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Abstract

To predict the three-dimensional structure of a protein from illi amino acid sequence.
the energetic principlcs of the rate-detcrmining steps that govern protein folding pathways
must bc understood. Two areas of particular importance in the folding of protl.!ins are cis-

trmis prcrlyl-pepti-de-nond i-somcrizutrcrn

u-nd-hydrogen-b-on-d-fonnati-on~-o-a-ss-cs-s

the-------

energetics of cis-trailS prolyl peptide bond isomerization, 13C-enriched peptides were
synthesized and 13C NMR inversion transfer experiments were used to detclmine the
energetics of the cis-trailS proline isomerization. The solvent effect on prolyl pl!ptide hand
isomerization was determined hy using solvents that cover a range of didectric constants.
These studies obsl!rved that thl! batTier to isomerization is 1.2 kcallmol lower in apolor than
in polar solvent and that the uncatalyzed isomerization rates arc governed hy the relative
strength of hydrogen bond formation to the carhonyl oxygen of the prolyl peptide hand.
Using the rate of proline isomctization as an assay of hydrogen hond strength, the
relative strength of a variety of hydrogen bund donors have heen delt!rmined. Secondary
amides. traditional models of tht! peptide bond. wt!re found

tu

he poor hydrogen bond donors.

whereas water and ptimary amidt!s wen: found to he strong hydrogen bond donors. These
rt!sults argue against the framework modd of protein folding and imply that the formation or
amide-amide hydrogen honds docs not driving protein folding.
The efft!ct of hydrogen bonds to prolyl peptidt! bonds on the stahility of bovine
pancreatic ribonuclease A (RNase A) has been explored. Site-dirl.!ctt!d mutagenesis studies
of RNase A have shown that Lys41 is an important catalytic residue. To insure that Lys41 is
positioned properly to effect catalysis. RNase A provides a covalent and noncovalent scaffold
that resll;cts the COnf0l111ational freedom of the polypeptide backbone. The role of hydrogen
hond donatt!d by Tyr97 has been explored with the Phc, Ala. and Gly mutants of Tyr97 have

heen pfcpun::d by site-directed mutagcl1l!sis. and the thermostability and catalytic cfticiency

iii

of the resulting mutants have been determined. The three mutants were found to have
significantly lowered melting temperatures. 36 DC. 29.1 DC and 30.4 ·C, respectively. from
that of wild-type RNase A (63.5 ·C). Although no significant change was observed in the Kill
for the mutant enzymes as compared to wild-type RNase A. significant changes were
observed in the values of kent for the mutant enzymes. Overall. the catalytic efficiency
. .

n

--tkeatt'Km+=of':lhe::mutanccnzymes_warumnd:tuJle:::a::l:Ofi-JnldJnwcrthan:::tb:atni wild-tym-pe::-_- ..- - - - - RNase A. These results illustrate that the Try97 is important for both protein stability and the
proper positioning of Lys41.
The structural and energetic consequences of placing electron-withdrawing groups on proline
residues has been detelmined. The natural hydroxyl and fluoro isomers of proline have been
synthesized and X-ray diffraction analysis. FfIR spectroscopy and 1H. DC. and

19F

NMR

spectroscopy have been used to examine the influence of the inductive effect. These studies
demonstrated that the inductive effect can influence the propenies of proline resides.
including the rate of prolyl peptide hond isomerization. Further. these studies suggest that
the gauche effect may participate in determining pyrrolidine ring pucker and may contrihute
to the stabilization of collagen. the most ahundant protein in vertehrates.
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Chapter 1

Introduction

2
1.1 Overview
This thesis examines the role of hydrogen honds in the folding and stahility of
proteins and the covalent and noncovalent interactions that affect the energetics of prolyl
peptide bond isomerization. Although cis-trans prolyl peptide bond isomerization has heen
clearly identified as the slow kinetic phase in many protein folding pathways (Figure 1.1), 1
----thecontributicm-ofeonventicmal-hydr-ogen-b-onds-te-the-fetrmation-aoo-slahHity-of-hielegieal-macromolecules remains a subject of significant interest and controvcrsy.2 Taking advantage
of synthetic, spectroscopic, and recomhinant DNA techniques, model peptides and sitedirected mutanLIi of hovine pancreatic ribonuclease A [RNase A: E.C. 3.1.27.51 were
prepared in order to address the contrihution of hydrogen bonding to prolyl peptide honds
towards protein stahility. The ensuing introduction (Chapter 1) provides a hrief discussion of
RNase A as a model system and introduces the protein folding prohlem where studies of
model systems and RNase A have been used to illustrate the issues relevant to the protein
folding problem. Chapter 2 examines the effects of solvent on the kinetics and
thermodynamics of cis-trans prolyl peptide bond isomerization in model peptides. Thc roll!
of watcr and amide hydrogen bonds in protein folding and stahility arc discussed in Chapter 3
where, specifically, the relative strengths of amide-amide amide-water hydrogen honds have
heen determined. The energetics and mechanism of o-valerolactam dimelization have heen
re-examined in Chapter 4. Chapter 5 addresses the contrihution of the phenolic side-chain of
tyrosine to catalytic efticiency and stahility RNase A through sitc-din.::ctcd mutugenesis
studies. The influence of the inductiw crfect on the structure of proline residues is discussed
in Chapler 6. In Chupter 7, the energetics of prolyl peptide hond isomerization huve heen
explored and the implications for collugen folding and assemhly arc discussed.

3
1.2 RNase A as a model protein

RNase A (Figure 1.2) is a small, single domain protein of 124 amino acids (calculated
molecular weight 13.7 kDa) that catalyzes the hydrolytic cleavage of P-OS' bond of singlestranded RNA after pyrimidine residues. Because of its availability and small size, RNase A
has been subject of many benchmark studies in an areas of biochemistry including the
enzymology, folning, smbtlny;-structurc, and chcmtstry-urproteins?A=Early-knowtc-dge of
RNase A's three-dimensional structure, determined by x-ray diffraction analysis,5 contributed
to the development of all areas of structural biology. In addition, RNase A and its subtilisin
cleavage product, RNase S. were the first proteins to be completely chemically synthesized
using Merrifield's solid phase synthetic methodology.6 The large amount of phylogenetic
infonnation that has hl!en accumulated on pancreatic rihonuclcases nicely compliments the
wealth of availahle chl!mical and structural information (Figure 1.3). Only recently.
however, has recomhinant DNA technology heen developed for RNase A.7 This
development now allows for the characterization of structure-function rdationships of the
protein with molecular detail.

1.3 The protein folding problem

A fundamental question stilI facing structural biology is how the amino acid sequence
of a protein determines its three-dimensional structure and

iL~

function. Nearly thirty years

ago. C. B. Anfinsen demonstrated that all the information needed for a polypeptide to fold
into iL~ '~hree-dimensional strUt:tun: was contained within its primary sequence. ll Since then.
advances have heen made hy many methods to strengthen our understanding of protein
folding pathways and the thermodynamic driving forces involwd in protein folding. Given a
unique polypeptide sequence, however, the three-dimensional structure of a protein cannot he
predicted using the current understanding of the molecular forces that govern protein

confOlmation. This inability to predict the three-dimensional structure of a protein has
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become known as the protein folding problem. 9• 11 With the rapid expansion of DNA
sequence information. the ability to predict protein structure and function from a DNA
sequence would be extraordinarily useful as weB as a significant achievement.
Anfinsen's seminal experiments on RNase A provided the framework for the protein
folding field. Using denatured and reduced RNase A. Anfinsen observed the spontaneous
--rcfol-mngcrrltNase A. ilrvttro-;-where-t1Tc-f-our-nati-ve-di-sul-fide--b-oncis-and--FtI-li--en-zym-alie------- -activity were restored. 8 This experiment demonstrated that the active. three-dimensional
structure of RNase A is determined by its amino acid sequence. Since then. efforts to resolve
the protein folding problem have proceeded largely along two tracks: 1) the determination of
the thermodynamic driving force of protein folding; and. 2) the elucidation of protein folding
pathways and characterization of protein folding intermediates. Anfinsen's work with
RNase A led directly to the thermodynamic hypothesis of protein folding. which states that
the native conformation of a protein is the conformation at which the global free energy is at
a rninimum. 12
Because protein conformation is determined by the rotational barriers about covalent
bonds of the polypeptide and. in general. these barriers to rotation are quite small.
noncovaknt interactions (such noncovalent interactions include van der Waals interactions.
ekctrostatic interactions. hydrogen bonds and the hydrophobic crfect) can readily inllucnce
the thermodynamically favored conformation. D Therefore. the ability to predict protein
tertiary structure depends upon the accurate measure of the noncovalent interactions that
govern rotations about covalent bonds. Proteins exhibit a surprisingly small ditTerl!nce in
free energy between the unfolded. or dl!naturcd state. and the folded. or nalivl!. stall!. and all
destablizing or stabilizing interactions must be considered. The challenge . then. is to dissect
the thermodynamic forces that drive protein folding when the net dilTercnc\! in frel! energy
between the unfolded and folded protein is small.

5
Hydrogen bonding and the hydrophobic effect For one or more of the

noncovalent interactions to act as a driving force in protein folding, a relative thermodynamic
advantage must exist for the folded conformation over the unfolded conformation. In
considering the process of protein folding, a significant amount of conformational entropy
must be overcome because of the enormous number of polypeptide conformations available
to me unfuldedlJOlypcpmre-clurlrr:-Both hydrogcn-b-ond-format-i-on a-nd-the-h-yd-roptmh-ie

effect have been proposed as the principal thermodynamic forces that are used to overcome
this conformational entropy. Studies of model systems where specific interactions can be
characterized and quanti lied have played a large role in shaping the debate over the relative
contribution of both of these interactions. For example, simple amides or small peptides
have been used to address the contribution of hydrogen bond formation towards protein
folding and stahility. Similarly, hydrocarhon transfer experiments have been used to
determine the thermodynamic signature of the hydrophobic effect. 14 Nevertheless, these
model systems have occasionally yielded conflicting interpretations that hamper the
extrapolation of these studies to the protein folding problem. For example. contradictory
conclusions arc often drawn from studies which attcmptto address the role of hydrogen
bonding in protein folding and stability (see: Chapter 3 and Chapter 4). Hydrogen hond
formation occurs when two electronegative atoms share a hydrogen atom. Conventional
hydrogen bond strengths have been estimated to range from 1.0 - 5.n kcal/mol. depending on
the orientation of the interaction and the relative abilities of the participants to act as the
hydrogen bond donor or acceptor. IS In general. hydrogen hond formation is favored in
hydrophohic environments. and it is associated with a large enthalpy of formation. Studies of
the dimerization in CCl.t of N-mcthylacetamide (NMA).16 a mimic of the peptide hackhone.
and &'valerolactam. 17 a cis amide. illustrate this point. For NMA and &'\'alerohu.:tam.
dimerization is favored (6G") hy -0.9 kcallmol and -3.0 kcallmol at 25 DC. respectively.
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These experiments also indicated that hydrogen hond fonnation is enthalpically driven in
apolar environments.

In contrast, the dimerization of hoth NMA and 8-valerolactam in aqueous solution is
extremely unfavorable. When dimerization does occur in aqueous solution. it occurs only at
extremely high concentrations of amide. and the process appears to be entropically driven
___thro:uglnhe=release_of::watc:r::male:cul-es::::(See: Chaptcr:A). Yet, a widety-cite-d-~by-Suflsi------
and coworkers reports a large enthalpy change. -5.5 ± 1 kcaVmol. for the dimerization of 8valerolactam. 18 However. these studies in aqueous solution are complicated hy a temperature
dependent mechanism of dimerization and the tendency of these amides to aggregate rather
than form dimers at high concentrations. 19 Regardless of these complications. hoth these
studies and 01hers20 have clearly demonstrated that amide-amide hydrogen bond formation is
more favorable in hydrophobic environments than in aqueous environments.
The hydrophohic effect is believed to act as a major driving force in protein folding.
While many definitions exist. in this

thl~sis.

the hydrophohic effect refers to the

thermodynamic consequences of the unfavorable interactions between hydrocarhons and
water. 14 The hydrophobic effect. wherehy the transfer of a nonpolar solutc from an aqueous
environment to ill) liquid 21 or vapor phasc 22 is thermodynamically favored. and is
characterized by a favorable change in heat capacity
component

(~SD).

(~Cp)

and a significant entropic

The molecular picture of the thermodynamic contribution of the

hydrophobic effect remains unresolved and often controversial. Still. most datu are
consistent with a picture in which hydrophobic solutes arc surrounded. or caged. by ordered
water molecules. Consequently. the favorahle change in entropy observed during the transfer
of hydrophohic solutes out of water is helicved to he associated with tht! rch:use of these
water molt!cules to hulk solvent. Rt!cent reviews on the role of the hydrophohic effect in
protein folding. huwt!vcr. disagree significantly on the magnitudt! of iLl) contributionY·lO.23
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ex-Helices as model systems. Model peptide systems have been extremely useful in
the elucidation of the relative contrihutions of the thermodynamic forces that drive protein
folding. An important secondary structural element of proteins is the ex-helix. and the
mechanism of ex-helix formation has been studied extensively. In particular. the use of
Zimm-Bragg theory has shaped much of the debate regarding the formation of helical
confunnations in aqueous solution. 24 erighmtly\leveloped to aI-luw-forLhc-pTcdittIDII of

helical structure in peptides, Zimm-Bragg theory requires the use of a two-state model
(random coil

H

complete helix) and the experimental determination of two parameters for

each amino acid: 1) 0'. the helix nucleation parameter, and 2) s, the helix propagation
parameter. Given the sequence of a peptide. this statistical treatment of a peptide allowed for
the first predictions of a-helix formation. The principal limitation of Zimm-Bragg
methodology is that the value of s for each amino acid is independent of neighhoring amino
acids. This limitation is highlighted hy the inahility of this methodology to predict helical
content in peptides containing fewer than 30 amino acid residues. In most proteins, helical
regions tend to average 11 residues in length. 25 Furthermore. many peptide sequences from
helical regions in proteins do not form helices independently in aqueous solution. For
example. sequences from helical regions of myoglobin 26 and staphylococcal nuclease 27 do
not exhihit any helix forming tendency in aqueous solution. The ohservation that the Speptide (the 21 N-terminal residues of RNase A) and C-peptide (the 13 N-tcrminal residues
of RNase A) form a-helices in aqueous solution allowed for the first systematic studies of
specific sidechain interactions that can influence helix nucleation and propagation. 4
The use of Zimm-Bragg formalisms and studies of S-peptidc and C-pcptidc have
culminated in the de no\'o design of ex-helix forming peptides. Marqusl!t: and Baldwin have
design and studied alanine-hased peptides that readily form ex-helices in aqueous solution. 2K
The principal advantagl! afforded hy these de nom peptide systems is the ahility to
characterize sidechain sidechain interactions that can either facilitate formation or enhance

8
the stability of a-helices in aqueous solution. For example. one result of particular interest
involves the relationship between Phe8 and His 12 and C-peptide helix stabili ty. An im portant
catalytic residue in RNase A. His12 is believed to enhance C-peptide helix stability hy
stabilizing the helix dipole, and the presence of Phe8 enhances this stability further. When
incorporated into alanine-based peptides in the preferred i, i+4 arrangement. Phe and His
--exhi bit-the-same-heli-x-stuhiHzing-effeet-ebsefVeEHn-G-flefltiee. 29-+fle-0FlgiFl-0I=ffil-s-et'leG-t-i~---- - .-

believed to involve the potentially favorahle aromatic edge-to-face orientation predicted for
benzene molecules in the gas phase.30 If Phe8. which is a conserved residue in pancreatic
rihonuc1eases. participates in catalysis of RNA hy properly orienting His 12 within the active
site of RNase A. site-directed mutagenesis of PheS might be of interest to the study hoth
enzymology and protein stahility.
The development of these alanine-hased peptides have allowed for the systematic
analysis of many important issues including the bases for helix initiation, helix tennination,
and N-capping. Unfortunately, these studies have not determined the energetic contrihution.
the change of enthalpy (11fT). of helix fonnation. The value of lllIo has heen estimated to he
-I kcallmol rcsidue. 31 The change in heat capacity (~Cp) for these model systems has been

difficult to determine and appears to be small. 25 Consequently. the contribution of amideamide hydrogen hond formation and the hydrophobic effect towards helix formation remains
unclear. These systematic studies of a-helix forming peptides. however. have provided a
general picture of helix formation. Helices. in general. are formed through a cooperative
process where the formation of the first mainchain amide-amide hydrogen hond facilitates
the formation of the next main-chain amide-amide hydrogen hond. Further. these studies
have demonstrated that noncovalent sidechain-sidechain interactions can intluence
significantly helix fonnation and stahility.
The prolyl peptide bond. The recent development of NMR exchange methodologies
and stop-1low 1luorescence experiments in com hi nation with the protein engineering of small.
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single-domain proteins like barnase, bovine pancreatic trypsin inhibitor (BPTl),32
staphylococcal nuclease 33 .34 T4lysozyme,35.36 A repressor.37 and RNase A have provided
insight into the molecular forces that govern protein folding. Yet, the ability to predict the
energetic consequences of a specific mutation remains elusive. As A. Fersht and K. Dill
point out in a recent review, "how depressingly far we have yet to go to understand the forces
that underlie mutational energetics". 13 For thermodynamic analysis, small proteins are
usually treated within a simpHfied framework of the two state model (unfolded

H

folded).

This assumption reduces the protein folding problem to delineation of the folding energetics
under specific conditions. By treating protein folding as any other chemical reaction, efforts
have been made to identify and characterize the protein folding transition state 3R and other
significant barriers that regulate the kinetics of folding. 39 A related approach has been to
address the protein folding problem to delineation of the folding pathways. In particular. cisTrailS

prolyl peptide hond isomerization has been identified as a rate-limiting step in many

protein folding pathways, including that of RNase A.
In 1975, Brants and Halverson suggested that cis-trans prolyl peptide bond
isomerization may account for the slow kinetic phase observed in some protein folding
pathways. 1 This proposal was based on several observations. First. the kinetics exhibited
during the slow kinetic phase of the folding and unfolding of many small proteins was
characteristic of amide hond isomerization. Specifically, an activation free energy of 20
kcaVmol was observed for the transition hetween the slow and fast kinetic phases of proteins
that exhibited hi phasic hehavior. Second, the ratio of slow and fast phases were found to
depend upon experimental conditions. Finally. this hiphasic kinetic hehavior was associated
with proteins whose native crystalline structures that contained prolyl peptide bonds in the
unusual cis conformation.
The last observation was particularly significant since the trans conformation is
greatly preferred over the cis confonnation in most peptide bonds. For proline-containing
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peptides, however, the trans conformation is only slightly favored over the cis conformation
with these peptides usually exhibiting a 4: 1 trans:cis isomer ratio in aqueous solution. In
general, the steric conflict between the O-carbon of the pyrrolidine ring and a-carbon of the
preceding residue is thought to be the origin of the unique energetics of the prolyl peptide
bond. Table 1.1 illustrates the relationship between the preceding residue and the percent cis

--------------;-----;-------;------;-;----.------.----------.-------.-----.,.------,,--------.-...-----:-----.;..---------.-------,------;.--------------

----tsomer.-*s-the-preccding-residue-beeomes-m-o-re--b-u-lk-y,from-6ty-w-T---y-r;-the---e-fs-is-em-er-----becomes the preferred confonnation. Nevertheless, as is discussed below and in Chapters 2
and 5, noncovalent interactions can also influence the prolyl peptide bond equilibrium
constant (KEfZ). Similarly, covalent interactions can alter prolyl peptide bond energetics.
The studies described in Chapters 6 and 7 indicate that electron withdrawing substituent.~ on
the pyrrolidine ring can alter the barrier to prolyl peptide bond isomerization and that the
gauche effect has a significant impact on pyrrolidine ring confonnation and prolyl peptide
bond energetics. Consequently. an understanding of the kinetic and thermodynamic barriers
of prolyl peptide bond isomerization will provide a step toward achieving the overall goal of
being able to predict the three-dimensional structure of a protein from its amino acid
sequence.

1.4 Resonance and the Barrier to Amide Bond Rotation

The energetics of the prolyl peptide bond also affords a unique opportunity to explore
resonance theory and further develop our understanding of the energetics of amide
isomerization. The barrier to rotation about amide bonds, including prolyl peptide bonds, has
heen ascribed to the double-hond character of the C-N bond. 4O The amide C-N bond length
of 1.33-1.37

A rdlects this douhle hond character hy heing intennediate to the typical C-N

single hond length of 1.47 A. and the C;::N douhle hond length of 1.30 A.. Amidic resonance
in general (Figure 1.4). which is hest illustrated as a hyhrid of the two Lewis structures,
occurs when the lone pair of electrons on nitrogen arc conjugated with the rt-electrons of the
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carbonyl group. In addition to explaining the double bond character of the amide C-N bond.
resonance theory illustrates many other features characteristic of the amide bond. First.
resonance occurs when all atoms of the amide bond are coplanar. thereby allowing
conjugation between the lone pair of electrons on nitrogen and the 7t-electrons of the carbonyl
to take place. Second. the charge separation in resonance structure II suggests that there must
ae-a--e-i-pe-Je-m-ement
associated with the amide bond. Finally. these resonance structures suggest that the amide
nitrogen hybridization state depends on the localization of electron density within the C-N
bond. The resonance structures illustrate that when electron density is localized on the amide
nitrogen. as in resonance structure I. the nitrogen should be sp3 hybridized. Whereas. when
the amide bond is fully conjugated. resonance structure II. the nitrogen should be sp2
hybridized. Recent ab initio calculations of model amides have suggested. however. that
electron density is not transferred to the oxygen of the amide when the amide atoms are
coplanar. 41 These studies suggest that electron density may instead be localized on the
carbon of the carbonyl group. in contrast to the traditional picture of amidic resonance.
Crystalline structures of amides and proline-containing peptides reveal these
structural features of the amide bond. In addition. spectroscopic studies of anilides and
toluamides have nicely illustrated the relationship between C-N and C=O bond order and the
amide rotational barrier.42 Isomerization around the amide bond involves changes in C=O
and C-N bond lengths. pyramidalization of the nitrogen. and rotation of the carbonyl to a
position which is orthogonal to the plane of the amide bond ground state. When the
single-bond character of the amide bond predominates. as in resonance structure I. rotation
occurs readily; whereas. when the amide bond contains significant double bond character. as
in resonance structure II. rotation ahoutthe amide hond is less frequent. To ducidate the
mechanism of amide and prolyl peptide bond isomerization. it is necessary to understand the
distribution of the eh.:ctron density within the amide C-N bond.
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Solvent, inductive, and steric effects can influence either the ground state, transition
state,. or both, during the process of amide bond isomerization and may alter the barrier to
isomerization (L\G*). While the solvent effect isgenerally understood to mainifest itself on
the ground state energy levels. the influence of solvent effect on the prolyl peptide hond at
the transition state depends upon the structure of the transition state. Ab initio molecular
--.~------

-

--=--=----~-=e:=l"effiil-GaJG_ulat_i(}lls-QI..mQdet:amJdes-can-pro.vtdcJnsight;lhnughonften_conlra:dictol y. illtrrot:==~:-:-:======.

the nature amide isomerization transition state since many of the changes involved in rotation
about the C-N bond are difficult to measure experimentally. For example. calculations of the.
barrier to isomerization of N. N-dimethylforamide suggest that the syn transition state is
preferred by 0.49 kcalfmol over the anti transition state. but gas, phase calculations of N. Ndimethylacetamide isomerization suggest that harrier to the anti transition state is 4.2
kcallmollower than that to the syn transition state (Figure 1.5). Both of these studies.
however. find significant lengthening of the C-N hondo and a nominal increase in the C=O
bond order at the amide transition state. This result is consistent with the traditional picture
of amidic resonance. Recent calculations of formamide isomerization raises question ahout
this traditional picture of amidic resonance by suggesting that pyrmidalization of the nitrogen
accompanies rotation about the C-N hondo and that charge transfer at the chemical transition
state does not occur from the nitrogen to the oxygen as suggested by classical resonance
theory,41 Our expelimenLc; on proline-containing peptides address this debate (Chapter 2).43

Figure 1.1

The cis (E) and trans (2) prolyl peptide hond isomers.
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Figure 1.2

Ribbon diagram of the structure of RNase A. Shown are the important
catalytic residues: His12. His119. and Lys41. Shown as white circles arc the
location of residues relevant to this thesis: Pro42. Tyr97. Also shown arc the
4 disulfide bonds.
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Figure 1.3

Amino acid sequences of 41 pancreatic rihonucleases in the IUB one letter
code (z =Glx; b =Asx). Only differences from the bovine pancreatic
sequence are shown. Residues are numbered by homology with the hovine
enzyme. Deletions in the sequences are indicated by -. and unidentified
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Figure 1.4

The major resonance structures of the amide bond.
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Figure 1.S

Notionaltransition state structures for amide bond isomerization.
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Table 1.1 Influence of the Preceding Residue on Prolyl Peptide Bond Equilihrium 46

Peptide

% cis

===-===-:~=~------:.-::Gly'-J"ro----==--=--=================== ?a=~·~--=:-_---___

Ala-Pro

39

Phc-Pro

77

Tyr-Pro

79

24
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Solvent Effects on the
Energetics of Prolyl Peptide Bond Isomerization

Previously puhlished as:
Eherhardt. E. S.• Loh. S. N.. Him:k. A. P.. Raines. R. T. Solvent EtTcl:LIi on the Encrgetks of
Prolyl Peptide Bond Isomcri7.ation. JOllrnal afthe Americall Chemical SocieTY· 1992. 114.
5437-5439.

Eherhardt, E. S., Loh. S. N., Raines. R. T. Thermodynamic Origin of Prol}'1 Peptide Bond
Isomers. Tetrahedron Lerrers. 1993,34,3055-3056.
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2.1 Introduction
The interconversion of cis (E) and trans (2) isomers of peptide bonds that include the
nitrogen of proline residues can give rise to a slow kinetic phase during protein folding
(Figure 2.1 ).1.11.47-54 This interconversion is catalyzed by PPIases.55.58.59-62 Two of these
enzymes. cyc10philin and FK-506 binding protein (FKBP). bind the immunosuppresants CsA-antl-F-~06. +l'1ese--i-mm-uI'l9sUflflFesslV-e-a-gc--nt-s-a-t=G--cGm-piM-i-(wc-ltln-in-i-tor~of-ct's,s;;;:jt[l:'+-m{jifJ-7s~===-=========

prolyl peptide bond isomerization. perhaps by acting as transition state inhibitors. At the
initiation of our studies. the mechanism of PPIase catalysis had been studied extensively.
First, isotope effect63 studies of proline-containing peptides suggested that the prolyl peptide
bond does not suffer nucleophilic attack during catalysis by cyclophilin. Second. systematic
mutation of cysteine residues in cyclophilin indicated that an enzymic sulfur is unlikely to
participate directly in catalysis. 64 •65 Third. the resulLIi of calorimetry expcliments showed
that a large decrease in heat capacity accompanies the hinding of FK-506 to FKBP.66
Finally. structural studies of cyclophilin 67 -71 and FKBp72-75 revealed active sites composed
of hydrophobic sidechains. 7() These results led to a proposed mechanism for PPIase
catalysis. wherehy desolvation of the prolyl peptide bond would be sufficknt to effect
catalysis of prolyl peptide hond isomerization. 77 -79 We have determined the effect of solvent
on the kinetics and thermodynamics of prolyl peptide hond isomerization in order to assess
the contribution of desolvation to catalysis hy the PPIases.
Experimental Design. To examine the solvent effect on prolyl peptide bond
isomerization. the protected dipeptide N-acctyl-Gly-[J). y_13C] D. L -Pro-methyl ester (2.1)
was synthesized (See: Chapter R). In order to improve the precision of our DC experiments.
peptides were prepared with DC enriched proline. Glycine was chosen to proceed proline in
order to minimize any stcric interactions that could alter the energetics of the prolyl peptide
bond. A model of peptide 2.1. N-acetyl-Pro-methyl ester (2.2) was used for FTIR
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spectroscopic determination of the amide I vibrational mode. The structure and energetics of
prolyl peptide bond isomerization of 2.2 are described in Chapters 6 and 7.
All peptides studied in this thesis were designed as protected peptides in order to
avoid intramolecular hydrogen bonding and electrostatic interactions that can significantly
alter the energetics of prolyl peptide bond. These intramolecular hydrogen bonds are readily
--------fonned-inapolar-ootutioriW·Rrr.u:1ifla-hU-ve-been-ellservea-i-n-efyst-aHi-F1~-aee~1-IH'eJine82 aI'l9----

N-acetyl-proline N-methyl amide83 •84 (Figure 2.2). While 2.1 has the opportunity to form an
intramolecular hydrogen bond (Figure 2.2C), FTIR analysis of the amide I vibrational mode
of 2.1 in toluene does not reveal any characteristics consistent with the formation of this
intramolecular hydrogen bond, and the expected NOE's between the a-proton of glycine and
the a-proton of proline are not observed.
In addition, protected peptides were used in these studies in order to avoid
electrostatic interactions that can alter the eqUilibrium constant. For example, at pH 1.5, the
KEfZ for the unprotected dipeptide, Gly-Pro. is 6.7; whereas at pH 6.5, the KFJZ is 2.7. In

general. unprotected dipcptides exhibit different thermodynamic signaturcs from either
longer or protected peptides. Shown in Figure 2.3 are the activation paramctcrs (MH. D.st)
for several pep tides (including peptidcs 2.1. and 2.2) that illustrate the thermodynamic
differences between proline-containing peptides with the propensity to stabilize favorahle
intramolecular interactions and proline-containing oligopeptides that arc not susceptible to
intramolecular interactions. Clearly, the two classes of peptidcs can he differentiated, as
illustrated the two slopes, by the distinct thermodynamic characteristics. Further, this
analysis illustrates that peptides 2.1, and 2.2 do not exhibit any unusual thermodynamic
characteristics and that these pcptides arc r~asonable models for the study of prolyl peptide
bond isomerization.
Determination of cis-trails isomerization rates. NMR spectroscopy affords a
unique opportunity to examine the energetics of proJyl peptide bond isomerization. A wide
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variety of NMR experiments have been used in the determination of amide isomerization
rates. These experiments have included line shape analysis. pD jump. and saturation transfer
experiments. 46 We detennined the rates of cis-trans isomerization of prolyl peptide honds
by using complementary inversion transfer experiments 85 The inversion transfer pulse
sequence (1). where Ao is the chemical shift difference between the cis and trans resonances
._.- -a-R.a-~Is=tne-\latl::m-l~tl-me-aela.y-tl"laWl-llQws-fQ.~c-naJ'.l.gC-to=QCCU.4-ier-dUbe-spCC-Lr-3-o.ta=.-

typical experiment shown in Figure 2.4.

(tt/2)x - 1I2Ao - (ttl2)x - 't - (tt/2)x - acquire

(1)

The peak heights were determined from of the data illustrated in Figure 2.4 and a biexponential fit was performed to the magnetization decay curves illustrated in Figure 2.5 (For
a detailed description of equations used to fit the magnetization decay curves and
experimental conditions. see Chapter 8). The two advantages afforded by the inversion
transfer experiment over other NMR methods are that problems of incomplete saturation arl!
avoided and that the dynamic range available is larger. thereby increasing thl! amount and
quality of data over that from saturation transfer experiments.

2.2 Results and Discussion

As described ahove. catalysis of prolyl peptide bond isomerization had heen thought
to proceed through a mechanism of desolvation. This proposal has its origin in NMR
lineshape analysl!s of simple amides. These studies clearly demonstrate that the rate of amidl!
bond isomerization does indeed depend on solven1.86 . 89 Tahle 2.1 illustrates the effect of
solvent on the barrier to amide isomerization. In general. desolvation of an amide lowers the
barrier to isomerization by 1-2 kcaVmol. To explain this difference in activation energy. thl!
electron distribution about the proJyl peptide bond must be considered in the ground state and
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the transition state structures. If the amide group has greater charge separation when planar
than when orthogonal, then its isomerization via an orthogonal transition state should be
faster in less polar solvents. 47 Further, if the partial charge on oxygen is greater in planar
than in orthogonal amides, then protic solvents should restrict isomerization by forming a
hydrogen bond to oxygen. 90 Since no studies have characterized the solvent effect on proline
-con.[aining . pepIi.des,- (nc:::-experiments=b:elnw::::e](·amine:-the-cQnJ:rihtl1iJm-o~des-elv::l1-iort:irL____ . _____
catalysis of proline isomerization by PPIases.
The isomerization rates for 2.1 were determined in different solvents. The
temperature effects on the rate constant for the isomerization of 2.1 are shown as Arrhenius
plots in Figure 2.6. The data in Figure 2.6 indicate qualitatively that pro tic solvenLIi restrict
isomerization of 2.1. Similar to the results ohserved for DMF. the isomerization rate
constanL<; for 2.1 significantly increase in apolar solvent compared to polar solvent. Although
the rate constants of isomerization for 2.1 are influenced by solvent dielecuic constant. the
ability of a solvent to donate a hydrogen bond provides a better correlation for the barrier to
isomerization. The relationship between the free energy of activation for the isomerization of
2.1 and the frequency of its amide I absorption hand is shown in Figure 2.7. The amide I
vibrational mode. which is primarily a C=O stretch. ahsorhs at lower frequency with
increasing strength of a hydrogen hond to the amide oxygen. 91 -9-l The data in Figure 2.7
therefore suggest that the barrier to isomerization
hydrogen honds formed

to

(6G~)

is proportional to the strength of

the amide oxygen (given hy u). These results are consistent with

conventional pictures of amide resonance, which requires the transfer of charge between
oxygen and nitrogen during isomerization.
The equilibrium constant, Krvz =kEZ/kzE ahout X-Pro peptide bonds is believed to be
governed hy steric interactions hetween the pyrrolidinc ring of proline and the preceding
residue. For cxampk. the unprotected dipeptides Gly-Pro and Phe-Pro arc ohsl!rved to have
37 and 79 % cis isomer in aqueous solution, respectivcly.46 Other covalent and noncovalcnt
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interactions. like electrostatic or inductive effects (See: Chapter 7). can alter the value of
KErz. In contrast to the barrier to isomerization. the solvent effects on the KElz for 2.1 are

small and consi~tent with the behavior of other amides.58 The value of the equilibrium
constant for all of the solvents was KEJZ = kEzlkzE = 4.3 ± 0.9 at 60 "C. as calculated by
interpolating the Arrhenius plots of Figure 2.6. The absence of a solvent effect on KFJZ is
-.

-----a-IS(}..G-\LiQtm-t-from~t_nc_FH1.r-u-Uel-lines::in-E'l-gure=2:0-.:=============================

The effect of temperature on the value of KEJZ for 2.1 in aqueous buffer and toluene is
shown in Figure 2.8. Van't Hoff analysis of these

resulL~

(assuming 8Cp•

=0) indicates that

the difference in free energy (110" = -1.34 ± 0.05 kcaVmol in aqueous solution and 8G" =
-1.48 ± 0.08 kcaVmol in toluene at 25 "C) for the X-Pro isomers of 2.1 originates almost
entirely from enthalpic differences hetween these isomers. Further. the similarity of the
enthalpies determined in aqueous buffer (MI"

=-1.27 ± 0.04 kcaUmol) and in toluene (Mf' =

-1.27 ± 0.06 kcaVmol) suggesLc; that the enthalpic forces that differentiate the cis and trans
isomers of prolyl peptide bonds are similar in protic and aprotic environmenLc;. These results
are similar to those of ab initio molecular orbital calculations. which predict that the trails
isomer of NMA in the both the gas phase and water is favored hy Mi" = 2.50 kcaVmoI at 25

"c.95

Differences in entropy. though small, favors the cis isomer in hoth aqueous huffer and

toluene. The entropic preference is less in aqueous buffer (85" = -0.25 ± ()J06 cal·moUK)
than in toluene (I1S· = -0.71 ± 0.18 cal·moUK). This result is consistent with the amide
carhonyl of cis isomer having lower solvent accessihility than in the trans isomer of 2.1,
which diminishes the ability of the amide carbonyl to restrict H;!O molecules through
hydrogen honding.
The solvl.!nt crfect for the uncatalyzed cis-trans prolyl peptide hond isomerization is
shown as a free energy profile in Figure 2.9. Desolvation of the prolyl peptide hond should
lower the harrier of isomerization hy increasing the relative contrihution of uncharged
resonance structure II. Since the calculated dipole moment is similar for both the cis and

30
trans prolyl peptide bond isomers, the solvent effect should be similar for each isomer. 96 •9B
Table 2.2 shows the activation energies for the isomerization of 2.1 in different solvents. 99
As with the other peptides 77, the barrier to isomerization is enthalpic in origin reflecting the
change in bond order required for isomerization. Unfortunately, no obvious correlation
between solvent and the entropies of activation is observed for the isomerization of 2.1.
---- ··--While ·ihe-solvent-effeet-en-the-prolyl-peptide-b0fl6-tr-aflsit10fl-stale-Femains-unelear,-the--- -- .
observation that the entropy of activation is near zero suggests that solvent does not alter the
transition state. 100

2.3 Conclusion
These experiments clearly illustrate that the barrier to cis-trans prolyl peptide bond
isomerization is significantly lower in aprotic solvent that in protic solvent. Further, these
results indicate that the barrier to isomerization is governed by the relative strength of the
hydrogen bond to the to the oxygen of the prolyl peptide bond. In contrast, the equilibrium
constant about the prolyl peptide bond is not altered significantly by solvent. Similar
medium effects may modulate the stability of planar peptide bonds during the folding, 1.52
function, 101-103 0r lysis42•104 of proteins.
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Figure 2.1

The cis (E) and trans (2) prolyl peptide bond isomers and the principle
resonance structures for each isomer.
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Figure 2.2

Potential conformations for A) N-acetyl proline; B) N-acetyl proline methyl
amide C) 2.1.
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Figure 2.3

Enthalpy-entropy compensation for prolyl peptide bond isomerization for
oligopeptide (.A), dipeptides (0), and Gly-Gly-Lys-Phe-Pro

(~).

Key to

structures: 1, N-acetyl-Gly-[f3, y_13C] D, L -Pro-methyl ester (2.1): 2, Nacetyl-[f3, y_13C] D, L -Pro-methyl ester; 3, N-acetyl-Gly-[,B, y_13C] D, L
--=-~ -~-- ~-~--~- ---=-~==--:: --~':'Pr0-=a:iHi-i~lflykurnElef4~=-S-u~h4l-a-r;;e-u-P:l'0-PFie-l'lN'A"H)O-; S~ue-- Al-a-AI-a-Pfe------

Phe-pNAlOO; 6, Gly-Gly-Pro-Ala74 ; 7, N. N-dimethylacetamide 89 ; 8, Suc-AlaTrp-Pro-Phe-pNAloo; 9. Suc-Ala-Gly-Pro-Phc-pNA 100; 10, Gly-Pro I05 ; II,
Ala-Pro I06 ; 12, Val-Pro I06 ; 13. His-pro I07 ; 14, Gly-Gly-Lys-Phe-Pro 108 •
Linear regression analysis is shown for 1-9 (-) and 10-14 (---).
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Figure 2.4

Shown are

13e spectra of 2.1 in 20 % D20: 80% H20; 100 mM sodium

phosphate buffer, pH 7.2, (348 K) at different 't (sec) delay times. 1,0.001 sec;
5,0.15 (sec); 10,0.40 (sec); 15, O.RO (sec); 20,2.0 (sec); 25.4.0 (sec).
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Figure 2.5

Magnetization transfer curves of 2.1 in 20 % D20: 80% H20 100 mM sodium
phosphate buffer. pH 7.2. (348 K). The cis (~) and trans (e) resonances of a
typical experiment where individual peak heights are plotted against t (sec)
delay times.
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Figure 2.6

Arrhenius plots for isomerization of 2.1 in different solvents. Solvents
(dielectric constant at 25°C) were O. dioxane (2.21); O. benzene (2.27); V.
toluene (2.38); •• isopropanol (19.92); •• ethanol (24.55); •• trif1uoroethanol
(26.14); D. acetonitrile (35.94); A. N,N-dimethylformamide (36.71); and ~,

... --::- _.. -:-... ~ -..-~-~--~ ~-.~ -=wa:ferT'7:~3tJf.=[.:i=nGar·n~FrosSiml~ana.I¥&j:s=i:s-s.nQ.wn=for-.ea.c.Il':"p.f6tlc.s.ol:¥enLT ·":l:-·-:·"'· .~~---:-:.~.-.~~~
and all aprotic solvents (---). (A) cis to trans. (B) trans to cis.
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Plots of AG* for isomerization· of 2.1 vs '\) of amide I vibrational mode of Ac-

Figure 2.7

Pro-OMe in different solvents. Symbols are as in Figure 2.6. Values of AG*
were calculated hy interpolating the Arrhenius plots of Figure 2.6 at 60°C.
Weighted linear regression analysis is shown for cis to trans [-, slope =. ..

_u..

.

__

·{)~025-±~0~003-=kcaI.-em7molr.ancl.i-F(lnv--tof;.i.v -F==i-s-1ope-~-=Qm-~:¥~n~oo~r -~ -=~ u.

kcal·cm/mol]. AG*aprotic - AG*walcr =1.3 ± 0.2 kcallmol.
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Figure 2.8

Van't Hoff plot for the cis to trans isomerization of 2.1 in toluene, 0, and
water,

e.
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Figure 2.9

The solvent effect on prolyl peptide bond isomerization is shown as a frce
energy profile. The solid line (-) represents the barrier under in protic
sQlvent. The dash line (---) represents the barrier to isomerization under
aprotic conditions. Also shown arc the ground state structures as well as the
. .•. ··.pUtativetru.nsiUi5f1st3.lefot· prolyJ~cpriac-hotnLlsomenraIton:· .
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Table 2.1 Solvent Effect on Amide Activation Energies99
Amide

DMF

DMA

Solvent

AG~ (kcal/mol)

neat

20.8-22.4

CC4

20.5

TFA (0.3 M)

20.7

neat

21.0

19.0-20.0

50

Table 2.2 Solvent Effects on Activation Parameters for Isomerization of 2.1 43
Solvent

!::.l# (kcallmol)

~st (calfmol K)

19.25 ± 0.14

3.18 ± 0.43

19.97±0.14

2.71

kZE

19046 ± 0.09

0.66 ±0.27

k EZ

17.55 ± 0.14

-2.29 ± 0041

kZE

18.62 ± 0.05

-0.73 ± 0.15

k EZ

16.67 ± 0.03

-3.84 ± 0.08

kZE

18.30 ± 0.09

-1.85 ± O.::!6

k EZ

15.35 ±0.29

-9.61 ± 0.88

kZE

14.96 ± 0.16

-13.56 ± 0.32

k EZ

17.68 ±0.29

-2.01 ± 0.67

kZE

19042 ± 0.16

0.69 ± 1.14

kEZ•

22.28 ± 0.11

12.95 ± 0.34

kZE

23.35 ±0.06

13.89 ± n.20

k EZ

20.60±0.29

2.97 ± 0.86

kZE

23.08 ± 0.13

6.89 ± 0040

k EZ

18.78 ± 0.13

-1042 ± 0.39

Rate constant

acetonitrile

DMF

dioxane

ethanol

isopropanol

toluene

trinuoroethanol

water

21.21 ± 0.13

± 0043

2.29 + 0.38
All experiments wl.!rc pl.!rformed in the solvent" indicated with 100 mM of 2.1.
Activation parameters were calulatcd by a plot of the slope and y-interccpt of
log(kr~lT) vs Irr K.
kZE
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Chapter 3

Amide-Amide and Amide-Water Hydrogen Bonds:
Implications for Protein Folding and Stability

Previously publishl!d as:
Ehcrhurdt. E. S. und Ruines. R. T. Amidl.!-Amidc and

Amidc~Watcr

Hydrogen Bonds:

Implicutions for Pl'Otein Folding and Slahilily. JOllmlll o/the American Cill'mica/ SocieTy.
1tJ94.1l6.2149-2150.
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3.1 Introduction

As a protein folds, many of its mainchain amide groups exchange hydrogen bonds
with water for hydrogen bonds with other mainchain amides. The energetic contribution of
this exchange to the folding and stability of proteins is unclear.2.9.10.25.31.109
Theoretical,19.110-1 \3 calorimetric, 114.115 and spectroscopic16.17.20.92.1l6.117 studies indicate
.·.·.·=::rlTInarnldc~amtdchydTo-hTJTblmdsfoTJn-rea.diiyin~lloup:Olarmedi~In-eQfltrast,'lmi·(tfCam+t:Ie·~.-=- .
hydrogen bonds form only at extremely high amide concentrations in water.18.IIS Extensive
efforts I19-121 to evaluate the contribution of amide-amide hydrogen hands to the aqueous
stability of a particular receptor-ligand complex ultimately failed to exclude contributions to
binding from other forces. 122 To assess thc importancc of amide-amide hydrogen bonds in
protein folding and stahility. we have determined the relative strength of amide-amide and
amide-water hydrogen honds.

3.2 Results and Discussion

Our analyses were performed on the simple peptide Ac-Gly-[~.0-13C]Pro-OMc (3.1)
and the related amide [13C=O]Ac-Pro-OMe (3.2) (Figure 3.1). Racemic 3.1 and 3.2 were
synthesized as desclihed Chapter 8 using standard mcthods. 123 In a previous study. the
kinetic bun'ier to prolyl pL'ptide bond isomerization of 3.1 was shown to depend on the ahility
of the solvent to donate a hydrogen bond to the amidic carbonyl group (Sec: Chapter 2).43
Here. the elTccL~ of amide solvcnL<; and watcr on this same kinetic barrier were determined
using inversion transfer 13C NMR spectroscopy (Sec: Chaptcr 8).85.124 Solvent effects on
the amide I vibrational mode of 3.2 were determined using IR spectroscopy. The amide
solvenL<; studied mimic amide groups found in proteins.
The rdationship hetween the free energy of activation for the isoml.!rizalion or 3.1 amI
the frequency of thl.! amiJe I ahsorption hand of 3.2 is shown in Figure 3.2. The amide I
vibrational mode ahsorbs at lower frequencies with increasing strength of a hydrogen hond to
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the amide oxygen. 94 Also. the rate of prolyl peptide bond isomerization is related inversely
to the strength of hydrogen bonds formed to the amide oxygen. The axes in Figure 3.2 report
independent measures of the ability of a solvent to donate a hydrogen bond to an amide
oxygen. Further support for this interpretation of Figure 3.2 comes from the solvent
dependence for the eight solvents studied here (Figure 3.3) of the frequency of the ester
- -

- ..._._------ ---------_.- ------._----------.... _------

"

--

- - _.. _-----

---------.-----~--.---"

..--------.-- ....._._------

--.---.-------~----------

...---...----

.carbonyrsfrefchfng vTnralionoC:r.r,wffic·o-tn·cnnealcnlTIrr oflne amid~-l vilmrtroTT'.rhrmdc·
by the following equation (1):

Vester c=o = (0.36

± O.(7)tJ.d midc 1+ (1.2 ± O.1)x 103

(I)

The data in Figure 3.2 show that water donates a strong hydrogen hond to an amidic
carhonyl group. The analogous ahility of secondary amide solvents. which resemhle the
mainchain of proteins. to donate a hydrogen bond is dramatically less. The concentration of
each solvent studied here was >10 M, which is likely to exceed the effective concentration of
peptide bonds to one another. at least during the early stages of protein folding. 125 These
I'esults suggest that amide-amide hydrogen bond formation alone is unlikely to drive protein
folding. This study. however. does not explicitly address any entropic contrihution to protein
folding and stahility thut may arise from the release of water mokcules upon formation of
amide-amide hydrogen hands. Since the released water molecules form hydrogen honds
with hulk water. this t:ntropic: contrihution is likely to be small.
The data in Figure 3.2 also show that formamidc. which mimics the pdmary amide in
the sidechains of asparagine and glutamine residues. is a signiticantly hetter hydrogen hond
donor than is any of the secondary amidcs studied. and is almost as good as water. This
result suggests that sidl!chain-mainchain hydrogen bonds can contrihute more to protein
stahility than can rnainchain-mainchain hydrogen bonds. This idea is consistent with
asparagine, gIUlaminl!. and glycine heing preferred residues at the C-terminus of a-
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helices. 126,121 There, an amide side chain can donate a hydrogen bond to a mainchain
carbonyl group, and a glycine residue can maximize the exposure of a mainchain carbonyl
group to solvent water.l0.128.129
What is the origin of the dramatic difference ohserved between the hydrogen bond
donating abilities of secondary amides and fonnamide? An important contribution may arise

...- . from the effecirve eoncentrattOn of-donofs, since an aclE1iHenal-potentialdenoHs -always·
proximal to every hydrogen bond donated by fonnamide. Alternatively, the observed
difference may result largely from sterie constraints that restrict the number or geometry of
hydrogen bonds donated by secondary amides, as has heen proposed for large
aicohols.92.130.131 Regardless of its origin. the observed differences in hydrogen bond
donating abilities arc likely to be manifested during protein folding and in folded proteins.

3.3 Conclusion

Approximately 3/4 of the mainchain amides in glohular proteins form hydrogen honds
with other mainchain amides. 125 Although the formation of such intramolecular amideamide hydrogen honds in water can he exothermic, D2 the results presented here and
elsewhere I 14.115 indicate that amides form stronger intermolecular hydrogen honds with
water than with other amides. We conclude that mainchain-mainchain hydrogen honds can
fonnonly in a cooperative process, which is likely to he facilitated by the hydrophohic
collapse of the unfolded protein and the consequent shedding of water molecules from
mainchain amides.1O We also suggest that the desolvation of individual mainchain amides
diminishes the stability of folded proteins. 133.134
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Figure 3.1

Structure of proline derivatives: Ac-Gly-[~,&-13C]Pro-OMe (3.1), and lhe
related amide X13C=O]Ac-Pro-OMe (3.2).
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Figure 3.2

Plots of L\G~ for isomerization of 3.1 vs. v of amide I vibrational mode of 3.2
in different solvents. The solvents (neat concentration. M; pKa in Me2S0. if
known 135) were as follows: A, dioxane (11.7); A. N,N-dimethylformamide
(13.0); ., N-methylpropionamide (10.7); A. N-ethylacetamide (10.8; 26.1);

.-:~.-

·.-Y;- N-nle-t1Wrace(arrnae-=-nl~1;-25~9);.-.~ N.;.rrn!rh...ytrormamtrle=<:t,.:t>.;-.::~~--·-·
formamide (25.2; 23.45); ~. water (55.5; 32). A. cis to trails. B. trans to cis.
Unwcighted linear regression analysis gives slopes -0.022 ± 0.003 (A) and
-0.030 ± 0.006 (B).

58
20
~

1""""4

0

E

-..zu ..

T

............

C"d

19

-

\--.I

-1+

~

Cj

<1

E
-

18 0

A

,....--,

0

20 -

............

C"d
U

~

\--.I

~
+1-

19 -

¢

\j

<1
18
1620

t4•1
1600
V

B
1580

[em-I]

1560

-

..•

--

59

Figure 3.3

Plot of the amide I vibrational mode 3.2 vs. the ester carbonyl stretch region
of 3.2 in different solvents. Solvents are as in Figure 3.1.
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Mechanism and Thermodynamics of Amide Hydrogen Bond
Formation in Aqueous and Organic Solvents: Dimerization of
8 .. Valerolactam

This work was undertaken as a collahoration with: Loh. S. N.• Eberhardt. E. S.• Edison. A. S..
\Vcinhold. F .• Raines. R. T. & Markley. J. L.
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4.1 Introduction

Since amide-amide hydrogen bonds are the most prevalent hydrogen bonds observed
within proteins, an understanding of the energetic contributions of such hydrogen bonds is
essential for the accurate prediction of a three dimensional protein structure from its amino
acid sequence. Due to the complexity of the protein folding problem, studies of model
- - - -

amides have been used

to

-

- - - -

disscctthe contributionofu-midc-amidehydrogen bonds In-----

aqueous solution. In apolar solvents, amide-amide hydrogen bond formation is associated
with a large enthalpic component, and the bonds are readily formed at dilute amide
concentrations. In contrast, amide-amide hydrogen hond formation in aqueous solution
occurs at only extremely high amide concentrations. The thermodynamic driving force is.
however, unclear. Studies of N-methyI acetamide. 16 diketopiperadine. 136 urea. I IS and 8valerolactam 18 in aqueous solution reveal that a significant enthalpic contrihution is
associated with amide-amide hydrogen bond formation. Of these studies. 8-valerolactam
was observed to have the largest enthalpy change upon association (-5.5 ± I kcal/mol).
Using nuclear magnetic resonance spectroscopy and infrared spectroscopy. the association of
8-valerolactam in CCl4 and H20 has been re-examined.

4.2 Results and Discllssion

The dimerization of 8-valerolactam was determined from its amide JH chemical shift
as a function 8-valerolactam concentration in CCl4 and H20 (Figure 4.1). The changes in
chemical shift retlect the formation of a hydrogen bonded lactam dimer, since J3C Tl and
1H-13C heteronuclear measurements (data not shown) indicate that large aggregates arc not

being formed at high lactam concentrations. The IR data of 8-valerolactam in Cel.t (Figure
4.2) shows that hydrogen bonding at 100 mM concentrations of lac tam (Fig un: 4.2A) and an

ahsence of H-honded NH frequencies in the NH region of 1 mM lactam (Figure 4.2B). The
absence of hydrogen honding in the NH region of the 1 mM lactam sample indicates that the
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non-hydrogen bonded monomer is the predominate species in solution under these
conditions. At 100 mM lactam in CC14, both the NH and amide I vibrational modes become
red-shifted (3416 and 1675 cm- 1 at 1 mM to 3205 and 1672 em-I, respectively) indicating
dimerization of the O-valerolactam molecules. The appearance of additional frequencies (ncar
3804 and 3142 em-I) and the shoulder in the amide I region indicate that other hydrogen
bonded species exist at higll---O~vaIerolactam-conceAfrafions, Thougnthe-ieentiTyofThc-se
minor species remains unknown. The IR and NMR data in CCl4 are consistent with a simple
mechanism of lac tam dimerization with no participation of solvent (Figure 4.4A).
While the dimerization of o-valerolactam occurs over five orders of magnitude of
lac tam concentration in organic solvent, the transition in water was much steeper (Figure
4.1). The observed difference is reconciled by invoking different binding mechanisms in
aqueous solution and organic solvent. In aqueous solution. dimerization in water is
accompanied by the release of water molecules; wherea..<;. in CCI4. solvent does not enter into
the reaction. The amide I vibrational mode of O-valerolactam in H20 supports the
involvement of solvent in lactam dimerization since the lactam molecules arc always
participating in a hydrogen bond with either another lactam molecule or. one or two water
molecules (Figure 4.3). As the mole fraction solute (O-valerolactam) decreases. spectra 1-5,
the contribution of B-valerolactam dimer (1663 em-I) to the amide I vibrutional mode
decreases, while the contrihution of the fully hydrated monomeric species (MW 2) increases
(I 625 cm -1), The emergence of an intermediate species, centered around 1635 cm-] as

illustrated in Figure 4.3, is helieved to be a lactam molecule hydrated hy one water molecule.
the MW 1 species. This intermediate species is similar to the behavior observed for acetone
and mixtures of apolar and protic solvents and appearance of this B-valerolactam intermediate
spl!cies is consisll!nt with a single water molecule being hound to each lactam molecule. 137
To extract the hinding parameters for the dimerization reaction of o-vulerolactum in
aqueous solution, the following equilibrium (1) must be considered:
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2M

Ka
tq

>

(I)

where Ka is the association constant and M and D represent the monomer and dimer
respectively. Given that [T], the total lac tam concentration, is equal to [M] + 2[D], the
expression (2) that describes the equilibrium in (1) can be solved for [M]:
[M] = -[HzO]x + ~[H20fx + 8Ka[T][H20]x
4Ka

(2)

Ka and x, the stoichiometery of solvent molecules involved. can then be extracted from a

nonlinear least-squares fit of the form

(3)

where Bobs is the observed NMR parameter while OM and 01) are the haseline spectral values
of the lactam monomer and dimer, respectively. Tahle 4.1 illustrates the dimcrization
parameters for o-valerolactam in CC4 and H20. The most significant result is that the
dimerization of O-valerolactam in CC14 can be readily modeled by using the mechanism
illustrated in Figure 4.4A. From a standard van't Hoff analysis, the dimcrization of
o-valcrolactam CCI4 is found to he enthalpically driven (Mr ::;:: -7.9 ± 0.05; ll.S" = -16.6 ±
0.09). In water. however, x shows a signiticant temperature dependency change from 2.5 at
2.5 ·C to 1.8 at 61°C. The change in x indicates that the mechanism of dimerization is
temperature dependent. Therefore, a straight forward van't Hoff analysis cannot be used to
extract the energetics of O-valerolactam dimerization in aqueous solution. These results
suggests that the mechanism of dimerization changes with increasing temperature. Figure
4.4C illustrates mechanism of 8-valcrolactam dimerization in aqueous solution at low
temperatures. As temperature increases, the mechanism shifts from Figure 4.4C to
Figure 4.4B to Figure 4.4A. Preliminary ab initio calculations of the dimerization of MW 1
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and MW2 species, in vaccuo, is slightly opposed enthalpically but driven entropically by the
release of water. This conclusion is consistent with the calculated driving forces for the
binding of J3-lactam inhibitors.121.138 Although the in vaccuo nature of these calculations
does not permit a quantitative thermodynamic analysis, these results imply that after the
hydrophobic collapse of a protein during folding, the formation of buried amide hydrogen

.. ....

-.-~~onds:carfDe··eri.f.toptclnlyan¥err:Dy

.Ihe:releaseof warer molecules.-Tntsmecnanis:mJnr····.• ·~ ......

amide-amide hydrogen bond formation may only be applicable, however, for the fonnation
of amide-amide hydrogen bonds that are shielded from bulk solvent.

4.3 Conclusion
As model system for amide-amide hydrogen bond formation, the dimerization of
o-valerolactam has illustrated the challenges in determining the mechanism and
thermodynamic driving forces which govern amide-amide hydrogen bond formation in
aqueous solution. These experimenL'; demonstrate that the mechanism for amide-amide
hydrogen bond formation is temperature dependent. and suggest that amide-amide hydrogen
bond formation can be entropically driven by the release of water molecules if the amides are
shielded from bulk solvent. Finally. these experiments caution against the usc of a standard
van't Hoff analysis in determining the thermodynamics of amide-amide hydrogen bond
formation in aqueous solution.
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Figure 4.1

Plot of the amide proton chemical shift as a function of o-valerolactam
concentration in CC4CT) and H20ce). All measurements were made at 22 DC.
Solid line represents the best fit of eq 3 to the data. Theoretical curves for
dimerization in CC4 was obtained with the solvent parameter x set to zero.
- - - - - - - - - - - - - - - - - -
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Figure 4.2

IR spectra of 8-valerolactam in CCl4 showing the NH stretch region from
3500 to 3000 cm- l , and the amide I vibrational mode from 1750 to 1550 em-I.
In A) a 8-valerolactam concentration of 1.0 M; B) a 8-valerolactam
concentration of 0.001 Mat 22°C. M and D are monomer and dimer
respecllv-ely.------- --- ------- --- - --- ------- ---- ---- - -
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Figure 4.3

IR spectra of o-valerolactam in H20. recorded at 22°C showing the amide I
vibrational mode. Concentrations of O-valerolactam were: 1, 11.3 M; 2,9.87
M; 3, 8.23 M; 4, 7.05 M; 5,5.88 M. Each spectrum was resolution-enhanced
and nonnalized. The y-axis represents arbitrary absorbance units.
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Figure 4.4

Putative dimerization mechanisms of O-valerolactam. A) Dimerization
mechanism in CCl4. B) Dimerization mechanism in H20. C) Dimerization
mechanism in H20 at low temperature.
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Table 4.1 Binding Parameters for 8- Valerolactam Dimcrization in Aqueous and
Organic Solution

Tee)
6.1--

H20x

_________ 2.45 ±llJ_Q

H20 Ka,ohsh

___95.5± 3.D___

19.3

2.24±0.1O

45.9 ± 13

29.9

2.23 ± 0.10

42.7 ± 9.8

38.3

2.00 ± 0.10

18.3 ± 8.1

45.6

1.80 ± 0.10

9.37 ± 3.2

54.1

1.84 ± 0.10

9.78 ± 2.8

61.4

1.77 ± 0.10

7.36 ± 2.5

a Errors indicate 95% confidence limits. b Units of Ka,ohs vary.

_34.0 +30 _____ _
186 ± 15

83.5 ± 5.5

37.0 ± 2.0
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Contribution of a Phenolic Hydrogen Bond to
Ribonuclease A Stability and Catalysis
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5.1 Introduction
The contribution of hydrogen bonds and hydrophobic forces to protein stability
remains an unresolved question in biochemistry. The ability to generate mutant proteins with
single amino acid substitutions has greatly enhanced our understanding of the molecular
basis for protein stability. Recent studies on T41ysozyme,36,139.140 A. repressor.37.141 and
-~~RNase-'I't-lQ9T142-have-attemptedLo--de:tenninJ!:-:~~-:~(}TItributitm~of~b0th-hy~-f0gen-be-f1as-aFld

the hydrophobic forces in conferring protein stability. Evolution has refined the architecture
of proteins such that the orientation of catalytic residues is modulated by noncovalent
interactions distant from the active site. Still. a full understanding of these noncovalent
interactions remains a significant challenge for protein engineers and in the de IIOVO design of
proteins. This study explores the noncovalent architecture of RNase A by examining the
contribution of a hydrogen bond donated by the sidechain of Tyr97 to the stahility of RNase
A and explores the role of Tyr97 in properly positioning Lys41 within the active sile of
RNase A.
The structure of RNase A complexcd with uridine 2',3'-cyc1ic vanadate (U>v) has
provided invaluable insight into the catalytic mechanism ofRNasc A (Figure 5.1).143 U>v is
thoughllo be a putative transition state analog. since RNase A catalyzed reactions are
thought to proceed through a transition state that contain significant pentavalent character. In
the active site. the sidechains ofHis12 and His119 arc proximal to the vanadyl group ofU>v.
and the N£ of the Lys41 sidechain is 2.76 and 3.65

A from the 02' and at\' oxygens.

respectively. of U>v. Also shown in Figure 5.1 are 2 other amino acid residues that interact
intimately with the vanadyl group. The sidcchain nitrogen of GIn 11 forms a hydrogen bond
with the nonhridging oxygen. at\' (N o2 - at\' distance =2.56 A). and the mainchain nitrogen
of Phe 120 forms a hydrogen bond with the nonhridging oxygen. 03v (N - 03\' distance =
2.88 A).
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Despite extensive study, the precise role of each active-site residue in catalysis hy
RNase A is uncertain. RNase A catalyzes the cleavage of the P-Os' bond of RNA
specifically after pyrimidine residues. Figure 5.2 depictc; a mechanism of catalysis that is
consistent with all known data. In this mechanism. His12 acts as a general base that ahstracts
a proton from the 2'-hydroxyl of a substrate molecule thereby facilitating attack on the
.. --_ . -~:phospnorus-a[Om::l~4T.hls:a:nack1'j'u~ee~~lrne~to=dtsplac1rthe~I1IlCleDSide:;-~~?·-=Hisl:1:2~~1S~ -_.. .
as a general acid that protonates the 5'-oxygen to facilitate its displacement with both
productc; being released to solvent. 146 The slow hydrolysis of the 2',3'-cyclic phosphate
occurs separately and resemhles the reverse of transphosphorylation. 146. 147
The picture for the role of Lys41 in the cleavage of RNA has been developed over the
last thirty years. 148 In the mechanism in Figure 5.2. the reaction apparently passes through a
transition state that has a pentavalent phosphorus atom. Lys41 is believed to assist catalysis
by stabilizing this transition state through donation of a hydrogen bond or Coulombic
interactions. 149 The sidechain of Lys41 was originally identified as an important residue in
catalysis through chemical modification studies with dinitrophenol. 150 Since then. studies
have postulated that the sidechain of Lys41 selectively stabilizes the chern ical transition state
for RNA cleavagc.151-154 Molecular dynamics simulations support this role by suggesting
that the sidechain of Lys41 interacts with the phosphoryl oxygen of the phosphate group in
the transition state. 154 Only recently. however. has recomhinant DNA technology been
developed for RNase A that allows for the characterization of structure-function relationships
of the protein by site-directed mutagensis. 7 Mutants of Lys41 have been shown to have a
deleterious effect on the ability of RNase A to catalyze the cleavage of RNA.1 49.155 In
addition. studies of semisynthetic RNase A. where the K41C enzyme was prepared and
specifically alkylated with various functional groups, suggeslthat the geometry and relative
strength of the hydrogen hond donated by the sidechain of Lys41 is related to the catalytic
cfticiency of the enzyme. 155
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In wild-type RNase A, a covalent and nonconvalent network is employed to lower the
conformational freedom of the polypeptide backhone. and that may help to position Lys41
properly within the active site. Figure 5.3 illustrates the protein architecture that is involved
in the positioning Lys41. On the N-terminal side of Lys41. the sidechains of Cys40 and
Cys95 participate in a disulfide hond that covalently fa~tens together the first and third
----:-- strarios~of iheanti-pnrallelp-sheet.-SfffiilaflY-;TI1e-phenoltc 5-1dachaiu- ot Ty~JTaolla-te-sa
hydrogen bond from the third

~-strand

u

to the mainchain oxygen of Lys41. which participates

in the prolyl peptide bond of Pr042, in the first ~-strand. This hydrogen hond (C=041-0l)97
distance=2.36 A) is completely buried within the interior of the protein with the entire Tyr97
sidechain being inaccessible to solvent. Spectroscopic studies of RNase A indicate that
Tyr97 is found not to ionize up to pH 11.0. 156 Further, phylogenetic analysis of pancreatic
rihonuc1eases from over 40 different species indicate that Tyr97 is a conserved residue
thereby implying an important role for this residue. 44 Here, the Phe. Ala. and Gly mutants of
Tyr97 have been prepared hy site-directed mutagensis in order to measure the contribution of
a phenolic hydrogen hond to thc thermostahility and catalytic efficiency of RNase A.

5.2 Results
The thermal denaturation curves for the Tyr97
illustrated in Figure 5.4. All three

mUlanL~

mutanL~

and wild-type RNase A arc

were significantly less stahle than wild-type

RNase A. Removal of a hydroxyl group from the sidechain at position 97. as in the Y97F
RNase A. lowered the T m hy 27.5·C. The additional removal of the phenol sidcchain, as in
Y97A RNase A, further lowered the Tm hy an additional 6 ·C. Yet. a suhtle increase in
stahility of 1.3 ·C was ohserved for the Y97G mutant over the Y97 A. Tahle 5.1 highlights
the difference in stahility. d(dG). for the mutant proteins as compared to wild type. Of the
mutants, Y97A showed the largest decrease in stahility while Y97F exhihited the smallest
change.

79
Table 5.2 illustrates the influence that Tyr97 has on the steady-state kinetic
parameters. kcat' Km. and kcatlKm• for the cleavage of poly(C). Overall, the Km values for all
Tyr97 mutant proteins increased by less than 3.5-fold. Although all Tyr97 mutant proteins
exhibited small effects on the Km. a lO-fold increase in the Km was observed when the
sidechain of Lys41 is removed. as in K41A RNase A. In contrast, a significant change was
. oDserved fortneTyr97mutaniS ori-Th-e-viiIue -6fkcat.TheTunioverTorthe-se-mu-til-ntc-n7.ymeswere two orders of magnitude slower than wild-type RNase A. Overall, a significant
reduction was observed in the catalytic efficiency (kca,/Km) of the mutant enzyme as
compared with that of wild-type RNase A. A 70-fold reduction in kcatlKm was observed for
the Y97F enzyme~ whereas, Y97A and Y97G were found to be nearly 200-fold lower in
catalytic efficiency.

5.3 Discussion

Contribution of the hydroxyl group of Tyr97 to protein stability. Removal of the
hydrogen bond between hydroxyl group of Tyr97 and the mainchain oxygen of Lys41 is
extremely deleterious towards the thermal stahility of RNase A. As shown in Table 5.1, the
difference in stability. ~(L\G). for Y97F from wild type RNase A was determined to be -9.7
kcaVmol. This change in stability is significantly larger than would be anticipated for the
mutation of a residue from tyrosine to phenylalanine. Earlier studies of RNase TII09 have
examined the effect of a tyrosine (Tyr68) to phenylalanine mutation on protein stahility. In
RNase Tl, the sidechain of Tyr68 is completely inaccessible to solvent where the hydroxyl
group donates a hydrogen bond to the mainchain oxygen of Gly71. The Tm of this particular
mutant of RNase Tl is found to be lowered by only 4 ·C. or, with a L\(L\G) of -1.35 kcallmol.
Consequently, the 9.7 kcallmol difference in protein stahility cannot be atlribuwd to the
removal of a hydrogen bond alone.
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Without structural information about Y97F RNase A and Y68F RNase Tl, a
quantitative analysis that accurately accounts for the ~8.35 kcaVmol difference for similar
mutant types is extremely difficult. However, since the Tyr sidechains of both enzymes are
completely solvent inaccessible, the origin for this difference may be the nature of the
hydrogen bond acceptors. In wild~type RNase A, the Tyr97 hydroxyl group donates a
.- hycfrogen to oxygen of Lys41 , or rather, the prolylpeptide bondofPro42. Wher~as. ·in wildtype RNase TI. Tyr68 donates a hydrogen bond to the oxygen of Gly71, which is part of a
typical peptide bond with Ser72. The relative dccrea'>e in protein stability for both Y97F
RNase A and Y68F RNase TI that results from the unfavorable proximity of the benzyl
sidechain of phenylalanine and the unsatisfied carbonyl of the peptide bond should be
equivalent. Yet, the difference in prolyl peptide bond energetics for wild~type and Y97F
RNase A may be significant. During the refolding of RNase A. the prolyl peptide hond of
Pro42 has been identified as being responsible for a slow kinetic phase in protein
folding.51.157 Previous work on model peptides has indicated that the removal of a strong
hydrogen bond donor can lower the barrier to prolyl peptide bond isomerization by 1.2
kcaVmo1. 43 The energetics of peptide bonds that precede proline residues differ significantly
from the energetics of typical peptide bonds. and the formation of a strong hydrogen bond to
the oxygen of the prolyl peptide bond helps compensate to for this shift in peptide hond

cis/trans energetics by raising the harrier to isomerization. Consequently, one role for the
Tyr97 hydrogen bond may be to stabilize the energetically preferred trans isomer. Folding
studies of P42A RNase A were shown to eliminate a slow kinetic phase in the folding of
RNase A.IS8 However, the role ofTYr97 in the affecti~g the folding pathways of RNase A
remains unknown. Therefore, structural studies that determine the orientation of the Pr042 in
the folded RNase A and refolding studies are necessary to assess accurately these roles for
Tyr97.
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Contribution of the benzyl sidechain to protein stability. Complete removal of the
phenolic sidechain of Tyr97 further lowers the melting temperature of RNase A. As
illustrated in Table 5.1, the difference in A(AG) of -12.1 and -11.6 kcallmol is calculated for
Y97A and Y97G RNase A, respectively. With -9.7 kcallmol being associated with the
removal of the hydroxyl group. the difference in stability from Y97F for Y97 A and Y97G
RN-ase-Ais~~-2-.7-ID1a-:"1~9keii]Jinol-res~ectivelY.---:'Thesc-Cfiangesin--STaoilit-ycanlJe -atu·ihiileo-.

to the removal of hydrophobic surface area. Estimates of the hydrophobic contribution from
octanol phase transfer studies (AG tr ) indicate that the contribution of a benzyl group towards
protein stability can range from 1 - 3 kc allm 01. 109 Similarly. estimates of the hydrophobic
effect for the elimination of a methylene group can range from 0.4 - 1.1 kcallmol. 159
Surprisingly. Y97G RNase A was found to be 0.5 kcallmol more stable than the Y97 A
enzyme. The response of protein structure to cavity-creating mutations has been well
studied.140.141 These studies indicate that the hydrophobic core is flexible and that core
sidechains can reorganize in response to cavity-forming mutations to lead to the recovery of
protein stability. 160 This type of organization may account for the unexpected stability of the
Y97G RNase A.
Conformational advantages of the hydrogen bond donated by Tyr97. RNase A
employs a covalent and nonconvalent network of interactions that appear to lower the
conformational freedom of the polypeptide backbone and thereby position Lys41 properly
within the active site. The hydrogen bond formed by Tyr97 tethers the first and third

p-

strands. Although such a hydrogen bond may lower the conformational entropy of this
region, the neighboring disulfide bond between Cys40 and Cys95 should be the primary
structural feature that reduces the conformational entropy of the region. Pro42, a conserved
residue, eliminates a possible rotomer about the dihedral angle, <P. from the polypeptide
backbone of RNase A. However, as described ahove, the energetic cost of eliminating a
degree of freedom is offset hy an increased preference for the cis isomer ahout the prolyl
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peptide bond. Apparently, a significant role for the phenolic sidechain of Tyr97 is the
formation of a hydrogen bond that raises the barrier to prolyl peptide bond isomerization.

The influence of the hydrogen bond donated by Tyr97 on the cleavage of RNA.
The changes in the kinetic parameters listed in Table 5.2 are consistent with Tyr97 affecting
the active-site residue Lys41. The observed change in Km for the Tyr97 mutants are
----- mtntmat-Thi5:resulrr5:"Dot-surprtsin:g:since--tys:4l:Js-:mIthelieveIttrr:ptay~a::si:gni:fic:ant:ml-e-in---
ground state binding of the substrate poly(C). Lys41 participates in the cleavage of RNA by
stabilizing the chemical transition state and mutant enzymes that alter the position of Lys41
within the active site of RNase A should influence kcal . The activity of all Tyr97 mutant
enzymes are lowered by nearly two orders of magnitude implying that Lys41 is not in
optimal position within the active site. Thus, the hydrogen bond donated hy Tyr97 is
important for optimal catalytic activity of RNase A.

5.4 Conclusion
The phenolic sidechain of Tyr97 contrihutes to RNase A stability through both the
donation of a hydrogen bond and the hydrophobic effect. Removal of the hydrogen bond
donated by Tyr97 manifests itself by a reduction in the catalytic activity of RNase A. and the
lower activity mirrors the thermal stability of the mutant en7.ymes. This reduction in activity
is likely to be consequence of increased conformational freedom of the polypeptide backbone
around Lys41and the culminates in the repositioning the Lys41 Nt within the active site of
RNaseA.
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Figure 5.1

Structure of the complex of RNac;e A with uri dine 2',3'-cyclic vanidate. a
putative transition state analog. Shown are the catalytic residues of RNase A
including His12. His 119. Lys41 and 01n11.
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Figure 5.2

Mechanism of transphosphorylation and hydrolysis reactions catalY1..ed by
RNase A. B: represents His12; +A-H represents His119. 45
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Figure 5.3

Hydrogen bond fonned between the sidechain of Tyr97 and polypeptide
backbone oxygen of Lys41. Shown are residues that lower the conformational
degrees of freedom of the polypeptide hack bone, including Tyr97 (yellow).
Pro42 (yellow), Lys41 (red). and the disulfide bond formed between Cys95
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Figure 5.4

Thennal denaturation curve for wild-type, 0, Y97F,

~,

Y97 A.

T,

and Y97G,

e, RNase A. Shown is the fraction unfolded(fu), percent unfolded/total
protein, for wildtype and the mutant proteins vs. temperature CC).
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Table 5.1 Differences in Mutant RNase A Stahi1ity
A(AG)c.d kcallrnol

WT

63.5

Y97F

36.0

27.5

9.7

_---~-----------------¥97-A---------------2-9~I----------------~4.4-~--------------tZA-------------

30.4
33.2
11.6
Y97G
aTm was detennined at the midpoint of the thermal denaturation curve.
bATm = wt(Tro) -mutant(Tm).
c 95 % confidence error was detennined to be ± 0.4 kcallmol for all mutant proteins studied.
d A(AG) = [A(T m)l x AS m• where AS m is the value of wild-type protein. 161

--- -- --- - - -
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Table 5.2 Steady-State Kinetic Parameters for the Cleavage of Poly(C) by Wild-Type,
K41A, Y97F, Y97 A, Y97G RNase A

-----~~--------

--

kcat [s·l]

Km[mM]C

WTa

51O±1O

0.034 ± 0.002

15 ± 1

K41Ab

0.036 ± 0.0004

0.39 ±0.04

0.000092 ± 0.000008

Y97F

5.02 ± 0.15

0.023 ± 0.002

0.22 ±0.02

Y97A

9.23 ±0.20

0.120 ± 0.009

0.077± 0.008

Y97G

8.53 ± 0.30

0.108 ± 0.013
i

0.079 ± 0.03

---

----~-------

a see45 •
b
C

k catlKm[l06 s·lM- 11

RNase A

see 149.
Based on monomeric phosphate units of poly C.
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Inductive Effects on the Structure of Proline Residues

Previously published as:
Panasik. N. Jr.• Eberhardt. E. S.• Edison A. S.. Powell. D. R.• Raines. R. T. Inductive Effects
on the Structure of Proline Residues. International Journal of Peptide and Protein Research.
1994.44, 262-269.
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6.1 Introduction
Collagen is the most abundant protein in vertebrates.162-164 Each polypeptide chain
of collagen is composed of approximately three hundred repeats of the sequence: X-Y-Gly,
where X is often a proline (Pro) residue and Y is often a 4(S)-hydroxyproline (Hyp) residue.
In connective tissue, collagen chains form triple-helical arrays in which all of the peptide
----tmnds are inlhetrans-rZj confonmItiun~Thes-e--arrays.are th-en-organize-d-into- fibrils -of-great
tensile strength. 165
The role of the hydroxyl group of Hyp residues in collagen structure and function is
uncertain. The hydroxylation of proline residues occurs after collagen biosynthesis, hut
before the chains begin to form a triple helix. The effect of prolyl hydroxylation on the rate
of triple helix formation is not known. Hydroxylation is known, however, to increase the
thermal stability of triple-helical collagen,166. 167 but the molecular basis for this increased
stability is not clear. Models hased on the structurc 168 of triple-helical collagen and
conformational energy calculations suggest that no hydrogen bonds can he formed hetween
the hydroxyl group of Hyp residues and any back hone groups of the same triple helix. 169
Several other models have been proposed, however, in which a water molecule forms a
hridge between the hydroxyl group and a mainchain carhonyl group. 164
The electronegative oxygen atom of a hydroxyl group is effective at withdrawing
electron density hy through-hond and through-space interactions. This inductive effect is
apparent in the acid dissociation constants of appropriate derivatives. For example, the pKa
of the secondary ammonium group of Pro is 10.64, while that of Hyp is 9.66; and the pKa of
the carhoxylic acid group of Pro is 1.95, while that of Hyp is 1.82.170 These differences in
acidity arc consistent with the manifestation of an inductive effect that draws electron density
toward the hydroxyl group of Hyp.
Any inductive effect from the hydroxyl group of Hyp residues should he apparent in
the structure of these residues. To determine the effect of electron withdrawal on the
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structures of proline residues. N-acetyl-proline methylester (6.1). N-acetyl-4(S)hydroxyproline methylester (6.2). and N-acetyl-4(S)-fluoroproline methylester (6.3) were
synthesized. The methylester was used to minimize intramolecular hydrogen bonding. as has
been observed in N-acetyl-proline 82 and N-acetyl-proline N' -methylamide. 83.84 Compound
6.3 was studied because the fluoro group is a small substituent that extends the range of
~···-~~~lfiauctIve-effects

.• :·ln(iuG-ti-ve·erfects::Ularanse::ei!nenntougn=ooncisOt--rlmm:glr-s-pnce=ITUVC--

been described by many empirical parameters. I7I For example. the acid dissociation
constants of 4-substituted quinuclidines are related by the parameter 0'1. where
KX

KH
0'1

=P

a

-p

a

,•..•,

172

Hydrogen. hydroxyl. and Ouoro groups have 0'1 values of 0.00, 0.27.

5.15

and 0.51, respectively.
The structures of 6.1 - 6.3 were determined hy x-ray diffraction analysis. and were
also studied by ab initio molecular orbital calculations at the RHF/.3-21 G h:vc1 of theory.
The results of this work provide a high-resolution p.icture of the inductive effect on the
structure of analogous proline residues.

6.2 Results and Discussion
'.

Approximately ten percent of the residues in most forms of collagen are Hyp
residues.I62-I64 The presence of the hydroxyl group on the cr atom of proline residues is
known to increase the stability of collagen triple hclices. 166.\67 Heft!. we show that the
inductive effect of the hydroxyl group affects the structure of the proline residue it..I)elf.
The crystalline structures of 6.1 - 6.3 were determined hy x-ray diffraction analysis.
The crystallographic parameters for 6.1 - 6.3 are given in Table 6.1. Atomic coordinates and
equivalent isotropic displacement coefficient..I) for 6.1 - 6.3 arc givcnin Tahks 6.2 - 6.4. The
molecular packing in crystals of 6.1 - 6.3 is shown in Figure 6.1. Crystals of 6.1 contained
one distinct molecule in each unit cell. In contrast. crystals of either 6.2 or 6.3 contained two
distinct molecules (laheled A and B) in each unit cell. In crystals of 6.2, the hydroxyl group
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of molecule 6.2A donated a hydrogen bond to the amide carbonyl group of molecule 6.2B.
The closest non-bonded distance from atom H1 82 (A) to 02(B) was 1.680A. In molecule
6.2B. the Co - Nl bond was (O.023±O.OO7)A shorter and the Co - 00 bond was

(O.OO7±O.OO7)A longer than were these bonds in molecule 6.2A. In crystals of 6.3, the
corresponding bond lengths in molecules 6.3A and 6.3B did not differ significantly.
------"-

Perspective drawings of the crysralUne structuresuf 6.1

..:..6~3aTe

given in Figure 6.2.

References to atoms follow the recommendations of the IUPAC-IUB Commission on
Biochemical Nomenciature,I73 as indicated in Figure 6.2. The x-ray diffraction analyses
indicated that 6.2 and 6.3 crystallized with a trans (2) amide bond. In contrast, 6.1
crystallized with a cis (E) amide bond. This conformation was observed in crystals from two
independent preparations (second data set not shown). The trans isomer of 6.1 is known to '
be about 4-fold more abundant than the cis isomer in a variety of solvenl<;.174 Although the

cis isomer of 6.1 is disfavored, the difference in energy hetween the cis and trans isomers is
small. The crystallization of 6.1 in the cis conformation is not unusual, as 10-30% of prolyl
amide bonds are in the cis conformation in small peptides of known crystalline structure. 175
The pyrrolidine rings in crystalline 6.1 - 6.3 were puckered in one of two distinct
conformations, as shown in Figure 6.3. The pyrrolidine ring of crystalline 6.1 was puckered
in the CY-endo conformation. (In the CY-endo conformation, the CIY atom lies above the
plane of the peptide bond. in the orientation drawn in Figure 6.1.) This conformation is the
one found most often in proline residues with cis peptide honds.176 The pyrrolidine rings of
both molecules A and B of crystalline 6.2 and 6.3 were puckered in the CY-exo conformation.
This conformation is the one found most often in proline residues with trans peptide
bonds.176 In 6.2 and 6.3, the CY-exo conformation places the hydroxyl or Duoro group in an
axial position, which is also the preferred orientation of these groups in the 2' position of
ribose. 177
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An electron withdrawing substituent on the CIY atom decreased the Cl o2 - ClY, CIYCI~. and Cl~ - Cta. bond lengths. The largest effect on bond length was a shortening of the

CIY - Ct~ bond. Any substituent effect on bond length beyond C l o2 or Cl was too small to
be resolved by the x-ray diffraction analysis. A plot of the C l o2 - ClY. CIY - CI~, and CI~
Cl a. bond lengths determined from the crystalline structures versus the same bond lengths
-

---------------~---

-

--

obtained Irom iib-iitlfiocaTctilatr6ns--is--Sh6WI'fihFigure~6.4.--The-ptoxtmiry-ofthe-aatam-the
dashed line in Figure 6.4 indicates that the observed and calculated bond lengths largely
agree. The C 102 - ClY. ClY - CI~, and Cl~ - CIa. bond lengths in6.1 and 6.2 did not differ
significantly from those of other proline residues and 4-hydroxyproline residues,
respectively. in the Cambridge Crystallographic Data Bank. (The Data Bank does not
contain the structure of any 4-fluoroproline residues.)
The presence of an electron withdrawing substituent increased the pyramidylization
of the nitrogcn atom in crystalline 6.2 and 6.3. The pyramidylization of the nitrogen atom of
an amide bond can be expressed by the parameter 5b which here refers to the angle that the
NI-CO bond makes with the plane defined by the Nt. CIa.. and Clo atoms of the pyrrolidine
ring. 178 If 51 = 0°. then the atoms bound to Nl arc planar. If 1511 =54.74° (that is. 1511 =

-t}.

~ co,-,(

Ihon Ihe aloms bound 10 N I arc IOlrahedral. Tho value of 01 lends 10 be

somewhat greater than 0° (-5°<51<10°) for prolyl peptide honds in the cis conformation. and
somewhat less than 0° (-10°<51<5°) for bonds in the trans conformation. In crystalline 6.1.

01 = 1.05°, indicating that Co atom lies only slightly ahove the plane of the N1. CIa.. and Cl o
atoms, in the orientation that is drawn in Figure 6.2. In contrast. the values of 01 in
crystalline 6.2 and 6.3 are -9.24° (6.2A), -l.52° (6.2B), -16.31° (6.3A), and -3.54° (6.3B).
The deviation from planarity of the amide bonds of 6.2A and 6.3A is significantly larger than
·that of most prolyl peptide bonds. 26 The trend in the pyramidylization at nitrogen
(6.3>6.2>6.1) is consistent with the inductive effccts 14 of the fluoro. hydroxyl, and hydrogen
groups (6.3>6.2>6.1). These resulLIi can be interpreted as indicating an increase in the sp3
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character of the prolyl nitrogen atom with increasing electron withdrawal by a substituent in
the 4-position of a proline residue.
The observed changes in nitrogen pyramidyli7.ation suggest that the inductive effects
of substituents in the 4-position of proline residues can alter the distribution of electrons in a
prolyl peptide bond. This alteration is likely to affect the kinetics of the cis-trans
-~--ls-ornenzafron-orpepnQe-6ona-slhannclUOe1llenitrogen-amm

of-:4-:.-subsrtturertp-mlim;-:------:---------

residues. The inductive effect on the energetics of prolyl peptide bond isomerization is now
being determined with the analytical methods that we have described prcviously.43.98
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Figure 6.1

Packing of crystalline 6.1,6.2, and 6.3.

.~--~-----------~---

--

100

x

101

Figure 6.2

Labeling of nonhydrogen atoms in 6.1 (X = H), 6.2 (X = OH), and 6.3 (X =
F); and view showing amide bond conformation in crystalline 6.1, 6.2
(molecules A and B). and 6.3 (molecules A and B).
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Figure 6.3

View showing pyrrolidine ring pucker in crystalline 6.1, 6.2 (molecules A
and B), and 6.3 (molecules A and B).
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Figure 6.4

Difference in calculated and observed C 102 - CIY (black). CIY - C]~ (dark
gray). and Cl~ - CICl (light gray) hond lengths bt!tween 6.1 and 6.2A (D).
6.2B CO). 6.3A (A), or 6.3B ('il). Values on the ordinate were observed in

crystalline structures; values on the ahscissa were calculated ab initio. The
-- --- - - -. ---: --::au-sneoTine -(srope=lTls-for~reference.-~---:---------===---- -----..----------: .------------ ----
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Crystal1o~raEhic

Table 6.1

Parameters for 6.1 - 6.3

Parameter

6.1

6.2

6.3

Empirical Fonnula

CgHI3N03

CgHI3N04

C8 H 12 N0 3F

Molecular Weight

171.2

187.2

189.2

-------------._---.

~------

-------

-

----

Crystal System

--------

.--~.---

- -- -orthorhombic

-----._---

-

_.. _.., - - -

monoclinic

orthorhombic

Crystal Size (mm)

0.3 x 0.4 x 0.6

0.2 x 0.4 x 0.4

0.1 x 0.3 x 0.5

Space Group

P2}2}21

P21

P212121

Z. molecule/unit cell

4

4

8

7.328(3)

6.5077(9)

6.6060(9)

10.052(3)

12.1992(16)

6.6603(7)

11.643(3)

12.0478(14)

41.076(3)

a.

A

b. A
c,

P.

A

98.881(10)

0

V,A3

857.6(5)

945.0(2)

1807.2(2)

d(ca1c), glcm 3
peaks to
detennine cell

1.326

1.316

1.391

25

25

26

reflections collected

2444

1463

2132

indep. reflections

1146

1334

1901

R(int)
observed reflections
{F> 4.0(j (F)}

3.06%

2.69%

2.26%

1135

1273

1800

R(F)(obs data), %

3.08

3.53

3.68

wRCF)(obs data), %

4.29

4.67

5.06

s

1.59

1.31

1.06

0.23

0.17

0.25

-0.29

-0.15

-0.36

~P(max),

;\.3

~P(min), ;\-3
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Table 6.2 Atomic Coordinates (x lOS) and Equivalent Isotropic Temperature Factors
(A2 x 1()4) for Nonhydrogen Atoms of 6.1
Atom

X

y

Z

Vega

COu

6048(24)

87507(17)

33780(16)

277(6)

_Cg. - -- ---- --3483(22)- - -- . -8G8~7{1-6)--

~

- ___23245(-15) - --- ----22T(5}- - - -

00

3793(17)

71793(12)

18445(10)

291(4)

NI

-20241 (18)

85182(13)

21035(12)

202(4)

CIS

-30267(22)

79450(18)

11331(15)

246(5)

Cli'

-48892(23)

86148(18)

11791(16)

282(6)

Cl~

-45003(24)

99412(19)

17841 (15)

272(6)

CIa

-30627(21)

95542(17)

26956(14)

221 (5)

Cl

-39464(23)

90069(17)

37783(15)

216(5)

01

-39030{ 16)

78674(12)

40978(11 )

308(4)

Oz

-48147(15)

99782(11)

43494( 10)

251 (4)

Cz

-57066(24)

95785(18)

54060(15)

261 (5)

au tq =(l/3)L.L.U.a.a.(a. ·a.)
IJ

;

j

1

J

I

)

-
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Table 6.3 Atomic Coordinates (x lOS) and Equivalent Isotropic Temperature Factors
CA2 x 1()4) for Nonhydrogen Atoms of 6.2
Atom

X

y

Z

Vega

COClCA)

4227(8)

7116(5)

11707(3)

68(2)

COCA)
-Qrj{A)

5135(6)

6330(5)

11076(3)

52(1)

5753(~}--_

5~6()~)

NI(A)
C I 02(A)

5283(5)

6412(4)

9984(3)

44(1)

4307(6)

7302(4)

9277(3)

50(1)

CIY(A)
OIOI(A)

4137(6)

6841(4)

8104(3)

49(1)

2198(4)

6277(4)

7867(2)

55(1)

CI P(A)
CICl(A)

5978(6)

6072(4)

8173(3)

6154(5)

5570(4)

9345(3)

50( 1)
41(1)

Cl(A)

8416(6)

5325(4)

9809(3)

45(1)

OleA)
02(A)

9617(4)

5950(4)

10315(3)

65(1 )

8869(4)

4316(4)

9498(2)

55(1 )

C2(A)
CoCl(B)

11005(6)

3992(5)

9772(4)

67(2)

1017(7)

8943(5)

3665(3)

72(2)

Co(B)
Oo(B)

-855(6)

9297(4)

4171 (3)

51(l}

-2512(5)

9534(4)

3578(2)

67(1)

NI(B)
CI 82 (B)
C}Y(B)
OIOI(B)

-695(4)

9340(4)

5284(2)

45( 1)

1110(6)

9008(4)

6125(3)

48(1)

181(6)

8932(4)

7197(3)

45(1)

-834(4)

7914(4)

7299(2)

55(1)

C1P(B)
Cl Cl(B)

-1467(6)

9812(5)

7052(3)

54(1)

-2440(5)

9715(4)

5811(3)

44(1 )

C](B)

-3323(6)

10788(4)

5358(3)

41 (1)

G](B)

-2329(4)

11538(4)

5071 (3)

73(1)

02(B)
C2(B)

-5354(4)

10814(4)

5338(2)

59(1)

-6402(7)

11836(5)

4997(4)

77(2)

a U(q

--:-----

=O/3)LLU.-aa(a .. a.)
I)

;

1

I}

I

)

-

---1-1-527(21--

-7-2C-l-)-------

-----
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Table 6.4 Atomic Coordinates (x lOS) and Equivalent Isotropic Temperature Factors

CA2 x 1()4) for Nonh~dro~en Atom of 6.3
Atom

X

Y

Z

Vega

C OC1.(A)

21664(47)

53590(46)

25263(6)

245(9)

34356(44)

50186(42)

22283(6)

195(8)

41A68(34l
37908(36)

33685(30L.
66171(33)

21578J~

265(7)

20372(5)

163(6)

29143(44)

86328(38)

20698(6)

186(8)

CIrCA)
FI 81 (A)

32553(46)

95483(43)

17370(6)

223(8)

16273(27)

89927(26)

15329(4)

330(6)

Cl~(A)

51542(48)

85550(48)

16137(6)

239(9)

C 1C1.(A)

49625(45)

63882(45)

17358(6)

175(8)

Cl(A)

70106(45)

54599(42)

17968(6)

194(8)

OleA)
02(A)
C2(A)
CoC1.(B)

81310(31)

58832(32)

20199(5)

288(6)

74827(30)

41629(31)

15607(4)

244(6)

94687(48)

32699(56)

15884(7)

319(10)

67097(47)

53240(42)

-200(6)

225(8)

Co(B)
Oo(B)

71000(42)

40544(43)

2759(6)

205(8)

87641 (29)

33281(33)

3407(4)

265(6)

Nl(B)
C I 82(B)

55071(34)

37171(36)

4756(5)

172(7)

34682(39)

45675(43)

4479(6)

180(8)

C}Y(B)
F1 81 (B)

25886(44)

42092(43)

7801 (6)

213(8)

31966(28)

57760(27)

9889(4)

314(5)

36080(48)

23063(44)

8950(6)

236(9)

57822(43)

25006(43)

7672(6)

174(8)

Cl(B)
O}(B)

66760(40)

4643(41)

6876(6)

166(8)

61622(32)

-5881 (30)

4677(5)

279(6)

02(B)
C2(B)

80498(30)

-733(28)

9154(4)

213(6)

88789(52)

-20582(45)

8734(7)

274(9)

Co (A)
_.OO(A) .
Nl(A)
CI 02 (A)

C1P(B)
C}C1.(B)

au ''I =(l/3)2,2,Uaa.(a"a.)
I} I
J
I
J
i

j

------,----",-
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Table 6.5 Length CA) of Bonds between Nonhydrogen Atoms of 6.1 - 6.3

Bond

6.1

6.2A

6.28

6.3A

6.38

Coa.-Co

1.500(3)

1.495(7)

1.507(7)

1.501(4)

1.503(4)

Co-Oo

1.232(2)

1.225(5)

1.232(5)

1.230(3)

1.230(3)

-----~C()-~ N-l- - ---1-.341-(2)--- - ---1~3-52($) ._-------

1.3194S-)-~-----L3A3-'3-)--- - --L351'3j----~-.--.-.-

"---------

Nl- C 132

1.466(2)

1.463(6)

1.484(4)

1.468(3)

1.466(3)

NI-Cla.

1.463(2)

1.450(6)

1.458(5)

1.468(3)

1.457(3)

C 1S2- CfY

1.523(2)

1.509(5)

1.511 (5)

1.513(3)

1.502(4)

1.427(5)

1.421(6)

1.413(3)

1.409(3)

CIY - X]S]
CIY - Cl~

1.535(3)

1.514(6)

1.509(7)

1.506(4)

1.511(4)

CI~ - CIa.

1.545(2)

1.527(5)

1.535(5)

1.533(4)

1.535(4)

Cla.-Cl

1.520(2)

1.521(5)

1.499(7)

1.509(4)

1.515(4)

CI -01

1.205(2)

1.190(6)

1.201(6)

1.211(3)

1.193(3)

CI-02

1.342(2)

1.334(7)

1.319(5)

1.336(3)

1.352(3)

02-C2

1.450(2)

1.433(5)

1.450(7)

1.445(4)

1.441(4)
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Inductive Effects and the Gauche Effect on the Energetics of
Prolyl Peptide Bond Isomerization: Implications for Collagen
Folding and Stability

Prepared as a publication for the Jnllmal o/the American Chemical Society.
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7.1 Introduction

Collagen is the principal structural protein in vertehrates. 162,179 In vivo, structural
collagen consists of three polypeptide chains that form an extended right-handed triple
helix.18o Each polypeptide chain contains approximately three hundred repeats of the
sequence: Gly-Xaa-Yaa, in which Xaa and Yaa are often proline (Pro) and 4(S)------------

-hydroxyproline (Hy-p). respectively. The -hydroxylatinn-of-prcrline-residuesis a-post------- --translational modification catalyzed by the enzyme proly14-hydroxylase. Defects in prolyl
4-hydroxylase activity have been associated with the aging process as well as a variety of
diseases including arthritis and rheumatism.181 ,182

The biosynthesis of collagen has been studied extensively. 183,184 Collagen strands arl.!
synthesized as a prepropeptides in which the pre sequence targets the polypeptide to the golgi
complex and is then removed by a protease. Three procollagen polypeptides then become
covalently crosslinked through interstrand disulfide bonds within the pro region. Before
cleavage of the propeptide region and secretion into the extracellular matrix, the polypeptide
chains of collagen are subjected to variety of post-translational modifications before folding
into the a triple helix. 182 Of these modifications. the hydroxylation of proline residues by
prolyl hydroxylase is the most prevalent, as Hyp constitutes approximately 10% of all
collagen residues.
Numerous in vitro studies with procollagen and model peptides have explored the
role of Hyp in the folding and stahility of collagen. 182 Procollagen collagl.!n polypeptides that
are deficient in Hyp can fonn triple helices, but these triple helices arl.! unstahle at room
temperature. 167,185 Thermal denaturation studies have demonstrated that triple helix stability
can he correlated to overall Hyp content166 and Hyp position within the polypeptide. Further,
studies on model peptides suggest that peptide conformation is significantly affected hy the
hydroxylation of proline resides.186.187 Several models have proposed that Hyp mediates
collagen stability by to orienting water molecules to fonn interstrand hydrogen bonds.188.189
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These models have proposed that interstrand hydrogen bonds cannot be formed directly
between the hydroxyl group of Hyp residues and any mainchain heteroatoms in the adjacent
polypeptide chains of the triple helix. 190 . Recently, a high-resolution X-ray diffraction
analysis of coHagen like peptides has revealed that watcr molecules can form bridges
between hydroxyl groups of Hyp residues and mainchain carbonyl groups.190 These bridges
consist of 1, 2, or 3 water molecules ..
Since 25% of the residues in a typical collagen molecule are Pro or Hyp, the
properties of these residues are likely to contrihute greatly to coHagen stability. In most
pcptide bonds, the trans (Z) isomer is greatly favored over the cis (E) isomer. In contrast. the

trans isomer of an X-Pro peptide bond is only slightly favored over the cis isomer. Thc
traditional picture of amide rcsonance suggeslli that cis-trans prolyl peptide bond
isomerization is regulated by the bond orders of the pcptide bond (Figure 7.1). The
interconversion betwecn cis and trans isomers about X-Pro peptides bonds has been
identified as the slow kinetic phase in protein folding pathways 1 including that of
col1agen.191.192 For proper assembly of the collagen molecule. all prolyl peptide bonds must
reside in the trans configuration. The addition of the enzyme peptidyl-prolyl cis-trans
isomerase (PPlase). which catalyzcs the cis-trans intcrconvcrsion of the prolyl peptide bond.
accelerates the proper assembly of collagen molecules.193 Howcver, how the hydroxylation
of proline residues affects the ratc of cis-trans prolinc isomerization and collagen folding is
unclear. To datc, no study has addressed the inductive effect on the kinetics and
thermodynamics of amide bond isomerization.
The objective of this study is to determine the energetic consequences for the prolyl
peptide bond of having electron withdrawing groups on the pyrrolidine ring. Accordingly.
we synthesized the hydroxylated and Duoronated derivatives of proline and we determined
the effect of electron withdrawal on (i) the first pKa of the prolyl nitrogen, (ii) the amide I
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vibrational mode, and (iii) the kinetics and thermodynamics of prolyI peptide bond
isomerization.

7.2 Results

Three proline derivatives were synthesized for this study: N-acetyl-[I3.y-13C]D,Lproline· melhy les[er-(7~lJ;·N:acctyl.;4(S)::hydroxy~L;,;pio1irre- [13C]rnethylestcr (7.2); ~n-dN
acetyl-4(S)-fluoro-L-proline methylester (7.3) (Figure 7.2).194 These derivatives of proline
are the natural isomers found in collagen. Their synthesis as the methylester avoids
intramolecular hydrogen bonding, as has been ohserved in N-acetyl-L-proline82 and N-acetylL-proline N-methylamide. 83 .84 Peptides 7.1 and 7.2 were enriched with 13C to improve the
precision of data from 13C NMR spectroscopy.43.98 Peptide 7.3 was synthesized because the
nucleus of 19F has spin 1/2• the fluorine is small in size. and it is more electronegative than is
the oxygen of the hydroxyl group. Hence, any consequences of electron-withdrawal hy a
hydroxyl group should be further enhanced by the presence of a fluorine atom.
Previously, we used X-ray diffraction analysis to determine the structure of unlaheled
derivatives of 7.1, 7.2 and 7.3 (Table 7.1).195 These structures suggested that the presence of
electron-withdrawing substituenl~ has signiticant structural consequences on the pyrrolidine
ring. First. the CY carbon of the pyrrolidine ring changes from an endo pucker in 7.1 to an
exo pucker in compounds 7.2 and 7.3. Second. the nitrogen become increasingly
pyramidylized as the electron-withdrawing ability of the suhstituent was stronger. This
increase in pyramidylization suggests an increase in the sp3 character of the prolyl nitrogen.
Finally. while no significant difference was detected in prolyl peptide hond length. the honds
adjacent to the electron-withdrawing suhstituent were shortened significantly. These
structural changes imply that there may he significant energetic consequences for the prolyl
peptide bond when the pyrrolidine ring ofproline is hydroxylated during collagen
biosyn thesis.
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Inductive Effects on pKa • Values of pKa can signify an inductive effect. Such
effects on ~Q~ nitrogen of a proline ring are evident in the previously determined pKa's of Lproline (10.64) and 4(S)-hydroxy-L-proline (9.66) (Figure 7.3). The low pKa ofHyp suggests
that the hydroxyl group on the pyrrolidine ring is withdrawing electron density from the
secondary amino group. Here, the pKa's ofL-proline. 4(S)-hydroxy-L-proline and 4(S)fluoro-L:.proline were determined to be 10.60.9.65, and 9.20, respectively. This trend is
similar to that observed for the primary amines ethylamine (10.63), ethanolamine (9.50). and
2-fluoroethylamine (8.79).[Hall. 1957 #48) and is consistent with the manifestation of an
inductive effect.

Inductive effect on the amide I vibrational mode. The frequency of vibrational
modes can provide evidence of an inductive effect. The frequency of the amide I vihrational
mode, which is principally composed of the carhonyl stretch. is related to carhonyl hond
length. 94 In D20, the amide I vibrational mode was maximal at 1608.10 cm-}. 1613.08 cm- l ,
and 1616.02 cm- 1 for 7.1. 7.2, and 7.3, respectively (Figure 7.4a). In dioxane. the amide I
vihrational mode was maximal at 1658.99 cm- I • 1660.92 em-I. and 1664.78 cm- 1 for7.1, 7.2.
and 7.3, respectively (Figure 7.4b). In both solvenL'>. the relative frequency of 7.1. 7.2. and
7.3 indicates that the double-bond character of the amide group increases in the order: 7.1 >
7.2> 7.3. The solvent effect of approximately 50 cm-} for the 3 proline derivatives is
consistent with those observed previously. 196 Again. these resulL,> arc consistent with the
manifestation of an inductive effect. This apparent inductive effect on the amide I vibrational
mode is consistent with that observed in the carhonyl stretching frequency in 4-substituted
camphors. 197

Inductive Effect on kEZ and kZE. To a'>scss the inductive cffecLIi on the rate of cis-

trans proline isomerization, the rates of isomerization where measured for 7.1. 7.2 and 7.3.
The cis to trans (kErL) prolinc isomerization rate of 7.1 and 7.3 in water arc illustrated as
Arrhenius plots by the top two sets of data in Figure 7.5a. The cis to trans isomerization rate
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was observed to be 30% faster for 7.3 than 7.1, in dioxane, when the Arrhenius plots are
interpolated at 60 DC. If the kErl isomerization rate wa.c; extrapolated to 25 DC, an increase of
8% would be predicted for the fluoroproline derivative 7.3 over 7.1 (0.20 sec· l and 0.36 sec·!
for the kErl7.1 and 7.3, respectively). The slower trans to cis isomerization rates (k7JE), the
lower two data sets in the Arrhenius plot Figure 7.5a, indicate that the km of 7.1 is 17%
..• faSter·tfian7.3~---~Figure7.5 a~als0~mustra1e.s·th-anhcIinGarregressiOns---f(fr'7~lan,r7~3are~l'I()r-- ....
parallel, which indicates that the equilibrium constants (KF.JZ,) are temperature dependent. In
general, the effect of electron withdrawing substituents on the kinetics of proline
isomerization is consistent with electron density being pulled towards the nitrogen of the
prolyl peptide bond, thereby allowing for free rotation about the prolyl peptide bond.
A kinetic analysis of the hydroxyproline derivative 7.2in dioxane was complicated by
aggregation. A 15% increase was observed in both kEJZ and

kZlE

isomerization rates when

the sample concentration was lowered from 100 mM to 1 mM for 7.2 (Data not shown). This
concentration dependence is consistent with the aggregation observed in the FfIR
experiments. However, due to a suhstantial increases in signal to noise, the errors for 7.2
increased from 10% at 100 mM concentration to 60% at 1 mM.
The solvent effect on proline cis-trans isomerization raLes are significant. 43 The
Arrhenius plots for compounds 7.1 and 7.2 are shown in Figure 7.5b. Because the kr-n. and
km isomerization rates are lowered in aqueous solution due

to

hydrogen bond formation to

the oxygen of the prolyl peptide bond, elevated temperatures were required to detect
isomerization. Here, no detectahle difference wac; observed in the (kErL) isomerization. the
upper two data sets. of proline derivatives 7.1 and 7.2. However, the Arrhenius ploLe; do
reveal that the equilibrium constant is temperature dependent. Due LO overlap of the 19F
resonances of the cis and trans isomers. the cis-trans isomerization raLes of 7.3 were not
determined in aqueous solution. For the slower rate of isomerization (kZlf:J in aqueous
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solution, the hydroxyproline derivative 7.2 was found to be slower than 7.1. This
relationship is similar to what was observed for 7.3 and 7.1 in dioxane.
The activation parameters derived from the inversion transfer experiments are
presented in Table 7.2. These results indicate that the harrier to isomerization is enthalpic in
origin and that the entropic contribution, while significant, is extremely small. In considering
-----------~----

--

proline derivatives 7.1 and 7.3 in dIoxane, the enthalpic-contributiontotheprolin~e-cis~trans
isomerization barrier is reduced by 1.8 and 3.7 kcalfmol for km and k'lJE respectively. Since

M# reflects the amount of bond breaking required for isomerization to occur, these
parameters illustrate that the presence of an electron withdrawing substituent. fluorine, on the
pyrrolidine ring reduces the amount of double hond character present within the prolyl
peptide bond hy pulling electron density towards the proline nitrogen. Furthermore. since the
double bond character is reduced within the prolyl peptide hondo the harrier to isomerization
is lower and. consequently, the rate is faster.
Inductive Effects on KZIE. Many factors can influence the cis-trans equilihrium

constant (KZfE) about an X-Pro peptide bond. How the inductive effect, solvent effect. and
temperature alter the K'lJE of these proline derivatives is illustrated in Table 7.3a and Table
7.3b. First, the trans isomer becomes increasingly preferred as the electron withdrawing
ahility of the substituent increases. Second, a solvent effect is observed for each proline
derivative. The relative amount of cis isomer is greater in dioxane than in water by 5%, 6%,
and 6% for 7.1, 7.2 and 7.3, respectively. Since the magnitude of the solvent effect is similar
for each proline derivative, the solvent effect may be independent of the electron
withdrawing ahility of the substituent. Finally. all the proline derivative show a significant
temperature dependency wherehy the cis isomer hecomes increasingly favored as the
temperature increases.
The effect of temperature on KZJE is illustrated by a van't Hoff analysis (assuming
L\Cp

D

=0) in Figure 7.6a and Figure 7.6b.

For the three proline derivatives, the enthalpic and
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entropic forces that differentiate the cis and trans isomers appear to be related to the nature of
the substituent. Proline derivatives 7.1, 7.2 and 7.3 have very different thermodynamic
signatures in dioxane (Table 7.5). While proline derivative 7.1 and 7.2 have different
thermodynamic signatures from each other in aqueous solution, the thermodynamic
signatures are strikingly similar to the respective thermodynamic parameters in dioxane.
--TheSe results stiggesfthat the presence bfaflelectrorl withdrawlng

group ohrhe pytfoUdlne-- --

ring alters the equilibrium constant and this shift in equilibrium is independent of solvent.

7.3 Discussion

Gauche Effect and its Implications for Pyrrolidine Ring Conformation. A wealth
of structural information on Pro and Hyp afforded the opportunity to provide a molecular
interpretation of how the inductive effect influences the energetics of the prolyl peptide bond.
One of the most prominent structural changes ohserved in our X-ray crystallographic studies
of these proline derivatives was the different confonnations observed in the pyrrolidine
ring. 195 Surveys of the Brookhaven Protein Data Bank and the Cambridge Crystallographic
Data Bank have identified a relationship between prolyl peptide bond conformation and
pyrrolidine ring conformation of proline residues. 176.19R In proteins in which the proline
residues were in the trans configuration. ring pucker is observed to correlate with the type of
secondary structure in which the proline residue is participating: the CY-exo pucker is
common for proline residues in a-helices. whereas proline residues in extended
confonnations prefer the C'Y-endo conformation. In pcptides. proline residues having cis
prolyl peptide bonds strongly prefer the CY-endo pucker. Whereas. the trans isomer exhibits
only a slight preference for the CY-exo pucker. Although the CY-endo and CY-exo ring
puckers are to some extent associated with cis or trans conformations of the prolyl peptide
hondo these studies. and studies of polypeptides. clearly show that the pyrrolidine ring of Pro
is very flexihle and that either pucker is availahle. R2 •199 Molecular modeling studies have
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predicted a low energy of activation between the CY-exo pucker and the CY-endo pucker. 82
NMR solution studies of proline-containing peptides have indicated that the pyrrolidine ring
explores a variety of puckering conformations with the CY-exo and the CY-endo puckers being
the predominate puckers observed. 2OO
In contrast, the CY-exo pyrrolidine ring pucker is the only conformation observed in
-------

----~-~--------

X-ray crystallographic studies of Hyp andhydroxyproTine corifulriingpeptides. 201 Sfudies oT

IH coupling constants of Hyp indicate that there is a strong conformational preference for the
CY-exo pucker in solution. 2OO However. the unnatural cis-Hyp isomer. 4-CR)-hydroxyproline.
does not exhihit the same conformational rigidity in solution indicating that there is a
stereoelectronic dependency to the ring pucker.202.2o3 Similarly. conformational analysis
from 1H NMR coupling constants of F-pro indicate that the CY-exo ring pucker is
preferred. 204.205
How does the presence of a hydroxyl or fluoro group on the pyrrolidine ring confer
stability to the CY-endo ring pucker? For substituted furanose rings like those in DNA and
RNA. ring puckering is governed by the gauche effecL 206.207 The gauche effect, which
describes the tendency of vicinal heteroatoms to adopt a gauche rather anti conformation
about a single bond. is mediated by a favorable overlap betwccn a 0" C-H honding orhital and
0"*

C-X anti-hondingorbital. The gauche effect is enhanced by the presence of stronger

electron-withdrawing groups. and manifests iL~lf hy shortening bond lengths and distorting
expected bond geometries. For the five-membered pyrrolidine ring. strain dictates that the
atoms are in the partially eclipsed conformation. While ring stain does not allow for the
optimal overlap for the CO-H a honding orbital and the CY -X

0"*

anti-bonding orbital.

enough overlap of these orbitals occurs such that changes in the C0-CY bond length are
ohserved (Tahle 7.4).31.32 As the strength of the electron withdrawing suhstituent increases
from 7.1>7.2>7.3. the C0-CY bond length shortens in a similar fashion, 7.1>7.2>7.3. For the
pyrrolidine ring. the 'gauche effect manifests iLl;clf in two ways. First. an entropic component
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would be anticipated through the stabilization of the CY-exo pyrrolidine ring pucker. Second,
by shortening the C~Lcy bond, steric hindrance between the Co of pyrrolidine ring and Cn of
the adjacent residue would shift the equilibrium constant towards the trans isomer.
Inductive Effect on ilie Energetics of cis-trans Prolyl Peptide Bond
Isomerization. The presence of electron withdrawing substituents on the pyrrolidine ring

can- influence-the ene-rgeticsofprotyl-pept.ide--bond-isomerizationhy-Iuwering-the barrierto --isomerization and altering the equilibrium constant. The qualitative free energy profiles
presented in Figure 7.7a and Figure 7.7b illustrate how this inductive effect appears to
manifest itself on the energetics of the prolyl peptide bond. In dioxane at 60°C (Figure
7.7a), the isomerization barrier from cis to trans (kEfl.) is 0.2 kcallmollower for 7.3 than 7.1.
The faster rate of isomerization indicates the prolyl peptide bond has more single bond
character when fluorine is attached to the pyrrolidine ring as a consequence of electron
_density being localized on the nitrogen of the prolyl peptide bond. In contrast. due to the
difference in the Km, the trans to cis isomerization rate was faster for 7.1 than 7.3.
In water (Figure 7.7b), the barrier to isomerization for 7.1 is increased by l.2
kcallmole as a consequence of hydrogen bond formation to the oxygen of the prolyl peptide
bond. This increase in the barrier to isomerization is consistent with the solvent effects
ohserved previously.43.58 The measured cis to trans (kEIZ) barrier for prolyl peptide hand
isomerization of 7.2 in water does not differ significantly from that of 7.1 (Figure 7.7b). In
water. the trans to cis isomerization rate was found to be faster for 7.1 than 7.2. This result is
a consequence of the difference in equilibrium constanlli between 7.1 and 7.2 (a Kr..n. of3.9
and 4.9 for 7.1 and 7.2 , respectively).
While a significant difference in the cis to trans barrier for peptide bond
isomerization is not observed for 7.1 and 7.2, X-ray crystallographic, pKa, and IR
spectroscopic analyses reflect the same inductive effect observed for the fluoroproline
derivative, 7.3. These resulLIi indicate that the hydroxyproline derivative has moree)cctron
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density residing on the nitrogen of the prolyl peptide bond than does proline. Figure 7.7b
reflects this data by illustrating the inductive effect of the hydroxyl group as a subtle
lowering the barrier to prolyl peptide isomerization. Since the preponderance of data is
consistent with this interpretation, these results suggest that the folding of the collagen triple
helix should be accelerated by hydroxylation of the pyrrolidine ring. Further. these result

-preaiGt ihatffieTncorporaIionOfTIuol'oprOIine-irtto-oollagen-polypepudes. or prote-tru; wl'lk h
have proline isomerization as the rate-limiting step in folding, should accelerate the rate of
folding.
The inductive effect on the prolyl peptide bond equilibrium constant may have a
significant impact on collagen stability. The equilibrium differences are temperature
dependent, and. at the temperatures the cis-trans proline isomerization experiment" were
conducted. the equilibrium constants are nearly equivalent. This result suggests that thermal
energy has overwhelmed the contribution of the gauche effect. At 27°C, howcver. the
equilibrium constants are observed to be 4.6. 5.8, and 6.2 in water for derivatives 7.1, 7.2.
and 7.3, respectively. Calculations of the gauche effect in furanose rings predicts 0.20
kcallmol of stabilization when the proper orbital orientation occurs. Despite the pyrrolidine
ring restricting an ideal orientation about the CS-C'Y bond. a MGo= 0.14 kcallmol is observed
at 27°C between Pro and Hyp derivatives for the trans isomer. The origin for this difference
is found in the shortening of the CO-C'Y bond which reduces steric hindrance between the Co
of pyrrolidine ring and Co. of the adjaccnt residue by 0.1

A. (Data not shown.)

This structural

manifestation of the gauche effect drives the equilibrium towards the trans isomer. For a
large proline containing protein like collagen, the gauche effect has the potential to provide
14 kcallmol [= (0.14 kcallmol x proline residue) x 100 residues] of stability towards the
desired trans isomer. Clearly. the packing restrictions of the collagen triple helix, which
restrict Hyp to the Y position of the collagen motif, may limit the contribution of the gauche
effect. 208 Thus, our studies do not exclude a role for solvent water in stabilizing the collagen
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triple helix. Still these experiments suggest that presence of Hyp alone has the potential to
contribute greatly to the stability of the collagen triple helix.

7.4 Conclusion
The combination of structural and energetic studies has provided insight into the
. -.----ongfusorcOlTagefi~assemb1_y_an(tstabtl1ry ..:-Tl1ql:ac-ement:uf-e1ectron-:-withdrawing . _. _
substituents on the proline ring results in significant structural and energetic consequences.
The inductive effect pyramidyIi7..es the prolyl nitrogen, lowers the nitrogen pKa• shifts the
amide I vibrational mode downticld, and redistrihutes electron density about the prolyl
peptide bond. Furthermore, the presence of a hydroxyl group has the ability to alter the
prolyl peptide bond equilibrium constant.
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Figure 7.1 Resonance structures of the prolyl peptide hondo
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Figure 7.2

Proline derivatives studied.
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Figure 7.3 Determination secondary amino group pKg's of the amino acids proline, A; 4-

(S)-hydroxyproline, 0; and 4-(S)-fluoroproline, +. The pKa's were detennined to be 10.60 ±
0.1,9.65 ± 0.1, and 9.2 ± 0.1, respectively.
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Figure 7.4a Amide I vibrational mode of7.1, 7.2, and 7.3 in D20. The frequencies
observed to be 1608.10 em-I, 1613.08 em-I, and 1616.02 em- l for 7.1, 7.2, and 7.3,
respectively.
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Figure 7.4b Amide I vibrational mode of 7.1, 7.2, and 7.3 in dioxane. The frequencies
observed to be 1658.99 em-I, 1660.92 em-I, and 1664.78 em- I for 7.1,7.2. and 7.3.
respectively.
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Figure 7.5a

Arrhenius plots of kErz 7.1 .... ; 7.2. 0; and km 7.1. T; and 7.2. e; in 100 mM

sodium phosphate buffer. pH 7.2. Slopes were kErz =* 13.14 ± 1.362. km
for 7.1; kErz= *14.31 ± 1.15. km =*11.50 ± 0.84 for 7.2.

= 12.07 ± 1.288
*
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Figure 7.Sb

Arrhenius plots of kr~ 7.1, &; 7.3. +; and k7JE 7.1 .... ; 7.3, +; in dioxanc-ds·

Slopes were kEfZ = -10.51
-9.613 ± 0.35. km

± 1.044, km =-12.22 ± 0.315 for 7.1; kEfZ =-11.002 ± 0.64. kErl =

=-10.63 ± 0.40 for 7.3. respectively.
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Figure 7.6a Van't Hoff analysis of 7.1, A.; 7.2, 0 ; 7.3, +; with 1 mm peptide in dioxanc-ds.
Slopes were 521.5 ± 11.3 for 7.1,830 ± 11.7 for 7.2, and 1150 ± 72.7 for 7.3.
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Figure 7.6b Van't Hoff analysis of7.1, • and 7.2,0; in 100 mM sodium phosphate buffer
pH 7.2. Slopes were 525.5 ± 17.1 for 7.1 and 941.0 ± 31.2 for 7.2.
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Figure 7.7a Qualitative free energy profile for the isomerization of proline derivatives 7.1
and 7.3 in dioxane at 60 ·C. For clarity, the cis isomers of 7.1 and 7.3 are assumed to have
the same free energy.
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Figure 7.7h Qualitative free energy profile for the isomerization of proline derivatives 7.1
and 7.2 at 75°C. For clarity, the cis isomers of 7.1 and 7.2 are assumed to have the same free
energy.
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Table 7.1 Summary of X-Ray Diffraction Analysesa
ComEoundb

- - -

P~rrolidine Rin~

Pucker

Pyrmidalization(8)C

7.1

CY-endo

1.05

7.2a

CY-exo

-9.24

-7;2b7.3a

~--- CY~cxo--

CY-exo

--1-:-52
-16.31

-3.54
cY-exo
7.3b
a From ref. X. b Two structures were observed in the unit cell of crystalline 7.2 and 7.3.
In crystalline 7.2, the hydroxyl group of 7.2a donates a hydrogen bond to the amide
oxygen of 7.2b. C The parameter 8 refers to the angle which the Nt-CO peptide hond
makes with the Elane defined hy N 1, Ca. and Co atoms of the Eyrrolidinc ring. 195

----~
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Table 7.2 Activation Energies of Proline Derivatives

M# (kcal/mol)

Ast(cal/mol OK)

20.9 ± 1.0

46A± 3.1

21.8± 1.3

28.9 ± 8.9

km

21.3 ± 1.4

18.2 ± 7.3

7.3c kE/Z

19.1 ±OA

4l.6 ± 1.0

20.6 ± 004

4304 ± 1.2

7.lc kErt.

26.1 ± 104

56.3 ± 3.9

kZlE

24.0± 1.3

47.6 ± 3.7

7.2c kE/Z

2804 ± 1.2

62.9± 3.3

kZlE

22.9±0.8

47.8 ± 2.4

nd

nd

Dioxane

7.2b kE/Z

kZJE
H2O

7.3 kWL

a Error where detennincd from an unweighted linear least squared analysis of Figure
7.3. b Isomerization rates were determined at concentrations of 1 mM. C Isomerization
rates were determined at concentration of 100 mM.
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Table 7.3a Equilibrium Constants (K7JFJ At 300 K (27 DC).
7.1

7.2

7.3

4.6

5.8

6.2

Dioxane
3.6
4.3
4.5
All experiments were conducted on 100 m~ peptide using an external deuterium lock.
~ -:E-rrors wereobservenTc) De less-thanO~Tfor mfsamplcs-:'c;tuaiect:--- --------------

Table 7.3b Equilihrium Constants (KZIF.J At 333 K (60 DC)

3.9

7.2

7.3

4.9

nd

Dioxane
3.2
3.3
3.3
All experiments were conducted on 100 mM peptide using an external deuterium lock.
Errors were observed to be less than 0.2 for all samples studied.
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Table 7.4 Selected X-ra~ C!:XstaIlosraEhic Bond Lensths and Bond Ansles
7.1

Ac-Pro-

7.2a

7.2b

7.3a

7.3b

1.502

NHCH3 84

-

-

-

co-CY(A)

1.523

1.530

1.509

1.511

1.513

cy-c~(A)

1.535

1.503

1.514

1.509

1.506

1.511

-----

-- - -

N-co(A)

1.466

1.476

1.463

1.484

1.468

1.466

x-co-cyC)

NA

NA

107.6

112.3

108.5

109.0

N-CY-C°C)

104.4

102.8

103.3

102.8

103.1

102.9

C~-O' -Co (")

102.9

104.2

103.7

103.2

104.5

104.2
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Table 7.5 Influence of Solvent on the Thermodynamic Parameters for Proline

Derivatives 7.1, 7.2 and 7.3

M1 (kcaVmol)
Aqueous

--7.1

-----1-;Q4-±-Q.Q2- -

- - ----Q.4€i-±-C>,05-

7.2

1.87 ± 0.03

-2.55 ± 0.03

7.1

1.04 ± 0.01

-0.84 ± 0.04

7.2

1.65 ±0.12

-2.58 ± 0.38

Dioxane

7.3
2.29 ± 0.07
-4.60 ± 0.23
Van't Hoff plots (Figure 7a and Figure 7b) were used to determine IlHo and !:So from
the slope and y-intercept respectively for the Krn..
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Materials and Experimental Methods
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8.1 General Experimentals

Determination of cis~trans isomerization rates.46 •85 The cis-trans isomerization
rate of proline-containing peptides were determined hy Be and 19p NMR inversion transfer
experiments. Experiments were performed on a Briiker AM500 instrument (I H 498.68 MHz.

Be 125.-6~Hzrusrng-ifSmm -6road-9anG-pl"o(:)e-.-a IHoanopass-filter, anaal-3C1owpass
filter; or, a BrUker AM400 instrument (19P 376.48 MHz) using a 5 mm
bandpass filter,

19p

19p

probe. a IH

bandstop, and a 19p bandpass filter. Samples of each proline-containing

peptide studied were prepared at concentrations of 100 mM unless otherwise indicated in the
highest quality solvents available. Since the rate of prolyl peptide bond isomerization cannot
be detected at room temperature, experiments must be performed at elevated temperatures
(310-360 K). Temperature settings of the spectrometer were calibrated to within 1 De by
reference to a glycol standard. The inversion transfer pulse sequence (1) yields the spectra of
a typical expcriment shown in Figure 8.1.

(7t/2)X - 112.18 - (7tI2)x - 't - (7tI2)x - acquire

(1)

The peak height for each resonance was plottcd against 't (sec) (Figure 8.2) and Sigma
Plot 4.16 wali used to fit the inversion transfer data to the equations:

Me (t) ::;: cli l ' + C~e;':l + M;
Mb(r)::;: C3 e).II + C.je l

:I

+ M;

(2)
(3)

The "a" subscript refers to the cis resonance and the "b" subscript refers to the trans
resonance. The complementary experimenL'i were performed at each temperature. in which
the cis and then the trails peak were each placed on resonance. Both experiments were fitted
to the same equations except that the trans constanL~ were denoted as Cj ·, C2 *. C3 *. C4·, and
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A.la, A2a.

The values of kia and kib are extracted from equations (4) and (5) and the rate

constants, ka and kb are determined using equations (6) and (7) where a. is the ratio of the cis
and trans line width's.
k = (C; Ata + C;A la )(C3 + C4 )
---~~------

..

~--

'0_

kib =

___

_

-

(C; + C:)(Ct At

+ ClA::!)

(~~;~-:fJ~S~--C~____JCt~+~:-}(~T~:-)

(C;A ta + C:A 2a )(~t + C}) - (S,A t ~ C4 1. 2 )(C; + C;)
(C3 + C4 )(Ct + C2 ) - (C3 + C" )(Ct + C2 )

(4)

(5)

k = (C,A I + C4 A2 ) + kih(CJ + C4 )
a
a(C. + C2 )

(6)

k - a(CIA I +C2A2)+kia(CI +C2 )
b .
C)+C4

(7)

The isomerization rate constant at room temperature wa.4\ calculated hy extrapolation from
Arrhenius pIOL4i. Error analysis was undertaken hy performing an unweightcd linear least
squares fit of the Arrhenius plots (See Section 8.2, 8.3 and 8.7 for specific experimental
details).
Determination of the amide I vibrational mode. IR experiments were conducted

on a Nicolet 5PC spectrometer unless otherwise indicated. Experiments were conducted at
25 DC using NaCI, CaF2 plates or, a ZnSe crystal in a Spectra Tech circle cell. The frequency
of the amide I vihrational mode was determined to within 2 em-I, Samples of 2.2 were
prepared to a concentration of 100 mM peptide using the highest quality solvents availahle.
(Sec Section 8.2, 8.3 and 8.7 for specific experimental details.)
Determination of the equilibrium constants for cis-trailS isomers. The

equilihrium constants wercdctermincd hy using NMR spectroscopy to measure the peak
areas of cis and trans isomers. Experiments were performed using the same instrumenLI\
descrihed ahove. Temperature selting of the spectrometer were calibrated to within 1 DC by
reference to a glycol standard. Peak areas were detennined for each isomer using Felix 2.3
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software. Equilibrium constants (Km) were ascertained hy calculating the trans/Cis isomer
ratio. Van't Hoff analyses was performed over a temperature range of 300 - 355 K. Error
analyses were performed by doing an unweighted linear least squares fit to the van't Hoff
plots. (See Section 8.2 and 8.7 for experimental details).

8.2 Solvent Effects on the Energetics ofProlyl Peptide Bundlsomerization(Chapter 2),

Materials

K 13CN was purchased from Cambridge Isotope Laboratories (Woburn. MA). [I-l3C]
sodium acetate was from Merck Stable Isotopes (Montreal. Canada). Ethyl
acetamidocyanoacetate Aldrich (Milwaukee. WI) was recrystallized from ethanol before use.
AG3-X4A anion exchange resin was from BioRad (Richmond. CA). All other chemicals
were of reagent grade or better and were used without further purification. Flash
chromatography209 was carried out on silica gel 60 (230 - 400 mm) from Fisher (PitL<;hurgh.
PA). Analytical chromatography was carried out on pre-coated plates of silica 60 F-254
(0.25 mm) from EM Science (Gihhstown. NJ). 1H. 13C. and 19F NMR spectra were recorded
on a Bliiker AM400. AM500. or AM600 spectrometer at the Nuclear Magnetic Resonance
Facility at Madison. Chemical shifL<; for IH and 13C spectra arc reported relative to CDCl3
(7.26, 77.0 ppm). Chemical shifL<; for the 19F spectrum are reported relative to trifluoroacetic
acid (0 ppm). Samples contained approximately 0.1 M solute in CDC13

Methods

NMR experimental. NMR experiments were conducted as descrihed in Section 8.1.
Samples contained 0.1 M of 2.1 in dry solvents that were fully deuterated (except
triDuoroethanol: external deuterium lock) and neat (except water; 100 mM sodium phosphate
huffer. pH 7.2. containing 80% (v/v) H20J2H20). Isomerization rates were not altered by
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spiking the organic solvents with 0.2 M H 20 or by halving the concentration of 2.1.
Equilibrium constants were detennined as descrihed ahove in Section 8.1. The same aqueous
and toluene samples were used for both the determination of isomerization rates and the van't
Hoff analysis.

IR experimental. IR experiments were performed as described above in Section 8.1.
Samples corita.inedO~U1

Mor2~2exc-eplf6tm6scinwalCfand-N;N~-dirtie(hylfm1Tnfmidc,

which contained 2 M of 2.2. The frequency of the amide I vibrational mode was not altered
by doubling the concentration of 2.2 or by raising the temperature to 60 T.

Synthesis
Synthesis of N-acetyl-glycine-[p. o..13C]-D,L-proline methylester (2.1),
N-Acetyl-2-cyano-[3, S-13C]-proline ethylester,194.210.211 Synthesis of N-acetylglycine-[p, 8- 13C]-D,L-proline mcthylester (2.1) is shown in Figure 8.3. [1, 3- 13 C]-1, 3dibromopropane was synthesized from [l_13C] sodium acetate and K13CN. (For detailed
synthetic experimental; see Hinck, Ph.D. Thesis (1993).)212 N-AcetyI-2-cyano-[3,5- 13C]proline ethylester was prepared by dissolving solid Na (1.28 g, 55.6 mmol) in anhydrous
ethanol in a name-dried three-neck flask. Ethyl acetamidocyanoacetate (8.43 g, 49.5 mmo!)
dissolved in ethanol (50 mL) was added dropwisc over a 20 min to the reaction, and the
resulting mixture was stirred for 30 min at 25 DC. [1. 3- 13 C]-1, 3 Dibromopropane (5.0 g,
24.5 mmol) dissolved in ethanol (50 mL) was added dropwisc over 30 min. This mixture
was stirred at 25 ·C for 2 h and then refluxed vigorously for 22 h. The reaction was cooled,
concentrated, and dissolved in aqueous CH2Ci2 (50% (v/v), 100 mL). The aqueous layer was
washed with CH2Cl2 (3 x 50 mL), and the organic extract was combined and dried over
saturated Na2S04, and then concentrated to yield a brown oil. The crude product was loaded
on a 100 g silica column and eluted with u 1:5 to 1:2 gradient of ethyl ucetate:hexanes to
yield product as a white solid (4.77 g. 91 '70). Rr (ethyl acetate)=0.54. lH NMR(CDC13) 4.12
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(m. 2H, O-CH2-), 3.56 (m, 2H. H-5,5'). 2.47 (m. 1H. H-3'), 2.21 (m. IH, H-3), 2.09 (m, 2H,
H-4,4'), 1.98 (s, 3H. acetyl-CH3), 1.16 (t, 3H, ester -CH3 ).

[(3. O_13C]-D, L-Proline. N-Acetyl-2-cyano-[3.5· 13CFproline ethylester (4.65 g, 21.9
mmol) was dissolved in 50 mL concentrated HC} (50 mL) and the resulting solution was
refluxed for 2 h. The reaction was concentrated and dried. The resulting white solid was
dissolvedTn HZO-andpassed throughaco-Iumn-of AG-X4Aaniene*c-hflflge resin. The
product was eluted with H20. The solvent was removed from the collected product under
reduced pressure to an 85 % yield of [(3, &-13C]-D,L proline (2.14 g. 18.6 mmol). Isotopic
enrichment at the (3 and 0 positions was determined to be greater than 99% on the basis of
13C coupled and uncoupled ~H, ~H', OH, and 0H' signal intensities in the IH NMR spectrum.
RrC3:1 (v/v) ethanol:H20)= 0040. IH NMR (2H20) 4.14 (t, IH C£XH). 3.44 (dm, lH. cOH').
3.38 (dm. IH, COH), 2.39 (dm, IH. CYH'), 2.12 (dm, IH. C'YH). 2.05 (m, 2H. CYH-H'). BC
NMR (2H20) 47.6 (ae), 30.4 (~C).

tert-Butoxy-[(3. O.13C]-D,L-proline. To a solution containing Boc-ON (1.58 g, 6.41
mmol). triethylamine (0.60 mL, 6.41 mmol) and 1:1 (v:v) H20: dioxane (10 mL total
volume), [(3. 8 13Cl-proline (0.5 g. 4.27 mmol) was added and the reaction was stirred for 16
hat 25 DC. The reaction was concentrated to a viscous oil, taken up in CHCl3 and extracted
1N HCI (3 x 50 mL). The organic layer was extracted 1 N NaOH (3 x 50 mL), aqueous
fractions were combined, and. in the presence of CHCl3 (25 mL), the pH was adjusted to 1.0.
The aqueous layer was extracted with CHCl3 (3 x 50 mL). concentrated, and loaded on a 20 g
silica column in ethyl acetate and eluted (3: 1(v/v) ethyl acetate:hexanes) to yield product as a
white solid (0.72 g, 77.9%). Rr(l:3 (v/v) H20:cthanol)= 0.68. MH+(FAB)
Cg13C2H 17N 104= 218. 1H NMR (CDCI3) 4.33 (hr m, 1H, Cl £xH 1; minor isomer at 4.19).
4.30 (m, IH, C10HI minor isomer at 3.51), 3.67 (m, IH. C}OHI'; minor isomer at 3.28), 2.33
(m, IH. Cl~HI; minor isomer at 2.31), 2.07 (m, IH, CI~H}'), 1.91 (hr s, IH, CI'YHl; minor
isomer at 1.90), 1.82 (m 1H, C(fH 1'), 1.43 (s hr. 9H, t-hutoxy-3, CH3; minor isomer at 1.37).
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tert-ButoxY"[~t

a. 13C]...D,L-proline methylester. N-methyl-nitroso urea (3.0 g,

mmol) in Et20 (25 mL) was treated with KOH (0.75 g, mmol) and allowed to stir for 10 min
at 25 ·C. The resulting bright yellow supernatant was added to a solution (25 mL ) of terrbutoxy-[~. 'Y-13C]-proline (0.72 g. 3.30 mmol) in Et20. The reaction was stirred at 25 ·C for

30 min. The reaction 'was concentrated, and then taken up in ethyl acetate and washed with
. . ... ..... -- -l-NHCI(3-x 5fYmL)-. IN NaOHt3--x -50 mI:.)~-saturated--NaeI-{1-x-50-mJ:;};:andliried-tlvcr--·- MgS04. The solution was filtered and concentrated to yield 1.2 g of viscous oil. The crude
product was loaded on to a 10 g silica column and eJutcd(2: l(v/v) ethyl acetate:hexanes) to
yield a yellow oil. The oil was passed over methanol-washed celite and activated carhon to
yield product as a white solid (0.72 g, 95%). Rr (18:2: 1 (v/v/v) CHC13:MeOH:AcOH) =
0.64. IH NMR (CDCI3) 4.33 (m hr. IH, C}(XH; minor isomer at 4.19), 4.30 (m. IH. C}OH;
minor isomer at3.51), 3.67 (m, IH. C}oH'; minor isomer at 3.28) 3.60 (s, 3H. OCH:1; minor
isomer at 3;57) ,2.33 (m. IH, Cl~H; minor isomer at 2.31), 2.07 (m. lH, Cl~H'). 1.91 (hr s.
lH. CI'YH}; minor isomer at 1.90). 1.82 (m. tH, C(fH I'>. 1.43 (s br. 9H, t-hutoxy 3-COH3;
minor isomer at 1.37),
N ..Acetyl-glycine.[~, O_13C].D,L-proline methylester (2.1). tert-Butoxy-r~. o_13C]D, L-proline methylestcr (0.72 g. 3.l3 mmol) was added to a solution (10 mL) containing

HCL(4N). The resulting solution was stirred at 25 ·C for 30 min. The reaction was then
concentrated. dried to yield [~. &-13Cl-D, L-proline methylester hydrochloride (100% yield
assumed). To CH2Cb solution (50 mL ) containing [~, &-13C]-D, L-proline methylcster
hydrochloride at 0 DC, triethylamine (1.2 mL, 9.70 mmol), acetamidoacetic acid (1.0 g, 8.55
mmol), I-hydroxybenzotriazole hydrate (1.3 g, 8.55 mmol), and dicyclohexylcarhodiimide
(1.76 g, 8.55 mmol) were added, respectively. The reaction was allowed to warm to 25 ·C.
and then stirred for 18 h. The reaction was filtered. and the filtrate was washed with IN HCI
(3 x 50 mL). 1N NaOH (3 x 50 mL). saturated NaCI (1 x 50 mL), and dried over MgS04.
The organic layer was concentrated. and loaded on to a 100 g silica column in CHCl3 and
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eluted with a methanol gradient (l %-5% (v/v) methano1JCHCI3) to yield product as a white
solid (0.54 g. 75%). Rr(5% methanoIlCHCl3)

=0.25.

IH NMR (CDC13) 6.58 (s, NIH;

minor isomer at 6.80), 4.83 (m br, IH, C2cxH; minor isomer at 4.65).4.02 (dd. IH. C1cxH;
minor isomer at 4.09),3.86 (dd. lH. CIcxH'; minor isomer at 3.80). 3.62 ( s. 3H. OCH3;
minor isomer at 3.59), 3.55 (m. tH. C20H; minor isomer at 3.61).3.40 (m. 1H. C 20H'; minor
~~isomer:at 3;33);2.33{m.l H~G2~H~-min0f-iS:0mer-at2.31}i2.I9-(-sin3H acet-yl-GoH), 2-.()~m.

1H. C2~H'). 1.91 (m, 2H, CiYH 1). NMR BC (CDCI3): 47.52 (OC2; minor isomer 46.04).
28.09 (~C2; minor isomer 32.15).

8.3 Relative Strength of Amide-Amide and Amide-Water Hydrogen Bonds (Chapter 3).

Materials
Amide solvents (Aldrich Chemical; Milwaukce, WI) were distilled from either 4A
molecular sieves (formamides) or CaH2 (secondary amides). Note: Acetamide. the simplest
primary amide, was not studied due to its high mclting point (82.3 DC).

Methods
NMR experimental. Experiments were carried out as described in Seclion 8.1. All
samples contained 0.1 M of 3.1 in neat solvent and used an external deuterium lock.

IR experimental. Experiments were performed as described in Seclion 8.1. Samples
contained 0.01 M 3.2 in neat solvent and were not altered significantly by raising the
temperature to 60°C. The presence of !3C in 3.2 decreased the frequency of its amide I
vibrational mode (by 41 cm-! in dioxane; by 50 cm-! in water), and therehy avoided overlap
with amide solvents.
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8.4 Mechanism and Thermodynamics of Amide Hydrogen Bond Formation in Aqueous
and Organic Solvents: Dimerizationof &. Valerolactam (Chapter 4).

Materials

8- Valerolactam. CC14.tetramethyl silane and trimethylsilyl propanoic acid were
---purchased-from the-kldrich-ChemkaliMHwaukce.-W-I7.' -Hsing-Hamedried--gtassware; ee14
and 8- Valerolactam were twice fractionally distilled from CaH2 under N2.

Methods
NMR experimental. I H NMR data were collected on a Broker AM500 spectrometer
at the National Magnetic Resonance Facility at Madison. Chemical shifts were referenced to
internal tetramethyl silane (CCI4 samples) and trimethylsilyl propanoic acid (aqueous
samples).
IR experimental. CC4 samples were prepared under N2 in a glove bag. Experiments
in CCI4 were performed on a Nicolet 740 FfIR spectrometer with a 0.1 mm path length.
CaF2 plates. and a spectral resolution of 2 cm-l. Experiments in H20 were performed on a
Nicolet 5PC FTIR Spectrometer equipped with a ZnSe crystal in a Spectra Tech circle cell.
and a spectral resolution of 2 cm-l.

8.5 Contribution of a Phenolic Hydrogen Bond to Ribonuclease A Stability and
Catalysis (Chapter 5),

Materials
E. coli strain BL21(DE3) (F- ompT rB-mB-) and plasmid pET22B(+) were from

Novagen (Madison. WI). AU enzymes for the manipulation of recombinant DNA were from
Promega (Madison. WI). Reagents for DNA synthesis were from Applied Biosystems
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(Foster City. CA). except for acetonitrile. which was from Baxter Healthcare (McGaw. IL).
Oligonucleotides were synthesized on an Applied Biosystems 392 DNNRNA synthesizer,
and

p~rified

using Oligo Purification Cartridges (Applied Biosystems). DNA was sequenced

with a Sequenase 2.0 kit from United States Biochemicals (Cleveland, OH). DE52
diethylaminoethyl cellulose anion exchange resin was from Whattnan (Maidstone, England),
and S-Sepharose cation exchange resin was-from-Pharmacia-L-KBiPisea-taway. NJ}.-Poly(C)

was purchased from Sigma Chemical (St. Louis, MO) or from Midland Certified Reagent
(Midland, TX) and was precipitated from aqueous ethanol (70% v/v) before use. Wild-type
RNase A was purchased from Sigma (St. Louis. MO). Bacto yeast extract. Bacto tryptone,
Bacto peptone, and Bacto agar, were from Difco (Detroit. MI). Bacterial terrific broth (TB)t9
contained (in 1 L) Bacto tryptone (12 g), Bacto yeast extract (24 g). glycerol (4 mL),
KH2P04 (2.31 g). and K2HP04 (12.54 g). All media were prepared in distilled, deionized

water and autoclaved. Ultraviolet and visible absorbance measurements were made with a
Cary 3 spectrophotometer equipped with a Cary temperature controller. All other chemicals
reagents were of commercial reagent grade or hctter and were used without purification
unless otherwise indicated.

Methods
Preparation of Tyr97 mutants. Single-stranded DNA from pBXR, which contains
the cDNA of RNase A and the plasmid pET22B, was a generous gift from Steve
delCardayrc. This single-stranded DNA had been isolated from E. colistrain CJ236, which
occasionally incorporates uridine residues instead of thymidine. Oligonucleotide-mediated
site-directed mutagensis was performed on this DNA hy using the method of Kunke1. 213 The
TAC codon for Tyr97 of RNase A was changed to TTT (phenylalanine), GCC (alanine), or
GGC (glycine) by oligonucleotide-mediated site-directed mutagenesis. mutagenesis
reactions were transformed into BL21 (DE3) cells.
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Production and purification of RNase A from E. coli.

7,45

A freezer stock was

prepared of E. coli strain BL21(DE3) harboring plasmid wild-type or mutated plasmid pBXR
from a mid-log phase culture grown in LB medium containing ampicillin (400 ~glmL). This
freezer stock was used to inoculate a starter culture (15 mL) of TB medium containing
ampicillin (400
--

~glmL).

--------------

--

This culture was grown to mid-log phase (A600
- -

-

----

----~-

-----------------------

-----

=0.50.0.) and

- ----------- -

-------------------------

used to inoculate a larger culture (IL)oflhe same medium contairrirrgampiciHin (400
~g1mL).

The inoculated culture was shaken (250 rpm) at 37 ·C until it reached late log phase

(A600 = 1.90.0.). and was then induced to express the cDNA that codes for RNase A hy the

addition of IPTG (to 2 mM). Shaking at 37 ·C was continued for 4 h, before the cells were
harvested by centrifugation for 10 min at 5000 x g.
The cell pellet was resuspended in cell lysis huffer (250 mL). which was 20 mM
Tris-Hel buffer. pH 7.8, containing urea (6 M) and EDT A (1 mM), and the suspension was
shaken for 20 min at 37 ·C. This suspension was then centrifuged for 15min at 30,000 x g,
and the resulting pellet was resuspended in soluhilization huffer (250 mL). which wa<; 20 mM
Tris-HCI buffer. pH 7.8, containing urea (6 M), NaCl (0.4 M), OTT (20 mM), and EDTA (1
ruM). and the suspension was shaken for 20 min at 37 cC. This suspension was then
centrifuged for 15 min at 30,000 x g. The supernatant was collected and

to

it was added

reduced DIT (0.22 g). The resulting solution wa.<; stirred at room temperature for 10 min.
Glacial acetic acid was added to lower the pH to 5.0. and the resulting solution was dialyzed
exhaustively against 20 mM Tris-AcOH buffer. pH 5.0, containing NaCI (0.1 M). The
insoluble matcrial that accumulatcd during dialysis was removed by centrifugation. The
soluble fraction was then reoxidized by exhaustive dialysis (>24 h) against refolding huffer.
which was 50 mM Tris·AcOH huffer. pH 7.8, containing NaCl (0.1 M), reduced glutathione
(1 mM). and oxidized glutathione (0.2 mM). The refolded sample wa<; then dialyzed
exhaustively against 20 mM Tris-AcOH huffer. pH 8.0.

162
The dialyzed sample was passed through a column (15 cm x 4.9 cm 2) of SE-52 anion
exchange resin equilibrated with the same buffer. The flow-through was loaded onto a
column (15 cm x 1.8 cm 2) of mono-S cation exchange resin equilibrated with TriseAcOH
buffer (20 mM), pH 8.0. and the loaded column wac; washed with the same buffer (100 mL).
RNase A was eluted with a linear gradient of NaCI (0.0 - 0.35M). in TriseAcOH buffer. pH .

-8.0.

Fractions were coUeaea·and-i~saye-dTomnoniicTca.e;eacfivlty. -The punty oTactive-·

fractions was ass.essed by SDS-PAGE. Fractions containing RNase A of>95% purity were
pooled and characterized.
T m determination. As RNase A is denatured, iLC; 6 tyrosine residues become exposed
to solvent and its extinction coefficient at 287 nm decreases significantly.214 The thennal
stability of RNase A proteins was assessed by monitoring by the change of absorbance at
A286 with temperature. 161

Solutions of protein (1.0 - 3.0 mglmL) in 100 mM sodium acetate

buffer (100 mM NaCl. at pH 6.0) was prepared to a total sample volumc 01'0.8 mL. The
unfolding absorbance A2R6 was recorded at 1 ·C incrcmenLc; bctween 10 and 95 ·C after a five .
minute equilibration at each temperature. Thennal renaturation of the mutant proteins. from
95 - 10 DC. were observed to have the same midpoint (T m) as thennal denaturation. The T m
value and error was detennined hy a nonlinear regression analysis of the unfolding curves
using Sigma Plot 4.16.
Steady-state kinetics. The cleavage of poly(C) was monitored by the change in
ultraviolet hyperchromicity. The ~£ for this reaction. calculated from the difference in molar
absorptivity of the polymeric suhstrate and the mononucleotide cyclic phosphate product was
2380 M-1cm- 1 at 250 nm. 7 RNase A concentrations were detennined by using a Bradford
assay (Bio Rad) where a standard curve was detennined for wild-type RNase A by assuming
that A277.S Q· 1%

=0.72. 215 All assays were performed at 25 DC in 0.1 M MES huffl!r. pH 6.0.

containing NaCl (D. 1 M). with suhstratl! poly(C) concentrations bl!tween 10 JlM - 0.4 mM.
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The total reaction volume was 0.8 mL. The values and errors for kcat and Km were
determined from the initial velocity data using the program HYPERO.216

8.6 Inductive Effect on the Structure of Proline Residues (Chapter 6)..

-- - Materials N-Acetyl-proline methylester (6.1), 4(S)·hydroxyproline methylester hydrochloride.
and 4(R)·hydroxyproline methylester hydrochloride were from Bachem Biosciences
(Philadelphia. PA). and were used without further purification. All other reagents and all
solvents were from Aldrich Chemical (Milwaukee, WI). and were used without further
purification.

Methods
X-Ray diffraction analysis. Single crystals suitahle for x-ray diffraction analysis
were obtained by evaporation at ambient temperature of solutions of 6.1 or 6.3 in 2-propanol.
or of 6.2 in ethyl acetate. Cell parameter data and intensity data were collected using a
Siemens P4 diffractometer with CuKa radiation (A. = 1.54178 A). The unit cell parameters
and their ESDs were derived from a least squares treatment hased on 25 (6.1 and 6.2) or 26
(6.3) high-angle reflections in the range 48°>8>50° (6.1). 45°>8>50° (6.2). or 53°>0
>56°(6.3). Integrated relative intensities for the independent reflections with 28<114° were
measured in the Wyckoff (6.1 and 6.2) or the 2e-e (6.3) scan mode. The intensity of three
standard reflections. checked after each 100 (6.1).50 (6.2). or 50 (6.3) reflections. varied hy
less than 5% (6.1).4% (6.2). or 6% (6.3). Data were corrected for Lorentz. and polarization
effects but not for absorption. The structures were solved by direct methods using the
program SHELXTL PLUS. 217 and refined anisotropically with the full-matrix least squares
procedure. Hydrogen atom positions were calculated and refined by using a riding model.
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Abinitio calculations. Ab initio calculations were performed on an FPS-522
computer by using the electronic structure packages GAMESS218 and Spartan 219 by A. S.
Edison. Geometries were first optimized at the STO-3G level of theory, and then ful1y
optimized at the 3-21G level of theory. For each molecule (6.1-6.3), bond distances were
calculated for the form of the particular peptide hond isomer (cis or trans) and ring pucker
---

---~--------~-----------~--

- (CY-endo or CY-exo) observed-in the crysraUincsl.ute.

Synthesis
N-Acetyl~4(S)-acetoxyproline

methyl ester. 4(S)-Hydroxyproline methylester

hydrochloride (4.0 g, 22 mmol) was dissolved in acetic anhydride (40 mL), and the resulting
solution was stirred for 12 h at room temperature. The mixture was then concentrated under
reduced pressure, and the resulting residue was suhjected to flash chromatography (1: I (v/v)
ethyl acetate:hexanes) to yield product as a white solid (3.6 g, 75%). Rr(ethyl acetatc)=0.40.
IH NMR (CDCl3) 5.16 (br s, IH, C(fHl~ minor isomer at 5.10), 4.33 (t, )=2 Hz, IH, c1aH),
3.74 (dd, )=12Hz, )=4.5Hz, IH, C 102H), 3.55 (s, 3H, C2H3; minor isomer at 3.61), 3.43 (hr
d. )=1 1Hz, lH, C 102H'; minor isomer at 3.42),2.21 (m, tH, Cl~H; minor isomer at 2.34),
2.03 (m, IH, Cl~H'), 1.90 [s, 3H, COaH3; minor isomer at 1.80], 1.89 [s, 3H, OloIC(O)CH3;
minor isomer at 1.87]~ 13C NMR (CDCI3, ppm) 171.85 (Co), 169.91 [o]olC(O)}, 168.90
(CI), 72.40 (CIY; minor isomer at 70.80), 56.82 (Cla~ minor isomer at 58.02), 52.75 (CIS!;
minor isomer al51.15), 51.92 (C2; minor isomer at 52.42), 34.54 (CI~; minor isomer at
36.54),21.85 (COa), 20.45 [0101C(O)CH31.
N-Acetyl-4(S)-hydroxyproline methylester (6.2). Anhydrous potassium
carhonate 220 (0.151 g, 1.09 mmo)) was added to a solution of N-acetyl-4-(S)-acetoxyproline
methylestcr (2.5 g, 11 mmol) in methanol (12 mL), and the resulting slurry was stirred for 30
min at room temperature. The mixture was then filtered, the filtrate
reduced pressure. and the resulting residue

wa~

wa~

concentrated under

suhjected to nash chromatography (1:2 (v/v)
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ethyl acetate-hexane) to yield product as a white solid (1.50 g, 74%). Rr (ethyl acetate)=O.l7.

MS (EI. m/e): 187.25. IH NMR (CDCI3) 4.62 (d. J=2.5Hz, IH, C(fH; minor isomer at 4.49),
4.33 (t, J=8Hz, IH; C1ClH; minor isomer at 4.40). 3.59(d.J=9Hz, IH. C 102H), 3.55 (s. 3H,
C2H3: minor isomer at 3.57),3.35 (d, J=5.5Hz, IH, C}o2H'), 2.91 (br s, lH. OlOIH), 2.142.09 (m, IH, Cl~H; minor isomer at 2.28-2.23). 1.92 (s, 3H, COClH3; minor isomer at 1.78),
--~=::-1::~_K-J~tID._.l::It,:-:fu~H';_ITti-n~I":*~.~ID~J~t-£;!3.H-;:.001~3C ~~M¥-l~Gl:31::-1~~..s~-:-f~!,!!i·n8::r-:-::----·
isomer at 172.38), 170.46 (CI; minor isomer at 169.90), 69.28 (C(f; minor isomer al67 .70).
57.24 (CICl, minor isomer at 518.40),55.54 (CIO; minor isomer at 54.01),51.90 (C2: minor
isomer at 52.36), 37.45 (CI~; minor isomer at 39.27). 21.80 (COCl, minor isomer at 21.20).
N-Acetyl-4(R)-acetoxyproline methyl ester. 4(R)-Hydroxyproline methylester
hydrochloride (0.25 g. 1.4 mmol) was dissolved in acetic anhydride (4 mL). and the resulting
solution was stirred for 24 h at room temperature. The mixture was concentrated under
reduced pressure, and the resulting residues was subjected to flash chromatography (ethyl
acetate) to yield product as a white solid (0.295 g. 93%). Rr (18:2: 1 (v/v/v)
CHCI3:methanol:acetic acid)=O.75. IH NMR (CDCI3) 5.20 (br s. lH. CIYH). 4.61 (d.
J=4.5Hz. lH, C1ClH; minor isomer at 4.41),3.78 (dd.J=6Hz. IH. C I 02H), 3.65 (s. 3H. C2H3:
minor isomer at 3.70).3.602 (br d. J=5.5Hz, IH. CI 02 H'). 2.42 -2.32 (m. IH, Cl~H). 2.22 (hr
d. J=7Hz. lH. Cl~H'; minor isomer at 2.36), 2.01 (s. 3H. COClH3; minor isomer at 1.96), 1.94
[s. 3H. OlOIC(O)CH3; minor isomer at 1.89]; BC NMR (CDC13) 17l.60 (Co), 170.36
[OIOIC(O); minor isomer at 169.981. 169.72 (CI: minor isomer at 169.88). 72.81 (CI)'; minor
isomer at 71.48).52.35 (C2). 56.97 (CIa; minor isomer at 58.87), 53.16 (CIS; minor isomer
at 52.68), 34.84 (Cl~; minor isomer at 37.(8). 22.23 (COa; minor isomer at 22.(9). 20.90
[OI 01 C(O)CH31.
N-Acetyl-4(R)-hydroxyproline methylester. Anhydrous potassium carbonate (OJ) 15

g. 0.11 mmol) was added to a solution of N-acctyl-4(R)-acetoxyproline methylcster (0.251 g.

1.10 mmol) in methanol (12 mL). and the resulting slurry was stirred for 10 min at room
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temperature. The mixture was then filtered, concentrated under reduced pressure, and
subjected to flash chromatography (ethyl acetate) to yield product as a white solid (0.145 g,
75%). Rf(l8:2:1 (v/v/v) CHC13/methanollacetic acid)::O.34. IH NMR (CDC13) 4.48 (d.
J=5Hz, IH, CI'YH), 4.41 (m, IH, CIaH), 3.77-3.72 (m. IH, C}02H), 3.68-3.61 (m, IH.
Ct02H'), 3.66 (s, 3H, C2H3), 2.80 (s, lH. o}OlH).2.34-2.25 (m, 2H, Cl~H2). 2.06 (s. 3H.
COGH3; mirror isomer at 2;001; Be NMR-(CDClJ} -174A-(E{r),169.6{€I}-."l1.2ECrY-;minor
isomer at 68.8), 57.2 (CIa; minor isomer at 59.0).56.2 (CIS; minor isomer at 55.2), 52.8 (C2)
37.0 (C}p; minor isomer at 39.4).22.0 (Coa).
N.Acetyl.4(S)·f1uoroproline methylester (6.3). The hydroxyl group in N-acetyl4(R)-hydroxyproline melhylcster was converted to a fluoro group by using the morpholino
analogue of diethylaminosulfur trifluoride. 221 Morpholinosulfur trifluoride (0.564 g, 3.22
mmo}) was added dropwise ovc.r 10 min and with stirring over 10 min to a solution (5 mL) at
-80°C under nitrogen of dichloromethane containing N-acetyl-4(R)-hydroxyproline
methylester (0.120 g, 0.645 mmol). The reaction was allowed to warm to room temperature.
and was then stirred for 48 h. The mixture was concentrated under reduced pressure.
quenched with water (2 mL). concentrated again under reduced pressure. and suhjected to
flash chromatography (1:4 (v/v) ethyl acetate-hexanes) to yield product as a colorless oil
(0.060 g. 50%). Rr (ethyl acetate)= 0.36. MS (FAB): 190.2535. 1H NMR (CDC}3) 5.23 (dt.
J=26.5Hz. J=3Hz. 1 H. CIYH; minor isomer alS.!7). 4.70 (d. J=5Hz. IH. C}ClH; minor

isomer at 4.45).3.87-3.62 (m. 2H. CI02H2). 3.67 (s. 3H, C2H3; minor isomer at 3.71). 2.43
(t. J=15Hz, hroad. lH. C1PH; minor isomer at 3.64), 2.32 (m. tH. C}PH'; minor isomer at
3.45); 2.05 (s, 3H. C2H3: minor isomer at 1.98); BC NMR (CDCI3) 172.30 (Co). 169.20
(CI). 91.80 (d, Jp=180Hz. CIY). 54.18 (CIO; minor isomer at 53.98).52.31 (Cl; minor isomer
at 52.72), 52.11 (C 1a; minor isomer at 58.11). 35.89 (Cl P; minor isomer at 36.(6). 22.15
(COa; minor isomer at 22.10); 19F

NMR (CDCI3) 0 -114.302 (minor isomer at -114.943).
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8.7 Inductive Effects and the Gauche Effect on the Energetics Prolyl Peptide Bond
Isomerization: Implications for Collagen Folding and Stability (Chapter 7).

Materials

tert-ButoXY-L-proline and 4(R)-L-hydroxyproline and were purchased from Bachem
·aiosCIence-'-ln-e-:(pnlraderph1a,P-At~=7V:meffiyr:N:rirtroso-urca-was-purG-n<L~a-f·rom-Srgma··

.------

Chemical (SL Louis. MO.). All other reagents were purchased from Aldrich Chemical
(Milwaukee. WI.) and used without further purification unless otherwise indicated. NMR
solvents were purchased from Aldrich Chemical in pre-packaged ampules and used without
further purification.

Methods
pKa determination. The secondary amine pKa's of the parent amino acids of 7.1. 7.2.
and 7.3 were determined by IH NMR spectroscopy. Experiments were performed on a
Brucker AM500 instrument (498.68 MHz) usir.g a 5 mm 1H prohe. and 1H handpass filter.
Solvent suppression was applied to the water signal and a deuterium oxide insat was used to
provide an external lock. A 50 mL stock solution. 400 mM for each amino acid. were
prepared in a 100 mM sodium phosphate buffer. pH 7.0. A 400 ilL aliquot was removed from
the stock solution and the chemical shift difference hetween the ex. and

~

protons 7.1 and 7.2.

or the ex. and 8, 7.3, were measured at 25°C. The aliquot was returned to the stm:k solution
and the pH was decreased hy approximately 0.1 units hy the addition of a 100 ilL aliquot of
1N KOH. Values of pKa were determined by ploning Jog

(~&-~D/~DII+ -~8)

vs pH where the

x-intercept is the pKa. Errors were determined by linear least squares analysis.
NMR experimental. Samples of 7.1. 7.2. and 7.3 were prepared at cOIH.:entrations of
100 mM and 1 mM in dioxane-dR. Aqueous samples were prepared in contained 80% (v/v)
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H20f2H20 in 100 mM sodium phosphate buffer, pH 7.2. See Section 8.1 experimental
details.

IR experimental. Samples of 7.1,7.2, and 7.3 were prepared at concentrations of 100
mM and 1 mM in dioxane, distilled from CaH2. and D20. No concentration effects were
observed for 7.1 and 7.3 in either solvent. A second vibrational mode was present in the
amide 1 region·in-u·-l·(}(}mM-sulution of-7;-2.-Thismodewas-absent-jrr·a-l-mMscrlutinrrnf7;2·.
This second vibrational mode was likely the result of a hydrogen bond from the hydroxyl
group of one molecule of 7.2 to the amide carbonyl group of another molecule of 7.2, as was
observed in crystalline 7.2. To minimize such aggregation. experiments of al1 proline
derivatives were performed at 1 mM concentrations in dioxane. Of course. solute - solvent
interactions may also be significant for 7.2 because dioxane may accept a hydrogen hond
from the hydroxyl group of 7.2.

Synthesis
N-Acetyl.[~,

y. 13Cl-D, L-proline methylester (7.1).

tert-BulOXY-[~.

y.13Cl-D, L-

proline methylester (0.5 g, 2.16 mmo!) was added to a solution (10 mL) of dioxane
containing HC) (4N). The resulting solution was stirred at 25 ·C for 30 min. The reaction
was then concentrated, dried and then stirred with acetic anhydride (25 mL) at 25 ·C for 16 h.
The reaction was concentrated, taken up in ethyl acetate and washed 1N HC) (3 x 50 mL), ) N
NaOH (3 x 50 mL), and saturated NaCl. The organic layer was dried over MgS04, filtered.
and concentrated to yield a yellow oil. The crude product was loaded on a 10 g silica column
in CHCI3 and eluted with 1-5% methanol:CHCl3 gradent to yield product as a white solid
(0.37 g. 85%). Rr (ethy)acctatc)= 0.17. MH+(FAB)= IH NMR (CDCI3) 4.55 (d hr. )H,
C}ClH; minor isomer at 4.46),3.76 (m, lH, C}OH; minor isomer at 3.61),3.62 (s. 3H, esterC2H,3; minor isomer at 3.69). 3.47 (m, tH. ClOH'; minor isomer at 3.33),2.28 (m, ) H, Cl~H;
minor isomer at 2.(9), 2.03 (s. 3H, acctyl-CoH3: minor isomer at 1.95) 2.01 (m, 2H, ClYH;
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minor isomer at 1.82). 1.98 (m. 1H. Cl~H' ; minor isomer at 1.83). NMR 13C (CDCI3) 47.52
(Ocl; minor isomer 46.04). 29.19 (~Cl; minor isomer 31.23).

N-Acetyl.4(S)-hydroxy proline [13C]methylester (7.2). Anhydrous potassium
carbonate (O.Olg. 0.08 mmol) was added to a solution of N-acetyl-4 -(S)-acetoxyprolinc

- ---metnyrestenO.1SI:h-0C6o--mmQlrm~5 .got:I?c-99j}-!:%-enricnectmellTImru-::-Thercsulltnw _.
slurry was stirred at 25' DC for 30 min. The mixture was filtered. and the filtrate was
concentrated. The crude product was loaded on a 10 g silica column and eluted (1:2 (v/v)
ethyl acetate:hcxanes) to yield a product as a clear oil (0.079 g. 64 %). Rr (ethyl acetate)=
0.17. MH+(FAB)=189.l4. IH NMR (CDCI3) 4.62 (s, lH. ClYH; minor conformational
isomer at 4.49). 4.33 (t. IH; CIO,H; minor isomer at 4.25).3.80 (s. lH. c 102H),3.55 (5. 3H.
OCH3; minor isomer at 3.70). 3.35 (d. J=lIHz. tH, C 102H; minor isomer at 3.42). 2.91 (5.
broad. tH, OH). 2.12 (m. Cl~H; minor isomer at 2.26), 1.90 (s. 3H. COCH3: minor isomer at
1.78), 1.86 (m. lH, Cl~H); l3C NMR (CDCI3) 58.40 (C2; minor isomer at 57.24).
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Figure 8.1

Shown are 13C spectra of2.1 in 20 % D20: 80% H20; 100 mM sodium
phosphate buffer, pH 7.2, (348 K) at different t (sec) delay times. 1. OJ)Ol sec;
5,0.15 (sec); 10.0.40 (sec); 15, O.RO (sec); 20, 2.0 (sec); 25.4.0 (sec).
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Figure 8.2

Magnetization transfer curves of 2.1 in 20 % D20: 80% H20 100 mM sodium
phosphate buffer. pH 7.2. (348 K). The cis (A) and trans (e) resonances of a
typical experiment where individual peak heights are plotted against 't (sec)
delay times.
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Figure 8.3 Synthesis of N-acetyl-glycine-[~:yJ3Cl-D. L-proline-methylester.
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