”, and “share” electronic distributions from residues Leul55,
Val108, and Leu287 of cholesterol oxidase (PDB: 1nlp), respectively. (B) Relative proportion of “gap”,
“middle”, and “share” electronic distributions for residues in cholesterol oxidase that receive an n—n*

interaction (n = 50) and those that do not (n = 97).**

Here, if a clear separation in electron density is visible at 4.5¢, the carbonyl group is classified as
a “gap”. In contrast, if no separation is evident at 5.5q, the carbonyl group is classified as a

“share”. Carbonyl groups for which separation of electron density was evident at 5.5¢ but not
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4.5¢ were classified as “middle.” To control for the influence of secondary structure, we exclude
residues assigned to helices or sheets by PROMOTIF. We then tabulated the relative abundance
of each of these categories for residues in cholesterol oxidase that receive an n—z* interaction
versus those that do not, according to our geometric criteria (Figure 7.4B). We observe that for
carbonyl groups that receive an n—z* interaction, there is a lower proportion of “share”
carbonyl groups and a higher proportion of “gap” carbonyl groups, compared to those residues
that do not receive an n—z* interaction. The greater proportion of “gap” carbonyl groups in the
n—7* positive set is consistent with the notion that the n—z* interaction causes a polarization of

the electron density of carbonyl groups.

Conclusions

We note two important implications of these observations. First, the polarization of electron
density by the n—z* interaction could serve to increase the strength of hydrogen bonds that are
critical for dictating secondary structure. Secondly, because polarization increases the
nucleophilicity of a carbonyl oxygen, the polarization of carbonyl groups caused by n—z*
donation should increase the strength of subsequent n—z* interactions, leading to cooperativity.
These effects on carbonyl polarization could conspire to increase the thermal stability of the a-
helix, which is stitched together by the action of both hydrogen bonding and n—z*
interactions.?® 1% The impact of n—z* interactions on the structure and the stability of proteins
should thus extend beyond the direct effect of carbonyl attraction. Considering their sheer

abundance, the impact of n—z* interactions on protein folding could be profound.



175

Acknowledgements. R.W.N. was supported by NIH Biotechnology Training Grant T32
GMO008349. This work was supported by grants RO1 AR04476 (NIH), CHE-1124944 (NSF), and
EP/J001430 (EPSRC). High-performance computing was supported by grant CHE-0840494

(NSF).

Methods

Computational Chemistry. Geometry optimizations of the formaldehyde—formamide complex
were conducted at the B3LYP/6-311+G(2d,p) level of theory as implemented in Gaussian 09.%"
The distance between the formaldehyde oxygen and the formamide carbon was varied from
2.75 A to 3.50 A with the angle of approach of the formaldehyde oxygen to the formamide
carbonyl constrained to 110° and the dihedral angle between the two carbonyl groups

constrained to 180°. Optimized geometries were then subjected to NBO analysis at the

B3LYP/6-311+G(2d,p) as implemented in NBO 5.9.%"

Bioinformatics. A nonredundant set (<25% pairwise sequence identity) of 192 protein crystal
structures (>40 residues, R <20%) with resolution of 1.0 A or better was culled from the PDB on
28 November 2012 using the PISCES server.**! Secondary structure assignments were made
using Kabsch and Sander criteria as implemented in PROMOTIF.*** Residues modeled in

multiple conformations of the peptide backbone were excluded from analysis.



o Parameter Value
J’J\NH Oaldehydefcamide distance (d) 2.5-35 A
0" ? Oaldehyde_Camide_Oamide angle 110°
HJ\H Caldehyde_oaldehyde_camide_oamide dihedral 180°
Haidenyde—CatdenydeOoatdenyde—Camice dihedral 180°

Figure S1 Optimization parameters of formamide as approached by formaldehyde (1).
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Table 7.S1 Cartesian coordinates of 1 atd =2.75 A

Table 7S2 Cartesian coordinates of 1 at d = 2.80 A

C 2.21955600 0.13416200 0.12859200 C 2.24354900 0.13741800 0.13139500
(0] 1.46735700 -0.70820000 -0.27323400 (0] 1.49615000 -0.70793200 -0.27340800
H 3.31315700 0.06878400 -0.02535400 H 3.33797500 0.07643000 -0.01847800
H 1.86483300 1.02939700 0.67981700 H 1.88243600 1.03092800 0.68131200
C -1.12407700 -0.05808800 0.37817000 C -1.14749300 -0.05652500 0.37991000
N -0.89655000 1.16483000 -0.18088700 N -0.90929300 1.16184800 -0.18381700
H -0.68059200 -0.16989000 1.38216400 H -0.70718100 -0.16613100 1.38568000
H -1.23029300 1.32754000 -1.11901700 H -1.23337100 1.32152200 -1.12587000
H -0.21152900 1.79416100 0.20047400 H -0.22213300 1.78762700 0.19970700
(@] -1.88643200 -0.87433000 -0.08832300 (0] -1.90477700 -0.87565100 -0.08952500
Table 7.3 Cartesian coordinates of 1 atd = 2.85 A Table 7.54 Cartesian coordinates of 1 atd = 2.90 A
C 2.26746800 0.14030900 0.13392600 C 2.29195500 0.14384600 0.13652700
(0] 1.52494500 -0.70758700 -0.27352900 (0] 1.55407200 -0.70713100 -0.27354600
H 3.36314500 0.08434200 -0.01108400 H 3.38821500 0.09167500 -0.00495400
H 1.90117000 1.03317900 0.68296300 H 1.92011500 1.03498900 0.68391500
C -1.17079300 -0.05470600 0.38163700 C -1.19389700 -0.05337200 0.38316000
N -0.92187900 1.15855300 -0.18669100 N -0.93597200 1.15574500 -0.18933700
H -0.73377200 -0.16324500 1.38924400 H -0.75990500 -0.15947100 1.39241400
H -1.23712600 1.31432200 -1.13245000 H -1.24114700 1.30741800 -1.13910600
H -0.23328800 1.78223700 0.19808500 H -0.24464700 1.77559600 0.19661600
(0] -1.92332300 -0.87670300 -0.09063300 (0] -1.94146900 -0.87827800 -0.09165900
Table 7.5 Cartesian coordinates of 1 atd = 2.95 A Table 7.56 Cartesian coordinates of 1 atd = 3.00 A
C 2.31651600 0.14736500 0.13890600 C 2.34130300 0.15095100 0.14113000
(6] 1.58330700 -0.70669200 -0.27341300 (6] 1.61274100 -0.70616500 -0.27322100
H 3.41343200 0.09908700 0.00113000 H 3.43888300 0.10668800 0.00708000
H 1.93903200 1.03710700 0.68448100 H 1.95830900 1.03943900 0.68485300
C -1.21691800 -0.05212700 0.38445000 C -1.23973600 -0.05099000 0.38565900
N -0.95003600 1.15295000 -0.19204000 N -0.96469400 1.15018100 -0.19466600
H -0.78593900 -0.15582100 1.39544700 H -0.81170100 -0.15219400 1.39832900
H -1.24634600 1.30120300 -1.14516400 H -1.25240500 1.29476900 -1.15100000
H -0.25751000 1.77010900 0.19620400 H -0.27125500 1.76506200 0.19569200
(6] -1.95955900 -0.88002900 -0.09258200 (6] -1.97753700 -0.88193500 -0.09340700
Table 7.57 Cartesian coordinates of 1 atd = 3.05 A Table 7.8 Cartesian coordinates of 1 atd = 3.10 A
C 2.36635400 0.15466200 0.14320700 C 2.39167000 0.15850100 0.14514500
(@] 1.64241400 -0.70552900 -0.27299100 (0] 1.67232700 -0.70479100 -0.27272900
H 3.46457100 0.11443200 0.01281200 H 3.49048200 0.12227900 0.01829500
H 1.97796900 1.04196200 0.68501500 H 1.99798100 1.04464000 0.68496800
C -1.26232700 -0.05003200 0.38678500 C -1.28469300 -0.04927300 0.38782300
N -0.98003100 1.14746000 -0.19719500 N -0.99604200 1.14481800 -0.19961500
H -0.83715800 -0.14864700 1.40106400 H -0.86231400 -0.14519900 1.40365200
H -1.25982300 1.28836600 -1.15644400 H -1.26866300 1.28210100 -1.16147200
H -0.28610300 1.76065500 0.19505500 H -0.30202200 1.75689800 0.19431700
(@] -1.99533900 -0.88406800 -0.09414500 (0] -2.01295500 -0.88643500 -0.09480400
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Table 7.59 Cartesian coordinates of 1 atd = 3.15 A

Table 7.510 Cartesian coordinates of 1 atd = 3.20 A

241722800 0.16243100 0.14695600
1.70244400 -0.70396800 -0.27244200
3.51659000 0.13018000 0.02354100
2.01831900 1.04743000 0.68474000
-1.30685800 -0.04869400 0.38878100
-1.01267200 1.14228000 -0.20191800
-0.88719800 -0.14185100 1.40610200
-1.27869200 1.27595900 -1.16615100
-0.31877200 1.75363300 0.19346400
-2.03041500 -0.88899800 -0.09539500

OIITIT=ZOITITOO

OIIIXTZOIIOO

2.44300400
1.73273100
3.54287500
2.03896600
-1.32884700
-1.02983500
-0.91184200
-1.28970600
-0.33620400
-2.04775500

0.16641800
-0.70308100
0.13809000
1.05030300
-0.04827100
1.13985400
-0.13860600
1.26996000
1.75076200
-0.89171600

0.14865100
-0.27212900
0.02856700
0.68434400
0.38965800
-0.20410900
1.40842100
-1.17052900
0.19254500
-0.09592500

Table 7.511 Cartesian coordinates of 1 atd = 3.25 A

Table 7.512 Cartesian coordinates of 1 atd = 3.30 A

2.46898000 0.17044000 0.15023500
1.76316200 -0.70214400 -0.27179100
3.56932200 0.14598200 0.03338400
2.05991000 1.05324000 0.68379100
-1.35067900 -0.04798400 0.39045400
-1.04746500 1.13753900 -0.20619300
-0.93627200 -0.13546500 1.41061200
-1.30157800 1.26413400 -1.17463100
-0.35423400 1.74823100 0.19160800
-2.06500000 -0.89455900 -0.09640100

OITXTIT=ZOITITOO

2.49525800
1.79390400
3.59603600
2.08120000
-1.37223200
-1.06588600
-0.96035000
-1.31523000
-0.37412800
-2.08196400

0.17462600
-0.70110500
0.15406900
1.05637100
-0.04796300
1.13531100
-0.13241500
1.25874800
1.74685600
-0.89774300

0.15166200
-0.27141700
0.03791900
0.68297400
0.39114200
-0.20818800
1.41266500
-1.17828700
0.19094000
-0.09679800

Table 7.513 Cartesian coordinates of 1 atd = 3.35 A

o
O
H
H
Cc
N
H
H
H
O
T

able 7.514 Cartesian coordinates of 1 at d = 3.40 A

252177300 0.17881300 0.15300300
1.82478600 -0.69997800 -0.27112200
3.62294100 0.16205500 0.04218700
2.10302300 1.05956000 0.68223200
-1.39359200 -0.04808200 0.39188000
-1.08442600 1.13292300 -0.21017600
-0.98422100 -0.12974800 1.41456500
-1.33154000 1.25435700 -1.18109900
-0.39556700 1.74691000 0.19031200
-2.09887800 -0.90101900 -0.09716000

OITXTITZOITITOO

Cc
O
H
H
o
N
H
H
H
O

2.54836000
1.85576600
3.64990800
2.12460600
-1.41490600
-1.10388300
-1.00798200
-1.34495400
-0.41594100
-2.11566300

0.18302700
-0.69894600
0.17005200
1.06283700
-0.04829000
1.13119600
-0.12678900
1.24903200
1.74538300
-0.90446800

0.15418300
-0.27058600
0.04643500
0.68087600
0.39224700
-0.21187800
1.41636900
-1.18479100
0.19005300
-0.09746200

Table 7.515 Cartesian coordinates of 1 atd = 3.45 A

Table 7.516 Cartesian coordinates of 1 at d = 3.50 A

2.57520300 0.18724500 0.15530800
1.88689300 -0.69778800 -0.27017100
3.67708200 0.17800500 0.05036100
2.14684400 1.06611200 0.67969200
-1.43600500 -0.04865300 0.39275200
-1.12331800 1.12909400 -0.21370000
-1.03146500 -0.12404500 1.41803600
-1.36167000 1.24481300 -1.18751600
-0.43887300 1.74602900 0.19002800
-2.13237800 -0.90797800 -0.09771000

OITXTITZOITITOO

OIIXIITZOIIOO

2.60220200
1.91808100
3.70439800
2.16931200
-1.45700000
-1.14292800
-1.05479700
-1.37911700
-0.46247700
-2.14908600

0.19143700
-0.69661500
0.18580800
1.06935700
-0.04906300
1.12699300
-0.12155700
1.24084500
1.74719500
-0.91149100

0.15635100
-0.26975500
0.05418000
0.67840600
0.39319700
-0.21543200
1.41969300
-1.18998700
0.18995600
-0.09793300




Table 7.S17 Energies of 1 optimized at various values of d.

d (A) Energy (Hartree)
2.75 -284.4950067740
2.80 -284.4957078650
2.85 —-284.4963193460
2.90 -284.4968531970
2.95 -284.4973185180
3.00 -284.4977250820
3.05 -284.4980812470
3.10 -284.4983937100
3.15 -284.4986676930
3.20 -284.4989073750
3.25 -284.4991165440
3.30 -284.4992991080
3.35 -284.4994588180
3.40 -284.4995995940
3.45 -284.4997246160
3.50 -284.4998364470
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CHAPTER VIII

A Key n—z* Interaction in N-Acyl Homoserine Lactones

Many Gram-negative bacteria employ N-acyl homoserine lactones (AHLS) as signal molecules
for quorum sensing. The binding of AHLSs to their target LuxR-type receptor proteins can effect
changes in growth, virulence, and other phenotypes. Here, we present X-ray crystallographic and
computational evidence that the conformation of free AHLs is biased away from the
conformation observed when bound to their cognate receptor due to the influence of an n—z*
interaction. In this n—z* interaction, the p-type lone pair (n) of the N-acyl oxygen overlaps with
the 7* orbital of the lactone carbonyl group, thereby releasing approximately 0.64 kcal/mol of
energy. We also show that this interaction can be attenuated by installing electron-withdrawing
groups on the N-acyl chain. Modulating this previously unappreciated interaction could present a

new avenue towards effective inhibitors of bacterial quorum sensing.

This chapter has been published, in part, under the same title: Newberry, R.W.; Raines, R. T. ACS Chem.
Biol. 2014, 9, 880-883.

R.T.R. conceived the project. R.W.N. designed, synthesized, and analyzed the compounds and drafted the
manuscript, which was edited by both authors.
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Introduction

Despite being unicellular organisms, bacteria have evolved mechanisms of chemical
communication that regulate various physiological processes in response to cell density, a
phenomenon known as quorum sensing.*****” This process is receiving much attention because
of its influence on biofilm formation and virulence. The principle mediators of these
communication events in Gram-negative bacteria are the N-acyl homoserine lactones (AHLs,

Figure 8.1).%%4%

AHL Pro

Figure 8.1 Structure of an N-acyl homoserine lactone and a proline residue.
Arrows indicate freely rotatable bonds (black) and putative n—z* interactions that would constrain those
bonds (red).

AHLs act by binding to intracellular LuxR-type receptors, which are then activated as
transcription factors.**>*** Physiological transitions in bacterial colonies are induced when AHL
concentrations cross particular thresholds. The strong influence of AHLs on bacterial behavior
has attracted the attention of chemical biologists, as modulators of AHL-binding could impart
exquisite control of bacterial pathogenesis.*** Towards this end, we noticed that AHLs have
proximal carbonyl groups (Figure 8.1). We have shown that the conformations of molecules with
proximal carbonyl moieties can be influenced by an n—x* interaction (Figure 8.2).% * Here, we

sought to determine if an n—z* interaction could influence the conformation of an AHL.
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Figure 8.2 Structural parameters characterizing n—z* interactions in AHLS.

In an n—z* interaction, the filled lone pair (n) of one carbonyl group interpenetrates the
empty z* orbital of another. The mixing of these orbitals releases energy, thereby causing
attraction between the two groups. This overlap is most effective when the oxygen of the
electron-pair donor forms a sub-van der Waals contact (d < 3.22 A) with the carbon of the
acceptor carbonyl group along the Blrgi—Dunitz trajectory for nucleophilic addition (95° < 6 <
125°).* We have estimated that such an interaction between adjacent amides in a polypeptide

100

contributes 0.27 kcal/mol of stabilizing energy per occurrence.” As these are relatively weak

interactions, their influence is often only realized in systems in which carbonyl groups are in

92, 103, 106, 201 208-209, 211, 443

close proximity, as they are in proteins, peptides,’%? peptoids,

polyesters,*”® and some small molecules.* 1%

The preorganization of two carbonyl groups due to the constraint of an intervening ring can
enhance an n—* interaction.go’ 92, 98-99, 102, 106, 172-173, 177, 180, 196, 214, 220-221, 223, 374 We realized that
the y-lactone of an AHL restricts its y dihedral angle (Ni-C%-C’i— Ni.1) and that amidic
resonance restricts its o dihedral angle (C%.1—C'i :—Ni~C%),**** leaving only a single
unconstrained bond between the two carbonyl groups. In this sense, an AHL is analogous to a
proline residue, which has a restricted 6 dihedral angle (C'i 1—Ni—C%—C’) and has a strong

tendency to form an O; ;---C'i=0; n—x* interaction (Figure 8.1). Thus, we suspected that AHLSs,

like proline residues, could be predisposed to form an n—z* interaction.
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Results

To begin, we sought evidence for a putative n—z* interaction by using X-ray diffraction
analysis. Natural AHLs can have long alkyl chains that are resistant to crystallization, so we
began by examining N-acetyl homoserine lactone. When this molecule did not afford crystals of
sufficient quality for diffraction, we appended minimal precipitating groups to the N-acyl chain
in attempts to drive crystal formation. Gratifyingly, we found the N-trimethylacetyl appendage to

be suitable, affording crystals that diffracted to high resolution (Figure 8.3A).

Figure 8.3 Structures of AHLSs.

(A) Crystal structure of N-trimethylacetyl homoserine lactone drawn with 50% probability ellipsoids.
(B) Rendering of the n and z* orbitals of N-trimethylacetyl homoserine lactone in its optimized geometry.
(C) Overlap of the crystal structures of the acetyl homoserine lactone moieties in the 14 ligands listed in
Table 2. (D) Crystal structure of N-tribromoacetyl homoserine lactone drawn with 50% probability
ellipsoids. (E) Rendering of the n and z* orbitals of N-tribromoacetyl homoserine lactone in its optimized
geometry.
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In this molecular structure, we noted the presence of a short contact between the N-acyl carbonyl
oxygen and the lactone carbonyl carbon (d = 2.73 A), which is 15% below the sum of the van der

Waals radii (Table 8.1).

Table 8.1 Conformational parameters of N-acyl homoserine lactones.

o\a o\a a o\a o\a a En—»n*

N-Acyl group ¢ (°) v (°) d (A) 0y 00y AR calmoly
N-trimethylacetyl 51.51(18) -144.65(15) 2.732(2) 90.62(12) 2.7(2) 0.023(2) 0.64
N-tribromoacetyl 48.50(30) -148.20(30) 2.801(4) 88.00(20) 1.6(5) 0.014(4) 0.55

®From X-ray diffraction analysis of the crystalline compound. Structural parameters are defined in
Figures 8.1 and 8.2. "From second-order perturbation theory.

We also found the angle of approach of the donor oxygen to the acceptor carbonyl (8 = 90.6°) to
be consistent with an n—z* interaction.*® As these structural features were strongly suggestive of
an n—z* interaction, we were motivated to search for characteristic structural deviations that
result from n—z* donation. In particular, we have shown that the presence of n—z* interaction
engenders pyramidalization of the acceptor carbonyl carbon toward the donor oxygen, as
measured by the distortion parameter @9 % 102:103, 106 176177 1y ‘N_trimethylacetyl homoserine
lactone, we observed substantial pyramidalization (© = 2.7°) of the acceptor carbonyl toward the
donor, in accord with that observed for other molecules with confirmed n—xz* interactions.
Distortion of the carbonyl carbon toward the n—x* is strong evidence of an attractive
interaction; otherwise, distortion would likely occur away from the short contact so as to reduce
unfavorable Pauli repulsion.*®

Confident that AHLs have a preference for forming an n—=z* interaction, we wished to
evaluate the energy of this interaction. To do so, we performed natural bond orbital (NBO)
analysis of the N-trimethylacetyl homoserine lactone structure optimized by density functional

theory (DFT) calculations in vacuo at the B3LYP/6-311+G(2d,p) level of theory.*® Using
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second-order perturbation theory, as implemented by NBO 5.9,"%%"* we observed significant
overlap of the n and =* orbitals (Figure 8.3B), with an estimated energy of E,_.~ = 0.64
kcal/mol. This value is larger than that observed with a proline residue,’® consistent with the
carbonyl group of an ester being a better acceptor than that of an amide (Figure 8.1).

As the biological activity of an AHL relies upon its binding to its target LuxR-type receptor,
we sought to compare the structure of a free AHL to that observed in a receptor-AHL complex.
The Protein Data Bank (PDB)*° currently houses the atomic coordinates of ten LuxR-type
receptor structures with bound AHLSs, reflecting four distinct receptors as well as four structures
of two different AHL-lactonases with bound AHLs. Remarkably, the conformation of the bound
AHL ligand is nearly identical in all of these complexes (Table 8.2; Figure 8.3C), and that

conformation differs dramatically from the conformation in the unbound state.

Table 8.2 Conformational parameters of protein-bound N-acyl homoserine lactones

PDB entry Resolution (A) Protein  N-Acyl group () w(®
4g8b* 1.30 AidH  butyryl -110 -136
3gpl 1.55 CviR  hexanoyl -103 -139
3qp2 1.64 CviR  octanoyl -108 -138
3gp4 1.55 CviR  decanoyl -106 -139
3gp6 2.00 CviR  hexanoyl -102 -140
3qp8° 1.60 CviR  decanoyl -108 -139
30jg 1.60 GKL  butyryl -159 137
4hot* 2.10 GKL  butyryl -139 -135
4hox? 2.20 GKL  butyryl -100 -145
2uv0® 1.80 LasR  3-oxo-dodecanoyl -114 144
3ix3" 1.40 LasR  3-oxo-dodecanoyl -110 -145
3szt? 2.55 QscR  3-oxo-dodecanoyl -109 -125
1131° 1.66 traR 3-0x0-octanoic -107 -129
2q00° 2.00 traR 3-0x0-octanoic -108 -128

*Mean for two molecules in the asymmetric unit. "Mean for four molecules
in the asymmetric unit.
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In particular, each of these proteins prefers to bind the AHL ligand with a ¢ dihedral angle
between —100° and —160°, a nearly 180°-reorientation from that observed in the unbound state (¢
~50°; Table 8.1). The dichotomy in the conformation of the free and bound forms indicates that
the receptor must reorganize the ligand for binding. The conformation of a bound AHL is
enforced by hydrogen bonds with its receptor. In particular, the amide oxygen of a bound AHL
forms a hydrogen bond with the phenolic hydroxyl group of a conserved tyrosine residue.**® This
C'i1=0j.1---H hydrogen bond competes with the O;;---C'i=0O; n—z* interaction of the free
ligand. Accordingly, attenuating the basal n—z* interaction could preorganize an AHL for
binding to its receptor.

We reasoned that electron-withdrawing groups in the N-acyl chain would reduce the
nucleophilicity of the donor oxygen and thereby reduce the influence of the n—z*
interaction.”*" **® To control for the influence of sterics, we replaced the three methyl groups in
N-trimethylacetyl homoserine lactone with nearly isosteric bromo groups. Again using X-ray
diffraction analysis, we found N-tribromoacetyl homoserine lactone adopts a conformation
nearly identical to that of N-trimethylacetyl homoserine lactone (Table 8.1; Figure 8.3D).
Moreover, the N-tribromoacetyl compound has a longer oxygen—carbon distance and diminished
acceptor pyramidalization than does its N-trimethylacetyl analogue. These attributes are
indicative of a weaker n—x* interaction in the N-tribromoacetyl compound.®® 2% We confirmed
this conclusion with NBO analysis of the optimized geometry of this compound, which reported
that the energy associated with this n—z* interaction was 0.55 kcal/mol (Table 8.1;
Figure 8.3E), approximately 14% lower than that in the parent compound. Although the N-
trimethylacetyl and N-tribromoacetyl AHLs per se might not be ideal quorum sensing inhibitors

due to steric concerns, our observations demonstrate not only that the n—x* interaction
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contributes to the conformation of these important signal molecules, but also that the

conformation can be modulated by an appropriate choice of N-acyl substituents.

Conclusions
We note that the presence of an n—=z* interaction could have another important
pharmacological implication. y-Lactones are susceptible to hydrolysis,**” which eliminates the

activity of an AHL.**® An n—z* interaction increases the energy of the acceptor z* orbital®® 1%

and thereby reduces the electrophilicity of the carbonyl group of the y-lactone.'™ % 4% Thys,
the n—x* interaction of AHLs could protect their y-lactones against hydrolysis.

We conclude that an O; ;- --C';=0; n—z* interaction plays a key role in the conformation and,
potentially, the biological activity of AHLs. Modifications that weaken this n—z* interaction
should increase the affinity of AHLs to their cognate receptors. Indeed, the propensity of
electron-withdrawing substituents to attenuate the n—x* interaction in AHLs could be
contributing to the efficacy observed for certain synthetic AHLs as modulators of quorum
sensing.**° Conversely, modifications that strengthen this interaction should decrease the rate of

hydrolysis and endow AHLs with a longer biological half-life. We encourage exploration of this

strategy for modulating bacterial quorum sensing with tailored small molecules.
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Methods

General Experimental. Commercial chemicals were of reagent grade or better, and were used
without further purification. All chemicals were obtained from Sigma—Aldrich (St. Louis, MO).
Anhydrous CH,Cl, was obtained from CYCLE-TAINER® solvent delivery systems (J. T. Baker,
Phillipsburg, NJ). Reactions were monitored by thin-layer chromatography with visualization by
UV light or staining with KMnO,. Flash chromatography was performed with columns of silica
gel 60, 230-400 mesh (Silicycle, Québec City, Canada). The removal of solvents and other
volatile materials “under reduced pressure” refers to the use of a rotary evaporator at water-

aspirator pressure (<20 torr) and a water bath of <45 °C.

Instrumentation. NMR spectra were acquired at ambient temperature with a Bruker DMX
400 MHz spectrometer (*H, 400 MHz; *C, 100 MHz) in the National Magnetic Resonance
Facility at Madison (NMRFAM). *3C spectra were proton-decoupled. Mass spectrometry was
performed with a Micromass LCT (electrospray ionization, ESI) instrument in the Mass
Spectrometry Facility of the Department of Chemistry at the University of Wisconsin—Madison.
X-Ray diffraction data were collected in the Molecular Structure Laboratory of the Department
of Chemistry at the University of Wisconsin—Madison on a Bruker Quazar SMART APEXII

diffractometer.
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0 o) h O
HoN,,. TEA N,,
HBr - éo + >‘)J\CI _ = >Iﬁ( o

DCM 0
Synthesis of N-trimethylacetyl homoserine lactone (1). (S)-(-)-a-Amino-y-butyrolactone
hydrobromide (0.10 g, 0.55 mmol) was dissolved in 10 mL of anhydrous DCM with TEA
(0.15 mL, 1.1 mmol). Trimethylacetylchloride (0.65 mL, 0.55 mmol) was added dropwise, and
the resulting mixture was stirred at room temperature overnight. The mixture was then extracted
with aqueous hydrochloric acid, followed by saturated aqueous sodium bicarbonate. The organic
portion was then dried over anhydrous sodium sulfate, and solvent was removed under reduced
pressure. Purification was achieved using silica gel chromatography with 4% v/v methanol in
DCM. *H NMR (CDCls) 6 6.21 (s, 1H), 4.47 (m, 2H), 4.28 (m, 1H), 2.84 (m, 1H), 2.11 (m, 1H),
1.22 (s, 9H); *C NMR 6 179.1, 175.6, 66.0, 49.3, 38.6, 30.5, 27.4; ESI-MS: [M + H]" calculated

186.1125, observed 186.1131.

O O O
H,N M TEA BriC_N
HBr 2 o + BrsC Cl - . 3 T o o
DCM o)

Synthesis of N-tribromoacetyl homoserine lactone (2). (S)-(-)-a-Amino-y-butyrolactone
hydrobromide (0.50 g, 2.8 mmol) was dissolved in 20 mL of anhydrous DCM containing TEA
(2.15 mL, 8.25 mmol). Tribromoacetylchloride (0.53 mL, 2.75 mmol) was added dropwise, and
the resulting mixture was stirred at room temperature overnight. The mixture was then extracted
with aqueous hydrochloric acid, followed by saturated aqueous sodium bicarbonate. The organic
portion was then dried over anhydrous sodium sulfate, and solvent was removed under reduced
pressure. Purification was achieved using silica gel chromatography with 4% v/v methanol in

DCM. 'H NMR (CDCl3) 8 7.35 (s, 1H), 4.55 (m, 2H), 4.36 (m, 1H), 2.98 (m, 1H), 2.27 (m, 1H);
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13C NMR 6 174.1, 163.1, 66.4, 51.2, 33.9, 29.8; ESI-MS: [M + NH,]" calculated 394.8237,

found 394.8229.

Structure determination by X-ray diffraction analysis. Compounds were dissolved in hexane
with a minimal amount of DCM. Slow evaporation afforded diffraction quality crystals in
approximately three days. Crystals were selected under oil under ambient conditions and
attached to the tip of a MiTeGen MicroMount. The crystal was mounted in a stream of cold
nitrogen at 100(1) K and centered in the X-ray beam by using a video camera. Crystal evaluation
and data collection were performed on a Bruker SMART APEXII diffractometer with Cu K, (1 =
1.54178 A) radiation for 1 and Mo K, (4 = 0.71073 A) for 2. Data were collected by using the
full-sphere data collection routine to a resolution of 0.80 A. The intensity data was then corrected
for Lorentz and polarization effects. Absorption was corrected analytically. Structure solution by
direct methods was carried out using SHELXS.*! Refinement was performed using SHELXL.*%
All non-hydrogen atoms were refined anisotropically. The final difference Fourier maps were

featureless.

Computational methodology. Preferred conformations were determined by optimizing the
respective compounds at the B3LYP/6-311+G(2d,p) level of theory as implemented by Gaussian
09.3° Frequency calculations of optimized structures yielded no imaginary frequencies,
indicating a true minimum on the potential energy surface. Energies were corrected by the zero-
point vibrational energy. Optimized geometries were subjected to analysis by NBO 5.9 at the

B3LYP/6-311+G(2d,p) level of theory implemented in Gaussian 09.3
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Figure 8.51 'H and *C NMR spectra of N-trimethylacetyl homoserine lactone (1) in CDCls.
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Figure 8.52 'H and **C NMR spectra of N-tribromoacetyl homoserine lactone (2) in CDCly/H,0.



Table 8.S1 Crystal data and structure refinement for 1

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

al®

pI°

y°

Volume/A®

z

Peac (Mg/mm?®)
m/mm*

I:000

Crystal size/mm?

20 range for data collection

Index ranges
Reflections collected
Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?
Final R indexes [I > 24]
Final R indexes [all data]

raines66

C9H10N03

185.22

100.01

monoclinic

P21

5.9595(4)

9.2235(10)

9.2066(6)

90

102.719(4)

90

493.65(7)

2

1.2460

0.771

200.7

1.942 x 0.371 x 0.348
9.84 t0 145.38°
-7<h<7,-8<k<10,-11<1<11
10374

1721[Ris = 0.0277]
1721/0/120

1.613

R, =0.0583

R, =0.0584, wR, = 0.1605

Largest diff. peak/hole / e A20.35/-0.67

Flack parameter

-0.0(2)
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Table 8.52 Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters (A? x
103) for 1. Ug is defined as '/; of the trace of the orthogonalized U,; tensor.

atom X y z Ugq
o1 1617(2) 5131.8(17) 8378.8(15) 22.9(4)
02 4374 (2) 4238.6(17) 11934.2(14) 19.6(4)
03 679 (2) 4873.8(17) 11438.7(15) 20.9(4)
N1 243 (3) 2940 (2) 8815.7(16) 17.2(4)
C1 2178 (3) 4079 (2) 11210.1(18) 14.5(4)
C6 -1304 (3) 4122 (2) 6399 (2) 17.8(4)
C4 5810 (3) 3099 (3) 11505(2) 22.5(5)
C2 1936 (3) 2756 (2) 10196.3(19) 16.4(4)
C5 319(3) 4115(2) 7953 (2) 16.2(4)
C3 4404 (3) 2486 (2) 10051 (2) 24.2(5)
Cc7 -2932(4) 2842 (3) 6089 (2) 32.0(6)
C8 239 (5) 4154 (5) 5288 (2) 58.8(12)
C9 -2765(7) 5496 (4) 6285 (4) 70.4(15)

Table 8.53 Anisotropic displacement parameters (A? x 10%) for 1. The anisotropic displacement factor
exponent takes the form: —2n’[h’a**U,,+...+2hkaxbxU;,].

atom Un U, Us;s U, Uiz Uy
01 26.0(7) 20.1(9) 19.9(0) -8.5(06) -0.6(5) 0.5(0)
02 16.1(06) 19.3(8) 21.5(06) 0.2(5) -0.2(5) -3.6(06)
03 18.6(06) 20.0(9) 24.9(7) 2.0(6) 6.6(5) -1.5(0)
N1 17.2(7) 15.4(9) 16.5(7) -2.7(06) -1.7(06) 0.9(0)
C1 14.9(8) 11.7(11) 16.1(8) -2.8(7) 1.9(6) 1.9(7)
C6 18.3(8) 16.1(10) 17.1(8) 1.4(8) -0.1(7) 0.8(7)
C4 17.5(8) 28.1(13) 20.5(9) 4.0(8) 1.5(7) -3.0(8)
C2 16.9(8) 15.1(11) 15.4(8) 0.6(7) -0.3(6) 1.0(7)
C5 13.4(7) 16.8(11) 17.1(8) 1.0(7) 0.7 (06) -0.2(7)
C3 23.3(9) 27.2(13) 19.9(9) 12.8(9) 0.2(7) -5.8(9)
c7 32.3(9) 38.4(15) 19.8(9) -16.5(11) -6.3(7) 4.6(9)
C8 37.9(12) 121 (4) 17.6(10) -37.3(19) 6.9(9) -5.7(15)
C9 88 (2) 34.8(19) 58 (2) 35.2(19) -50.1(19) -21.9(15)




Table 8.54 Bond lengths for 1.

atomatom length/A atomatom length/A

Ol C5 1.224(3) C6 C5 1.541(2)

02 C1 1.340(2) C6 C7 1.515(3)

02 C4 1.464(3) C6 C8 1.518(3)

O3 C1 1.209(2) C6 C9 1.528(3)

N1 C2 1.448(2) C4 C3 1.523(3)

N1 C5 1.350(3) C2 C3 1.526(2)

Cl C2 1.524(3)

Table 8.55 Bond angles for 1.

atomatomatom  angle/ atomatomatom  angle/
C4 02 C1 110.61(15) C9 C6 C8 111.0(3)
C5 N1 C2 120.19(16) C3 C4 02 105.21(14)
03 Cl1 02 121.68(17) C1 C2 N1 113.43(16)
C2 Cl1 02 110.06(15) C3 C2 N1 116.16(14)
C2 Cl 03 128.17(15) €C3 C2 C1 102.78(15)
C7 C6 C5 114.62(17) N1 C5 O1 121.84(1l6)
C8 C6 C5 106.04(15) C6 C5 O1 121.16(18)
C8 C6 C7 110.2(2) C6 C5 N1 117.01(17)
C9 C6 C5 107.40(16) C2 C3 C4 102.55(15)
C9 C6 C7 107.6(2)

194
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Table 8.56 Hydrogen atom coordinates (A x 10%) and isotropic displacement parameters (A% x 10°) for 1.

atom X y z Ueq
H1 -838 (3) 2284 (2) 8538.1(16) 20.6(5)
H4a 71282 (3) 3505 (3) 11358 (2) 26.9(6)
H4b 6146 (3) 2336 (3) 12278 (2) 26.9(6)
H2 1450 (3) 1918 (2) 10743.6(19) 19.7(5)
H3a 4739 (3) 3003 (2) 9181 (2) 29.0(6)
H3b 4704 (3) 1438 (2) 9959 (2) 29.0(6)
H7a -2052 (5) 1939 (3) 6290 (20) 48.0(8)
H7b -4040 (20) 2898 (12) 6733 (17) 48.0(8)
H7c -3760(30) 2861 (13) 5044 (7) 48.0(8)
H8a 1280 (50) 4980 (20) 5500 (30) 88.2(18)
H8c 1140 (50) 3256 (19) 5370 (30) 88.2(18)
H8b =709 (6) 4240 (40) 4277 (4) 88.2(18)
H9a -3510(50) 5544 (19) 7130 (20) 106 (2)
H9b -1780(12) 6348 (4) 6290 (40) 106 (2)
H9c -3940 (40) 5477 (17) 5356 (18) 106 (2)




Table 8.S7 Crystal data and structure refinement for 2.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

al®

pI°

y°

Volume/A3

z

Peac (Mg/mm?®)
m/mm*

I:000

Crystal size/mm?
Radiation

20 range for data collection

Index ranges
Reflections collected
Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?
Final R indexes [I > 24]
Final R indexes [all data]

Raines67
C5H6N038r3

379.83

100.01
orthorhombic
P212121

9.559(4)

9.933(4)

10.094(4)

90

90

90

958.4(6)

4

2.6321

12.598

709.4

0.463 x 0.37 x 0.048
MoKa (4 =0.71073)
5.76 t0 61.04°

-13<h<13,-14<k<14,-14<1<14

22866
2931[Rin = 0.0611]
2931/0/117

0.602

R, = 0.0229

R, =0.0280, wR, = 0.0494

Largest diff. peak/hole / e A21.44/-0.78

Flack parameter

0.033(15)
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Table 8.58 Fractional atomic coordinates (x10*) and equivalent isotropic displacement parameters (A% x
103) for 2. Uy is defined as '/; of the trace of the orthogonalized U,; tensor.

atom X y z Ugq
Brl -583.9(3) -967.5(3) -3272.6(4) 11.56(7)
Br2 -2246.3(4) -1198.7(4) -5951.1(4) 13.19(7)
Br3 -3792.9(3) -1710.5(3) -3241.8(4) 12.12(7)
01 -1277(3) -3972(2) -3136(2) 11.7(4)
02 -3692 (3) -5885(3) -3465(3) 19.3(6)
N1 -2065(3) -4169(3) -5233(3) 10.3(5)
03 -2004 (3) -7403(3) -3748(3) 15.5(95)
C3 -1975(4) -5613(3) -5262(3) 9.8(6)
C5 -514(4) -6238(3) -5248(4) 11.4(6)
C1 -2039(4) -1947(3) -4195(3) 8.4(6)
C2 -1731(3) -3466(3) -4154(4) 8.5(6)
C4 =794 (4) -7602(3) -4606 (4) 14.1(7)
C6 -2679(4) -6267(4) -4052 (4) 13.3(6)

Table 8.59 Anisotropic displacement parameters (A2 x 10%) for 2. The anisotropic displacement factor
exponent takes the form: —2n’[h’a**Uy,+...+2hkaxbxU;,].

atom Uy U, Us3 U, Uiz Uy
Brl 11.58(14) 9.94 (14) 13.15(16) -1.59(11) -2.62(14) 0.08(13)
Br2 19.54(17) 11.21(14) 8.82(15) 2.69(13) -1.42(13) 2.63(13)
Br3 9.75(14) 13.06(14) 13.54(106) 2.52(12) 1.67(14) 1.22(14)
01 15.5(11) 11.7(10) 8.0(11) 1.3(10) -3.8(10) -0.9(10)
02 15.6(12) 22.4(13) 19.9(15) -3.6(11) 7.2(12) -0.7(11)
N1 15.4(14) 7.1(12) 8.4 (13) -1.1(10) -2.3(11) 0.6(10)
03 18.6(14) 14.3(12) 13.7(13) -1.8(10) 3.2(10) 3.6(10)
C3 13.5(15) 7.8(13) 8.2 (15) -3.3(12) -1.4(13) -0.1(12)
C5 13.1(14) 8.6(13) 12.6(106) 0.3(13) 3.8(13) 0.7(12)
C1l 11.5(14) 8.8 (13) 4.9 (14) 1.0(11) -0.6(11) 0.3(11)
C2 8.0(13) 5.6(13) 11.8(16) 1.8(11) 1.4(12) 2.6(12)
C4 18.0(17) 8.4 (14) 15.8(18) -0.1(13) 2.9(14) 1.5(13)
Cé6 10.9(14) 15.3(14) 13.7(15) -5.2(12) -3.5(14) 2.2(14)
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Table 8.510 Bond lengths for 2.
atomatom length/A  atomatom length/A

Brl C1 1.936(3) 03 C4 1.458(5)
Br2 C1 1.932(3) 03 C6 1.336(4)
Br3 C1 1.947(3) C3 C5 1.528(5)
Ol C2 1.223(4) C3 C6 1.539(5)
02 C6 1.197(5) C5 C4 1.526(5)
N1 C3 1.438(4) C1 C2 1.538(4)
N1 C2 1.332(5)

Table 8.511 Bond angles for 2.
atomatomatom  angle/ atomatomatom angle/”

C2 N1 C3 121.6(3) C2 C1 Br2 115.0(2)
C6 O3 C4 111.2(3) C2 Cl1 Br3 105.7(2)
C5 C3 N1 117.4(3) N1 C2 0O1 123.8(3)
C6 C3 N1 112.3(3) C1 C2 01 119.6(3)
C6 C3 C5 102.8(3) C1 C2 N1 116.5(3)
C4 C5 C3 101.8(3) C5 C4 O3 105.7(3)
Brz C1 Brl 108.75(16) O3 C6 02 123.0(3)
Br3 C1 Brl 108.65(16) C3 C6 02 127.8(3)
Br3 C1 Br2 108.57(16) C3 C6 03 109.1(3)
C2 C1 Brl 110.0(2)

Table 8.512 Hydrogen atom coordinates (Ax10%) and isotropic displacement parameters (A?x10°) for 2.

atom X y z U(eq)
H1 -2348(3) -3738(3) -5946(3) 12.3(7)
H3 -2469(4) -5936(3) -6075 (3) 11.8(7)
Hb5a -138(4) -6341(3) -6156(4) 13.7(7)
H5b 146 (4) -5694 (3) -4714 (4) 13.7(7)
H4a 26(4) -7899(3) -4083(4) 16.9(8)
H4b -997 (4) -8290(3) -5289(4) 16.9(8)
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Table 8.513 Cartesian coordinates of the optimized geometry of 1. SCF Energy = -632.406154 Hartree.

T oD oD OQO@DnoDToDO@Dn DD ZoarnnnDnm QOO0

2.
.89150600
.38142100
.03953700
.24967500
.81187600
.68747100
. 73176200
.30495200
.00200000
.78333200
.07116000
.52222200
.78126300
.21585200
.30827900
.95621700
. 73763100
.04152100
.58701000
.65291700
. 73635000
.20395000
.28624500
.83248300
.91684400
.62602800
.41791100

NENEFE WDNDDNDEFEDN

79423600

.14882200
.27287300
.06156300
.30904900
.58991700
.53417600
.48143200
.53321900
.10911800
.96798100
.13550500
.10099100
.63291800
.22349000
.69179800
.01345200
.40087900
.05383400
.29843500
.88136400
.88029300
.00262000
.87147900
.43373100
.63873200
.75165400
.02983400
.63955600

.51359800
.76694000
.04915900
.81607500
.34622100
.48382100
.00746500
.62871700
. 76306200
.03554900
.18948300
.03970900
.76403000
.07885300
.05756100
.06037200
.23860700
.61066900
.31446500
.14444200
.26815400
.34199000
.16873400
.19181300
.22864600
.16524300
.11325800
.38046500




200

Table 8.514 Cartesian coordinates of the optimized geometry of 2. SCF Energy = 8235.128938 Hartree

moonmzonrrzonxonn D QOO0

.07961800
.24591900
.70239000
.29298900
.53505000
.07746000
.00122700
.95736400
.52166400
.38754700
.23097500
.25230700
.78562500
.55841700
.06452400
.99219000
.68377000
.60972100
.68218100

.20396900
.21388400
.05585800
.34297800
.61339600
.63584500
.44928700
.60992200
.10658800
.94747200
.12522500
.16602400
.66657100
.15330100
.60228500
.00892500
.80645200
.27280000
.56302900

.52940700
.76574000
.02546300
.78496000
.37831300
.48342600
.99634900
.60709300
. 71176000
.03558700
.17243000
.98515100
.72523500
.12561400
.13191900
.04486300
.40784500
.33948900
.77486900
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CHAPTER VIII — Addendum

Crystal Structure of N-(3-oxobutanoyl)-L-homoserine lactone

The structure and absolute configuration of the title compound, CgH;1NO,4, which is a known
quorum-sensing modulator, have been determined. The molecule exhibits signs of an
intramolecular attractive carbonyl—carbonyl n—z* interaction between the amide and lactone
ester groups, specifically — a short contact of 2.709 (2) A between the amide oxygen atom and
ester carbon atom, approach of the amide oxygen atom to the ester carbonyl group along the
Burgi —Dunitz trajectory, at 99.1 (1), and pyramidalization of the ester carbonyl group by 1.1 (1).
Moreover, a similar n—z* interaction is observed for the amide carbonyl group approached by
the ketone oxygen donor. These interactions apparently affect the conformation of the
uncomplexed molecule, which adopts a different shape when bound to protein receptors. In the

crystal, the molecules form translational chains along the a axis via N—HO hydrogen bonds.

This addendum has been published, in part, under the same title: Newberry, R.W.; Raines, R. T. Acta
Crystallogr. 2016, E72, 136-139.

R.W.N. synthesized and characterized the title compound and drafted the manuscript, which was edited
by both authors.



202

N-Acyl homoserine lactones (AHLsS) mediate quorum sensing in Gram-negative
bacteria.*** **2 We have shown previously that AHLs engage in n—z* interactions between the
acyl and lactone ester carbonyl groups.'” These interactions cause attraction through donation of
oxygen lone pair (n) electron density into the z* antibonding orbital of an acceptor carbonyl
group.® This interaction is observed in the free molecule but not in structures of these
compounds bound to their protein receptors, implicating these interactions in the potency of
AHLs and their analogs. Our previous studies were restricted to AHLS with simple acyl
appendages, but natural AHLs are also often oxidized at the 3-position to yield p-keto acyl

groups, such as that reported here.

Figure 8.4 Molecular structure of N-(3-oxobutanoyl)-L-homoserine lactone.
Thermal ellipsoids are drawn at 50% probability.

This is, to our knowledge, the first report of the structure of a free 3-oxo AHL (Figure 8.4).
Individual molecules pack in linear arrays thanks to intermolecular hydrogen bonds between

amide groups (Figure 8.5).
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Figure 8.5 Packing of N-(3-oxobutanoyl)-L-homoserine lactone.

The molecule crystallizes as the keto tautomer, consistent with other p-keto amides.”® Like
unoxidized AHLs, it displays the hallmark features of an attractive n—z* interaction between the

amide and ester carbonyl groups (Figure 8.6).

c2 e

V/At \o

N/O

Figure 8.6 Structural parameters describing an n—x* interaction.

Specifically, the donor oxygen makes a sub-van der Waals contact of 2.70926(16) A with the

acceptor carbonyl group, approaching with an angle of approach of 99.115(6)°, characteristic of
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the Biirgi-Dunitz trajectory for nucleophilic addition.”®** This geometry enables electron
donation that in turn causes a characteristic pyramidalization of the acceptor carbonyl group. We
observe that the carbonyl carbon rises 0.0157569(9) A out of the plane of its substituents,
creating a distortion angle @ of 1.10944(8)°. This signature has been used to diagnose the

98, 100, 102, 453

presence of these interactions in many molecules, including polymers'” and

proteins.'®

Consistent with these observations, natural bond orbital (NBO) analysis of the crystal
structure at the B3LYP/6-311+G(2d,p) level of theory predicts the release of 2.67 kcal/mol of
energy due to the n—z* interaction, indicating a significant contribution of this interaction to the

conformation of this molecule (Figure 8.7).

7[*

-
y S

Figure 8.7 Overlap of oxo-AHL amide lone pair (n) and ester z* orbitals.

Interestingly, a short contact was also observed between the ketone oxygen and amide
carbonyl groups. In this case, the donor oxygen makes a 2.7461(2) A contact at 107.4626(11)° to
the amide carbonyl group. This contact causes the amide carbonyl group to distort 0.0076407(6)
A out of plane, corresponding to a distortion angle @ of 0.58657(6)°. The pyramidalization of the
amide carbonyl group indicates a weaker n—z* interaction from the ketone to the amide than
from the amide to the ester, as would be expected for the enclosing of a four-membered ring
relative to the enclosing of a five-membered ring, respectively. Indeed, NBO analysis predicts

release of 1.42 kcal/mol of energy due to the n—z* interaction between the ketone and amide
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(Figure 8.8), which is nevertheless a significant contribution that likely biases the conformation

of this molecule.

Figure 8.8 Overlap of oxo-AHL ketone lone pair (n) and amide z* orbitals.

Based on the specific geometric parameters measured in this crystal structure, we conclude
that the structure of unbound oxo-AHLSs are influenced by n—z* interactions, similarly to simple
AHLs. Moreover, an additional n—xz* interaction specific to oxo-AHLs might bias their

conformation further and thus affect their binding to protein receptors.

Acknowledgements. We thank I.A. Guzei and the Molecular Structure Laboratory at UW-
Madison for assistance with data collection. This work was funded by grants CHE-1124944
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Synthesis and Crystallization. The title compound was prepared as reported previously.”* A
small amount of solid product was dissolved in hexanes with a minimal amount of

dichloromethane. Slow evaporation afforded high-quality crystals after ~4 days.



Table 8.515 Crystal data and structure refinement for 3-oxo-AHL.

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

pre

y/°

Volume/A®

z

pcalcglcm3

w/mm'™

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A’
Flack parameter

3-o0xo-AHL

CgH11NO,4

185.18

99.97

orthorhombic

P2,2,2,

5.0215(4)

9.8852(10)

17.7668(14)

90

90

90

881.91(14)

4

1.395

0.959

392.0

0.23 x0.13 x 0.04

CuKa (A =1.54178)

9.956 to 146.58
-6<h<6,-12<k<11,-22<1<21
11955

1755 [Rin = 0.0275, Rgigma = 0.0152]
1755/0/119

1.037

R, =0.0265, wR, = 0.0673
R, =0.0275, wR, = 0.0682
0.22/-0.15

-0.01(8)

206
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Table 8.516 Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters
(AZX1O3) for 3-oxo0-AHL. U, is defined as 1/3 of the trace of the orthogonalized U, tensor.

atom X y z U(eq)
01 1639 (3) 5285.1(12) 5575.8(7) 19.1(3)
02 -590(2) 3797.1(12) 4151.0(7) 18.9(3)
N1 3859 (3) 3996.8(14) 4207.9(8) 15.7(3)
03 157 (2) 6807.8(12) 4755.7(7) 16.5(3)
04 2366 (3) 2525.9(13) 2628.4(7) 25.4(3)
C4 901 (4) 7334.0(18) 4016.2(10) 18.9(4)
C7 2289 (3) 1584.4(17) 3062.0(9) 16.6(3)
C1 1761 (3) 5789.9(16) 4960.0(9) 14.2(3)
C8 2475 (4) 134.6(18) 2812.8(10) 23.0(4)
C5 1638 (3) 3274.9(17) 4102.1(9) 14.3(3)
C6 2005 (3) 1800.1(16) 3906.5(9) 16.1(3)
Cc2 3720 (3) 5444 .7 (16) 4328.4(10) 15.8(3)
C3 2703 (4) 6276.9(18) 3659.1(10) 20.0(4)
Table 8.517 Anisotropic displacement parameters (A?x10%) for 3-oxo-AHL. The anisotropic
displacement factor exponent takes the form: -2n°[h%a**Uy;+2hka*b*Uy,+. .. ].

atom Uy Uy, Uss Uz Uis U,
01 20.1(6) 18.2(6) 18.9(6) 0.5(5) 2.2(5) -3.2(5)
02 10.5(5) 18.2(6) 27.9(7) -3.4(5) 0.1(5) 1.0(5)
N1 9.7(6) 16.1(7) 21.2(7) -3.1(6) 0.6(5) 2.9(5)
03 14.0(5) 16.1(6) 19.2(6) -0.8(5) 2.7(5) 1.2(5)
04 35.9(8) 20.1(6) 20.1 (o) 3.1(5) 0.6(6) 0.5(6)
C4 19.1(8) 20.0(8) 17.6(8) 1.8(7) -1.3(7) 0.8(7)
Cc7 13.0(7) 18.2(8) 18.6(8) 0.3(6) -1.0(6) -0.7(7)
C1 10.9(7) 12.6(7) 19.0(8) -3.1(6) 0.4(6) -4.8(06)
C8 31.2(10) 18.4(8) 19.4(8) -2.4(7) -0.1(7) 0.2(8)
C5 12.5(7) 17.2(7) 13.1(7) 0.9(6) 0.0(6) 1.6(7)
C6 15.8(8) 14.6(7) 18.0(8) 0.6(6) -0.2(06) 0.9(7)
C2 12.1(8) 15.5(8) 19.7(8) -2.8(06) 2.0(6) -1.3(6)
C3 20.6(8) 20.2(8) 19.3(8) 1.3(7) 3.8(7) -0.1(8)
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Table 8.518 Bond lengths for 3-oxo-AHL.
atomatomlength/A  atomatom length/A

Ol Cl1 1.204(2) C4 C3 1.521(2)
02 C5 1.235(2) C7 C8 1.503(2)
N1 C5 1.337(2) C7 C6 1.522(2)
N1 C2 1.449(2) C1 C2 1.531(2)
03 C4 1.462(2) C5 C6 1.510(2)
03 Cl 1.339(2) C2 C3 1.533(2)
04 C7 1.209(2)

Table 8.519 Bond angles for 3-oxo-AHL.
atomatom atom angle/° atomatomatom angle/*
C5 N1 C2 120.52(14) O2 C5 N1 121.49(15
Cl 03 C4 110.93 ) 02 C5 C6 122.03(¢
O3 C4 C3 106.42 ) N1 C5 C6 116.47¢(
04 C7 C8 122.99 ) C5 C6 C7 111.94(
04 C7 C6 121.55 ) N1 C2 Cl 111.07¢
) (
) (
) (
)

C8 C7 Cb6 115.46 N1 C2 C3 115.56
01 C1 03 121.80 Cl C2 C3 103.60
01 C1 C2 127.35 C4 C3 C2 104.07
03 C1 C2 110.81

Table 8.520 Hydrogen atom coordinates (Ax10) and isotropic displacement parameters (A?x10°) for 3-
0x0-AHL.

atom X y z U(eq)
H1 5417 3589 4204 19
H4A 1855 8206 4068 23
H4B =703 7480 3703 23
H8A 802 -332 2929 35
H8B 3944 -311 3078 35
H8C 2799 101 2269 35
H6A 455 1279 4092 19
H6B 3615 1452 4163 19
H2 5528 5781 4472 19
H3A 4199 6710 3388 24

H3B 1696 5701 3303 24
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CHAPTER IX

Backbone C5 Hydrogen Bonds in Proteins

Current limitations in de novo protein structure prediction and design suggest an incomplete
understanding of the interactions that govern protein folding. Herein, we demonstrate that
previously unappreciated hydrogen bonds can occur within proteins between the amide proton
and carbonyl oxygen of a single residue. Quantum calculations, infrared spectroscopy, and
nuclear magnetic resonance spectroscopy show that these interactions share many hallmark
features of canonical hydrogen bonds. Biophysical analyses of backbone-modified peptides
demonstrates that selective attenuation or enhancement of the C5 hydrogen bond affects the
stability of B-hairpins. These interactions are not only common, affecting at least 13% of B-sheet
residues, but their cumulative impact provide several kcal/mol of stabilizing energy per every
100 residues in a typical protein. These results have broad implications for models of protein

folding and stability.
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Introduction

Predicting the structure of a protein from its sequence remains challenging,! motivating study
of the noncovalent interactions that govern protein folding.® Hydrogen bonding has received
particular attention due to its unique ability to specify the geometry by which chemical groups
interact.** In proteins, amide hydrogen-bond donors often approach carbonyl acceptors along the
carbonyl bond axis, as in the a-helix and g-sheet.***® This observation is consistent with a
modern description of the carbonyl lone pairs, featuring a predominantly s-type orbital (ns) along
the carbonyl bond with a p orbital (n,) orthogonal to it (Figure 9.1A,B).*> Whereas n; is poised
to engage in common hydrogen-bond patterns in proteins, the role of n, is less clear. In an a-
helix, the z* orbital of an adjacent carbonyl group can accept lone pair electron density from np,
forming a so-called n—z* interaction;** 1% however, adjacent carbonyl groups in -sheets are
too distil to accept electron density from n,. We therefore inquired as to what other electron

acceptors could potentially engage with the carbonyl p-type lone pair in S-sheets.

A B
n n,

s

o%e® o950

¥ n

|T|o o 3 b
EEN%H«E ‘:MN

Figure 9.1 Carbonyl lone pairs in the peptide backbone of s-sheets,
(A) s-Type and (B) p-type carbonyl lone pairs. (C) Putative C5 hydrogen bond, characterized by
overlap of the p-type carbonyl lone pair and N-H ¢* orbital.

Upon inspection of the S-sheet, we noted close proximity of the carbonyl oxygen to the

amide proton of the same residue, potentially creating a hydrogen bond through overlap of n,
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with the o* orbital of the N-H bond. (Figure 9.1C). This geometry has been termed “C5” for the
size of the ring enclosed by the putative hydrogen bond.***’” The C5 geometry has been

observed for some amino acids in the gas phase,*****

and calculations suggest it to be one of
few minima on the potential energy surface.”” *® The putative C5 hydrogen bond itself has,
however, never been probed in the context of a peptide or protein in solution. If these
interactions do indeed occur, their energies are likely to be weak, given that hydrogen-bond

energies are maximized when the acceptor approaches along the donor bond axis;*

indeed,
algorithms for identifying hydrogen bonds in protein structure require this geometry for
hydrogen-bond assignment.” It is unclear, therefore, if C5 interactions are truly hydrogen bonds

or if they contribute to protein stability.

Computational Analysis of C5 Hydrogen Bonding

For an interaction to form, interpenetration of the donor and acceptor orbitals must occur. To
evaluate the potential for orbital overlap in folded proteins, we measured the distance between
putative donors and acceptors within S-sheet residues in sub-A protein crystal structures, and
found that over half featured oxygen—hydrogen distances <2.7 A, which is the sum of the van der

Waals radii for hydrogen and oxygen (Figure 9.2).

0.20 HeZ.0

0O R

o

o

o
L

Relative Frequency
o
=
1

2.0 2.4 28 3.2 3.6 4.0 4.4
d(A)
Figure 9.2 Frequencies of C5 hydrogen-bond donor—acceptor distances in S-sheets.
NH---O distances (d) from sub-A protein crystal structures with assigned hydrogen coordinates.
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Figure 9.3 Computational characterization of AcGlyNHMe conformations.

(A) Overlay of AcGlyNHMe conformations generated by scanning the potential energy surface along the
donor-acceptor distance. (B) C5 hydrogen bonding energy, (C) relative energy, (D) N—H bond length, (E)
hydrogen charge, (F) N-H stretching frequency, and (G) donor 'H chemical shift calculated for
AcGlyNHMe conformations as a function of the C5 donor—acceptor distance.
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To investigate whether these geometries enable C5 hydrogen bonding, we used density
functional theory calculations to generate a set of AcGIlyNHMe conformations that sample the
donor—acceptor distances observed in proteins (Figure 9.3A). These conformers were then
subjected to natural bond orbital (NBO) analysis to estimate the energy released by the mixing of
the carbonyl p-type lone pair with the o* orbital of the hydrogen-bond acceptor.*®

Our calculations predict that C5 interactions can release significant energy, especially at
donor—acceptor distances <2.5 A. There, energy-release can exceed 0.25 kcal/mol (Figure 9.3B),
which is similar to that expected from n—z* interactions.*? In addition, the overall change in
energy along this coordinate is similar to the hydrogen-bond energy estimated by NBO analysis
(Figure 9.3C), suggesting that the interaction itself could make a significant contribution to the
stability of these conformations. Moreover, as the donor—acceptor distance decreases, we predict
lengthening of the N-H donor bond, increase in the partial positive charge on the donor
hydrogen, a red shift of the donor stretching frequency, and a downfield chemical shift of the
donor proton (Figure 9.3D-G), each suggesting that these interactions share the properties of

typical hydrogen bonds.**

Experimental Analysis of Individual C5 Hydrogen Bonds

Encouraged by these computational predictions, we set out to probe a single putative C5
hydrogen bond experimentally in a peptidic model system. To preorganize the putative donor
and acceptor for interaction, we employed derivatives of diethylglycine (Deg), which has been

shown by computation®® as well as NMR and vibrational spectroscopy*®*

to populate the C5
geometry in solution. To probe the interaction, we compared diethylglycines bearing either an

amide or an ester as the putative hydrogen-bond acceptor, as bona fide hydrogen bonds are
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attenuated by replacing an amide acceptor with an ester.””! Conformational analysis
demonstrates that these compounds adopt the C5 geometry in solution (Figure 9.4), allowing us

to isolate the effect of the putative C5 hydrogen bond.
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Figure 9.4 Conformational analysis of AcDegNHMe and AcDegOMe by NMR spectroscopy.

(A) 'H and (B) 'H-"H NOESY spectra of AcDegNHMe in DMSO-ds. (C) *H and (D) 'H-'H NOESY
spectra of AcDegOMe in DMSO-ds. The one-dimensional *H NMR spectra shows two signals for the
methylene groups with coupling constants consistent with gem splitting, indicating that the ethyl groups
do not rotate freely on the NMR timescale. The presence of only two signals indicates an internal element
of symmetry, which is consistent with the internal mirror plane of the C5 geometry. Moreover, the
internal amide proton shows relatively equal NOEs to both methylene signals, indicating that is oriented
away from the ethyl groups; in contrast, the terminal amide proton has much stronger NOEs for one
methylene over the other, indicating that it is oriented proximal to the ethyl groups. These correlations
strongly suggest that the two carbonyl groups are oriented in opposite directions in solution. Similarity in
the splitting patterns and coupling constants between AcDegNHMe and AcDegOMe indicates they adopt

similar conformations.
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Figure 9.5 C5 Interactions display properties typical of hydrogen bonds.
(A) N-H stretching region of FTIR spectra of AcDegNHMe and AcDegOMe in CDCls. (B) Change in
chemical shift of amide protons of AcDegNHMe, AcDegOMe, and AcDegMe between CDCI; and
DMSO-d; solutions. (C,D) Integration of donor amide "H NMR signals of AcDegNHMe and AcDegOMe
(C), or AcGlyNHMe and AcGlyOMe (D) in DMSO-d; over time following the addition of D,0O.
Frequency analysis of the optimized C5 geometries of AcDegNHMe and AcDegOMe
predicts that AcDegNHMe has a 30 cm™ lower N-H stretching frequency than does
AcDegOMe, consistent with the stronger C5 hydrogen bond predicted by NBO analysis
(2.84 kcal/mol versus 1.73 kcal/mol). Infrared spectroscopy revealed that the N-H stretching
mode of the putative C5 hydrogen-bond donor is indeed red-shifted—by 33 cm*—in
AcDegNHMe relative to AcDegOMe (Figure 9.5A). The same mode of AcDegNHMe is also
slightly red-shifted relative to that in AcDegNH, (Figure 9.6), consistent with a primary amide

being a less effective hydrogen-bond acceptor than is a secondary amide.
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Figure 9.6 Fourier transform infrared spectra of AcDegNHMe and AcDegNH,.
Only the N—H stretching region is shown. Spectra were acquired in CDCls.
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We next examined the effect of this interaction on the NMR properties of the donor proton.

Replacing the acceptor amide with an ester creates an upfield chemical shift of the donor proton,

despite the ester being more electron-withdrawing (Figure 9.7).
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Figure 9.7 *H NMR spectra of AcDegNHMe and AcDegOMe.

Only the amide region is shown. Spectra were acquired in CDCls. (A) AcDegNHMe and (B) AcDegOMe.
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Switching from a solvent that does not engage in hydrogen bonding to one that does causes a
downfield shift of the donor proton, and this effect is attenuated by the presence of an internal
hydrogen bond. In accord with previous studies,*®* we found that the internal amide proton of
AcDegNHMe experiences a much smaller chemical shift upon changing from CDCl; to DMSO-
ds than do the amide protons of AcDegOMe or a diethylglycine derivative lacking any putative
C5 hydrogen-bond acceptor (Figure 9.5B). We next assayed the ability of this interaction to slow
the exchange of the donor proton. Following addition of D,O to a DMSO-ds solution, the
putative C5 hydrogen-bond donor in AcDegNHMe exchanges much more slowly than does the
corresponding proton in AcDegOMe (Figure 9.5C), consistent with the stronger protective effect
of the amide acceptor. This difference in exchange rate is contingent upon adoption of the C5
geometry, as the exchange rates of AcGlyNHMe and AcGlyOMe are indistinguishable

(Figure 9.5D). These data establish that these interactions are consistent with hydrogen bonding.

C5 Hydrogen Bonding in f-Sheets
Confident that these interactions constitute meaningful hydrogen bonding, we next sought to
characterize their contributions to the stability of proteins using tryptophan zipper (TrpZip2) p-

hairpins as a model for the g-sheet (Table 9.1, Figure 9.8A).%%2

Table 9.1 Sequences and T, values of TrpZip peptides.

Peptide Sequence T (K)
TrpZip2-A Ac-S-W-T-W-E-N-G-K-W-T-W-K-NH, 346.3+0.4
TrpZip2-B  Ac-S-W-T*W-E-N-G-K-W-T-W-K-NH, 330.4%05
TrpZip2-C  Ac-S-W-T-W-E-N-G-K-W*T-W-K-NH, ND
TrpZip2-D  Ac-S-W-T*W-E-N-G-K-W*T-W-K-NH, ND
TrpZip2-E Ac-W-T-W-E-N-G-K-W-T-W-K-NH, 351.7+0.5

N-G
N-G
N-G

E
TrpZip2-F Ac-W-T-W-E K-W-T-W-K-OMe 349.5+0.4
TrpZip2-G  Ac-S-W-T-W-E- -K-W-T-W-NH, 3258+1.2
TrpZip2-H F;C-S-W-T-W-E K-W-T-W-NH, 330.0%£1.0
*Denotes ester linkage.
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Figure 9.8 Perturbation of C5 hydrogen bonds impacts S-sheet stability.

(A) TrpZip2 peptides. (B) NH-H" region of 'H-'H TOCSY spectra of TrpZip2-A and TrpZip2-B.
(C,D) Thermal denaturation of TrpZip2 peptides.

To identify if C5 hydrogen bonding does occur in S-sheet structure, we compared the *H NMR
chemical shifts of TrpZip2-A and TrpZip2-B (Figure 9.8B); the latter features an ester linkage

between Thr3 and Trp4, where it can accept a canonical hydrogen bond from Thrl10-NH and a

C5 hydrogen bond from Thr3-NH. As expected, Thr10-NH experiences a large upfield shift in
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the presence of a weaker hydrogen-bond acceptor. Importantly, Thr3-NH likewise experiences a
large upfield shift, despite the greater inductive effect of the ester group, which, for comparison,
leads to a downfield shift of Glu5-NH. The sensitivity of an amide proton to the identity of the
C5 hydrogen-bond acceptor strongly suggests that C5 hydrogen bonds operate in folded proteins.

To evaluate the importance of the C5 interaction specifically, we eliminated the canonical
hydrogen-bond donor by replacing it with an ester (TrpZip2-C). In the absence of the canonical
donor, replacement of an amide acceptor with an ester attenuates the C5 hydrogen bond of
interest selectively (TrpZip2-D). Circular dichroism spectra indicated this attenuation reduces

structural content (Figure 9.9).
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Figure 9.9 Far-UV circular dichroism spectra of TrpZip peptides.
(A) Spectra of TrpZip2 peptides A-D. (B) Thermal denaturation of TrpZip2-A and TrpZip2-B.
(C) Far-UV circular dichroism spectra of TrpZip2 peptides E—F.

Thermal denaturation demonstrated that TrpZip2-D also loses all measurable structure by 50 °C,

while TrpZip2-C retains some residual structure at temperatures up to ~75 °C (Figure 9.8C).
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Because introduction of the second ester attenuates the interstrand oxygen—oxygen repulsion

created by hydrogen bond deletion,**

the observed decrease in the thermal stability of
TrpZip2-D relative to TrpZip2-C might underestimate the contributions of C5 hydrogen bonding.

Though suggestive, results from analysis of TrpZip2-C and TrpZip2-D are clouded by the
relative instability of these peptides. Moreover, attenuation of the C5 hydrogen-bond acceptor
also necessarily perturbs the proposed interstrand C*~H---O=C hydrogen bond in pg-sheets ®
potentially confounding our results. To improve the stability of these backbone-modified
peptides and to isolate C5 interactions from other noncovalent interactions, we probed these
interactions at the peptide termini, rather than in the center of the hairpin. Terminal modifications
have been found to be less disruptive,* and the C-terminal carbonyl group cannot accept C*~H
hydrogen bonds. Elimination of the N-terminal serine residue leaves the C-terminal carbonyl
group without a canonical hydrogen-bond donor and isolates the C5 hydrogen bond of interest
(TrpZip2-E). Thermal denaturation demonstrated that attenuation of the terminal C5 hydrogen
bond with an ester acceptor (TrpZip2-F) lowers the value of Ty, (which is the temperature at the
midpoint of the thermal transition between the folded and unfolded states) by 2 °C (Figure 9.8D,
Table 9.1), demonstrating the influence of a single C5 hydrogen bond. We then attempted to
enhance the strength of the C5 hydrogen bond by replacing the N-terminal acetyl group with a
trifluoroacetyl group, which increases the acidity of the N-terminal hydrogen-bond donor; the C5
hydrogen bond could then be isolated by removing the C-terminal lysine residue (TrpZip2-G and
TrpZip2-H). We observed that the T, value of the peptide capped with a trifluoroacetyl group is
4 °C higher than that of the peptide capped with an acetyl group (Figure 9.8D, Table 9.1),
demonstrating that increasing the strength of only a single C5 hydrogen bond can increase the

global stability of s-sheet structures.
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C5 Hydrogen Bonding in Proteins

Given the prevalence of S-sheets in proteins, C5 hydrogen bonds en masse could contribute
significantly to protein stability. To evaluate their potential contributions, we analyzed the
energy of C5 hydrogen bonds by conducting NBO analysis on a set of AcGlyNHMe conformers

that sample S-sheet geometry (Figure 9.10A).
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Figure 9.10 Energy and frequency of C5 hydrogen bonds in proteins.

(A) Ramachandran plot of the energy of C5 hydrogen bonds. (B) Ramachandran plot of residues in sub-A
protein crystal structures with reported hydrogen coordinates. Residues with donor—acceptor distances
<2.5 A are shown in red.

We found a peak C5 hydrogen bond energy of 1.44 kcal/mol, with energies of at least
0.25 kcal/mol for residues with absolute backbone dihedral angles >140°; this region also
corresponds to residues in sub-A crystal structures with donor—acceptor distances <2.5 A
(Figure 9.10B), which in turn correlated with several properties of hydrogen bonding in our
computational analysis of AcGlyNHMe (Figure 9.3). Considering only residues with absolute
backbone dihedral angles >140°, we found that ~5% of all residues engage in C5 hydrogen
bonding, and 94% of the proteins we examined contain at least one C5 hydrogen bond. Most of
these residues (62%) were assigned to p-sheet secondary structure, and 13% of all p-sheet

residues engage in C5 hydrogen bonds. Antiparallel p-sheets have a higher frequency (14%) than
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do parallel S-sheets (9%), consistent with differences in donor—acceptor distances (Figure 9.11),
suggesting that C5 hydrogen bonds might contribute to differences in the stability of these two

architectures.
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Figure 9.11 C5 hydrogen-bond donor—acceptor distances in parallel and antiparallel g-sheets.
NH---O distances (d) from sub-A protein crystal structures with assigned hydrogen coordinates.

S-Bulges and bends each have C5 hydrogen-bond frequencies of ~10% and together make up
10% of residues with C5 interactions. The remaining interactions (27%) were not assigned to
secondary structure, suggesting that these interactions impart stability to irregular loops or turns.
Residues engaged in C5 hydrogen bonds are also less solvent-exposed than are other residues
(Figure 9.12), suggesting that C5 hydrogen bonds compete effectively with water for the

hydrogen-bond potential of the protein backbone.

- [ All Residues (mean: 15.6%)
% [ p-Sheet Residues (mean: 8.8%)
= Hl C5 Residues (mean: 6.9%)
o -
-
ko)
o]
N
©
£
=]
=
N ®
"\
ARGV N VAN & g

% Relative Acce55|ble Surface Area

Figure 9.12 Solvent accessibility of residues engaged in C5 hydrogen bonds.
Frequencies of relative backbone solvent-accessible surface areas for residues in high-resolution protein
crystal structures.
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To estimate the total contributions from C5 hydrogen bonds, we binned residues from a
nonredundant set of high-resolution protein crystal structures by their backbone dihedral angles.
We assigned an energy from our NBO calculations to each bin, and summed the energetic
contributions, again only considering residues with absolute backbone dihedral angles >140°.
Notably, TrpZip peptides feature dihedral angles outside this range,*®® so our criteria likely
provide a lower bound to the expected contributions of C5 hydrogen bonds. We found that C5
hydrogen bonds can contribute an average total stabilizing energy of ~4.5 kcal/mol per 100
residues, similar to contributions estimated for n—z** or cation—= interactions;*'® moreover, -
rich proteins could benefit from significantly higher contributions (Figure 9.13). Although these
estimates do not account for differences in individual microenvironments, they do suggest a role

for C5 hydrogen bonds in stabilizing folded proteins.
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Figure 9.13 Relationship of C5 hydrogen-bonding energy with f-sheet content in proteins.
Data are from high-resolution protein crystal structures.

We speculate that local C5 hydrogen bonds contribute to protein folding by directing the
polyproline Il secondary structure, which is believed to be common in the unfolded states of
proteins,?®® toward g-strand geometry. These local contacts could prepare strands for association
into sheets, which are otherwise stabilized largely by nonlocal contacts. An overabundance of

such interactions could, however, contribute to the formation of amyloids, since C5 hydrogen
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bonds are stronger when backbone dihedral angles mirror one another (Figure 9.10A), which
creates a flat conformation that proteins have evolved to avoid so as to prevent aggregation.**
Indeed, amyloid structures show highly symmetric backbone dihedral angles (Figure 9.14),%%°
suggesting a significant contribution from C5 hydrogen bonds for this general feature of protein

folding landscapes.*®®
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Figure 9.14 Ramachandran plots of residues engaged in C5 hydrogen bonds.

(A) Ramachandran plot of residues in sub-A protein crystal structures with assigned hydrogen
coordinates. Residues with hydrogen-bond donor—acceptor distances (d) <2.5 A are shown in red.
(B) Ramachandran plot of residues in amyloid structures.*®> " Residues with absolute backbone dihedral
angles greater than 135° are shown in red.
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Figure 9.15 Relative frequency of amino acid residue-type engaged in C5 hydrogen bonds.
C5 Hydrogen bonds are identified in residues having |¢| > 150° and |y| > 150°, and are shown relative to
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Moreover, residues engaged in C5 hydrogen bonds are significantly enriched in small amino
acids, most notably glycine (Figure 9.15), polymers of which have a high propensity for

aggregation.*®® Conversely, B-branched residues, which are abundant in -sheets,*®

are unlikely
to engage in C5 hydrogen bonds. For example, whereas threonine is significantly more common
in B-sheets than is serine, serine is much more likely to engage in C5 hydrogen bonds. Hence,
evolution might have selected against the potentially deleterious effects of C5 hydrogen bonds in

[-sheets by replacing small amino acids with bulky ones.

Conclusions

Our data indicate that C5 hydrogen bonds are common in folded proteins and can affect the
stability and chemical properties of proteins. They likely compliment other noncanonical
interactions in protein structure such as C°~H---O hydrogen bonds,®* cation—z,"*® and n—z*
interactions.*? They might also explain the anomalously slow exchange rates of solvent-exposed

B-sheet residues in proteins (e.g., Staphylococcal nuclease*™

) that are not engaged in canonical
hydrogen bonds. Our results suggest that C5 hydrogen bonds merit inclusion in computational
force fields, which do not explicitly treat such interactions,*”* despite their sharing many
properties with traditional hydrogen bonds. Accurate accounting could improve models of

protein structure, stability, and folding.
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Methods

Instrumentation. Nuclear magnetic resonance (NMR) spectra for compound characterization
were acquired at ambient temperature with an Avance Il 500 MHz spectrometer (**C, 125
MHz), H/D exchange experiments were performed with a DMX 400 MHz spectrometer, and
NMR spectra of peptides were acquired with an Avance Il 600 MHz spectrometer equipped
with a 1.7-mm cryogenic probe, all from Bruker (Billerica, MA) in the National Magnetic
Resonance Facility at Madison (NMRFAM). *C spectra were proton-decoupled. Mass
spectrometry was performed with a Micromass LCT (electrospray ionization, ESI) instrument
from Waters (Milford, MA) in the Mass Spectrometry Facility of the Department of Chemistry at
the University of Wisconsin—Madison. Fourier transfer infrared (FTIR) spectra were collected
with a Nicolet iS10 spectrometer from Thermo Fisher Scientific (Waltham, MA). Circular
dichroism (CD) spectra were collected with a Model 420 spectrometer from Aviv Biomedical
(Lakewood, NJ) in the Biophysics Instrumentation Facility at the University of Wisconsin—
Madison. Peptide synthesis was performed with a Prelude automated synthesizer from Protein

Technologies (Tucson, AZ) in the University of Wisconsin—Madison Biotechnology Center.
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Peptide purification was accomplished with an LC-20 HPLC instrument from Shimadzu (Kyoto,

Japan). Peptide characterization was performed with an LCMS 2020 instrument from Shimadzu.

Computational chemistry. All computations were performed using Gaussian 09°”° and the
B3LYP/6-311G+(2d,p) level of theory. A focused library of AcGIlyNHMe conformations was
constructed by optimizing the geometry of the compound for fixed values of the putative
hydrogen-bond donor—acceptor distance (NH---O), ranging from d = 1.974 to 2.974 A. This
range was selected to sample distances observed in folded proteins. Optimized geometries were
subjected to frequency analysis, gauge-independent atomic orbital NMR calculations, and

analysis by NBO 5.9 as implemented in Gaussian 09.3"

All energies were corrected by the zero-
point vibrational energy. Similarly, optimized conformations of AcDegNHMe and AcDegOMe,
where “Deg” refers to diethylglycine, were obtained at the same level of theory. Frequency

calculations yielded no imaginary frequencies, indicating a true stationary point on the potential

energy surface. Energies were corrected by the zero-point vibrational energy.

Bioinformatics. A nonredundant set (<25% pairwise sequence identity) of 192 protein crystal
structures (>40 residues, R <20%) with a resolution of 1.0 A or better was culled from the PDB
of 28 November 2012 using the PISCES server,**! as was a similar set of 1,884 crystal structures
determined to a resolution of 1.6 A or better. Secondary structure assignments were made using
Kabsch and Sander criteria as implemented with the program PROMOTIF.**® Relative backbone
solvent-accessible surface areas were calculated with the program NACCESS.*? Residues with
backbone atoms modeled in multiple conformations were excluded from analysis. Parallel and

antiparallel p-sheets were identified as those forming only parallel or antiparallel contacts,
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respectively. Strands engaged in mixed contacts were excluded from analysis for the purposes of

comparing C5 frequencies between parallel and antiparallel s-sheets.

Synthesis of diethylglycine derivatives (General methods). Commercial chemicals were of
reagent grade or better, and were used without further purification. Amino acid starting materials
and peptide resins were obtained from Chem-Impex International. All other reagents were
obtained from Sigma—Aldrich. Anhydrous THF and DMF were obtained from CYCLE-TAINER
solvent-delivery systems from J. T. Baker (Phillipsburg, NJ). Reactions were monitored by thin-
layer chromatography with visualization by UV light or staining with KMnO,4 or ninhydrin.
Chromatography was performed with columns of silica gel 60, 230-400 mesh (Silicycle, Québec
City, Canada). The removal of solvents and other volatile materials “under reduced pressure”
refers to the use of a rotary evaporator at water-aspirator pressure (<20 torr) and a water bath of

<45 °C.

H,NMe H
F N OH ——»
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Synthesis of N-acetyldiethylglycine methyl amide (AcDegNHMe). Fmoc-Diethylglycine
(1.0 g, 2.8 mmol) was dissolved in 50 mL of anhydrous THF containing NMM (0.62 mL,
5.6 mmol). The mixture was cooled to —20 °C and isobutyl chloroformate (0.37 mL, 2.8 mmol)

was added dropwise. After 10 min, 3 mL of 2 M methylamine in THF was added, and the
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reaction mixture was stirred overnight, allowing warmth to room temperature. The solution was
filtered, and solvent was removed under reduced pressure. The residue was dissolved in EtOAc
and washed with 1 M aqueous KH,PQO,, saturated aqueous NaHCOg3, and brine. The organic
portion was dried over anhydrous NaSQOy(s), and solvent was removed under reduced pressure.
The residue was purified by chromatography on silica gel using an eluent of 2% v/v MeOH in
DCM containing 1% v/v TEA, which afforded FmocDegNHMe as a white powder. The solid
was dissolved in 20% v/v piperidine in DMF, and this solution was stirred for 1 h, after which
the solvent was removed under reduced pressure. The residue was then dissolved in acetic
anhydride and stirred overnight. After removing the solvent under reduced pressure,
chromatography on silica gel using an eluent of 3% v/v MeOH in DCM afforded AcDegNHMe
as a crystalline solid. *H NMR (CDCls) § 6.91 (s, 1H), 6.33 (s, 1H), 2.88 (d, J = 4.5 Hz, 3H),
2.59 (dg, J = 14.0, 7.4 Hz, 2H), 2.03 (s, 3H), 1.55 (dq, J = 14.0, 7.4 Hz, 2H), 0.76 (t, J = 7.4 Hz,
6H); C NMR 6§ 173.7, 169.2, 65.3, 28.8, 26.7, 24.3, 8.3; ESI-MS: [M + H]" calculated

187.1442, observed 187.1439.
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Synthesis of N-acetyldiethylglycine methyl ester (AcDegOMe). Diethylglycine (1.0 g,
7.6 mmol) was suspended in acetonitrile with TEA (2.1 mL, 15 mmol). Acetyl chloride
(0.54 mL, 7.6 mmol) was added dropwise, and the reaction mixture was stirred at room
temperature overnight. The solid was collected by filtration and purified by chromatography on
silica gel in 12% v/v MeOH in DCM with 1% v/v TFA to remove residual starting material. The

resulting solid was dissolved in MeOH, acidified with concentrated HCI, and heated at reflux for
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1 h. After removing the solvent under reduced pressure, the residue was purified by
chromatography on silica gel using an eluent of 4% v/v MeOH in DCM to afford AcDegOMe as
a crystalline solid. *H NMR (CDCls3) 6 6.36 (s, 1H), 3.78 (s, 3H), 2.48 (dq, J = 14.0, 7.4 Hz, 2H),
2.03 (s, 3H), 1.77 (dq, J = 14.0, 7.4 Hz, 2H), 0.74 (t, J = 7.4 Hz, 6H); *C NMR 6 174.8, 168.9,

66.3, 52.8, 27.9, 24.2, 8.6; ESI-MS: [M + H]" calculated 188.1282, observed 188.1276.
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Synthesis of N-acetyldiethylglycine amide (AcDegNH;). Diethylglycine (1.0 g, 7.6 mmol)
was suspended in acetonitrile with TEA (2.1 mL, 15 mmol). Acetyl chloride (0.54 mL,
7.6 mmol) was added dropwise, and the reaction mixture was stirred at room temperature
overnight. The solid was collected by filtration and purified by chromatography of silica gel
using an eluent of 12% v/v MeOH in DCM containing 1% v/v TFA. The resulting solid (0.15 g,
0.9 mmol) was dissolved in anhydrous THF containing NMM (0.19 mL, 1.8 mmol), and this
solution was cooled to —20 °C. Isobutyl chloroformate (0.11 mL, 0.9 mmol) was added dropwise.
After 10 min, 3 mL of 7 N ammonia in MeOH was added, and the mixture was stirred overnight,
allowing warmth to room temperature. The solution was filtered, and solvent removed under
reduced pressure. The residue was purified by reverse-phase HPLC (A = 0.1% v/v TFA in H,0;
B = 0.1% v/v TFA in MeCN) on a preparative C18 column using a linear gradient of B (5-95%
v/v) over 30 min. Lyophilization yielded AcDegNH, as a white powder. *H NMR (CDCl3) ¢

6.77 (s, 1H), 6.05 (s, 1H), 5.79 (s, 1H), 2.60 (dq, J = 14.0, 7.4 Hz, 2H), 2.02 (s, 3H), 1.56 (dg, J



231

= 14.0, 7.4 Hz, 2H), 0.80 (t, J = 7.4 Hz, 6H); *C NMR 6 175.7, 169.5, 65.4, 28.8, 24.3, 8.3;

ESI-MS: [M + H]" calculated 173.1285, observed 173.1286.

Q AcCl o Q
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Synthesis of 3-acetamido-3-methylpentane. 3-Amino-3-methylpentane (0.10 g, 1.0 mmol) was
dissolved in acetyl chloride, and the reaction mixture was stirred for 1 h. The solution was
diluted with DCM and washed with water, 1 M HCI, and saturated aqueous NaHCO3. The
organic portion was dried over anhydrous NaSO,(s). Removal of solvent under reduced pressure
afforded AcDegMe as a colorless solid. *H NMR (CDCls) 6 5.01 (s, 1H), 1.93 (s, 3H), 1.77 (dg,
J=14.0, 7.4 Hz, 2H), 1.62 (dqg, J = 14.0, 7.4 Hz, 2H), 1.20 (s, 3H), 0.82 (t, J = 7.4 Hz, 6H); **C
NMR ¢ 169.4, 56.7, 30.3, 24.5, 23.3, 8.0; ESI-MS: [M + H]" calculated 144.1383, observed

144.1385.

Fourier transform infrared spectroscopy. FTIR spectra were acquired by dissolving
diethylglycine derivatives in CDClj3 to a final concentration of 10 mM. Following a purge with
N»(g), 256 scans between 400 and 4000 cm ™ were acquired and averaged, and the absorbance

was calculated relative to background from neat CDCls.

Hydrogen—deuterium exchange. Hydrogen—deuterium (H/D) exchange experiments were
performed by co-dissolving AcDegNHMe and AcDegOMe, or AcGlyNHMe and AcGlyOMe in
DMSO-ds to a final concentration of 50 mM each. Aliquots (0.50 mL) of the resulting solutions

were transferred to NMR tubes. Exchange was initiated by the addition of 10 uL of D,0O at time
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t = 0. Samples were mixed thoroughly by repeated inversion for 30 s before collection of the first
spectrum. *H NMR spectra were collected by averaging 16 individual scans to provide adequate
signal to noise. Integrations were determined from the area of the calculated fit of the amide
region (7.2-8.0 ppm for diethylglycines or 7.6-8.4 ppm for glycines), as determined with the
program Mestrenova 9.0 from MestreLab Research (Escondido, CA). Experiments were

performed in triplicate.

Synthesis of TrpZip peptides. a-Hydroxy acids were prepared as described previously.*”® Ester
linkages were forged in solution by DIC/DMAP activation to yield dimers suitable for solid-
phase synthesis. Solid-phase peptide synthesis was conducted with Fmoc chemistry on TentaGel
S RAM resin, except for TrpZip2-F, which was synthesized on TentaGel HMBA resin. Amide-
bond formation was accomplished by activation of 4 equiv of amino acid with 4 equiv of HCTU
in the presence of 8 equiv of NMM for 1 h. N-Terminal acetylation was achieved by treatment
with acetic anhydride or trifluoroacetic anhydride, as required. Release and global deprotection
were performed by treatment of resin with a solution of 90% v/v TFA, 5% v/v phenol, 2.5% v/v
TIPS, and 2.5% v/v H,0 for 3 h. For TrpZip2-F, release and global deprotection were performed
according to procedures reported previously.*”* Following precipitation in anhydrous diethyl
ether, peptides were isolated by centrifugation and dissolved in 25% v/v MeCN in H,0. Peptides
were purified by reversed-phase HPLC on a preparative NucleoSil C18 column from Macherey—
Nagel (Bethlehem, PA) using linear gradient of 25-50% v/v B over 45 min (A: 0.1% v/v TFA in
H20; B: 0.1% v/v TFA in MeCN) followed by lyophilization to yield white powders. Purified

peptides were analyzed by LC-MS using an analytical Supelco Discovery BIO Wide Pore C5-5
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column from Sigma—Aldrich with a linear gradient of 5-95% v/v B over 15 min (A: 0.1% v/v

formic acid in H,O; B: 0.1% v/v formic acid in MeCN).

NMR spectroscopy of peptides. As described previously,*®® TrpZip peptides were dissolved to
a final concentration of ~1 mM in 40 pL of 20 mM potassium phosphate buffer, pH 7.0,
containing 10% v/v D,0. Homonuclear ROESY, COSY, and TOCSY spectra were collected at
25 °C with water suppression, and resonances were assigned by standard methods. Specifically,
sequential H%-NH;.; ROESY correlations provided connectivities and confirmed the p-like

backbone geometry.

Circular dichroism spectroscopy. As described previously,*®? far-UV CD spectra of TrpZip
peptides were obtained at 20 uM in 20 mM potassium phosphate buffer, pH 7.0. Ellipticity was
recorded in 1-nm increments in the 200-300 nm range with 1-nm bandwidth and 3 s averaging.
Thermal denaturation was performed at a concentration of 20 uM, except for TrpZip2-C and
TrpZip2-D, which were denatured at 100 uM; for comparison, tryptophan zippers have been
demonstrated previously to exist as monomers in solution at concentrations into the millimolar
range.*®® Ellipticity at 228 nm was recorded by averaging for 15 s with a 1-nm bandwidth.
Temperature was increased from 4 to 96 °C in 1-°C steps with a 5-min equilibration between
steps. The overall rate of temperature increase was 6-10 °C/h. Data for peptides that were well
folded at 4 °C were converted to percent folded. Values of Ty, which is the temperature at the
midpoint of the thermal transition between the folded and unfolded states, were determined as
described previously.*”® All ellipticity data fitted well to a two-state model (R* > 0.999), and the

ensuing T, values were independent of the experimentally determined concentration.
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Figure 9.51 'H and *C NMR spectra of AcDegNHMe in CDCls.
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Figure 9.52 'H and *C NMR spectra of AcDegNHMe in DMSO-dj.
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Figure 9.54 'H-'H NOESY spectrum of AcDegNHMe in DMSO-dg.

Table 9.S1 Cartesian coordinates of the optimized geometry of AcDegNHMe.
Corrected SCF Energy = —613.721928 Hartree.
-2 0

¢} .37544800 -0.00505700 0.25980000
o] -2.81007900 -0.01134900 -0.88575700
N -1.05319900 -0.00027100 0.56445800
H -0.75466900 0.00713000 1.53171700
C 0.05311900 0.00110400 -0.39137100
C 1.32649400 0.00652100 0.49660800
o] 1.26463900 0.01587300 1.72048600
N 2.51152000 0.00799500 -0.15323100
H 2.52213800 -0.03697900 -1.15766600
C 3.77630700 -0.00622100 0.56602500
H 4.58634400 0.13950200 -0.14702500
H 3.79960200 0.79545000 1.30429200
H 3.92605800 -0.95321200 1.08942500
C -3.31467300 -0.00272000 1.45394200
H -2.80121900 0.00365800 2.41613600
H -3.96048700 0.87409500 1.38610600
H -3.95424200 -0.88472000 1.39450200
C 0.02054400 -1.26891000 -1.28361300
H 0.83455200 -1.20263200 -2.01285900
H -0.90813300 -1.22696700 -1.85395700
C 0.10984800 -2.59565100 -0.53057300
H -0.70894900 -2.70125500 0.18288500
H 0.04753000 -3.43119200 -1.23089200
H 1.04807800 -2.69502200 0.02142600
C 0.01433700 1.26764000 -1.28849900
H -0.91299200 1.21786800 -1.86051100
H 0.83140500 1.20375400 -2.01415300
C 0.09409200 2.59748900 -0.54002600
H 0.02743200 3.42989900 -1.24368400
H -0.72624900 2.70091300 0.17202600
H 1.03134200 2.70429200 0.01205900
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Figure 9.S5 'H and *C NMR spectra of AcDegOMe in CDCl,
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Figure 9.56 'H and *C NMR spectra of AcDegOMe in DMSO-d.
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Figure 9.58 'H-'H NOESY spectrum of AcDegOMe in DMSO-d.

Table 9.52 Cartesian coordinates of the optimized geometry of AcDegOMe.
Corrected SCF Energy = —633.8604528 Hartree.

C 2.37371900 -0.00000500 0.23849700
0 2.78349200 -0.00002700 -0.91439500
N 1.05514700 -0.00000400 0.56915100
H 0.78976400 0.00001200 1.54362300
c -0.06518500 -0.00001000 -0.37445000
C -1.32210900 0.00000700 0.50696900
o] -1.31579400 0.00002100 1.71625000
c -3.67891900 0.00002300 0.51797800
H -4.46555200 0.00002100 -0.23154800
H -3.74309700 -0.88846700 1.14491900
H -3.74308400 0.88852700 1.14490000
c 3.33584500 0.00004000 1.41427900
H 2.84258300 -0.00007700 2.38711500
H 3.97711200 -0.87932100 1.33782500
H 3.97689300 0.87957300 1.33793500
c -0.05969000 1.26748600 -1.27075900
H -0.90636300 1.18951600 -1.95540700
H 0.85053300 1.22090000 -1.86921900
c -0.12008900 2.59568800 -0.51737300
H 0.71952300 2.70487700 0.17139100
H -0.07833900 3.42828900 -1.22255000
H -1.04283500 2.70253200 0.05979700
c -0.05970300 -1.26752700 -1.27072900
H 0.85051700 -1.22096000 -1.86919600
H -0.90638000 -1.18956900 -1.95537400
c -0.12010300 -2.59571200 -0.51731200
H -0.07836400 -3.42832800 -1.22247100
H 0.71951500 -2.70488900 0.17144700
H -1.04284500 -2.70253700 0.05986800
0 -2.44372200 0.00000600 -0.22431900
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Figure 9.59 'H and *C NMR spectra of AcDegNH, in CDCls.
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Figure 9.510 'H and **C NMR spectra of AcDegOMe in CDCls.
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Figure 9.514 Representative time-course for H/D exchange of AcDegNHMe and AcDegOMe.

The overlaid *H NMR spectra were acquired during an H/D exchange experiment on an equimolar
mixture of AcDegNHMe and AcDegOMe (50 mM) in DMSO-ds containing 2% v/v D,O. This
experiment was performed in triplicate, and the data were averaged to generate Figure 9.5C.
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Figure 9.515 Representative time-course for H/D exchange of AcGlyNHMe and AcGlyOMe.
The overlaid *H NMR spectra were acquired during an H/D exchange experiment on an equimolar
mixture of AcGlyNHMe and AcGlyOMe (50 mM) in DMSO-ds containing 2% v/v D,0. This experiment
was performed in triplicate, and the data were averaged to generate Figure 9.5D.
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Figure 9.516 Analytical LC-MS trace of purified TrpZip2-A. Calculated monoisotopic exact mass for
[M+H]+ (C80H105N20019): 164978, observed 1649.55.
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Figure 9.517 Analytical LC-MS trace of purified TrpZip2-B. Calculated monoisotopic exact mass for
[M+H]" (CgoH105N19020): 1650.76; observed 1650.55.
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Figure 9.518 Analytical LC-MS trace of purified TrpZip2-C. Calculated monoisotopic exact mass for
[M+H]" (CgoH105N19040): 1650.76; observed 1650.50.
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Figure 9.519 Analytical LC-MS trace of purified TrpZip2-D. Calculated monoisotopic exact mass for

[M+H]" (CgoH105N150,1): 1651.75; observed 1651.50.
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Figure 9.520 Analytical LC-MS trace of purified TrpZip2-E. Calculated monoisotopic exact mass for

[M+H]" (C77H100N19017): 1562.75; observed 1562.55.
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Figure 9.521 Analytical LC-MS trace of purified TrpZip2-F. Calculated monoisotopic exact mass for

[M+H]" (C7gH101N15015): 1577.75; observed 1577.60.
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Figure 9.522 Analytical LC-MS trace of purified TrpZip2-G. Calculated monoisotopic exact mass for
[M+H]" (C74HgsN1015): 1521.68; observed 1521.60.
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Figure 9.523 Analytical LC-MS trace of purified TrpZip2-H. Calculated monoisotopic exact mass for
[M+H]* (C74HgoN150:5F3): 1575.66; observed 1575.60.
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Table 9.53 'H Chemical shifts of TrpZip2-A.

Table 9.54 "H Chemical shifts of TrpZip2-B.

Residue Atom 0 Residue Atom 0
Serl H* 3.803 Serl H* 4.102
Serl H? 3.429 Serl HP 3.450
Serl NH 7.343 Serl NH 6.935
Trp2 H* 4.986 Trp2 H* 4.783
Trp2 HP! 3.012 Trp2 HP! 2.696
Trp2 HP? 2.818 Trp2 HP? 2.413
Trp2 NH 8.190 Trp2 NH 8.216
Thr3 H* 4.703 Thr3 H® 4.739
Thr3 H? 3.890 Thr3 HP 4.143
Thr3 HY 0.996 Thr3 HY 0.899
Thr3 NH 9.524 Thr3 NH 8.790
Trp4 H;l 4.410
Trp4 H 2.671
Trp4 HP 1.627
Trp4 NH 8.679
Glus H* 4.083 Glus H 4.210
Glus HP! 1.683 Glus HP! 1.749
Glus HP? 1.563 Glus HP? 1.587
Glus HY 1.859 Glus HY 1.873
Glus NH 8.256 Glus NH 8.596
Asné H* 3.970 Asn6 H* 4.138
Asn6 HP! 2.726 Asn6 HP! 2.797
Asn6 HP 2.418 Asn6 HP? 2.525
Asn6 NH 8.918 Asn6 NH 9.090
Gly7 H* 3.615 Gly7 H* 3.016
Gly7 H* 3.006 Gly7 H* 2577
Gly7 NH 7.216 Gly7 NH 5.511
Lys8 H* 4.075 Lys8 H 4.340
Lys8 H° 1.479 Lys8 H° 1.548
Lys8 He 2.821 Lys8 He 2.842
Lys8 HY 1.036 Lys8 HY 1.144
Lys8 NH 6.595 Lys8 NH 7.216
Trp9 H® 5.035 Trp9 H 4.651
Trp9 HP 3.030 Trp9 HP 3.003
Trp9 HP 2.765 Trp9 HP 2.573
Trp9 NH 8.309 Trp9 NH 8.630

Thr10 H® 4.715 Thr10 H 4519
Thr10 HP 3.850 Thr10 HP 3.742
Thr10 HY 1.011 Thr10 HY 0.908
Thr10 NH 9.614 Thr10 NH 8.436
Trp1l H® 4.415 Trp1l H* 3.978
Trp1l HP! 2.570 Trpll HP! 2.514
Trp1l HP 1.542 Trp1l HP 1.624
Trp1l NH 8.570 Trp1l NH 8.395
Lys12 H* 3.871 Lys12 H* 3.907
Lys12 H® 1.402 Lys12 H° 1.253
Lys12 HY 1.062 Lys12 HY 0.972
Lys12 NH 7.775 Lys12 NH 7.793
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Table 9.S5 Ranked changes in *H chemical shift
from TrpZip2-A to TrpZip2-B

Residue Atom Ao (ppm)
Gly7 NH -1.705
Thr10 NH -1.178
Thr3 NH -0.734
Gly7 H*! -0.599
Trpll H* -0.437
Gly7 H* -0.429
Serl NH -0.408
Trp2 HP? —0.405
Trp9 H* -0.384
Trp2 HP! -0.316
Trp2 H* -0.203
Thr10 H" -0.196
Trp9 HP -0.192
Trpll NH -0.175
Lys12 H® -0.149
Thr10 HP -0.108
Thr10 HY -0.103
Thr3 HY -0.097
Lys12 HY -0.090
Trpll HP! -0.056
Trp9 HP! -0.027
Glus HY 0.014
Lys12 NH 0.018
Lys8 H® 0.021
Serl HP 0.021
Glus HP 0.024
Trp2 NH 0.026
Thr3 H* 0.036
Lys12 H* 0.036
Glus HP! 0.066
Lys8 H° 0.069
Asn6 HP! 0.071
Trpll HP 0.082
Asn6 HP? 0.107
Lys8 HY 0.108
Glus H* 0.127
Asn6 H® 0.168
Asn6 NH 0.172
Thr3 HP 0.253
Lys8 H* 0.265
Serl H® 0.299
Trp9 NH 0.321
Glus NH 0.340

Lys8 NH 0.621




Table 9.6 Cartesian coordinates of AcGlyNHMe optimized at d = 2.974 A.
.82497500
-1.
-1.
-1.
0.
0.
.08441400
.25374100
.72189300
.70493100
10359000
-2.
-3.
-3.
-2.
2.
3.29800500
3.
2.32701200

c

TImIDQEDnDnIDQEDzoammamzo

Table 9.S7 Cartesian coordinates of AcGlyNHMe optimized at d = 2.924 A,
.27386000
.25346800
91021900
.58595800
.99332700
.02236800
.34747400
61142200
.38427800
.62117500
24725400
.28799200
.65250800
50793300
09598300
.18586700
.87487500
.37479300
.71943500

c

T DTt zormTQm=z0

Table 9.S8 Cartesian coordinates of AcGIyNHMe optimized at d = 2.874 A.
.28680400
.32397000
.86714500
.60824300
.86020000
.84401600
11933900
.58367700
.40905400
.61235700
.29425500
19311900
.80159500
.47864800
.91343100
06756500
.74112500
.20153600
.58672000

mIIoDIoDoQODDIDOQOEDzZ20QIDIDom=zoan

-1

-1.
-1.
.17071400
-1.

0.

0.
-0.
.24614100
.66384800
.76068400
.20452900
.99418600
.11632700
.91439600
.83355700
.81340100
.41494700
.44243300
.40854200

-1

-1.
-1.
-1.
.26387700
0.
0.
-0.
1.
1.

-1

1
1

52832200
16143000
24362800
04560600
18323100

97468900
09377400
89570400
81736600
74235900

41771200

84461900
55731200

24893400
04050400
17770600
08446200

88760800
62296500
18219500

03632700
17543500
08293300
24230900
59179400

.85217500
.36458200
-3.
-3.
-3.
-2.

2.

04190100
16950700
95854900
88023800
93682500

3.58460900
3.
2.56437300

50990600

-0.
.21275700
.93011400
.57558200
.05745800
.10360400
.46259400
.62234900
.37129800
.63200500
.22788800
.32611800
.58482600
.51282500
-1.
-1.
-1.
-0.
-1.

26278800

17197800
25104200
96742300
47388700
76684500

-0.
-0.
-0.

0.
-0.
-1.
.83850200
-0.
.73717400
.35573900
.90705800
.91989500
.50755400
.36525700
.59022200
.45270800
.15261100
.80381200
.32376000

-1

-0.
-0.
-0.

0.
-0.
-1.
-1.
-0.
.73306600
.34922800
.91328800
.92845900
.46686700
.38497800
.64344300
.47921200
.11388900
.83948300
.34433200

06248700
77410300
13304900
63769100
93668400
20697800

10779800

05635100
72974900
17325000
57166100
97518000
30622900
84185200
11692400

-0.04110300

-0.
-0.

0.
.03669200
-1.
-1.
.13797000
.69321600
.32485900
.88604300
.93452000
.36309100
.41668400
.73792400
.52978200
.03130600
.85396200
.41775400

-1

63134100
24411000
43520300

48596900
82474800
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Table 9.S9 Cartesian coordinates of AcGlyNHMe optlmlzed atd=2.824 A.
.96325400
-1.
-1.
-1.
0.
0.
.07278600
.24112400
.48386300
.00191500
.62477300
-3.
-3.
-4,
-3.
3.
3.87952400
3.
2.85277000

c

T DTt zoarmxTtaxm=z0

Table 9.510 Cartesian coordinates of AcGIyNHMe optlmlzed atd=2774 A.
0.29156100
-1.48774000
0.65719500
1.60745600
0.28995700
0.94781500
-0.
0
1
-0
-1

C

Tt @DTDQO@DnzZ2oQmITmOQm=z0

Table 9.511 Cartesian coordinates of AcGlyNHMe optimized at d = 2.724 A.
-2.
-1.
.18623500
-1.
.04998500
.22804000
.07498100
.25982800
.39179300
17995200
.92518200
.25353200
.25006500
17497900
.24341600
.39325300
19455100
.67537300
.24722000

c

Ttz oQrmTtQm=z0

-1

-2.
.84879600
-1.
-1.
.04309200
.20928000
.07393100
.25052700
.43317300
.10006300
.78853300
.20354000
.26685800
.12099500
.12530800
.28276100
.04983800
.65467200
.06091300

-1

-1

73327900
19716800
29601100
03703000
19028600

13972900
22905100
05452400
03678300
14413800

58805100

02555800

19385800
27828400

07649100
95070300

24991500

-0.
-1.
.76442100
.63677900
.56759300
.41075300
.34113700
.51456100
.44888300
.60501900
.38993200
.02765400
.08987700
-0.
-0.
-0.
-1.

0.
.31886200

-1

-0.
-1.

0.

1.
.04536700
.50032500
.02773100
.37909500
.48326600
.61156400
.53339100
.40960300
.49377100
.00544300
.16722500
.45965600
.05037400
.59096300
.77729500

(@]

HPFOOoOORrRrORrRrOF ORr O

|
o O

29978100
44051600

31007100
53423700
82875100
44796900
13438400

73006400

.44427600
.47768100
.61253600
.47916800

0.

1.
-0.
-0.
-0.
-1.

0.
-1.

23580700
32461300
17136900
13127000
63127300
25470300
38634800
01503700

27686300
49164500
55019300
54242600

-1

HOoOoOOoOkr OoORr

P OOoOoOoOkKr oo

0.

0.
-0.
-0.
-1.
-2.
-1.
-0.

0.
-0.
-0.

0.
.61294300
.31161300
.79639200
.66839600
.22383200
.66813100
.70462000

O OoOOoOkKr OO

0.00062600
-0.
-0.

0.
-1.
-1.
.71207400
-0.

0.
-0.
-0.

0.
.12744600
.40785500
.82624600
.61193800
.09803200
.85422300
.54533500

37143600
38686900
10881400
12334500
80003100

17877900
57052600
25948300
76714500
89673200

0.03876600
-0.
-0.
-0.
-1.
-2.
-1.
-0.

0.
-0.
-0.

0.
.84687000
.40582700
.85687700
.66202700
.20243500
.76030100
.66184000

13415200
48785400
16226500
14616800
00320800
50801200
21550400
40993700
18387600
59273200
83219700

07022000
08021000
55610300
39066200
11267100
09171600
24957300
23290200
27207100
11858200
43522000
73265500
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Table 9.512 Cartesian coordinates of AcGIyNHMe optlmlzed atd=2.674 A.
.11427500
-2.
-1.
-1.

0.

0.
.08209400
.27293100
.38777900
.22429400
.99228100
-3.
-3.
.20399600

c

T DTt zoarmxTtaxm=z0

Table 9.513 Cartesian coordinates of AcGIyNHMe optlmlzed atd=2.624 A,
0.24773700
.46108500
0.
1.
-0.
-0.
-1.
0.
1.
-0.
.58631600
0.
1.
0.
0.
-0.
-0.
0.
-0.

C

Tt @DTDQO@DnzZ2oQmITmOQm=z0

Table 9.514 Cartesian coordinates of AcGlyNHMe optimized at d = 2.574 A.
-2.
-2.
.14389400
-1.
.05908500
.21999700
.09338700
.30301100
.40142200
.29596600
09091100
.32273700
.16734300
.24420600
.44639800
.56936100
.37393700
.73588100
57596700

c

Ttz oQrmTtQm=z0

-2

-4

-3.
3.
4.25973600
3.
3.35201600

-2.
.12281200
-1.
-1.
.05660800
.22870300
.08872300
.28597800
.39266500
.25688200
.03750400
.29498600
.19227800
.22326500
.36402200
.50592000
.30760900
.73547700
.43762500

-2

-1

04152000
17317600
20596200
05412300
23185700

27800000
22102400

31136600
45693600

71036500

14634000

15973200
16058800

18641200
21772700

11327200

-1

1

-1

-1

-0.
-1.
0.
1.
-0.
-0.
-1.
0.
.46833800
-0.
-1.
0.
1.
0.
0.
-0.
-0.
0.
-0.

1

0.26128500
-1.
0.
1.
-0.
0.
.18310600
0.
1.
-0.
-1.
0.
.58981800
0.
0.
-0.
-0.
0.
-0.

47672700
48497100
48865600
10247500
20666200

33724500
48219600
61567400
56625900
51619200

12822700
33895500
36515700
97287900
68791900
59395200

44058700
44774100
20610300
01210500
27816700
30627700
47736200
61914700

59209800
65580300
22403500
45381200
30213300
92022400
74695500
46624300

23337500
44296200
39936000
40702900
30517100
23906000
35470400
27674200

61957000
59844300
66365300
71675800
32148400
55516300
24391800
82398300
81420600
40757600

-1

P OOoOoOoOkKr oOoOOo

P OOoOoOoOkKrOoOOo

0.

0.
-0.
-0.
-0.
-1.
-0.
-0.

0.
.00176500
.11879600
.53645400
.29843300
.06363500
.61499300
.59466900
.14136200
.40558100
.67578500

o

P OOOFr OOOO

0.08343700
0.
-0.
-0.
-1.
-2.
.04298700
-0.
0.
-0.
-0.
0.
.47997200
.23768000
.74004700
.65834800
.24025300
.55729300
.72255900

17883000
56893200
48180200
05788900
09307700

23987700
16925900
07138000
31087700
66404900

0.08861200
0.
-0.
-0.
-0.
-2.
-0.
-0.
0.
-0.
-0.
0.
.39099600
.17074200
.68960200
.63969400
.23483300
.46612300
.71869600

22692900
55925300
51575100
99679300
06116900
86737700
24026200
08965500
03412400
21073700
60958400

08870400
25691600
52559100
52543400
90465100
98704200
65311300
22782500
02149300
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Table 9.515 Cartesian coordinates of AcGIyNHMe optlmlzed atd=2.524 A.
.23128200
-2.
-1.
-1.

0.

0.
09376100
.32358300
.41745700
.33835600
.14590500
-3.
-3.
.25325000

c

T DTt zoarmxTtaxm=z0

Table 9.516 Cartesian coordinates of AcGIyNHMe optlmlzed atd=2474 A,
0.20789500
.41253500
0.
1.
-0.
-0.
-1.
0.
1.
-0.
.60882400
0.
1.
0.
0.
-0.
-0.
0.
-0.

C

Tt @DTDQO@DnzZ2oQmITmOQm=z0

Table 9.517 Cartesian coordinates of AcGlyNHMe optimized at d = 2.424 A.
-2.
-2.
.09748300
-0.
.05817200
.14380700
.07852600
.35061700
.43471100
.40326100
.23344700
.39928400
.08957100
.23100600
.75832200
.72987500
.48467100
.84526500
.87889700

c

Ttz oQrmTtQm=z0

-2

-4

-3.
3.
4.42952900
3.
3.73205700

-2.
.39414600
-1.
-1.
.06002200
.17817800
.09009100
.33651200
.42470200
.36914800
.18718100
.37626900
.11219300
.24995500
.65024400
.68351600
.45814100
.78491900
.81365300

-2

-1

32124300
12590500
06319200
06032000
19942500

35759000
13634900

57161100
63893800

75056000

26106500

11219600
01899300

29277800
46919300

97285700

-1

1

-1

-1

-0.
-1.
0.
1.
-0.
-0.
-1.
0.
.42768000
-0.
-1.
0.
1.
0.
0.
-0.
-0.
0.
-0.

1

0.21878200
-1.
0.
1.
-0.
-0.
.40300900
0.
1.
-0.
-1.
0.
.77256500
0.
0.
-0.
-0.
0.
-0.

42548600
36779700
37344600
38987700
45535000

25089100
45655600
61914800
60560400
72518500

43159700
61030500
19663600
74780000
86597300
35590600

34710300
35019300
44793900
61069600
42581700
23075500
44354700
61828400

76749200
80920100
50665300
65043300
16134900
74408700
88575300
24902900

19612900
39933500
33019600
32985500
50208700
77201100
43256300
21032800

61800900
61041300
80638500
84347900
59068300
67032800
12656300
78651900
87163700
06814400

-1

-0
0

O OoOoOkKrOo

-0

0.

0

0.08294000
0.
-0.
-0.
-0.

25289300
46024600
49238500
78305400

.86937900
-0.
-0.
-0.

0.

41059500
20444700
03290500
03179000

.03666900
.45313900
0.
.09606000
.51663700
.52549600
.01444600
.32224900
.60314000

24346400

0.07560500
0.
-0.
-0.
-0.
-1.

23302200
40418600
44543500
68418400
76317900

.22488500
-0.
-0.
.04842500
.02546400
.39508000
.20787300
.20385500
.44447200
.46998900
.03004100
.19387100
.55204400

18559300
06944400

06446500

.18946300
-0.
-0.
.55639700
.61713000
.00306100
.15893700
.09957600
.05777100
.08923200
.32523800
.18929900
.34707900
.34622700
.39414800
.03413200
.02270600
.47582700

32076000
36576100
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Table 9.518 Cartesian coordinates of AcGIyNHMe optlmlzed atd=2.374 A.
.32731700
-2.
-1.
-0.

0.

0.
.04168800
.36597400
.43821000
.43889000
.28372300
-3.
-3.
.19363100

c

T DTt zoarmxTtaxm=z0

Table 9.519 Cartesian coordinates of AcGIyNHMe optlmlzed atd=2324 A
0.18174500
.38221100
0.
1.
-0.
-1.
.35597800
0.
1.
-0.
.60154400
.85350900
.88147600
0.
0.
-0.
-0.
0.
-0.

C

Tt @DTDQO@DnzZ2oQmITmOQm=z0

Table 9.520 Cartesian coordinates of AcGlyNHMe optlmlzed atd=2274 A
0.00000700
.00002900
.00002500
.00003300
.00002700
.87649400
.87655700
.00001100
.00000600
.00003700
00002000
.00000800
00002000
.87991800
.87991800
.00003500
.88949200
.00036000
.88899700

c

Ttz oQrmTtQm=z0

-2

-4

-3.
3.
4.47277500
3.
4.15151400

-2.
.57457400
-1.
-0.
.05643300
.05389700
.00979700
.36932800
.42206900
.46484600
.32919600
.44346000
.07919900
.14440600
.98837300
.81865600
.44908400
.77032300
.26278600

-2

-2.
.59191000
.07001800
.87110300
.05714200
.02338700
.02340000
.36757600
.39998200
.47923900
.36035000
.43917600
.06127600
.06630100
.06628400
.82895900
.37706200
.75454500
.37736800

54128000
08388700
93166300
05705100
08995800

43323400
08792000

90154300
79122500

77581500

34124400

07661400
89936500

34454600

-0
-1

0
1

0

-1

-1

-1

0
1

-0.
.37648300
0.
1.
-0.
-1.
-1.
0.
.40006800
-0.
-1.
0.
1.
0.
0.
-0.
-0.
1.
-0.

-1

1

0.18735200
-1.
0.
1.
-0.
.94907700
.40434800
0.
1.
-0.
-1.

39030500
31837600
31460800
54662000

20116000
42064600
60961200
60434400

.83289400
.86592900

0.

0.
-0.
-0.
.96537000
-0.

66477300
66781300
10846600
57567000

29882600

30452100
29739500
58187300
10422400

18921000
40950700
60385400

70184200
68942800
08209400
51067700
99614200
29894500

17858400

29134600
28082900
60743500
26324700
26323600
17865700

59950300
60032100
86998000
89330100
71974000
71975900
06011800
37872700
02469400
37937200

0.04244200
0.
-0.
-0.
-0.
-1.
0.
-0.
-0.
.07656400
.11733600
.22610300
.16621400
.53795000
.19741800
.25764200
.45592900
.08693200
.27149300

09103800
17651100
21502000
35807800
37895000
31056500
10874500
11837100

0.02339800
0.
-0.
-0.
-0.
-1.
0.
-0.
-0.
.05389300
.09587300
.12849200
.10360600
.69357900
.05923100
.14110000
.64068900
.00881400
.11547800

03704900
08356500
10584500
19066400
15518000
57866400
06184000
08724700
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Table 9.521 Cartesian coordinates of AcGIyNHMe optlmlzed atd=2.224 A.
.34145800
-2.
06199900
.84233600
.05840400
.02502600
.02511900
.36320900
.37835100
.48365200
.37632800
.42351100
.03304600
.05233400
05251700
.82699400
.37776700
.73981700
37995000

c

T DTt zoarmxTtaxm=z0

Table 9.522 Cartesian coordinates of AcGIyNHMe optlmlzed atd=2.174 A,
0.17346800
.36546200
0.
1.
-0.
-1.
-1.
0.
1.
-0.
-1.
0.
1.
0.
0.
-0.
-0.
1.
-0.

C

Tt @DTDQO@DnzZ2oQmITmOQm=z0

Table 9.523 Cartesian coordinates of AcGlyNHMe optimized at d = 2.124 A.
.00004800
.00008900
.00008800
.00016600
.00022200
.87785900
.87847900
.00012100
.00015100
.00016900
.00048000
.00015500
.00018400
.88006600
.87969900
.00030800
.89160500
.00362100
.88694400

c

Ttz oQrmTtQm=z0

-2

-2.
.61392200
.05407800
.81330800
.05960100
.02673800
.02673400
.35889700
.35693900
.48784000
.39195700
.40765400
.00479300
.03822300
.03830700
.82469800
.37894600
.72492000
.38114000

-2

-2.
.62465700
.04626300
.78396900
.06071700
.02836200
.02839500
.35462600
.33579100
.49178000
.40723500
.39162000
.97653300
.02378100
.02388000
.82204900
.37926000
.70988900
.38224300

60299700

33825300

33492400

-1

1

-1

-0.
-1.
0.
1.
-0.
-1.
-1.
0.
.36831300
-0.
-1.
0.
1.
0.
0.
-0.
-0.
1.
-0.

1

0.17606200
-1.
0.
1.
-0.
-1.
.28233800
0.
1.
-0.
-1.
0.
.90401600
0.
0.
-0.
-0.
1.
-0.

37108500
27864200
26444800
62725200
28241900

16755900
38963600
59654500
59869100
88546500

74285200
74271400
04118900
35119100
04265800
35625000

26603100
24778000
64688100
30151000
30115700
15652600
37905200
59354500
59687400
90079200
91446100
76553800
76571400
02247900
32613600
06027200
33115100

17079500
35961200
25354700
23083700
66632800
32021100
31997900
14554300

59051400
59488500
91595300
92463500
78820000
78828600
00397500
30067700
07755000
30698100

0.00002100
.00012700
.00011700
.00020800
.00012400
.87691800
.87723400
.00003800
.00003000
.00018100
.00029900
.00004200
.00007100
.88002700
.87978900
.00015800
.89099200
.00295200
.88750800

.00004000
.00001000
.00002100
.00005200
.00022500
.87726100
.87797900
.00011400
.00023600
.00001900
.00052300
.00019900
.00028800
.88011400
.87968100
.00026200
.89109200
.00285400
.88744000
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Table 9.524 Cartesian coordinates of AcGIyNHMe optlmlzed atd=2.074 A.
.33148200
-2.
.03856400
.75433800
.06175700
.03002600
02998400
.35041600
.31488100
.49549100
.42212300
.37542900
.94828000
.00914100
.00913600
.81909600
.37912000
.69472500
.38292500

c

T DTt zoarmxTtaxm=z0

Table 9.525 Cartesian coordinates of AcGIyNHMe optlmlzed atd=2.024 A,
0.16529000
.34729700

0.

1.
-0.
-1.
-1.

0.
.34652400
.58433500
.59038000
.94581900
.94416700
.83276000
.83316200
.03231700
24744600
.11100100
.26276900

C

Tt @DTDQO@DnzZ2oQmITmOQm=z0

Table 9.526 Cartesian coordinates of AcGIyNHMe optimized at d = 1.974 A.
0.16249700
-1.
0.
1.
-0.
-1.
-1.
0.
.33553700
.58114800
.58783500
.96048200
. 95349300
.85460600
.85547500
.05004200
.23149100
12719400
.23120400

c

Ttz oQrmTtQm=z0

-2

-2.
.64567400
.03097800
.72439900
.06271700
.03196000
.03131200
.34625600
.29421600
.49896400
.43666900
.35899900
.91983100
.99472200
.99355000
.81582300
.37742200
.67951100
.38425000

-2

-2.
.65595900
.02351400
.69424100
.06360400
.03392900
.03255900
.34217200
.27370200
.50222900
.45080200
.34242800
.89139400
.97989000
.97785800
.81231800
.38112800
.66420200
.37946900

63521300

32793800

32427500

-1

-1

0.16806400
-1.
0.
1.
-0.
-1.
.33859700
0.
.35747700
.58744100
.59271300
.93093200
.93452200
.81058900
.81069300
.01427400
.27525000
.09444700
.28341700

35356000
24118900
21362600
68557500
33873500

13464400

22890400
19608100
70467600
35669400
35748000
12379600

34087500
21677700
17833400
72354300
37505700
37550500
11306400

0.

0.
-0.
-0.
-0.
-0.

0.
-0.

0.

0.
-0.
.00075000
.00026200
.87830700
.88138200
.00119700
.88754900
.00089300
.89110300

0.00003900
.00004000
.00000100
.00008000
.00011600
.87854600
.87887700
.00009600
.00013500
.00022900
.00057000
.00009800
.00015500
.87995900
.87978300
.00025400
.89211900
.00485900
.88645400

0.00004800
0.
-0.
-0.
-0.
-0.
0.
-0.
-0.
0.
-0.
0.
-0.
-0.
0.
0.
-0.
0.
0.

00037100
00081100
00047300
00086100
88043200
87807800
00014000
00020300
00084100
00068100
00050400
00001800
87889300
88080500
00028500
89369100
00987000
88485500

00013600
00134800
00204400
00133800
00152800
88151800
87807600
00040100
00002400
00002700
00026500
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Table 9.527 Energies of AcGlyNHMe

optimized at d = 2.974-1.974 A. Values are
corrected for the zero-point vibrational energy.

d(A) Energy (Hartree)
2.974 —456.533758
2.924 —456.533586
2.874 —456.533458
2.824 -456.533614
2.774 —456.533817
2.724 —456.533977
2.674 —456.534115
2.624 —456.534316
2.574 —456.534519
2.524 —456.534791
2474 —456.535157
2.424 —456.535401
2.374 —456.535690
2.324 —456.536146
2.274 —456.536401
2.224 —456.536491
2.174 —456.536475
2.124 —456.536346
2.074 —456.536090
2.024 —456.535714
1.974 —456.535143

Table 9.528 Donor—acceptor distances (A) for various conformations of AcGlyNHMe.

¢ ()
w() 180 170 160 150 140 130 120 110 100
180  2.182 2197 2241 2311 2403 2513 2633 2.761 2.891
170 2197 2199 2230 2290 2373 2475 2591 2716 2.845
160 2241 2230 2249 2297 2369 2463 2572 2693 2.820
150 2311 2289 2296 2332 2393 2477 2579 2694 2.817
140 2402 2371 2368 2392 2443 2518 2611 2719 2.837
130 2510 2472 2460 2475 2517 2582 2666 2767 2.879
120 2630 2587 2568 2576 2.609 2.665 2742 2.835 2.940
110 2756 2710 2.687 2.689 2715 2.764 2.833 2919 3.018
100  2.884 2.838 2.813 2811 2832 2874 2937 3.016 3.108
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Table 9.529 Data used to generate Figure 9.10A.

¢ (°)
w(°) -180 -170 -160 -150 -140 -130 -120 -110 -100
180 144 128 089 047 0.17 0.03
170 128 132 1.08 0.69 032 010 0.01
160 0.90 1.08 1.03 0.76 044 0.18 0.04
150 050 0.7 0.78 0.67 045 023 0.08 0.01
140 021 036 047 047 037 022 010 0.03
130 0.07 015 023 026 024 0.17 0.09 0.04
120 0.01 0.04 009 0.12 013 0.11 0.07 0.03 0.01
110 0.01 0.03 0.04 0.06 005 0.04 003 0.01
100 0.01 0.02 0.02 0.2 0.02 0.01
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CHAPTER IX — Addendum

Crystal Structures of Diethylglycine Derivatives

AcDegNHMe

The crystal lattice features a center of inversion. Solution of the structure shows a
superposition of two arrangements that differ in the direction of the hydrogen bonding pattern.
Specifically, the optimal refinement of the structure is achieved by dividing the occupancy of
each amide group in two and fitting the observed density to a superposition of the two amide
directionalities (for example, carbonyls pointed “up” versus pointed “down” in Figure 9.S24).
Both orientations share a common conformation that differs qualitatively from that observed in

solution.

Figure 9.524 Molecular structure of AcDegNHMe.
Thermal ellipsoids are drawn at the 50% probability level.

Experimental
Single crystals of AcDegNHMe (CgH1sN,0;) were grown by slow evaporation from hexane
with minimal DCM. A suitable crystal was selected and mounted on a Bruker APEX-II

CCD diffractometer. The crystal was kept at 99.98 K during data collection. Using Olex2,*’® the
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structure was solved with the ShelXS** structure solution program using direct methods and

refined with the ShelXL>* refinement package using least squares minimization.

Table 9.S30 Crystal data and structure refinement for AcDegNHMe.

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

alA

b/A

c/A

a/°

pre

y/°

Volume/A®

VA

pcalcglcm3

w/mm™

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A’

AcDegNHMe

C9H18N202

186.25

99.98

triclinic

pl

7.6768(6)

8.5375(7)

9.3954(14)

104.495(5)

95.056(9)

115.922(5)

522.21(10)

2

1.184

0.680

204.0

1.2x0.21x0.16

CuKa (A =1.54178)

9.984 to 144.818
-9<h<9,-10<k<10,-10<1<11
9035

1982 [Rin = 0.0482, Rgigma = 0.0350]
1982/0/122

1.121

R; =0.1071, wR, = 0.2537
R, =0.1147, wR, = 0.2579
0.81/-0.64
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Table 9.531 Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A?x10%) for AcDegNHMe. U, is defined as 1/3 of the trace of the orthogonalized U,; tensor.

atom X y z U(eq)
C1 227 (6) 1518 (6) 2367 (5) 23.3(8)
N1 1385(5) 7323 (5) 3242 (4) 27.5(8)
01 178(8) 3030 (7) 587 (6) 27.2(12)
C2 -352(5) 2775 (5) 1898 (4) 26.1(8)
N2 -1366(6) 3431 (5) 2672 (4) 28.9(9)
02 -315(8) 7014 (7) 905 (6) 27.2(12)
C3 -2012 (o6) 4706 (5) 2242 (5) 25.8(9)
N3 -352(5) 2775 (5) 1898 (4) 26.1(8)
03 -2122(8) 2718 (7) 3856 (6) 27.9(12)
C4 -3435(6) 3728 (5) 664 (4) 23.3(8)
N4 -252(6) 6336 (5) 2140 (4) 29.1(9)
04 1594 (8) 7069 (7) 4594 (6) 29.3(12)
C5 -5395(6) 2093 (6) 573 (5) 33.4(10)
Cé6 -2996 (6) 5303 (6) 3471 (4) 28.3(9)
Cc7 =-3767(7) 6604 (7) 3222 (5) 36.2(11)
C8 -252(6) 6336 (5) 2140 (4) 29.1(9)
C9 3021 (7) 8979 (6) 3137 (5) 26.2(9)
C10 1385(5) 7323 (5) 3242 (4) 27.5(8)
Cl1 -1366(6) 3431 (5) 2672 (4) 28.9(9)

Table 9.532 Anisotropic displacement parameters (A?x10°%) for AcDegNHMe. The anisotropic
displacement factor exponent takes the form: -2n°[h“a*?Uy,+2hka*b*U,+. .. ].

atom Un U, Uss Uy Uiz Up
C1 27 (2) 31(2) 9(2) 11.3(16) 4.9(16) 18.6(18)
C3 23.2(19) 27 (2) 9(2) 11.1(16) -2.7(16) 13.9(106)
C4 24 .5(19) 31(2) 20. (19) 12.8(15) 3.6(15) 16.8(17)
C5 23(2) 42 (2) 8(2) 14.1(19) -2.7(17) 9.7(18)
Cé6 35(2) 32 (2) 19. (19) 12.5(16) -4.0(16) 16.3(18)
c7 51 (3) 50 (3) 6(2) 16(2) 13(2) 38 (2)
C9 33(2) 26(2) 0(2) 7.1(16) -0.2(17) 15.7(18)
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Table 9.533 Bond lengths for AcDegNHMe.
atomatom length/A atomatom length/A

Cl C2 1.471(5) N2 C3 1.501(5)
N1 N4 1.330(5) C3 C4 1.544(5)
N1 C9 1.458(5) C3 N4 1.489(5)
Ol C2 1.369(6) C3 C6 1.536(6)
Ol 02' 1.408(8) C4 C5 1.517(6)
C2 N2 1.313(5) C6 C7 1.522(6)
1X1-Y,-Z

Table 9.534 Bond angles for AcDegNHMe.
atomatomatom angle/° atomatomatom angle/°

N4 N1 C9 120.3(4) N4 C3 N2 109.7(3)
C2 01 02! 167.9(5) N4 C3 C4 107.1(3)
Ol C2 Cl1 112.4(4) N4 C3 C6 110.4(3)
N2 C2 Cl 120.0(4) C6 C3 C4 112.4(3)
N2 C2 Ol 127.5(4) C5 C4 C3 114.7(3)
C2 N2 C3 122.4(4) N1 N4 C3 122.2(4)
N2 C3 C4 109.8(3) C7 C6 C3 115.2(3)
N2 C3 C6 107.5(3)

1X,1-Y,-Z
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Table 9.535 Hydrogen atom coordinates (Ax10%) and isotropic displacement parameters (A?x10°) for

AcDegNHMe.

atom X y z U(eq)
H1A 150 (60) 550(60) 1520 (50) 22(10)
H1B -530(80) 1050 (70) 2960 (60) 38(14)
HiC 1540 (90) 2180 (70) 2860 (60) 44 (14)
H1 1594 (8) 7069 (7) 4594 (6) 29.3(12)
H8 -315(8) 7014 (7) 905 (6) 27.2(12)
H 178(8) 3030 (7) 587 (6) 27.2(12)
H2 -2122(8) 2718 (7) 3856 (6) 27.9(12)
H4A -3716 4633 349 28
H4B -2750 3305 -64 28
H9B 4090 (90) 8840 (70) 2950 (60) 46 (15)
HIC 2650 (80) 9280 (80) 2460 (70) 47 (16)
H5A -6090 1412 -488 50
H5B -6220 2528 1109 50
H5C -5142 1283 1037 50
H6A -4121 4188 3543 34
H6B -2018 5910 4451 34
H7A -4825 5982 2301 54
H7B -2677 7701 3121 54
H7C -4295 6967 4086 54
HOA 3230(70) 10070 (70) 3890 (60) 39(14)

Table 9.536 Atomic occupancy for AcDegNHMe.

atomoccupancy atomoccupancy atom occupancy

N1
H8
N2
N3
04
Cl1

0.

O O O O O

5

(G2 BN C BNC BN G NE) ]

H1 0.
Cc2 0.
H2 0.
03 0.
C8 0.

5

[S)ENG ENC INC)|

01
H
02
N4
C10

0.5

O O O O
[C2ENC NG NE)]
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AcDegOMe
The compound crystallizes as a hydrogen-bonded array of alternating conformations that are
pseudo-symmetric about a glide plane containing the hydrogen-bonded axis. The conformation

differs qualitatively from that observed in solution.

Figure 9.525 Molecular structure of AcDegOMe.
Thermal ellipsoids are drawn at the 50% probability level.

Experimental

Single crystals of AcDegOMe (CgH17NO3) were grown by slow evaporation from hexane
with minimal DCM. A suitable crystal was selected and mounted on a Bruker APEX-II
CCD diffractometer. The crystal was kept at 100.05 K during data collection. Using Olex2,*’® the

451
85

structure was solved with the ShelX structure solution program using direct methods and

refined with the ShelXL>* refinement package using least squares minimization.



Table 9.S37 Crystal data and structure refinement for AcDegOMe.

Identification code AcDegOMe
Empirical formula CoH17NO4

Formula weight 187.23
Temperature/K 100.05

Crystal system triclinic

Space group P-1

alA 7.434(2)

b/A 9.770(3)

c/A 14.488(4)

a/° 84.158(12)

/e 78.159(13)

v/° 81.529(14)
Volume/A3 1015.9(5)

z 4

Peacd/em® 1.224

w/mm™ 0.091

F(000) 408.0

Crystal size/mm? 0.314 x 0.193 x 0.106
Radiation MoKa (A =0.71073)
20 range for data collection/°2.88 to 61.266

Index ranges -10<h<10,-13<k<13,-20<1<20
Reflections collected 28342

Independent reflections 6229 [Rint = 0.0270, Rsjgma = 0.0227]
Data/restraints/parameters ~ 6229/0/243

Goodness-of-fit on F? 1.078

Final R indexes [[>=26 (I)] R;=0.0457, wR, =0.1233

Final R indexes [all data] R; =0.0556, wR, = 0.1302

Largest diff. peak/hole / e A 0.50/-0.23

269
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Table 9.538 Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A?x10%) for AcDegOMe. U, is defined as 1/3 of the trace of the orthogonalized U, tensor.

atom X y z U(eq)
C1 8768.3(16) -677.9(11) 2959.6(8) 13.8(2)
C2 7008.5(16) 43.0(12) 3561.4(8) 16.5(2)
C3 5503.8(18) -895.2(14) 3922.1(9) 22.0(2)
C4 9622.4(18) -2006.5(12) 3467.1(9) 18.5(2)
C5 10103 (2) -1795.0(15) 4411.3(11) 28.1(3)
C6 10253.6(16) 304.4(12) 2726.6(8) 15.5(2)
o7 10265.7(14) 1294.7(10) 3146.7(7) 24.4(2)
08 11629.9(12) -171.2(9) 2034.1(7) 18.54(18)
C9 13277.4(17) 493.2(13) 1869.4(10) 20.8(2)
N10 8377.9(14) -1086.2(10) 2083.1(7) 14.04(18)
Cl1 8049.9(15) -163.8(11) 1366.7(8) 13.2(2)
012 7957.0(12) 1103.4(8) 1410.6(6) 17.24(18)
C13 7838.0(18) =777.6(13) 487.4(9) 18.8(2)
C14 5605.7(15) =-5224.7(11) 2466.2(8) 13.3(2)
C15 4171.3(16) -6257.2(12) 2649.9(9) 17.7(2)
Cl6 2247.3(18) -5692.1(14) 3167.1(11) 25.7(3)
C17 5964.8(16) -4740.8(12) 3381.0(8) 15.8(2)
C18 6633 (2) -5918.7(14) 4054.6(9) 23.9(3)
C19 4850.1(15) -3949.8(11) 1878.6(8) 14.5(2)
020 4354.3(13) -2812.0(9) 2161.5(7) 20.47(19)
021 4686.1(13) -4278.5(9) 1025.7(6) 19.35(18)
C22 3785 (2) -3176.3(13) 466.3(10) 23.2(3)
N23 7312.1(13) -5925.2(10) 1919.9(7) 13.39(18)
C24 8762.5(16) -5259.5(11) 1505.9(8) 13.8(2)
025 8728.5(13) -3992.5(9) 1516.7(6) 18.47(18)
C26 10423.8(17) -6163.3(12) 1009.7(9) 18.7(2)
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Table 9.539 Anisotropic displacement parameters (A?x10°) for AcDegOMe. The anisotropic

displacement factor exponent takes the form: —2n2[h2a*2U11+2hka*b*U12+. .

atom
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Table 9.540 Bond lengths for AcDegOMe.
atomatom length/A  atomatom length/A
Cl C2 1.5340(16) C14 C15 1.5399(1l0)
Cl C4 1.5437(1l6) C14 C17 1.5367(1lo)
Cl C6 1.5323(1l6) C14 C19 1.5382(l0)
Cl NI10 1.4644(15) C14 N23 1.4651(14)
C2 C3 1.5263(17) C15 C16 1.5244(18)
C4 C5 1.5238(19) C17 C18 1.5251(18)
C6 O7 1.1964(15) C19 020 1.2040(14)
C6 08 1.3426(15) C19 021 1.3412(15)
08 C9 1.4356(15) 021 C22 1.4483(15)
N10 C11 1.3408(15) N23 C24 1.3443(15)
Cl1 012 1.2371(14) C24 025 1.2360(14)
Cl1 C13 1.5077(16) C24 C26 1.5051(16)

Table 9.541 Bond angles for AcDegOMe.

atomatomatom  angle/ atomatomatom  angle/°

C2 Cl1 C4 113.23(10) C17 Cl14 C15 112.92(10)
Cé6 Cl1 C2 109.49(9) C17 C14 C19 108.54(9)
C6 Cl1 C4 106.59(9) C19 C14 C15 107.69(9)
N10 C1 C2 110.84(9) N23 Cl14 Cl15 106.72(9)
N10 C1 C4 106.80(9) N23 Cl4 C17 110.84(9)
N10 C1 C6 109.76(9) N23 Cl4 C19 110.07(9)
C3 C2 Cl1 113.93(10) Ci16 C15 C14 114.93(10)
C5 C4 Cl 114.69(10) C18 C17 Cl14 113.96(10)
O7 C6 Cl1 125.14(11) 020 C19 C14 124.76(11)
O7 C6 08 124.40(11) 020 C19 021 123.49(11)
08 C6 Cl 110.23(10) 021 C19 C14 111.60(9)
C6 08 C9 116.09(10) C19 021 C22 115.32(10)
C11 N10 C1 122.54(9) C24 N23 Cl14 122.85(9)
N10 C11 C13 115.32(10) N23 C24 C26 115.21(10)
012 C11 N10 122.84(11) 025 C24 N23 122.58(11)
012 C11 C13 121.83(10) 025 C24 C26 122.20(10)
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Table 9.542 Hydrogen atom coordinates (Ax10%) and isotropic displacement parameters (A?x10°) for
AcDegOMe.

atom X y z U(eq)
H2A 7346 399 4110 20
H2B 6499 850 3180 20
H3A 5318 -1385 3398 33
H3B 4343 -331 4184 33
H3C 5884 -1572 4416 33
H4A 8739 -2698 3575 22
H4B 10764 -2398 3044 22
H5A 10934 -1081 4320 42
H5B 10720 -2668 4662 42
H5C 8965 -1500 4859 42
H9A 13118 1340 1454 31
HI9B 14335 -138 1569 31
HIC 13503 731 2473 31
H10 8358 -1971 2024 17
H13A 7004 -129 157 28
H13B 7320 -1655 663 28
H13C 9053 -948 71 28
H15A 4058 -6561 2035 21
H15B 4644 -7086 3025 21
H16A 1750 -4881 2797 38
H16B 2330 -5421 3789 38
H16C 1425 -6410 3248 38
H17A 6905 -4091 3213 19
H17B 4805 -4225 3713 19
H18A 7684 -6511 3710 36
H18B 5623 -6471 4318 36
H18C 7022 -5531 4569 36
H22A 3669 -3525 -126 35
H22B 4527 -2404 326 35
H22C 2551 -2854 821 35
H23 7391 -6821 1860 16
H26A 10305 -6229 355 28
H26B 10497 -7092 1337 28

H26C 11551 -5757 1014 28
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AcDegMe

The compound crystallizes as hydrogen-bonded arrays of alternating conformations.

Figure 9.526 Molecular structure of AcDegMe.
Thermal ellipsoids are drawn at the 50% probability level.
Experimental

Single crystals of AcDegMe (CgH;7NO) were obtained by slow evaporation from hexane
with minimal DCM. A suitable crystal was selected and mounted on a Bruker APEX-II
CCD diffractometer. The crystal was kept at 100.0 K during data collection. Using Olex2,%’® the

451
S

structure was solved with the ShelX structure solution program using direct methods and

refined with the ShelXL*® refinement package using least squares minimization.



Table 9.543 Crystal data and structure refinement for AcDegMe.

Identification code AcDegMe
Empirical formula CsHq17NO
Formula weight 143.22
Temperature/K 100.0

Crystal system triclinic

Space group P-1

alA 7.2873(15)

b/A 9.662(2)

c/A 12.662(3)

a/° 91.534(5)

/e 91.253(5)

v/° 95.675(5)
Volume/A3 886.5(3)

z 4

Peacd/em® 1.073

w/mm™ 0.070

F(000) 320.0

Crystal size/mm? ?7X?2%7?
Radiation MoKa (A =0.71073)
20 range for data collection/® 3.218 to 58.924
Index ranges -10<h<10,-13<k<13,-17<1<17
Reflections collected 23945

Independent reflections 4896 [Riy = 0.1452, Ryigma = 0.0807]
Data/restraints/parameters ~ 4896/0/189

Goodness-of-fit on F? 1.060

Final R indexes [[>=26 (I)] R;=0.0618, wR, =0.1685

Final R indexes [all data] R, =0.0804, wR, =0.1816

Largest diff. peak/hole / e A 0.96/-0.39
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Table 9.543 Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters

(A?x10%) for AcDegMe. Uy, is defined as 1/3 of the trace of the orthogonalized U, tensor.

atom X y z U(eq)
C1 =47 (2) 10948.5(15) 7273.2(13) 19.3(3)
C2 -1210(2) 9928.7(17) 6473.5(13) 24.2(3)
C3 586 (2) 10136.5(16) 8212.4(13) 22.8(3)
C4 1789 (2) 10998.1(19) 9012.6(14) 28.8(4)
C5 -1176.3(19) 12140.7(15) 7630.0(12) 17.7(3)
C6 -2893(2) 11696.1(16) 8256.5(13) 23.0(3)
N7 1551.7(16) 11636.1(12) 6719.1(10) 15.5(3)
C8 2957.3(19) 11005.1(14) 6309.7(11) 15.4(3)
09 3165.0(15) 9757.9(11) 6403.8(9) 22.8(3)
C10 4319 (2) 11936.1(15) 5698.7(12) 19.1(3)
Cl1 4008 (2) 16400.1(15) 8094.7(11) 17.7(3)
C12 4965 (2) 17737.6(16) 8615.4(13) 22.2(3)
C13 5442 (2) 15364.5(16) 7846.3(13) 21.9(3)
C14 6780 (2) 15785.4(18) 6981.2(14) 29.1(4)
Ci15 2567 (2) 15697.7(16) 8841.2(13) 23.4(3)
Cl6 935(2) 16518.5(19) 9070.3(14) 29.8(4)
N17 3106.1(16) 16818.7(12) 7108.5(9) 15.2(3)
C18 2130.9(19) 15938.6(14) 6414.5(12) 16.4(3)
019 1874.9(16) 14671.0(11) 6527.2(9) 23.8(3)
C20 1356 (2) 16612.0(15) 5458.9(12) 19.2(3)
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Table 9.545 Anisotropic displacement parameters (A?x10°) for AcDegMe. The anisotropic displacement
factor exponent takes the form: -2rn’[h’a*?U+2hka*b*U+. .. ].

atom Uy Uy Uss Uy U3 U,
C1 18.4(7) 15.8(7) 24.7(8) 6.8 (06) 8.9(0) 2.4(5)
C2 21.8(7) 25.8(8) 25.9(8) 6.0(06) 6.4(06) 3.4(6)
C3 23.6(7) 25.5(8) 20.7(8) 7.5(6) 5.8(6) 7.1(6)
C4 27.0(8) 35.6(9) 25.0(9) 2.2 (7) 6.0(06) 6.7(7)
C5 16.6(6) 15.0(6) 22.4(7) 3.8(5) 5.5(5) 3.6(5)
Cé6 21.1(7) 22.3(7) 27.2(8) 5.3(6) 10.3(6) 7.3(6)
N7 16.3(6) 12.0(5) 19.0(06) 5.3(4) 6.2(4) 2.5(4)
C8 15.2(6) 16.2(6) 15.1(7) 1.6(5) 3.3(5) 1.9(5)
09 24.0(06) 16.6(5) 29.0(0) 4.8 (4) 10.2(4) 5.1(4)
C10 16.6(7) 19.4(7) 21.7(8) 5.0(6) 6.8(5) 1.4(5)
Cl1 22.8(7) 16.2(7) 14.5(7) 3.6(5) -0.4(5) 3.6(5)
C12 24.8(8) 22.3(8) 19.2(8) -0.1(6) -2.1(06) 1.2(0)
C13 25.7(8) 19.8(7) 21.4(8) 4.3(06) -1.6(0) 7.8(06)
Cl4 28.8(8) 30.5(9) 30.5(9) 5.1(7) 6.7(7) 13.4(7)
C15 31.3(8) 22.3(7) 17.3(8) 8.3(06) 4.9 (0) 2.3(6)
C16 32.3(9) 32.0(9) 26.4(9) 9.3(7) 11.8(7) 4.2 (7)
N17 20.1(06) 11.6(5) 14.3(6) 3.6(4) 1.3(4) 2.3(4)
C18 17.5(6) 15.5(7) 16.6(7) 1.7(5) 4.7 (5) 2.8(5)
019 30.5(06) 13.6(5) 26.8(0) 3.6(4) -3.6(5) 0.3(4)
C20 22.6(7) 19.1(7) 16.1(7) 2.7(6) 0.1(5) 1.8(06)

Table 9.546 Bond lengths for AcDegMe.

atomatom length/A  atomatom  length/A

Cl1 cC2 1.568(2) Cl1 C12 1.532(2)
Cl1 cCs3 1.530(2) C11 C13 1.548(2)
Cl C5 1.5441(19) C11 Ci15 1.547(2)
Cl N7 1.4828(18) Cl11 N17 1.4828(18)
C3 C4 1.503(2) C13 C14 1.519(2)
C5 C6 1.528(2) C15 C16  1.522(2)
N7 C8 1.3488(17) N17 C18 1.3467(19)
C8 09 1.2378(17) C18 019 1.2330(17)
C8 C10 1.512(2) C18 C20 1.514(2)
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Table 9.547 Bond angles for AcDegMe.
atomatomatom  angle/ atomatomatom  angle/

C3 Cl C2 109.50(12) C12 Cl11 C13 110.18(12)
C3 Cl1 C5 111.69(12) C12 Cl11 C15 110.37(12)
C5 Cl C2 110.44(12) C15 Cl11 C13 108.47(12)
N7 Cl1 C2 108.81(12) N17 Cl11 Cl12 106.32(11)
N7 C1 C3 111.11(12) N17 C11 C13 110.71(12)
N7 Cl1 C5 105.18(11) N17 C11 C15 110.79(12)
C4 C3 Cl1 114.35(14) Cl14 Cl13 C11 115.61(13)
C6 C5 C1 115.30(12) C16 C15 C11 115.23(13)
C8 N7 Cl1 126.22(12) C18 N17 Cl1 124.92(12)
N7 C8 C10 115.13(12) N17 C18 C20 115.20(12)
09 C8 N7 124.40(13) O19 C18 N17 123.63(14)
09 C8 C10 120.47(12) 019 C18 C20 121.16(13)
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Table 9.548 Hydrogen atom coordinates (Ax10%) and isotropic displacement parameters (A?x10°) for
AcDegMe.

atom X y z U(eq)
H2A -1556 10439 5853 36
H2B -2326 9528 6815 36
H2C -474 9181 6252 36
H3A -517 9711 8570 27
H3B 1273 9371 7943 27
H4A 2855 11463 8662 43
H4B 2215 10394 9557 43
H4C 1080 11698 9341 43
H5A -363 12820 8069 21
H5B -1561 12625 6995 21
H6A -3703 11009 7838 34
H6B -3552 12510 8416 34
H6C -2526 11284 8918 34
H7 1587 12542 6651 19
H10A 5480 12111 6107 29
H10B 3812 12821 5572 29
H10C 4547 11479 5020 29
H12A 5892 18160 8141 33
H12B 5566 17517 9281 33
H12C 4048 18392 8757 33
H13A 6164 15236 8502 26
H13B 4771 14453 7641 26
H14A 6104 15788 6304 44
H14B 7709 15121 6936 44
H14C 7389 16719 7146 44
H15A 2092 14780 8525 28
H15B 3196 15529 9520 28
H16A 273 16668 8408 45
H16B 1381 17420 9404 45
H16C 101 15997 9547 45
H17 3216 17709 6966 18
H20A 5 16466 5455 29
H20B 1810 16194 4814 29
H20C 1750 17612 5489 29

F;CDegOH
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The compound crystallizes as a complex with sodium ions and trifluoroacetate in 2:2:1
stoichiometry. Coordinates of acidic hydrogens are not reliably determined. In one case,
modeling of a trifluoroacetyl group was improved by explicitly modeling additional, partially-

occupied sites.

Figure 9.527 Molecular structure of F;:CDegOH.
Thermal ellipsoids are drawn at the 50% probability level.
Experimental

Single crystals of F;3CDegOH (C1gH24F9N2NaOg) were prepared by slow evaporation from
hexane with minimal DCM. A suitable crystal was selected and mounted on a Bruker APEX-II
CCD diffractometer. The crystal was kept at 100.04 K during data collection. Using Olex2,*'® the

451
S

structure was solved with the ShelX structure solution program using direct methods and

refined with the ShelXL*® refinement package using least squares minimization.



Table 9.549 Crystal data and structure refinement for F;:CDegOH.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

pre

y/°

Volume/A®

z

pcalcglcm3

w/mm'™

F(000)

Crystal size/mm?
Radiation

FsCDegOH
Ci1gH24F9N>NaOg
590.38

100.04

monoclinic

P21/C

14.470(4)

13.372(5)

12.713(4)

90

92.070(18)

90

2458.3(13)

4

1.595

0.179

1208.0

0.244 x 0.113 x 0.088
MoKa (A =0.71073)

20 range for data collection/°2.816 to 61.108

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F
Final R indexes [[>=2c (I)]
Final R indexes [all data]

-20<h<20,-19<k<18,-18<1<18

58109

7512 [Rint = 0.0534, Rsigma = 0.0334]
7512/0/380

1.025

R1 =0.0470, wR, = 0.0980
R:=0.0697, wR, = 0.1088

Largest diff. peak/hole / e A®0.77/-0.64

281
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Table 9.S50 Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters
(AZX103) for F3CDegOH. Uy, is defined as 1/3 of the trace of the orthogonalized U, tensor.

atom X y z U(eq)
Nal 0 0 0 15.50(18)
Na2 -5000 0 0 16.18(18)
03 -1715.3(8) 329.9(9) -120.1(9) 18.1(2)
C4 -2514.1(10) 103.3(11) -423.4(11) 13.5(3)
05 -3272.6(8) 389.9(9) -100.9(9) 18.5(2)
(6(0) -2581.2(10) -615.0(12) -1376.2(13) 17.5(3)
F7 -3331.2(8) -1165.0(9) -1402.4(9) 30.3(3)
F8 -1872.0(9) -1216.6(13) -1418.0(14) 69.7(6)
F9 -2616.4(12) -85.3(11) -2264.3(9) 57.4(5)
C10 -460.7(10) 2313.7(11) -2709.6(11) 13.5(3)
Ci11 -462.6(11) 2773.4(12) -1602.2(12) 17.4(3)
C12 314.3(13) 3520.4(14) -1381.6(14) 26.2(4)
C13 -1226.7(11) 1522.1(12) -2848.0(12) 17.2(3)
Cl4 -1326.7(13) 1089.2(13) -3955.5(13) 23.6(3)
Ci15 -618.1(10) 3138.1(11) -3531.8(12) 13.7(3)
016 -38.9(7) 3384.2(8) -4155.0(8) 15.6(2)
017 -1444.2(8) 3528.1(9) -3481.4(9) 19.5(2)
N18 446.2(9) 1884.8(10) -2933 (1) 14.7(2)
C19 827.6(10) 1117.9(11) -2414.3(12) 15.1(3)
020 520.6(8) 664.0(9) -1670.4(9) 18.8(2)
c21 1737.2(11) 755.6(12) -2885.9(13) 19.7(3)
F22 2329.3(7) 428.8(9) -2152.6(9) 28.9(2)
F23 1551.3(8) -4.1(10) -3541.7(10) 37.2(3)
F24 2152.9(8) 1456.8(9) -3436.8(10) 37.6(3)
C25 -4323.6(11) 2327.2(13) 2732.9(13) 21.2(3)
C26 -4248.4(18) 3395.7(15) 2314.6(18) 41.2(6)
c27 -4988(2) 3669 (2) 1508 (2) 62.4(9)
C28 -3583.5(13) 2121.8(18) 3608.9(15) 35.2(5)
C29 -3602.2(15) 1071 (2) 4052.9(16) 42.5(6)
C30 -4193.8(11) 1572.2(13) 1844.0(12) 18.3(3)
031 -4732.1(8) 891.5(9) 1652.9(9) 20.0(2)
032 -3434.8(8) 1741.8(10) 1342.6(10) 25.3(3)
N33 -5251.6(9) 2121.2(11) 3113.5(11) 19.3(3)
C34 -5666.7(11) 2655.1(13) 3841.3(13) 19.5(3)
035 -5369.1(9) 3386.7(9) 4311.8(10) 24.6(3)
C36 -6635.6(13) 2255.7(16) 4095.0(1l6) 31.3(4)
F37 -6624.8(19) 1233 (2) 4199 (3) 51.2(10)
F38 -6575(2) 1943 (3) 5126 (2) 45.1(10)
F39 -7017 (3) 2645 (4) 4830 (3) 88 (3)
F40 =7215(2) 3052 (3) 4177 (3) 48.4(10)
F41 -7216.1(18) 2346 (3) 3210 (3) 45.9(9)
F42 -6971 (3) 1620 (5) 3526 (4) 96 (3)
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Table 9.551 Anisotropic displacement parameters (A?x10°) for F;CDegOH. The anisotropic

displacement factor exponent takes the form: —2n2[h2a*2U11+2hka*b*U12+. .

atom
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Table 9.552 Bond lengths for F;CDegOH.

atomatom length/A  atomatom length/A
Nal O3 2.5201(13) 016 Nal’ 2.4145(13)
Nal O3' 2.5201(13) N18 C19 1.3284(19)
Nal O16%2.4146(13) C19 020 1.2210(19)
Nal 016°2.4146(13) C19 C21  1.544(2)
Nal 020'2.4456(12) C21 F22 1.3177(19)
Nal 020 2.4456(12) C21 F23  1.335(2)
Na2 O5 2.5611(13) C21 F24 1.3275(19)
Na2 O5* 2.5611(13) C25 C26  1.530(3)
Na2 O31°2.4348(12) C25 C28  1.542(3)
Na2 O31 2.4348(12) C25 C30 1.532(2)
Na2 035°2.3814(14) C25 N33 1.470(2)
Na2 035°2.3814(14) C26 C27 1.501 (4)
03 C4 1.2428(18) C28 C29  1.515(4)
C4 O5 1.2457(19) C30 031 1.217(2)
C4 C6 1.546(2) C30 032 1.309(2)
C6 F7 1.3103(18) N33 C34 1.329(2)
C6 F8 1.307(2) C34 035 1.217(2)
C6 F9 1.332(2) C34 C36 1.545(3)
Cl10 C11  1.536(2) 035 Na2®2.3814(14)
C10 C13 1.538(2) C36 F37 1.374 (4)
C10 C15 1.531(2) C36 F38 1.375(3)
C10 N18 1.4692(19) C36 F39  1.219(3)
Cll C12 1.522(2) C36 F40  1.361(4)
Cl3 Cl14 1.524(2) C36 F41  1.385(3)
C15 016 1.2191(19) C36 F42  1.206(3)
C15 017 1.3078(18)

LIX,-Y -Z; 2-X,-1/2+Y ,-1/2-Z; 3+ X, 1/2-Y 12+ Z; *-1-X,-Y ,-Z; 5-1-X -1/2+Y ,1/2-Z; 5+ X, 1/2-Y ,-1/2+Z; '-

X, 1/2+Y ,-1/2-Z; 8-1-X,1/2+Y,1/2-Z
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Table 9.553 Bond angles for F;:CDegOH.

atomatomatom  angle/ atomatomatom  angle/

03 Nal 03! 180.0 C12 C11 C10 113.93
016% Nal O3 80.30(4) Cl4 C13 C10 114.26
016*Nal 03! 99.70(4) 016 C15 C10 123.32
016°Nal 03! 80.30(4) 016 C15 017 125.12
016° Nal O3 99.70(4) O17 C15 C10 111.56
016> Nal O16° 180.00(5) C15 016 Nal’ 123.94
016> Nal 020! 85.73(4) C19 N18 C10 124.29
016°Nal 020! 94.27(4) N18 C19 C21 113.22
016°Nal 020 94.26(4) 020 C19 N18 127.73

(4) 020 C19 C21 118.94

(4) C19 020 Nal 170.15

(4) F22 C21 C19 111.77

(4) F22 C21 F23 107.50

(4) F22 C21 F24 108.19
F23 C21 C19 109.02
F24 C21 C19 113.09
F24 C21 F23 107.02

0 (
) (
) (
) (
) (
) (
) (
) (
) (
016°Nal 020  85.74 (4) (
020 Nal 03" 102.56(4) (
020 Nal O3 102.56(4) (
020 Nal 03!  77.44(4) (
020" Nal O3 77.44 (4) (
020" Nal 020 180.0 (
05* Na2 05 180.0 (
031*Na2 05"  79.53(4) (
031*Na2 O5 100.47(4) C26 C25 C28 111.17(
031 Na2 05 79.53(4) C26 C25 C30 110.30(
031 Na2 O5* 100.47(4) C30 C25 C28 108.37(
031 Na2 031* 180.0 N33 C25 C26 111.52(
035° Na2 O5* 90.20(4) N33 C25 C28 110.36(
035° Na2 05 90.20(4) N33 C25 C30 104.90 (
035°Na2 O5* 89.80(4) C27 C26 C25 114.0
035° Na2 05 89.80(4) C29 C28 C25 114.40 (
035°Na2 031* 84.27(5) 031 C30 C25 123.07 (
035°Na2 031 84.27(5) 031 C30 032 125.06 (
035°Na2 031 95.73(5) 032 C30 C25 111.86(
035°Na2 031* 95.73(5) C30 031 Na2 128.27(
035°Na2 035° 180.00(9) C34 N33 C25 124.74 (
C4 O3 Nal 151.54(10) N33 C34 C36 113.32(
O3 C4 05 130.05(14) 035 C34 N33 127.80 (
O3 C4 C6 115.20(13) 035 C34 C36 118.87(
O5 C4 C6 114.70 ) C34 035 Na2®168.32(
C4 O5 Na2 145.77 ) F37 C36 C34 110.91 ¢
F7 C6 C4 113.39(13) F37 C36 F41 99.7
F7 C6 F9 105.70(14) F38 C36 C34 106.09
F8 C6 C4 112.78(13)
F8 C6 F7 107.73 )
F8 C6 F9 107.39 )
F9 C6 C4 109.45(14)
Cll1 C10 C13 110.80(13)
Cl15 C10 C11 109.42(13)

(
F39 C36 C34 116.8
F39 C36 F37 110.8
F39 C36 F41 107.9
F40 C36 C34 108.1
F40 C36 F38 100.6
F41 C36 C34 109.19(
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C15 C10 C13 109.18(12) F42 C36 C34 117.8(2)
N18 C10 C11 111.38(12) F42 C36 F38 111.5(4)
N18 C10 C13 110.75(13) F42 C36 F40 111.2(4)
N18 C10 C15 105.14(12)

LX,-Y ,-Z; 24X, 1/2-Y 1/24Z; 3-X,-1/2+Y ,-1/2-Z; *-1-X,-Y ,-Z; >-1-X -1/2+Y 1/2-Z; 5+X,1/2-Y ,-1/2+Z; '-
X, 1/2+Y,-1/2-Z; 8-1-X,1/2+Y,1/2-Z
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Table 9.554 Hydrogen atom coordinates (Ax10%) and isotropic displacement parameters (A?x10°) for
F3;CDegOH.

atom X y z U(eq)
H11A -1062 3113 -1511 21
H11B -411 2228 -1076 21
H12A 279 4055 -1908 39
H12B 912 3179 -1416 39
H12C 252 3807 -678 39
H13A -1096 969 -2347 21
H13B -1823 1827 -2664 21
H14A -1507 1621 -4452 35
H14B -1802 567 -3972 35
H14C =735 801 -4155 35
H17 -1542 3910 -3998 29
H18 757 2153 -3444 18
H26A -4278 3867 2913 49
H26B -3637 3479 2000 49
H27A -4986 3187 927 94
H27B -4869 4341 1237 94
H27C -5592 3657 1832 94
H28A -2966 2246 3325 42
H28B -3670 2602 4189 42
H29A -3490 589 3491 64
H29B -4208 941 4345 64
H29C -3120 1003 4610 64
H32 -3367 1295 887 38
H33 -5554 1607 2840 23

Table 9.S55 Atomic occupancy for FsCDegOH.

atom occupancy atom occupancy atom occupancy
F37 0.533(5) F38 0.467(5) F39 0.533(5)
F40 0.467(5) F41 0.533(5) F42 0.467(5)
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CHAPTER X

Conclusions and Future Directions

Conclusions

The results herein provide key insights into the role of n—z* interactions in biomolecule
structure and function. Specifically, | have shown that n—z* interactions are distinct from
dipolar interactions due to their important charge contributions. | have also estimated a lower
bound of 0.27 kcal/mol for the energy of a typical n—=z* interaction. My data also demonstrate
the utility of thioamides for probing n—z* interactions in folded peptides while emphasizing the
importance of isolating the study of individual interactions. The discovery of n—z* interactions
in polylactide provided strong evidence that n—z* interactions can play a key organizing role for
polymers, including peptides, given the highly local nature of these interactions. Earlier studies
had predicted the existence of n—x* interactions in protein structure based on the intimacy of
carbonyl contacts; | have further reported the effects of those contacts on protein structure and
electronics, providing more direct evidence for n—z* interactions in proteins. | also provide the
first evidence of these effects on the n—z* interaction on protein—ligand interactions,
specifically concerning quorum sensing modulators. Finally, | have articulated, for the first time,
a previously unrecognized force in protein folding: the C5 hydrogen bond. Despite an atypical
geometry, this interaction does qualify as a hydrogen bond, and moreover, it provides important

stability and organization to the S-sheet.
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Future Directions

Detection of carbonyl interactions continues to be a significant challenge. The only reliable
tool for unequivocal assignment of n—z* interactions, for example, is analysis of high-resolution
crystal structures. Complimenting this approach with solution-phase analyses would prove
immensely helpful in characterizing the role of carbonyl interactions in a variety of processes but
especially protein folding. This goal is a challenging one for several reasons. First, examining
individual chemical moieties in complex systems is a general challenge in analytical chemistry
and biochemistry; therefore, success in this endeavor will likely require specific labeling
strategies or sophisticated NMR approaches, each of which can provide atomic resolution.
Second, and perhaps more importantly, because carbonyl interactions tend to be very weak, they
are likely populated only transiently at ambient temperatures. Moreover, single interactions
impart only very subtle changes to the involved moieties, so detection of the effects of these
interactions requires exceptionally high-quality data sets to assign these effects accurately above
background noise. NMR spectroscopy seems an excellent candidate for developing these
strategies; however, initial attempts to correlate the presence of an n—z* interaction with
changes in common NMR observables were unsuccessful (Appendix A). Distance measurements
by NMR spectroscopy might present a somewhat cruder alternative, but determining distances in
interactions involving oxygen might require *’O-labeling,””” which is challenging and can be
cost-prohibitive.

Alternatively, one could envision observing carbonyl interactions by two-dimensional
infrared (2DIR) spectroscopy; however, at least in the case of the n—z* interaction, this
approach likely suffers from fatal convolutions. Specifically, vibrational coupling is highly

dependent upon the angular alignment of the transition dipole moments of the oscillators,*®"
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which does not necessarily correlate with the presence of a carbonyl interaction. For example,

481-482

2DIR studies,*®® along with Raman spectroscopy 183

and associated theoretical treatments,
have observed strong vibrational coupling in a-helices but only very weak, if any, coupling in
PPII helices, despite the presence of attractive n—z* interactions in both. Indeed, the 2DIR

spectrum of AcProNMe, shows no discernible coupling (Figure 10.1).
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Figure 10.1 Two-dimensional infrared spectrum of AcProNMe, in CDCl; at 25 °C.
Data collected by T. Zhang and M. T. Zanni.
Moreover, in S-sheets, coupling of adjacent carbonyl vibrations results in band splitting of the in-
phase and out-of-phase oscillations,*”® complicating the study of specific interactions such as the
C5 hydrogen bond. These results highlight the exquisite dependence of vibrational coupling on
the relative orientations of the oscillators, which almost certainly prohibits the use of correlated
vibrational spectroscopy for studying carbonyl interactions.

Fundamental questions remain regarding the n—z* interaction. Perhaps most important is
how other interactions affect the n—z* interaction and vice versa. For example, we showed in

collaboration with the Woolfson lab that asparagine side chains that form stronger hydrogen
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bonds are less likely to form n—z* interactions and vice versa,'®

suggesting that n—z*
interactions could stabilize sub-optimal hydrogen bond geometries. Thus far, however, we have
only examined the interplay of hydrogen bonding and n—z* interactions in the case where they
share an electron pair donor; there are, of course, other means by which an n—z* interaction and
a hydrogen bond would interact. For example, one would also predict that donation of a
hydrogen bond by an amide group would attenuate its ability to act as an acceptor of the n—z*
interaction. Conversely, if the n—z* acceptor were to accept a hydrogen bond, the polarization
induced by the hydrogen bond would likely enhance the n—=z* interaction. Alternatively, if an
amide serving as an electron-pair donor donates a hydrogen bond, it will likely be more
nucleophilic than if no hydrogen bond were donated, which should enhance the n—z*
interaction. These hypotheses can likely be assayed by examining solvent effects, though the
molecules on which we have focused heretofore are generally devoid of hydrogen bond donors.
We have observed that the formation of an n—z* interaction polarizes the acceptor
(Chapter 7),"® which should improve its ability to serve as an electron pair donor; this
polarization should create positive cooperativity between n—z* interactions that could further
stabilize repetitive secondary structures such as the a-helix. Assaying this effect, though, poses
additional experimental challenges. First, one must devise a model system containing two
distinct n—z* interactions. Second, one must be able to observe changes in the strength of one of
these interactions specifically, and observing the effects of n—z* interactions remains
challenging (see above). Finally, and most importantly, the effects of cooperativity are likely to
be subtle, meaning that one must search for subtle changes in a weak interaction, which might
not appear above the uncertainty in the chosen measurement. Indeed, our initial attempts to probe

the cooperativity of n—z* interactions have proven unsuccessful, largely due to synthetic
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challenges (see below). In particular, we have found the incorporation of thioamides at and
between proline residues to be quite challenging,*® and unfortunately, most of our analyses are
predicated on examination of proline derivatives, for multiple reasons. First, the proline ring
preorganizes the adjacent carbonyl groups for interaction, thereby surmounting the entropic
barrier to interaction. Second, modification of the pyrrolidine ring allows for exquisite control
over the strength of an n—x* interaction (see Chapter 3).**> Third, the ability to assay the
strength of n—z* interactions by examining the equilibrium between isomers of the peptidyl-
proline bond using NMR spectroscopy has proven invaluable (see Chapter 4).% % Therefore, an
alternative choice of model systems is not obvious.

Though we have collected significant evidence that n—x* interactions can and do occur in

protein structure,® 1%

our estimates of their thermodynamic contributions rely on analysis of
small-molecule models, often with significant emphasis on computation.'® In order to integrate
n—7* interactions into modern molecular mechanical approaches, it will be necessary to
improve experimental measurements of the energy of individual n—z* interactions in peptide
and protein models. Substitution of backbone amides with thioamides provides a promising
avenue for the direct perturbation of n—z* interactions in peptide and proteins, allowing for
experimental determination of the thermodynamic contributions of n—z* interactions to protein
structure and folding.'® Indeed, our work on collagen (Chapter 5) has shown that this strategy
can be used modulate the stability of large molecules.*®* Those results also emphasized the
necessity of isolating individual interactions in order to draw meaningful conclusions regarding
their contributions. In the case of collagen, such isolation is afforded by evolution, which leaves

particular backbone groups unburdened by canonical hydrogen bonding and allows for selective

perturbation of the n—z* interaction with thioamides. In the case of the a-helix, however, the
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most common element of secondary structure in proteins and the site of most n—z* interactions
in proteins, all backbone carbonyl groups participate in canonical i,i+4 hydrogen bonds, which
are necessarily perturbed upon introduction of backbone thioamides.

To circumvent this convolution, it will be necessary to isolate particular n—z* interactions
from nearby hydrogen bonds, which can be accomplished by studying the n—z* interaction in
exceptionally small a-helices that lack some canonical hydrogen bonds. One such model is

afforded by the work of Fairlie and coworkers.*®®
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Figure 10.2 Stapled a-helical turn developed by Fairlie and coworkers.
Carbonyl groups serving only as hydrogen bond donors (green) or acceptors (red) are highlighted.

Though small, these molecules present significant synthetic challenges. Successful stapling
requires selective deprotection of the side chain amine and carboxyl groups in order to introduce
the staple on resin. The original synthesis achieved stapling by reductive cleavage of allyl
carbamates and esters, respectively, using a palladium catalyst. In my hands, palladium reactions
are poisoned by the presence of a thioamide. To circumvent this challenge, one could employ
amine and carboxyl side chain protecting groups that cleave in the presence of hydrazine.*®’

Unfortunately, this protection scheme reduces their coupling efficiency and increases cost.

Moreover, these protecting groups are incompatible with selective thionation of dipeptide
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fragments, necessitating the use of thioacylation for thioamide incorporation. Importantly, even
if these synthetic challenges are overcome, it remains difficult to isolate the effect of a single
n—7* interaction in this system; removal of any hydrogen bond donors or acceptors eliminates
helicity, so perturbing any n—z* interaction in this molecule will necessarily also perturb a
hydrogen bond, confounding interpretation.

Alternatively, larger helices, such as those stabilized by appropriate salt bridges,”® can be
modified to isolate the n—x* interaction through use of amide-to-ester mutations that remove the
relevant hydrogen-bond donors. The technique was exploited to allow selective perturbation of

the C5 hydrogen bond in Chapter 9. One could therefore envision the following design:

\_/

Figure 10.3 Helical peptide scaffold for assaying contributions from n—z* interactions.

This design isolates the position of interest by incorporating a backbone ester group four residues
C-terminal to the site of thioamide incorporation so as to eliminate the canonical hydrogen bond
donor. This is a distinct advantage over the stapled design because one can more effectively
isolate the n—z* interaction without fatally compromising thermal stability. Additionally, in this
latter scheme, only the most N-terminal carbonyl of the helix is probed, which offers two main
advantages. First, the N-terminal residues do not donate canonical hydrogen bonds to subsequent

turns of the helix, improving the selectivity of the thioamide perturbation. Second, the N-
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terminal residue does not receive an n—z* interaction. Given the thioamide is simultaneously a

stronger donor and weaker acceptor of the n—z* interaction than the oxoamide,*™ 3@ it is
necessary to segregate these two effects. Placing the thioamide at the N terminus also provides
the added advantage of synthetic accessibility. Since the N terminus is the final section of a
peptide to be synthesized on solid phase, one can generate a large pool of the peptide lacking the
N-terminal groups and then divide that pool for a variety of modifications. N-terminal
substitutions are also less likely to complicate later coupling steps.

Designed mini-proteins may offer additional opportunities for studying these interactions.
For example, the Trp-cage consists of a PPII helix folded onto an a-helix thanks to a structured
turn.?*? The length of this “protein” makes it amenable to solid-phase generation of backbone-
modified variants. Moreover, this peptide is significantly more stable than other systems of
focus, and is amenable to characterization by NMR spectroscopy. This particular choice of
model, however, does create its own challenges. In particular, the N-terminal residue of the a-
helix is asparagine, which bears multiple thionation-competent groups, complicating synthesis.
Moreover, the proline-rich PPII helix is likely to be recalcitrant to thionation based on our
previous results.

Despite the advantages of the experimental designs described above, the synthetic challenges
to incorporating thioamides into the peptide backbone have heretofore precluded further study.
There are two basic approaches to thiopeptide synthesis: thioacylation and segment condensation
of fragments into which thioamides are introduced by thionation; unfortunately, both have failed
to yield the appropriate products in my hands. In particular, the synthesis of common
366, 381

thioacylation reagents is not robust and cannot be generalized to key amino acids.

Moreover, those that can be generated are not usually competent for solid-phase synthesis
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directly. With regard to thionation, I have achieved significant success in introducing thioamides
into amino-acid dimers and trimers with excellent regioselectivity provided largely by sterics.*®*
Unfortunately, some of these species are not competent for segment condensation, and it is not
immediately clear why. Successful research involving synthetic peptides relies on robust
methods for introducing chemical functionalities site-specifically, in high yield, and with
excellent fidelity for a wide range of amino acids. In contrast, the generation of thiopeptides is
idiosyncratic at best. Improved synthetic methods to access thioamide-substituted peptides would
therefore be welcomed.

Alternatively, one could take a cruder, more global approach to investigating the role of
n—7* interactions in protein structure. Knowing that thioamides generally enhance the n—n*
interaction, one could introduce them broadly across a peptide or protein by global thionation.
One could hypothesize that such a treatment would increase the helicity of the protein due to the
correlation of n—z* interactions with helical secondary structure. The effects of thioamide

|488-490

incorporation of helical stability so far have been mixed, with both computationa and

experimental studies****%

offering contradictory results. Perhaps thioamide-substituted peptides
are less likely to form g-rich amyloid fibers as a result of increased helicity, though the effects of
the thioamide on hydrogen bonding interactions are likely dominant in this case. Global
thionation could be of particular interest for the study of intrinsically disordered proteins (IDPs).
Indeed, as many IDPs adopt structure upon binding to a ligand,****®* binding affinity could
provide an additional readout as to the effect of thionation of the structure of these proteins.

Ultimately, however, the n—z* interaction is a highly specific, highly local interaction, so

conclusions about individual interactions from such a crude experiment are likely to be limited.



298

To probe the thermodynamic contributions of n—z* interactions in peptides or proteins,
alternative perturbation strategies could be employed. Indeed, a wide variety of peptide bond
isosteres exist that could modulate the n—z* interaction.'”* Fluoroalkenes have proven
especially useful for probing n—z* interactions,'® and may provide a method for effectively
deleting n—xz* interactions while maintaining structural rigidity and relative polarity. The
syntheses of these groups is challenging, though advances in olefin metathesis could improve
access.”®  Alternatively, depsipeptides are a more tractable target, and the enhanced
electrophilicity of the ester relative to the amide makes it a more potent n—* acceptor.'®
However, the ability of esters to donate n—z* interactions is less clear, especially given that they
are less basic than amides; nevertheless my calculations in Chapter 6 suggest that esters are
competent donors. One could perhaps employ vibrational spectroscopy of a-aminoisobutryic
acid (Aib) derivatives to address this issue; despite the lack of a constraining ring, Aib monomers

7

and polymers have a strong tendency toward helical conformations,*®’ especially the 3io-

hel |X 498-499

and would therefore preorganize adjacent carbonyls for an n—z* interaction that
could be probed by ester substitution. Unfortunately, like all isosteres of the peptide bond, these
modifications necessary perturb backbone hydrogen bonding, complicating analysis. In fact,
thioamide substitution is probably the most conservative peptide-bond modification available, at
least with respect to hydrogen bonding; esters and fluoroalkenes are much more disruptive to
hydrogen bonds, perhaps limiting their utility.

Another approach one could employ for investigating n—z* interactions would be to
examine systems that undergo changes in the number of carbonyl groups, and therefore, the

number of potential n—z* interactions. For example, acetylation is a common post-translational

modification, particularly affecting histones and transcriptional regulation. Changes in protein
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structure or function upon acetylation may therefore be dependent upon n—z* formation. Given
that it normally affects lysine residues, however, acetylation also causes changes in protein
electrostatics. To discriminate between these two effects, one could potentially study the
structure and activity of proteins incorporating nonnatural amino acids; for example, one could
compare the effect of replacing a lysine with either acetyl lysine or a linear hydrocarbon, which
would isolate the effect of the n—z* interaction.

It is likely that additional roles of n—z* interactions remain to be identified. In particular,
though these interactions are typically features of secondary structure, where they make key
contributions, they may mediate other important contacts at the levels of tertiary or quaternary
structure. Moreover, these interactions may also mediate protein—ligand interactions, some of
which | highlight in Appendix D. My initial screen of these contacts examined them quite
broadly, but additional insights might be gleaned from focusing on enzyme active sites, high-
throughput identification of which is possible through bioinformatic approaches.’*>*
Identification of such interactions may also suggest a role for them in enzymatic catalysis. In
addition, it has been observed that n—z* interactions reduce the electrophilicity of the acceptor
carbonyl, which should reduce its reactivity with nucleophiles such as water. Indeed, the Kent
group has determined that the n—z* interaction is likely to blame for the slow reactivity of
prolyl thioesters in native chemical ligation (NCL) reactions.??® A quantitative treatment of this
effect could be useful for planning a variety of chemical transformations.

It has also been speculated that n—xz* interactions might improve electron transfer through
the peptide backbone.”? The peptide backbone has been predicted to serve as a conduit for

502-505

tunneling electrons, and computations implicate helical geometries as particularly

permissive.’®®*" Fortuitously, appropriate peptide model systems have been developed for
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studying electron transfer in peptides.’®°% Substitution of backbone amides with thioamides or
other appropriate peptide bond isosteres (see above) could therefore provide a method to probe
the role of the n—z* interaction in this dynamic process.

Systems outside biology undoubtedly also exploit the n—z* interaction. For example, we
showed that polylactides are stabilized by an extensive network of n—z* interactions
(Chapter 6).2 It is likely that other synthetic polymers, polyesters in particular, depend on these
types of interactions. Identification of such contributions is reliant upon high-resolution
structural data, which is often lacking for polymers, as their polydispersity is generally much
greater than that of biological samples. As more high-resolution structural data is collected for
synthetic polymers, additional intermolecular interactions may be discovered.

The studies | have described herein demonstrate that proteins have evolved to capitalize upon
and exploit the quantum mechanical features of their constituent chemical functionalities in order
to establish structural order in these complex biopolymers. It is likely that there are still other
interactions contributing to the structure of proteins that we have yet to identify, some of which
might have important quantum-mechanical character. For example, in pg-sheets, backbone
carbonyl oxygens can form short contacts with a-protons of adjacent residues, resulting in a C-H
C5 hydrogen bond. One would expect these interactions to be still weaker than either C-H
hydrogen bonding or C5 hydrogen bonding, and indeed, my initial calculations indicate that they
are likely at least one-third weaker than typical examples of the former two interactions; they
might also be less widely distributed across protein structure.

Recently, an additional contribution, termed “chalcogen bonding,” has been identified as a
contributor to the binding of methy! transfer cofactor SAM.>™® Chalcogen bonds were originally

articulated by Dunitz, who observed geometric preferences for contacts between sp* chalcogens
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in crystals.”*°'? Based on the geometries observed in the solid state, as well as from quantum
mechanical calculations, these contacts afford stabilization through donation of sulfur lone-pair
electron density into an antibonding orbital involving the partner chalcogen. The importance for
SAM binding can thus be rationalized as the interaction of a nucleophilic cysteine with the
potent electron pair acceptor of the S—CHj3 o* antibonding orbital. Though proteins generally do
not feature such electrophilic chalcogens, the number of potential interactions suggest that these
donor-acceptor interactions might have the potential to contribute to protein folding, though no
systematic analyses have been performed to date. Such an inventory is likely challenging
because proteins predominantly feature unalkylated chalcogens; the location of the relevant lone
pairs can only be inferred from the location of the two substituents, and hydrogen locations in
proteins are rarely determined with sufficient accuracy to allow unequivocal conclusions
regarding chalcogen contacts involving hydroxyls and sulfhydryls. Moreover, hydrogen bonding
is likely to be dominant in these cases, reducing contributions from chalcogen bonding. Although
an inventory might be possible for interactions between protein thioethers, the relative
infrequency of methionine residues in proteins suggests that contributions of such interactions

would be minimal.
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APPENDIX A

Correlation of n—x* Interactions with NMR Observables

The detection of n—xz* interactions is largely limited to high-resolution crystal structures,
preventing characterization of their role in dynamic processes such as protein folding. To address
this challenge, NMR spectroscopy has been evaluated for its potential to identify n—n*
interactions in solution. Specifically, a variety of NMR measurements have been collected on a
series of proline model compounds to identify parameters that correlate with the presence of the

n—r* interaction.
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n—7* Interactions have been implicated in a variety of molecules, where we believe they
contribute to conformation and stability. It is also likely that they guide dynamic processes. For
example, we have found a similarity between unfolded polyalanine and its depsipeptide
counterpart, polylactide, which is incapable of hydrogen bonding; specifically, they both adopt
the PPIl geometry that we believe is stabilized by pervasive n—z* interactions. This result
suggests that n—z* interactions may direct early events in the folding process, before the
formation of the native hydrogen bonding pattern. The highly local nature of these interactions
suggests that they may determine early conformational biases in protein structure that eventually
lead to folding.

In order to test these types of hypotheses, it is necessary to observe the presence of n—z*
interactions in solution with reasonable time and atomic resolution. Unfortunately, our current
methods for identifying n—z* interactions rely on analysis of high-resolution crystal structures,
which do not provide sufficient information regarding dynamic processes in solution. As an
alternative, NMR spectroscopy offers excellent atomic resolution on a variety of time scales, and
thus would be a promising approach to detection of n—z* interactions in dynamic processes.
There are two main challenges for studying these interactions by NMR. First, one partner in the
n—7* interaction is usually oxygen, which is generally invisible to NMR spectroscopy. Though
70 is magnetic, it has a large quadrupole moment that diminishes the quality of the spectra;
moreover, this is a very expensive label to introduce, and it often cannot be introduced beyond
20% abundance. The second main challenge to studying n—z* interactions by NMR is the fact
that the interaction involves the z* orbital of the acceptor, which has a node at both atomic
nuclei. Therefore, even if an electronic interaction occurs, the effects of that interaction may not

be transduced to the nuclei that are probed by NMR, or at least not directly. It is apparent,
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therefore, that in order to apply NMR spectroscopy to the observation of n—z* interactions, one
must consider a wide variety of the observables generated by NMR.

To begin evaluating the potential for NMR spectroscopy to observe n—z* interactions in
solution, a variety of chemical shifts and coupling constants were recorded for AcProOMe
bearing *3C labels at both carbonyls, focusing on parameters directly related to the carbonyl
moieties. The parameters were obtained by solution-state *H-, **C-, and *H-undecoupled **C-

spectra. The results are summarized in Table A.1.

Table A.1 NMR properties of AcProOMe.

Parameter trans cis
Scr-donor (PPM) 169.52 169.66
Scr-acceptor (PPM) 172.96 172.72
Yercq (H2) 63.50 61.75
Yot (H2) 150.03 147.46
2Jcrma (H2) 4.44 2.58

C Linewidth (Hz) 1.697 (125 MHz) 1.452 (125 MHz)
2.130 (188 MHz) 2.082 (188 MHz)
Data collected in D,O at 25 °C.

Though some parameters differ measurably between the trans and cis conformations, the
differences are subtle, as expected. The largest change is for coupling of the acceptor carbonyl to
the a-proton. This parameter could therefore find utility as a probe of these interactions, though
the a-proton region is typically congested for full-length proteins, which could complicate
analysis.

As an alternative metric, | compared the longitudinal relaxation rates (T;) of carbonyl groups
involved in n—z* interactions, this time focusing on an unlabeled sample of AcProNMe;
(Figure A.1). I estimated the relaxation rates using an inversion-recovery experiment, as has been

performed previously. No significant changes in the rate of relaxation were observed.
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Figure A.1 Measurement of carbonyl longitudinal relaxation by inversion recovery.
3C NMR spectra of AcProNMe, in D,0 at 25 °C acquired at various delay intervals.

As a preliminary measure of the effect of n—z* interactions on other relaxation phenomena,
in particular chemical shift anisotropy (CSA), | compared the linewidths of carbonyl signals in
the presence and absence of the n—z* interaction. Though there is some difference in the
presence of an n—z* interaction (Table A.1), this difference is smaller at higher field strengths.
A more direct measure of the CSA of the carbonyl group can be achieved using solid-state NMR,
though this sacrifices the applications available to a solution-state method.

Finally, though not a direct NMR measurement per se, | measured the rate of amide
isomerization in the presence and absence of n—z* interactions using an NMR experiment.
Specifically, | selectively excited one of two methyl groups on a thioamide-containing proline
derivative and observed chemical exchange as the amide bond rotated, equilibrating the

magnetization (Figure A.2).
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Figure A.2 Magnetization transfer by chemical exchange due to amide isomerization.
'H NMR spectra in the 3-4 ppm region acquired in D,O at 45 °C.

The use of a thioamide n—z* donor not only increases the strength of the interaction, but
isolates the bond rotation of the acceptor; with an oxoamide donor, there would be two
concurrent bond rotations that could be confounding. Upon analysis, there was not significant

change in the isomerization rate based on the conformation of the thioacetyl moiety.
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Figure A.3 Amide isomerization kinetics obtained from NMR spectroscopy.

(A) Conformational equilibrium of proline derivatives. (B) Integration of amide methyl groups over time
following excitation. (C) Chemical exchange over time as observed from the excited methyl group. (D)
Chemical exchange over time as observed from the non-excited methyl group.
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My preliminary results do not identify any NMR observables that are closely related to the
presence or strength of an n—xz* interaction. Other approaches may be available, such as
distance measurements involving 'O probes or CSA measurements by solid-state

approaches.”*>1#
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APPENDIX B

Solvent Effects on Intermolecular Interactions in Proline Residues

Noncovalent interactions are particularly sensitive to environmental variables such as phase,
temperature, pressure, and solvation. Indeed, the affect of these parameters has been used to
delineate the nature of several intermolecular interactions. To shed light on the nature of the
n—7* interaction, including its electrostatic character, a series of proline model compounds were
subjected to conformational analysis in different solvents. NMR spectroscopy has previously
shown that these compounds engages in attractive n—z* interactions and that those interactions
are not well described by electrostatics. The solvent effects described herein support this notion.

In addition, these data suggest an interplay of n—z* interactions with hydrogen bonds.



310

The nature of interactions occurring between carbonyl groups has recently been the subject
of some debate. Specifically, some have proposed that carbonyl groups interact primarily
through classic dipolar mechanisms, despite a large body of evidence indicating charge transfer
character of these interactions. We have shown previously that substituting the carbonyl oxygen
with sulfur is an effective strategy for modulating carbonyl interactions and for probing their
nature. Relative to carboxylic amides, thioamides are more nucleophilic and have larger dipole
moments. Therefore, if classical electrostatics dominates the interaction between carbonyl
groups, substituting either amide of an interacting pair with a thioamide should cause a similar
effect. Conversely, if interactions between carbonyl groups have significant charge transfer
character, thioamide substitution should have a much larger effect at the carbonyl that orients the
chalcogen toward the carbon of its partner, owing to the enhanced nucleophilicity of thioamides.

To evaluate these predictions experimentally, a series of N-acetyl proline dimethyl amides
have been prepared and characterized. The N-acetyl peptide bond populates both the cis and
trans conformations, but an attractive carbonyl-carbonyl interaction exists only in the trans
conformation. Therefore, perturbations that increase the strength of the interaction, regardless of
its nature, should increase population of the trans conformer. The two peptide bonds isomers
equilibrate slowly on the NMR timescale, so their equilibrium populations can be determined by
integrating *H NMR signals for each isomer.

It is evident from measurements in a wide variety of solvents that thioamide substitution has
very different effects at the two different positions within these molecules. Specifically,
substitution of the N-acetyl amide, which approaches the prolyl amide through its chalcogen
substituent, uniformly increases the preference of the molecule for the trans conformation,

indicating a stronger interactions, whereas substitution of the prolyl amide causes little change in
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the conformational preferences of these molecules, and in some cases actually decreases the
trans preference. It is clear from these data that interactions between carbonyl groups are not

accurately described by considerations from classical electrostatics.

Table B.1 Kyanscis Values of proline derivatives in various solvents.

Dielectric /go NMe2 /§S NMe, /§O NMe, /gs NMe,

Solvent Constant 1 2 3 4
1,4-Dioxane 2.3 6.7 4.4 8.0 8.8
Chloroform 4.8 8.2 15.2 8.5 Large
Acetic Acid 6.2 6.4 15.6 3.7 5.8
Tetrahydrofuran 75 3.1 4.3 3.2 4.1
Methanol 33.0 4.2 7.0 2.1 35
Acetonitrile 37.5 2.6 3.1 2.0 2.8
Water 80.0 3.4 4.1 2.2 6.3

Moreover, despite relatively large trans preferences for these molecules in chloroform, there
is no systematic change in conformational preferences as the dielectric constant of the solvent
changes. For example, despite similar dielectric constants, tetrahydrofuran and chloroform
support very different conformational populations. These solvents also differ in their ability to
participate in hydrogen bonding, though these propensities also do not have a uniform effect on
the conformational preferences of these molecules. Because thioamides are weaker hydrogen
bond acceptors than are carboxylic amides, they can be used to probe the effect of hydrogen
bonds to solvent on carbonyl-carbonyl interactions. For example, consider the results in acetic
acid, which is a potent hydrogen bond donor. In acetic acid, there is a large increase in trans
preference upon thionation of the N-acetyl peptide bond, especially relative to the same
perturbation observed in other solvents. This is likely due to polarization of the acceptor

carbonyl by formation of a hydrogen bond to solvent. In contrast, acetic acid promotes a very
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low trans preference for 3, where hydrogen bonding to the N-acetyl peptide bond likely distracts

the donor carbonyl from forming an attractive carbonyl-carbonyl interaction.



L I

T T T T T T T T T T T T T T
95 90 85 80 75 70 65 60 55 50 45 40 35 3.0

ppm

Figure B.1 *H NMR spectrum of 1 in 1,4-dioxane-d8.
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Figure B.2 "H NMR spectrum of 2 in 1,4-dioxane-d8.
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Figure B.3 "H NMR spectrum of 3 in 1,4-dioxane-d8.
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Figure B.4 'H NMR spectrum of 4 in 1,4-dioxane-ds8.
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Figure B.5 *H NMR spectrum of 1 in chloroform-d.
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Figure B.6 'H NMR spectrum of 2 in chloroform-d.
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Figure B.7 *H NMR spectrum of 3 in chloroform-d.
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Figure B.8 "H NMR spectrum of 4 in chloroform-d.
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Figure B.9 *H NMR spectrum of 1 in acetic acid-d4.
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Figure B.10 'H NMR spectrum of 2 in acetic acid-d4.
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Figure B.11 *H NMR spectrum of 3 in acetic acid-d4.
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Figure B.12 'H NMR spectrum of 4 in acetic acid-d4.
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Figure B.13 *H NMR spectrum of 1 in THF-d8.
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Figure B.14 'H NMR spectrum of 2 in THF-d8.
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Figure B.15 *H NMR spectrum of 3 in THF-d8.
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Figure B.16 'H NMR spectrum of 4 in THF-d8.
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Figure B.17 *H NMR spectrum of 1 in acetonitrile-d3.
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Figure B.18 'H NMR spectrum of 2 in acetonitrile-d3.
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Figure B.19 *H NMR spectrum of 3 in acetonitrile-d3.
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Figure B.20 'H NMR spectrum of 4 in acetonitrile-d3.
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Figure B.21 *H NMR spectrum of 1 in methanol-d4.
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Figure B.22 *H NMR spectrum of 2 in methanol-d4.
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Figure B.24 'H NMR spectrum of 4 in methanol-d4.
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APPENDIX C

Thioesters: Alternative n—z* Acceptors

The chemical tools available for modulating n—z* interactions remain limited. To expand this
toolset, thioesters have been evaluated as acceptors of the n—z* interaction. Thioesters are
important reactive groups for chemical biology that allow for the construction of complex
molecules, and the reactivity of these groups has previously been shown to depend on n—z*
interactions. Here, it is demonstrated that typical thioesters, as well as thionoesters and
dithioesters, engage in significant n—z* interactions, thereby providing additional opportunities

to perturb n—z* interactions in peptides or proteins.
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Previous attempts to characterize the n—z* interaction have focused on perturbations to the

donor or the donor-acceptor distance. In order to evaluate the sensitivity of this interaction to

perturbations of the acceptor, a series of N-acetyl proline thioesters have been prepared and

characterized.

P Py

O\
<Nj\(3 (Nj\fs
/§O O\ /§O S ~
2 3

Table C.1 Conformational parameters of proline thioesters

E,_.. (kcal/mol)

Compound Kirans/cis endo exo
0 4.60 0.42 1.29
1 2.79 0.33 0.99
2 2.19 0.33 0.99
3 1.91 0.30 0.73

Computational results predicted that the dithioester would be a somewhat weaker electronic

acceptor than would be the thioester or thionoesters, as was borne out experimentally. However,

computation predicted identical interaction energies for the monothio isomers, but measurement

of the conformation preferences of these molecules experimentally indicated a somewhat

stronger interaction in the thioester. All three thioester variants attenuated the n—x* interaction

relative to ester acceptor, though less than does replacement with a dimethyl amide. Strategic

thioester substitution may therefore serve as a strategy to make subtle perturbations of the n—z*

interaction.
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N-acetyl-(2S)-proline methyl thioester (1). 1.0 g N-acetyl proline (6.4 mmol), 2.4 g HBTU
(6.4 mmol), and 0.45 g sodium thiomethoxide were dissolved in MeCN and allowed to stir
overnight at room temperature. Purification was achieved by reverse-phase HPLC with a 5-95%
B gradient over 30 min. using 0.1% TFA in H,O (A) and 0.1% TFA in MeCN (B) as eluents.
Lyophilization afforded a yellow oil. *H NMR (D-0), mixture of two rotamers, & 4.72 (dd, J =
8.8, 2.2 Hz, 0.25H), 4.58 (dd, J = 8.8, 3.1 Hz, 0.75H), 3.72-3.40 (m, 2H), 2.30-1.80 (m, 10H),
2.28 (s), 2.24 (s), 2.08 (s), 1.99 (s); **C NMR (D;0), mixture of two rotamers, & 208.3, 207.9,
176.4, 176.1, 70.5, 68.6, 51.2, 49.4, 34.4, 32.9, 26.5, 24.6, 24.2, 24.0, 13.8, 13.5. ESI-MS:

[M+H]" calculated 188.0740, observed 188.0739.

N™ s
OWN MeOH N
N /& OMe

o

N-acetyl-(2S)-proline methyl thionoester (2). 1-(N-acetyl-(2S)-thioprolyl)-6-nitrobenzotriazole
was refluxed in MeOH for 3 h. Purification was achieved by reverse-phase HPLC with a 5-95%
B gradient over 30 min. using 0.1% TFA in H,O (A) and 0.1% TFA in MeCN (B) as eluents.
Lyophilization afforded a yellow oil. *H NMR (D;0), mixture of two rotamers, & 4.87 (dd, J =
8.8, 2.4 Hz, 0.35H), 4.75 (dd, J = 8.8, 3.1 Hz, 0.65H), 4.12 (s, 0.94H), 4.08 (s, 2.06H), 3.75-3.42
(m, 2H), 2.40-1.85 (m, 7H), 2.07 (s), 1.93 (s); *C NMR (D,0), mixture of two rotamers, &
225.6, 224.7, 176.2, 175.4, 72.1, 70.6, 62.8, 62.5, 51.3, 49.4, 35.6, 34.5, 26.2, 24.3, 24.1. ESI-

MS: [M+H]" calculated 188.0740, observed 188.0739.
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N-acetyl-(2S)-proline methyl dithioester (3). 0.2 g 1-(N-acetyl-(2S)-thioprolyl)-6-
nitrobenzotriazole (0.6 mmol), 0.04 g sodium thiomethoxide (0.6 mmol), and 0.09 mL
triethylamine (0.6 mmol) were dissolved in MeCN and allowed to stir overnight at room
temperature. Purification was achieved by reverse-phase HPLC with a 5-95% B gradient over 30
min. using 0.1% TFA in H,O (A) and 0.1% TFA in MeCN (B) as eluents. Lyophilization
afforded a yellow oil. *H NMR (D;0), mixture of two rotamers, & 5.25 (dd, J = 8.8, 2.4 Hz,
0.33H), 5.15 (dd, J = 8.9, 3.1 Hz, 0.66H), 3.82-3.50 (m, 2H), 2.64 (s, 1.15H), 2.60 (s, 2.16H),
2.50-1.85 (m, 7H), 2.10 (s), 1.94 (s); *C NMR (D,0), mixture of two rotamers, & 244.4, 243.8,
176.6, 175.9, 77.2, 75.4, 51.7, 50.0, 38.5, 37.1, 26.1, 24.4, 24.2, 4.1, 21.7, 21.4. ESI-MS:

[M+H]" calculated 204.0511, observed 204.0510.

Computational methodology. Geometries of 1, 2, and 3 were optimized for the trans
conformation of the N-acetyl peptide bond and both the endo and exo conformations of the
pyrrolidine ring at the B3LYP/6-311+G(2d,p) level of theory using Gaussian 09. Optimized
geometries yielded no imaginary frequencies and were subject to NBO analysis at the same level

of theory using NBO 5.9 as implemented in Gaussian.
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Figure C.1 'H and *C NMR spectra of 1 in D,0.
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Table C.2 Cartesian coordinates of the optimized trans/endo geometry of 1.
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Table C.3 Cartesian coordinates of the optimized trans/exo geometry of 1.
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Table C.4 Cartesian coordinates of the optimized trans/endo geometry of 2.
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Table C.5 Cartesian coordinates of the optimized trans/exo geometry of 2.
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Table C.6 Cartesian coordinates of the optimized trans/endo geometry of 3.
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Table C.7 Cartesian coordinates of the optimized trans/exo geometry of 3.
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APPENDIX D

n—zx* Interactions between Proteins and their Ligands

The role of n—z* interactions in intermolecular associations remains undercharacterized. To
address this challenge, contacts between proteins and their ligands were identified from Relibase
using geometric criteria. Three main groups of hits were identified: peptides, flavins, and

pendant glycans. These results may illuminate specific functional roles of the n—z* interaction.
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The n—x* interaction mediates molecular recognition events in a wide variety of molecules.
Most of these events involve intramolecular contacts, given the relatively low energy of
individual n—z* interactions. The role of n—z* interactions in intermolecular associations is
less clear. While we have posited that intramolecular n—=z* interactions can affect
intermolecular association indirectly, as in the case of N-acyl homoserine lactones,*”® examples
of true intermolecular contacts mediated by n—z* interactions are scarce.’”® It is unclear,
therefore, if n—a* interactions can contribute to ligand binding by proteins.

To address this issue, n—z* interactions between proteins and ligands were identified from
the Relibase dataset.”™ Specifically, the entire database was queried for instances in which a
carbonyl oxygen on a protein donates an n—z* interaction to a carbonyl group on a ligand,
based on geometric criteria.’” Analysis focused on donation from the protein to the ligand since
organic molecules often feature more potent electrophiles than proteins.

This query produced 606 hits. Among them, three major subgroups were identified. The first
were peptide ligands. While some of these ligands appeared to bind to protein active sites, others
appeared to be artifacts of crystallization. The next major group are the flavins (Table D.1),
which often feature contact from an amide side chain (Figure D.1). These contacts do not appear
to involve hydrogen bonding, suggesting a significant contribution from the n—z* interaction
itself. Finally, a very common n—z* interaction was observed at asparagine residues that
undergo N-glycosylation (Figure and Table D.2). While this interactions is not intermolecular, it
may help to organize the glycan relative to the protein.

These results provide the first insights into the prevalence of n—z* interactions in protein-
ligand or protein-appendage interactions. This approaches suffers from several shortcomings.

First, the entire Relibase dataset was considered without regard to sequence redundancy or
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resolution. Confident assignment of n—=z* interactions between proteins and ligands, as well as
their frequency, will require improvements in both areas, which are fortunately straightforward.
More targeted results could also be obtained by constraining the search to enzyme active sites,

the identification of which can be achieved with bioinformatics methods.**°"
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Figure D.1 Representative n—z* interaction (red) between an asparagine side chain and a bound

molecule of flavin adenine dinucleotide (PDB ID: 3cox).

Table D.1 Flavins receiving

n—7* interactions from proteins

PDB ID Flavin PDB ID Flavin
3u33 FAD 3hf3 FMN
2avl FAD 2wgf  FMN
2r0p FAD 2jbt FMN
2r0c FAD 3ek3 FMN

2jif FAD 3gfq FMN
3nf4 FAD 3s2y FMN
3mdd  FAD 4hép FMN
legd FAD 1w FMN
livh FAD lea0 FMN
1jqi FAD 1ofd FMN
3mpj FAD lofe FMN
lukw  FAD 3mhu  FMN
4hr3 FAD 3gr7 FMN
3cox FAD 3gr8 FMN
3djl FAD 2q3r FMN
2vig FAD lgvr FMN
4eip FAD 3kru FMN
2gmh  FAD 3krz FMN
2gmj FAD 1v5z FMN
3awi FAD 2isj FMN
2ifa FMN

20z0 FMN

1ldc FMN

2030 FMN
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Figure D.2 Representative n—x* interaction (black) between an asparagine side chain and a pendant N-
acetylglucosamine (PDB ID: 3nox).

Table D.2 Glycans receiving n—z* interactions from proteins

PDB ID Glycan PDB ID Glycan
lbhg  MAN-MAN-MAN-MAN-MAN-NAG 4e36 NAG
1zpu MAN-MAN-NAG-NAG-BMA-MAN 2cgy NAG
3kg4 MAN-NAG-NAG-BMA-MAN 2va9 NAG

3iai MAN-NAG-NAG-BMA-MAN 2v98 NAG
4dl1 MAN-NAG-NAG-BMA-MAN lyym NAG
3ltf MAN-NAG-NAG-MAN-MAN-MAN 3kls NAG
3ala NAG-FUC 1kcd NAG
4i78 NAG-FUC 3ldv NAG
3I5h NAG-NAG-BMA-BMA 4dda NAG
livg NAG-NAG-BMA-MAN-MAN-MAN 3d50 NAG
3ula NAG-NAG-BMA 3nox NAG
1zpu NAG-NAG-BMA 3sx4 NAG
4exn NAG-NAG-BMA 2wgl NAG
3csy NAG-NAG-BMA 3095 NAG
lypz NAG-NAG-MAN 1zag NAG
2e% NAG-NAG-MAN 1v3d NAG
2041 NAG-NAG-NAG 3ije NAG
2dp8 NAG-NAG-NAG 2vc2 NAG
2xwb NAG-NAG 3t3m NAG
1bcs NAG-NAG 2vdm NAG
1whs NAG-NAG 3sm5 NAG
3irl NAG-NAG luhg NAG
Inlm NAG-NAG 4kbp NAG
2rft NAG-NAG 3h6g NAG
3csy NAG-NAG lieb NAG
2r9j NAG-NAG 2rl8 NAG
3usa NAG-NAG 1som NAG




1myp
2zmb

3qfl
4eby
loyh
1gpk
1jv2
Imlx
1dOm
1flc
2dgz
3gvk
3ulv
3909
1dbn
2ft3
3jwo
1jjb
1cfj

NAG-NAG
NAG-NAG
NAG-NAG
NAG-NAG
NAG-NAG
NAG-NDG
NAG-NDG
NAG-NDG
NAG-NDG
NDG-NAG-BMA
SIA
SLB-SIA-SIA
NAG
NAG
NAG
NAG
NAG
NAG
NAG

4dte
1s5r
3vi4
4dvs
24l
3d67
3al4
3vtr
3d66
3d67
4cox
3qyt
3fve
3m3d
3pps
1nu6
3gbj
3cce

NAG
NAG
NAG
NAG
NAG
NAG
NAG
NAG
NAG
NAG
NAG
NAG
NAG
NAG
NAG
NAG
NAG
NAG
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