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Pancreatic-type ribonucleases encompass a diverse and unique family of secreted
endoribonucleases, specific to vertebrates. In essence, these enzymes cleave the phosphodiester
bonds within RNA molecules. This enzymatic function contributes to diverse processes such as
gene regulation, digestion, and immune function. Particularly, as the roles of RNA expand, so do
the potential roles of RNases. Specifically, one member of this superfamily, RNase 1, has been
presumed to function as a digestive aid due to its homology to bovine RNase A. This prototype
of the family was used to establish many biochemical properties associated with RNases—
including catalytic mechanism and rates, conformational stability, and three-dimensional
structure. Yet, little work has explored functional roles beyond digestion.

Recent observations suggest a more expansive role of human RNase 1. This enzyme
circulates in blood and appears to activate chemokine release. Particularly, these observations
highlight the constant exposure of cell exteriors to pancreatic-type ribonucleases. The
prerequisite cell-surface interactions could illuminate biological roles of RNase 1 as well as
provide potential exploitations for therapeutic purposes.

The work, herein, characterizes the interactions of pancreatic-type RNases with cell-surface

glycans and determines the biological ramifications of these interactions. Specifically, | compare
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these properties between RNase 1 and RNase A, and | find that these proteins diverge in several
regards. Moreover, | shed light on the biological implications of these interactions as well as
potential means of exploitation for therapeutic purposes.

In CHAPTER 1, I review the current knowledge about pancreatic-type RNases including
biochemical characterization, biological roles, and therapeutic potential. Specifically, I will
discuss the known interactions of RNases to cell-surface molecules and indicate how these
interactions could regulate the function of circulating RNases.

I challenge the inference that the human homolog shares many biochemical properties with
RNase A in CHAPTER 2. Through comparison of RNase 1 and three homologous bovine
RNases, | find that RNase 1 shares more functional properties with bovine brain RNase than with
RNase A. Additionally, RNase 1 is shown to be secreted actively and taken up into endosomes
upon stimulus with antigenic RNA—a process presumably mediated through tight interactions
with cell-surface glycosaminoglycans. This work exposes new potential endogenous functions as
well as some action of therapeutic RNases.

In CHAPTER 3, I utilize a glycan array screen to identify the interactions between RNase 1
and a neutral cancer antigen, Globo H. Characterization of this interaction in vivo indicates that
this cell-surface binding interaction influences the cytotoxicity of RNase variants. Further, |
structurally characterize this interaction to identify residues of RNase 1 that bind to Globo H.
Moreover, this interaction is specific for RNase 1 over RNase A, further illustrating the
disparities between these homologous proteins.

In CHAPTER 4, | characterize the binding affinity of monoclonal antibodies to globo-series
glycans, Globo H and SSEA-4. These cancer-associated antigens are currently undergoing

clinical trials as cancer vaccine targets. Hence, knowledge of the specificity of these monoclonal
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antibodies toward their epitope and potential cross-reactivity is critical. | show that, indeed, these
antibodies are specific for their cognate antigens with little cross-reactivity toward glycans
within the globo-series family.

Finally in CHAPTER 5, | conclude my work and discuss preliminary data into new studies of
human RNase 1. Biochemical studies could reveal the basis for the striking pH optimum,
multivalent binding affinities, and factors that contribute to lipid bilayer disruption. Additionally,
I provide the first evidence of an innate immune function in which RNase 1 acts synergistically
with human antimicrobial agents to kill relevant microbes. Finally, | provide a system to examine

the evolution of biochemical properties of RNases from amphibians to reptiles to mammals.



Chapter 1

Introduction: Pancreatic-Type
Ribonucleases




1.1 Overview

The central dogma of biology posits that the role of RNA was mainly as an intermediate
between the genetic code encrypted by DNA and the functional machinery of proteins.* This
elegant notion described the flow of information whereby DNA is copied into messenger RNA
using transcription machinery, then subsequently decoded into protein by translational
machinery. However, this simplistic model was upended with the discovery of non-coding RNA
including micro RNA, small nuclear RNA, small nucleolar RNA, small interfering RNA, and
long non-coding RNA.? Indeed, of the 75% of the genome that is transcribed, only ~1.2% is
responsible for protein coding. The remaining ~73.8%—Ilong thought of as “junk” DNA—is now
realized to encode these essential non-coding RNAs. Rather than acting as an intermediate, these
RNAs operate with larger protein complexes to regulate gene transcription, mature RNA, and
splice out introns.®>” Further functional analysis now implicates RNAs in a range of roles,
including cell communication, gene regulation, clotting, and homeostasis. As such, dysregulation
of these RNAs has been associated with a myriad of disease states.

Regulation of RNA is, therefore, of extreme importance. The primary method of RNA
regulation occurs through a balance of upregulation via synthesis/stabilization and
downregulation by degradation. The synthesis is controlled by transcriptional machinery, and
stability is often conferred through proteineRNA interactions. Conversely, the degradation of
RNA occurs by the catalysis of enzymes known as ribonucleases (RNases).?

RNases hydrolyze the phosphodiester bond of RNA and are found in all branches of the tree
of life. Broadly, RNases are categorized by cleavage of RNA either at the ends (exo) or in the
middle (endo) of the biomolecule. Within this extremely diverse enzymatic family, many

intracellular endo/exoRNases exhibit energy-dependent, sequence-specific RNA cleavage as part



of large complexes. These enzymes can process and mature RNAs,? turnover RNA in
lysozymes,™° facilitate the removal of RNA overhangs as part of the transcriptional machinery,*
remove the poly(A) tails for mMRNA destabilization and turnover,*? and excise introns as part of
the spliceosome.™

One unique family of endoribonucleases exists solely within vertebrates as a secreted protein
with energy-independent, high non-specific activity. This family, known as the pancreatic-type
ribonucleases (ptRNases) or RNase A superfamily, is one of the most highly studied group of
enzymes. Herein, | review the unique properties of ptRNases (specifically, those in the RNase 1
subfamily) that include the thoroughly studied biochemical characteristics, lesser known
biological roles, and newly discovered therapeutic potential. The function of endogenous or
therapeutic RNases within the body relies initially on interactions with the cell-surface.
Therefore, 1 will discuss the components of the cell surface or the glycocalyx and examine the

known interactions of RNases with these compounds.

1.2 Pancreatic-type ribonucleases

ptRNases comprise a diverse family of vertebrate-specific secretory enzymes. This family
has been observed in species including mammals, amphibians, and fish. Intriguingly, the
ptRNase family is highly evolving with several gene duplication events—making the family a
model for evolutionary analysis.** For example, gene sequencing has led to the annotation of 13
members in this family (numbered 1-13) in humans, ~25 in mice, 19 in cattle, and ~19 in rats.*
7 These family members are then further categorized into subfamilies based on function and
sequence similarity including: RNase 1 (pancreas), RNase 2 and 3 (eosinophil-associated),

RNase 4 and 5 (angiogenin), RNase 6-8, and annotated non-canonical RNases 9—-13. Many of



these ptRNases exhibit specific tissue expression and functions (Figure 1.1). Human RNase 1 is
expressed in the pancreas, as well as nearly all tissues examined. However, the function assigned
historically was as an aid for digestion. RNase 2 and 3 (eosinophil-derived neurotoxin; EDN and
eosinophil cationic protein; ECP) are released from granules in eosinophils, a type of white
blood cell, when activated by an immune stimulus. These RNases exhibit antimicrobial/antiviral
activity, although the mechanism has yet to be determined definitively.’** RNase 4 and 5
promote angiogenesis and neuroprotection through a unique internalization process that is still
being determined.?**> RNases 6-8 are not as well-studied but appear to exhibit antibacterial
effects.”®*® RNases 9-13 lack many of the shared features of ptRNases and might not even
display any catalytic activity. Yet, knock-out experiments indicate that RNase 9 and 10 appear to
be important for the maturation of sperm.?®%’ These observations highlight the diversity in roles
of the human ptRNases. As ptRNases share a great amount of sequence identity, bovine

RNase A has been used as a model enzyme for much of the studies surrounding this family.

1.2.1 Biochemical properties of RNase 1

The original work on ptRNases—specifically the RNase 1 subfamily—was performed on the
prototype of the family, RNase A, from bovine pancreas and the homolog to human RNase 1.
This protein emerged through opportunistic means. As a byproduct from the beef industry,
RNase A was shipped across the world into the hands of chemists, biochemists, and
biophysicists. From this pioneering work, RNase A became a model protein for emerging
technologies and ushered in the “golden age of biochemistry”.?® RNase A was the third protein to
be crystallized,? was instrumental in early development of NMR,* and played a pivotal role in

understanding protein folding.*



From the ensuing several decades of research, over 100 PBD entries and 13 NMR structures
have now been determined for RNase A.' Structurally, RNase A folds into a canonical kidney
bean shape formed from 4-stranded anti-parallel B-sheets and 3 short a-helices with 4 disulfide
bonds (Figure 1.2A). These properties contribute to the high thermostability (T, = 64 °C) as well
as acid tolerance.® The activity of catalysis toward RNA has measured with a kea/Ky value that
can exceed 10° M™s—making it one of the most proficient enzymes.* Further, the mechanism
of hydrolysis of a P-O® bond was determined and the conserved catalytic triad—His12, His119,
and Lys41—was identified (Figure 1.2A). His12 abstracts a proton from the 2"-OH of the ribose
ring, thereby allowing transphosphorylation with removal of a proton from His1109.
Subsequently, His119 removes a proton from a water molecule to enable attack on the 5"-oxygen
to regenerate the active site (Figure 1.2B). While not directly involved in proton transfer, Lys41
crucially stabilizes the transition state. This activity has been demonstrated on single-stranded
RNA (ssRNA) substrates, with a preference toward cleavage between uridine and adenosine
bases.*** Additional pioneering work using NMR spectroscopy determined the active site pK,’s
of His12 and His119 to be 6.0 and 6.5, which motivates a pH optimum of 6.2 for RNA
hydrolysis.®” Homologous ptRNases with the exception of RNases 9—13 share the same
canonical fold, catalytic triad, and catalytic activity. Therefore, many other properties such as pH
optimum and substrates were presumed to be common to the ptRNase family. Particularly, as
human RNase 1 exhibits the greatest sequence identity to the bovine homolog; it was presumed

that many of the properties of RNase A were specific to all RNase 1 subfamily members.

1.2.2 Biological functions of RNase 1

"'We reexamine the NMR chemical shifts assigned for the solution structure of RNase A in APPENDIX 1.



While this wealth of biochemical work using RNase A led to 4 Nobel Prizes, the biological
function of RNase A was vastly underappreciated. As this enzyme was purified in massive
amounts from bovine pancreas, the assumption reigned that homologs of RNase 1 were merely
digestive enzymes needed to break down ingested ssSRNA.* Indeed, the biochemical properties
of RNase A—high stability, acid tolerance, acidic pH optimum, high activity, and pancreatic
expression—predict a role within the harsh milieu of the gut. Likewise, high expression of
RNase 1 in the pancreas supported the conclusion that the human homologue also primarily
acted as a digestive enzyme. As the other members of the ptRNase superfamily exhibited
specific tissue expression or robust cellular activities like angiogenesis or antimicrobial activity,
little work sought to probe the role of RNase 1 in the body.

The fate of all ptRNases begins with translation in the endoplasmic reticulum. Upon passage
through the Golgi, some ptRNases can become glycosylated. Ultimately a signal peptide—which
is later removed—Ieads to secretion. This export suggests a primary role outside of the cell. In
fact, the cytosol of every cell contains an inhibitor to RNases, aptly named ribonuclease inhibitor
(R1). This protein guards the cell by sequestering any RNase that may enter into the cell with an
astounding femtomolar affinity (0.12 x 10°M).*** Indeed, if an RNase enters a cytosol lacking
RI to inhibit its activity, mere picomoles of the RNase A are toxic to the cell.**

While RNase A in bovine may primarily act in ruminant digestion, several recent
observations have led to speculation for addition functions of RNase 1 in humans. Indeed,
RNase 1 expression has been detected in nearly all tissues, with particularly high protein
secretion from endothelial tissues.** This accounts for the circulation of RNase 1 throughout the
body via blood plasma at concentrations of 400 ng/mL (or ~20 nM)—potentially the only

nuclease in plasma.***® Interest further piqued in RNase 1 when changes in RNase plasma levels



were observed in multiple pathological conditions, such as degenerative diseases, infections,
autoimmunity, cancer, and tissue injury.*®° While no unique correlation emerged as a useful
biomarker, this suggested that RNase 1 played a role in inflammation. Within the last decade,
one study sought to identify specific inflammatory cytokines released by immature dendritic
cells, which are immune cells that activate the adaptive immune response, upon exposure to
RNase 2, EDN. EDN was compared against RNase 1—intended as a negative control.
Surprisingly, the authors found that RNase 1 also induced the release of inflammatory cytokines
from dendritic cells that led to activation of the adaptive immune response.>* Additionally,
RNase 1 appears to show distinct enzymatic activity against double-stranded RNA (dsRNA)—a
feature unique to some ptRNases. Presumably, positively-charged residues of RNase 1
destabilize the dSRNA to access the single strand for hydrolysis. °>** Combined, these
observations indicate the RNase 1 is in the blood, likely interacting with immune cells with
broader substrate targets than originally thought for the enzymes of this superfamily.

In fact, the recent discovery of extracellular RNA (exRNA) indicates that RNA circulates in
bodily fluids, including plasma, urine, saliva, and semen.>*°® These RNAs are suspected to play

"8 immune response,* clotting,”° and homeostasis.

arole in cellular communication,
Additionally, these nucleic acids appear to be markers of several cancers, as well as organ
destruction including that of brain, liver, and heart.>**®* As RNase 1 appears to be the only non-
specific RNase that can target both sSRNA and dsRNA in the blood, this enzyme could regulate
exRNA degradation.®*®® Therefore, RNase 1 may not only promote digestion, but may exhibit

additional functions depending on the tissue or context—an intriguing possibility that has been

historically overlooked.



1.2.3 Therapeutic potential of RNase 1

Another striking feature of some ptRNases—specifically identified via a frog homolog,
Onconase or ONC—uwas the ability to cause apoptosis in various human cancer cells.®®® ONC,
when applied intravenously, reduced xenographed tumors in mice;** thereby, prompting
clinical trials as a cancer therapeutic.” Several of the attributes of RNases—high thermostability,
high activity, facile purification, and high amenability to modification—make for an appealing
candidate for targeted protein therapies. Moreover, RNases are naturally endocytosed into cells
owing to the net positive charge of these small proteins—a barrier that typically restricts
cytosolic drug therapies. Thus, the putative pathway of ptRNase-mediated cytotoxicity relies on
initial cell-surface binding, internalization, and translocation from endosomes. Once inside the
cell, cytotoxic RNases cleave RNA leading to cell death. Mammalian ptRNases bind to and are
sequestered by RI in an evolutionarily conserved manner.”? Therefore, the cytotoxicity of ONC
was attributed to the extremely low affinity to mammalian RI. However, renal toxicity has
limited the efficacy of this protein therapy.” "

In order to circumvent this renal toxicity, efforts turned to manipulating non-toxic
mammalian RNases with lowered affinity for human RI." These variants disrupt the electrostatic
interactions between the binding interface between the two proteins (some key residues shown in
red in Figure 1.2A)."® In fact, insertion of a few point mutations results in active variants that
reduce the binding affinity to RI by 10°-fold and result in ICso values ranging from 0.1-10 uM.””®

This toxicity appears to be selective to cancer cells and reduces tumor mass in mouse models.”

" As a result, variants of the human RNase 1 are undergoing clinical trials as a chemotherapeutic

" Further information about the engineering of such therapeutic ptRNases and the assays to measure the
cytotoxic effect on cancerous cells is described in APPENDIX 2.
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agent. Intriguingly, it remains unclear what specific properties instill toxicity in cancer cells over
non-cancerous cells—as all cells contain RI. It is postulated that specific cell-surface molecules
could potentially alter the internalization or the translocation efficiency of cytotoxic RNases,
thereby conferring cancer specificity. Indeed, cancer cells exhibit many altered cell-surface
markers’® and variable rates of endocytosis.”

Interestingly, RNase 1 may even possess an endogenous mechanism to evade RI. One of the
key residues within the inhibitor binding sitte—Asn88—is one of 3 naturally N-glycosylated sites
of RNase 1. This glycosylation site within the RI binding interface is distinct to human RNase 1
compared to RNase A. Presumably appending a large branched carbohydrate at this position
would be a steric hindrance for binding to RI—thereby targeting cancer cells endogenously.
Fascinatingly, aberrations in glycosylation of RNase 1 have been observed in cancer,** and
particularly increased glycosylation of Asn88 appears to be a biomarker for pancreatic cancer.®
Whether engineered or naturally RI-evasive, therapeutic RNases must be able to localize to cell-

surface of cancer cells to facilitate internalization.

1.3 ptRNases at the cell surface

While the biochemical studies of RNase A have provided an abundance of characterization
of the shared properties among some of the ptRNases, the emerging biological role and
therapeutic potential of RNase 1 raise many questions as to how this enzyme functions within the
context of the body. As either an endogenous protein or an exogenous chemotherapeutic agent,
circulating ptRNases are readily exposed to cell surfaces. Therefore, understanding the
interactions of RNases with the cell surface could reveal cell types that are influenced by

RNase 1.



1.3.1 Specific interactions of ptRNases with cell-surface molecules

Typically, internalization is thought to occur through a receptor-mediated process. Early
studies found that the antitumor amphibian RNase from Rana catebeiana, sialic acid-binding
lectin (cSBL), possessed two binding sites for sialic acids.®* These sites are responsible for
binding to a 180-kDa molecular mass glycoprotein found on a variety of human tumor cells.
Further removal of sialic acids reduced the ability of cSBL to agglutinate these tumor cells.®
Conversely, homologous amphibian ONC from Rana pipiens exhibites low affinity to sialic
acids. Yet, saturable, nanomolar binding affinities were determined for glioma cells.®® Still, a
receptor has yet to be identified, and ONC internalization occurred in a non-saturable manner
into HeLa cells.®* Human RNase 5, ANG, also bound to smooth muscle cells in a saturable
manner, indicating a specific receptor.®® Yet, RNase A and RNase 1 exhibited non-saturable
cellular internalization. Therefore, while some RNases may contain surface-receptor binding

sites to particular cell types, it was difficult to draw shared conclusions from homologous

10

RNases. Potentially RNase 1 members bound in a non-specific manner. However, this saturation

for RNase 1 was not screened against different cell types. Without a receptor, cellular uptake of

cationic RNases was predicted to be largely dominated by electrostatic interactions with the

negatively charged cell surface.

1.3.2 Electrostatic contributions between ptRNases and cell-surface molecules

Extensive work has shown that electrostatic interactions on proteins and peptides contribute

to much of cell-surface localization.®®®” RNase A binds to sulfated cell-surface mimics such as

heparin in vitro, and work in vivo indicated that sulfated glycans contribute to cellular uptake.®
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Indeed, if the biosynthesis of these glycans were diminished, then RNase A internalization was
reduced. However, ONC internalization appeared less dependent on particular glycans.®®
Likewise, increasing overall protein charge correlates to the cellular internalization of RNase 1.%°
Therefore it appeared that both RNase A and RNase 1 internalization was mediated by non-
specific interactions with negatively charged molecules.

As RNase uptake did not appear to be driven by receptor-mediated endocytosis, further
analysis led to the conclusion that RNase A internalization occurs through multiple
internalization pathways (Figure 1.3). In fact, RNase A uptake could be reduced using inhibitors
to dynamin, clathrin, or macropinocytosis via actin filaments—indicating trafficking through
these pathways. Reduction of caveolar-mediated endocytosis or depletion of cholesterol and
phosphoinositide 3-kinase had no effect.®® However, due to the homotypic fusion events within
the endosomal and recycling pathways, there are many endocytic pathways that are ill-defined.
Indeed, RNase A uptake was still observed even with combined inhibition of both dynamin-
mediated endocytosis and macropinocytosis—indicating the potential uptake through clathrin-
and caveolin-independent pathways. These methods of internalization overlap those observed for
cationic peptides, again suggesting a mechanism that relies on electrostatic interactions.*

The different mechanisms of ONC and RNase A highlight the variation in binding to cell-
surface components and internalization pathways of homologous RNases despite their all having
a positive net charge. In fact, simple analyses of the affinity of human, bovine, and amphibian
RNases to a heparin column indicates interesting discrepancies. RNase 1 (charge +6) binds the
column more tightly than does RNase A (charge +4). However, ONC (charge +5) does not bind
the resin at physiological pH. This dichotomy suggests that more specific interactions confer

heparin binding rather than overall charge. In fact, mutagenesis of charged residues on ONC



12
showed that specific charged patches rather than total charge affected internalization and
cytotoxicity.”* Computational analysis determined that mammalian RNases exhibit cationic
charge clustering that allows for certain faces to dock onto a negatively charged surface. ™
Conversely, ONC evenly distributes its cationic charge such that low binding results. Subsequent
in vitro assays monitoring the affinity of RNases to negatively charged liposomes corroborated
these in silico analyses. 2

Together, these observations indicate variations between homologous RNases and raise the
question as to whether there exist specific interactions between cell-surface molecules.
Specifically, as human RNase 1 has burgeoning proposed functions, are there further disparities
between RNase A and RNase 1 in terms of cell-surface interactions? More importantly, what are
the biological ramifications of these cell-surface interactions? In order to identify potential
interactions and the ensuing biological response, we must understand the composition and role of

the extracellular coating on cells, or “glycocalyx”.

1.4 Glycocalyx of the endothelium

The endothelium includes the cells that line the interiors of blood and lymphatic vessels and
serves as the interface between tissue and circulating fluid. Therefore, circulating RNases most
likely interact with this particular cell type. The exact width of the glycocalyx ranges from 0.5 —
1.2 um and increases width as a function of vasculature diameter.*®* While it is simpler to view
this layer as a static picture, the reality is a dynamic breathing mesh that is constantly shedding

and being replaced.*

"'In order to parse out inherent differences, molecular modeling and in vitro binding assays were employed to
compare how RNase 1, RNase A, and ONC dock onto a negatively-charged surface as described in APPENDIX 3.
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The membrane is a complex network of proteins and lipids decorated with varying degrees of
branched carbohydrates. Studying this network has been difficult due to the heterogeneity of the
carbohydrates. For example, while approximately 9 different monosaccharides exist as building
blocks, permutations result in over 20,000 different individual and characterized mammalian
glycans. This complexity rises in part from chemical modification of carbohydrate monomers,
variation in glycosidic linkages, and different protein or lipid anchors. However, the components
of the glycocalyx can be categorized into the following groups: proteoglycans,

glycosaminoglycans, glycoproteins, and glycolipids (Figure 1.4).%*

1.4.1 Components of the glycocalyx

Proteoglycans, or glycosylated proteins, make up the backbone of the glycocalyx. These
proteins can be inserted into the plasma membrane by transmembrane domains. Alternatively,
some are secreted and interact transiently with other components to support glycocalyx
structures. Examples of such anchored proteoglycans include syndecans and glypicans.
Examples of secreted proteoglycans include mimecans, perlecans, biglycans, decorins, and
versicans. These proteins are post-translationally modified with negatively charged
glycosaminoglycan (GAG) side chains attached to Ser, typically in the sequence Ser-Gly-X-Gly.

Glycosaminoglycans are linear polymers of carbohydrates made of repeating disaccharides of
uronic acid and hexosamine. The modification on these two components dictate the classification
into heparan sulfate (HS), chondroiton sulfate (CS), dermatan sulfate (DS), keratin sulfate (KS),
and hyaluronic acid (HA). Modifications of the basic units include sulfation and/or
(de)acetylation. All are negatively charged—with the exception of HA—and range from 10-100

kDa in size. The most abundant GAG is heparan sulfate which can be from 50-90% of total
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proteoglycan, but this amount can vary based on stimuli such as that from chemokines. CS is the
next most abundant GAG. The charged GAGs are assembled in the ER and appended onto
proteins in the Golgi. HA is the only GAG not linked onto a protein. Rather, it is assembled in
the cytosol into a large 10*-kDa polymer and exported out to the glycocalyx. This molecule-
lacking any modifications— is charge-neutral, and forms a viscous gel in aqueous solution. It is
held to the glycocalyx by interactions with binding partners such as CDC37/P32. GAGs are
surrounded by many water molecules and thus occupy an enormous hydrodynamic volume.
These molecules bind and regulate chemokines, cytokines, growth factors, morphogens,
enzymes, and adhesion molecules. Additionally, pathogenic microorganisms take advantage of
these molecules as means of adhering to target host cells.

Glycoproteins are, similarly, proteins that are co/post-translationally modified with
oligosaccharides. However, these proteins are appended with carbohydrates that are typically
branched and include more diverse monosaccharides, often without repeating patterns. These
appendages are either linked on the core protein at an amide nitrogen of asparagine (N-
glycosylated) or at an hydroxyl oxygen on hydroxylysine, hydroxyproline, serine, or threonine
(O-glycosylated). Examples include selectins (E and P), integrins, and immunoglobulins.

Glycolipids are molecules wherein a carbohydrate (containing one or more monosaccharide)
is attached via a glycosidic linkage to a hydrophobic moiety. These molecules are categorized by
the type of lipid tail. Classification includes glycoglycerolipid (one or more glycerol residues),
glycophosphatidylinositol (a phosphatidylinositol), and glycosphingolipids (attached to a
sphingoid or a ceramide). The main glycolipids on the cellular exterior include the latter,
glycosphingolipids. These glycans are further classified as neutral or acidic based on the charges

appended onto the sugar monomers. These linear or branched glycans are built in a processive
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manner whereby monomers are added onto a growing chain by glycosyltransferases in the Golgi,

then subsequently trafficked to their final destination.

1.4.2 RNases interactions with glycocalyx components

As mentioned vide supra, cSBL bound to sialic acids on a glycoprotein receptor while
mammalian RNases appeared to bind to negatively-charged components. Specifically, reduction
of glycosyltransferases responsible for anionic GAGs or enzymatic removal of sialic acids
reduced RNase A internalization—indicating internalization via HS, CS, and sialic acids.?®%
Further, examination of RNase A uptake found that removal of glucosphingolipids, via D-threo-
PPMP inhibitor, had no effect on internalization. However, protease treatment reduced cellular
uptake by RNase A by 80%. Likewise ONC saw a 50% reduction in internalization upon
protease treatment. This concluded that anionic proteoglycans influenced uptake rather than
anionic glycolipids.®® While RNase 1 is known to bind heparin columns and cell internalization
correlates to protein charge,®® analysis as described above were not performed using RNase 1. As

the possible biological roles for RNase 1 expand, this necessitates a thorough investigation of

specific cell-surface binding interactions.

1.4.3 Functions of the glycocalyx: Beyond a barrier

As cell-surface interactions are being identified, important questions still remain about the
implications of cellular binding. Classically, the components of the glycocalyx act as a barrier to
protect the interior of the cell by repelling negatively-charged molecules and restricting access of
molecules greater than 70 kDa. However, the glycocalyx defines the cell physiology and

regulates a myriad of cell responses. The variations of the glycocalyx act as an identifier to
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localize particular antigens and factors to cell types, mediate cell-cell contact, and discriminate
from “self versus non-self”. These molecules also act in many cellular functions as receptors for
chemokines, cytokines, coagulation agents, and growth factors.”* For example, selectins are
involved in leukocyte recruitment.’® The burgeoning roles of integrins include cell-cell contacts,
immune function, and binding growth factors that trigger signal transduction via intracellular
kinases.®” Many cell-surface interactions are facilitated by multiple binding sites, and this
multivalency allows for tight affinity through several weaker interactions. However, defining
these many interactions remains difficult. As RNase A interacts with GAGs and sialic acids, does
this specificity target internalization to some cell types over others, or to cancerous versus non-

cancerous cells?

1.4.4 Dysregulation of the glycocalyx in cancer

While the glycocalyx is important for normal cellular function, changes (either increases or
decreases) in expression have been observed in the onset of cancers. This coupling is not
surprising, as the glycocalyx is involved in immune recognition, cell—-cell contact, and regulation
of growth factors—properties often altered upon tumorigenicity.’® Particularly, cancer cells often
exhibit more anionic cell-surface charge.”® This observation supports the cancer cell specificity
of therapeutic RNases. Moreover, comparison of cancerous versus non-cancerous cells has also
identified glycans that are specifically overexpressed in some cancers. These are classified as
tumor-associated cancer antigens (TACA). Examples of these antigens include the Globo H,
polysialic acid, Lewis y, fucosyl GM1, Tn, and sialyl Tn. Typically these glycans have limited
expression in non-cancerous cells.”® The advancement of carbohydrate synthesis has led to the

development of glycans as the basis for immune therapy. Ideally, a synthesized antigen moiety
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can be appended to other antigenic compounds to be applied as a vaccine. The injected molecule
would activate the immune system to begin manufacturing antibodies against these antigens.
This approach relies on the glycan being specific to cancer cells compared to normal cells, and
relies on the high affinity and specificity for the antibody to the glycan." As several of these
antigens have been associated with the fatal process of metastasis, there is much excitement
about being able to halt a tumor from relocating. In fact, several vaccines are currently in clinical
trials to treat the most aggressive cancers, including breast, prostate, cervical, and lung.
Therefore, therapeutic RNases could target cancer cells through either increased anionic glycans

or specific tumor antigens.

1.5 Understanding cell-surface interactions for insight into RNase biology

In light of recent observations about RNase 1 in terms of its location in the plasma and
potential as a cancer therapeutic, it is important to understand how this protein interacts with
components of the cell surface. Although electrostatic interactions play a large role, they cannot
explain the discrepancies that have been observed among homologous species. Particularly, what
specific or nonspecific interactions lead to the binding of RNase 1 to cells and how do these
interactions interplay with cellular physiology? In order to shed light on these questions, I use a
combination of glycan array-screening, enzymology, structural analysis, and cell biology.

In CHAPTER 2, | explore new biochemical properties that distinguish RNase 1 from
RNase A and illuminate the true functional homolog, bovine brain RNase, BRB. | show that

RNase 1 has distinct pH optimum and activity toward dsRNA. Additionally, | show that the

v Examination of the affinity and specificity of the globo-series glycan family members, Globo H and SSEA-4,
to their cognate monoclonal antibodies is determined in CHAPTER 4.
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affinity of RNase 1 and BRB for heparan sulfate and chondroitin sulfate likely contribute to
greater cellular uptake, particularly in endothelial cells. Functionally, RNase 1 and BRB are
released from endothelial cells by viral RNA mimics, further implicating a role of RNase 1 in
innate immunity.

In CHAPTER 3, I utilize a glycan array screen to identify the interactions between RNase 1
and a neutral cancer antigen, Globo H. Characterization of this interaction in vivo indicates that
this cell-surface binding interaction influences the cytotoxicity of RNase variants. Further, |
structurally characterize this interaction to identify residues of RNase 1 that bind to Globo H.
Moreover, this interaction is specific for RNase 1 over RNase A further illustrating the growing
disparities between the homologous proteins.

In CHAPTER 4, | characterize the binding affinity of monoclonal antibodies for two globo-
series glycans, Globo H and SSEA-4. These cancer-associated antigens are currently undergoing
clinical trials as cancer vaccine targets. Hence, knowledge of the specificity of these monoclonal
antibodies toward their epitope and potential cross-reactivity is important. | show that, indeed,
these antibodies are specific for their cognate antigens with little cross-reactivity toward glycans
within the globo-series family.

Finally in CHAPTER 5, | conclude my work and discuss preliminary data and potential new
avenues in the chemistry and biology of RNase 1. Particularly, NMR spectroscopy could reveal
the precise basis of the shifted pH optimum of RNase 1 to illuminate disparity from RNase A.
Additionally; I propose experiments to determine the affinity of RNase 1 toward multivalent
liposomes and to explore how this affinity effects translocation across a lipid bilayer. Finally, |
provide the first evidence that RNase 1 acts synergistically with human antimicrobial agents as a

toxin to relevant microbes.
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Ultimately, fully understanding the biological interplay of RNase 1 requires working in an
organism. While these powerful experiments are currently being pursued in my laboratory, my
work begins to indicate how RNase 1 exhibits properties beyond that presumed from the classic
studies of RNase A and could be playing a role in immune function, blood clotting, antimicrobial

activities, and cancer cell-specific toxicity.
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Figure 1.1 Unrooted phylogenetic tree of canonical human pancreatic-type ribonucleases
Genetic analysis of the eight human ptRNases indicates evolutionary relationships. These can be
divided into four related groups as indicated by the enclosed shapes. Tissue expression and
potential functions are listed for each RNase. Analysis performed using the neighbor-joining
method with Poisson-corrected distances (2000 bootstrap replications). Bootstrap percentages

indicated on interior branches. Figure amended from (ref. 99).
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Figure 1.2 Structural features and catalytic mechanism of ptRNases

A. Backbone structure alignment of RNase 1 (light red) and RNase A (light blue) indicates the
high structural similarity (PDB 2K11 and 5RSA, respectively) of ptRNases. The conserved
catalytic triad of RNase 1 is highlighted in dark blue to indicate the active site. The RI-binding
sites of RNase 1 are shown in dark red. When bound to the inhibitor, ribonucleic activity is
completely abolished. B. Mechanism of RNA hydrolysis by RNase 1 and RNase A. His12
activates the 2"-OH of the ribose ring to displace the *RNA. His119 abstracts a proton from

water to regenerate the active site. Figure amended from (ref. 28).
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Figure 1.3
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Figure 1.3 Pathways for cellular internalization utilized by ptRNases

Cartoon representation of the major pathways of cellular entry and the routes used by ptRNases.
Phagocytosis and macropinocytosis are the uptake of large particles and fluid, respectively, that
requires rearrangement of actin filaments. Endosomal uptake can require proteins like dynamin
(GTPase), clathrin (coat protein), and caveolin (structural protein). Yet some internalization can
take place in the absence of all these structural elements to become encapsulated in clathrin- and
caveolin-independent carriers (CLIC). Internalization of RNase A was shown to be partially
dependent on macropinocytosis and dynamin- and clathrin-dependent endocytosis as shown by

the arrows. Figure amended from (ref. 100 and 90).
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Figure 1.4
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Figure 1.4 Composition of the endothelium glycocalyx

Cartoon representation of the major constituents of the glycocalyx (not drawn to scale).
Proteoglycans are appended with linear GAG chains and either anchored in the membrane or
secreted. Hyaluronic acid is the only soluble GAG but interacts with many cell-surface
constituents. Glycoproteins contain N- or O-linked branched glycosylation. Glycolipids are lipids

modified with branched or unbranded carbohydrate chains. Figure amended from (ref. 94).
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Chapter 2

Bovine Brain Ribonuclease is the
Functional Homolog of Human RNase 1

Contribution:

| performed the double-stranded RNA assays, heparin binding, BODIPY conjugation, and
cell biology experiments on the ribonucleases provided to me except for the pH vs activity
profile as well as provide contributions to the text.

This chapter was prepared for publication as:

Eller, C.H.*, Lomax, J.E.*, Raines, R.T. Bovine Brain Ribonuclease is the Functional Homolog
of Human Ribonuclease 1. Journal of Biological Chemistry (2014) 289, 25996 - 26006
*(Authors contributed equally to this work)



29

Abstract

Mounting evidence suggests that human pancreatic ribonuclease (RNase 1) plays important
roles in vivo, ranging from regulating blood clotting and inflammation to directly counteracting
tumorigenic cells. Understanding of these putative roles has been pursued with continual
comparisons of human RNase 1 to bovine RNase A, an enzyme that appears to function
primarily in the ruminant gut. Our results imply a different physiology for human RNase 1. We
demonstrate distinct functional differences between human RNase 1 and bovine RNase A.
Moreover, we characterize another RNase 1 homolog, bovine brain ribonuclease, and find
pronounced similarities between that enzyme and human RNase 1. We report that human
RNase 1 and bovine brain ribonuclease share high catalytic activity against double-stranded
RNA substrates, a rare quality among ribonucleases. Both human RNase 1 and bovine brain
RNase are readily endocytosed by mammalian cells, aided by tight interactions with cell-surface
glycans. Finally, we show that both human RNase 1 and bovine brain RNase are secreted from
endothelial cells in a regulated manner, implying a potential role in vascular homeostasis. Our
results suggest that brain ribonuclease—not RNase A—is the true bovine homolog of human
RNase 1, and provide fundamental insight into the ancestral roles and functional adaptations of

RNase 1 in mammals.
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2.1 Introduction

Pancreatic ribonuclease (RNase)* 1 is a small, secreted, RNA-degrading enzyme conserved
in mammals. Its biological purpose is unknown. Until recently, all assumptions about its
physiology were based on studies of a well-known bovine homolog, RNase A. This protein is
secreted primarily from the bovine exocrine pancreas, and is believed to degrade mRNA from
symbiotic bacteria in the rumen, a harsh environment with a normal pH range of 5.8-6.4 and
temperatures from 38-42 °C.**% Indeed, RNase A seems well-suited for this role, possessing
extremely high catalytic activity against single-stranded (ss)RNA at acidic pH, as well as
remarkable thermostability and acid-tolerance.?®

Studies of RNase 1 in other species suggest a biological function apart from digestion.
Observations in rats demonstrated that RNase 1 levels do not change following periods of fasting
or consumption, as with other digestive enzymes.*®* In humans, pancreatectomy does not affect

103

circulating RNase 1 levels,™ and we now recognize the primary source of RNase 1 in human

blood to be the vascular endothelium.'® Recent work suggests that RNase 1 degrades

extracellular RNA, potentially regulating hemostasis, inflammation, and innate immunity.**41%

40198 and in vivo *°"**% have implicated human RNase 1 as having an

97 Data in vitro
endogenous anti-cancer function, and clinical trials for a variant of this enzyme are
underway. %' Taken together, these data imply a much broader physiological role for
mammalian RNase 1 than digestion.

The discrepancies between bovine RNase A and mammalian homologs might reside in the
peculiar evolution of RNase 1 in ruminants. Whereas most mammals possess a single RNASE1

gene, evolutionary analyses predict that bovine RNASE1 underwent two major gene duplication

events around 30 million years ago, resulting in paralogous genes encoding three distinct
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proteins: RNase A, seminal ribonuclease (BSR), and brain ribonuclease (BRB). Intriguingly,
BSR naturally dimerizes upon folding, whereas all other homologs exist as monomers. Orthologs
of these three ribonucleases have been identified in many ruminant species. Although many BSR
genes show pseudogene features (including stop-codon insertion, loss of catalytic residues, or
loss of dimerization), BRB genes do not, implying a necessary function for the BRB protein.'*
114

Of the three bovine ribonucleases, only BRB is not well characterized. Apart from classic
work on RNase A,?® D’Alessio, Matousek, and others have established that BSR possesses
interesting biological functions not associated with digestion.**>**® Indeed, BSR has cytotoxic,
aspermagenic, and immunosuppressive activity, likely related to the need to protect sperm cells
from the female immune system. BSR is, however, only expressed in the seminal vesicles and
testes of Bos taurus, limiting the potential to extrapolate its functions and properties to other
mammalian RNase 1 homologs. In contrast, BRB (which was named for its initial discovery and

purification from bovine brain)*" 8

is expressed not only in brain, but in all tissues examined,
including endometrium, lymph node, small intestine, liver, and kidney.*® The widespread
expression pattern of BRB closely resembles that for human and mouse RNASE1 genes.™*®
Further, phylogenetic analyses imply that BRB is evolutionarily older than both RNase A and
BSR, suggesting greater similarity to the ancestral form of RNase 1 in ruminants.?* RNase A
shares greater overall sequence identity with human RNase 1 than does BRB (Table 2.1).
Nevertheless, conclusions based on sequence similarity are not nearly as powerful or as precise
as those based on protein function.

We have performed the first detailed biochemical characterization of BRB. Our data upend

the relationship between human RNase 1 and bovine RNase A; instead, the true functional
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homolog of human RNase 1 in the cow appears to be BRB. Moreover, our findings support the
hypothesis that mammalian RNase 1 is not merely a digestive enzyme, but rather an

evolutionarily honed vascular regulator.

2.2 Methods
2.2.1 Equipment

All fluorescence and absorbance measurements were made with a Tecan M1000 fluorescence
plate reader, unless stated otherwise. All data were fitted and analyzed with the program Prism 5

(GraphPad), unless stated otherwise.

2.2.2 Cloning, expression, and purification of proteins

DNA fragments encoding human RNase 1, P19C human RNase 1, and H12A human
RNase 1; BRB and S19C BRB, RNase A and A19C RNase A; BSR, C31A/C32A mBSR, and
P19C/C31A/C32A mBSR; and bovine RI were inserted into the pET22b (Novagen) expression
vector for tagless expression in E. coli strain BL21(DE3). All mutations were generated using
site-directed mutagenesis. Ribonucleases were purified as inclusion bodies, and variants
containing a free cysteine residue were labeled with either 2/,7"-diethylfluorescein*** or BODIPY
FL (Molecular Probes) as described.*” Bovine RI was purified via RNase A-affinity
chromatography as described.*® Dimeric BSR was isolated as a monomer and allowed to
dimerize upon refolding as described.'?® Following purification, protein solutions were dialyzed
against PBS and filtered prior to use. The molecular mass of each ribonuclease conjugate was
confirmed by MALDI-TOF mass spectrometry. Protein concentration was determined by using a

bicinchoninic acid assay kit (Pierce) with wild-type RNase A as a standard.
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2.2.3 T, determination

Thermal unfolding of ribonucleases was monitored in the presence of a fluorescent dye using
differential scanning fluorimetry (DSF). DSF was performed using a ViiA 7 Real-Time PCR
machine (Applied Biosystems) as described.**'?* Briefly, a solution of protein (30 pg) was
placed in the wells of a MicroAmp optical 96-well plate, and SYPRO Orange dye (Sigma
Chemical) was added to a final dye dilution of 1:166 in relation to the stock solution of the
manufacturer. The temperature was increased from 20 °C to 96 °C at 1 °C/min in steps of 1 °C.
Fluorescence intensity was measured at 578 nm, and the resulting data were analyzed with
Protein Thermal Shift software (Applied Biosystems). A solution with no protein was used for
background correction. Values of T,, were calculated from ofluorescence/0T and are the mean of

three independent experiments.

2.2.4 Inhibitor dissociation rate

The equilibrium dissociation rates of the RI-ribonuclease complexes were determined as
described.’#%%1?® Briefly, RI and 2',7'-diethylfluorescein-labeled ribonucleases were mixed in
equimolar ratios, and the resulting solution was incubated at 25 °C for 5 min. A 50-fold molar
excess of human RNase 1 was added to scavenge dissociated Rl. Complex dissociation was
measured by monitoring the increasing fluorescence of dissociated ribonuclease over time.

Values of Kq are the mean of at least three independent experiments.

2.2.5 pH dependence of enzyme activity
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The pH dependence of ribonucleolytic activity with a sSSRNA substrate was determined by
measuring the initial velocity of cleavage of 6-FAM-dArU(dA),—6-TAMRA (IDT)**" (0.2 uM)
at pH 4.0-9.0. Assays were carried out in 96-well plates (Corning) at 25 °C in various
ribonuclease-free buffers: 0.10 M NaOAc, 0.10 M NaCl (pH 4.0-5.5); 0.10 M BisTris, 0.10 M
NaCl (pH 6.0-6.5); 0.10 M Tris, 0.10 M NaCl (pH 7.0-9.0). All assays were performed in
triplicate with three different enzyme preparations. Values of optimal pH were calculated by
fitting of normalized initial velocity data from solutions of various pH to a bell-shaped
distribution. Values of k../Ky at the optimal pH were determined from initial velocity data, as

described.*?’

2.2.6 Double-stranded RNA degradation

Steady- state Kinetic parameters for a double-stranded (ds)RNA substrate were determined by
following changes in absorbance upon enzymatic degradation, as described.*? Poly(A:U) (Sigma
Chemical) was dissolved in reaction buffer (0.10 M Tris—HCI, 0.10 M NaCl, pH 7.4) and serially
diluted by two-fold in a 96-well plate (Corning). After equilibration at 25 °C, a baseline at Azso
was established, and the initial substrate concentration was determined using 260 = 6.5 mM™cm™
! for poly(A:U). Ribonucleases were added to solutions of varying substrate concentrations, and
after mixing the change in absorbance at 260 nm was monitored over time. Initial reaction
velocities were determined by using Aezgo = 3.4 mM ™ cm™ for poly(A:U). All assays were
performed in triplicate with three different enzyme preparations. Values of Vmax and Ky were
calculated by fitting data to the Michaelis—Menten equation.

dsRNA degradation was also assessed with a stable fluorescent hairpin substrate with the

sequence: 5,6-FAM-CGATC(rU)ACTGCAACG GCAGTAGATCG (IDT). This substrate had a
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single RNA nucleotide near the fluorophore-labeled 5’ end. The substrate was dissolved in water
and annealed by first heating to 95 °C and then cooling slowly to room temperature. A solution
of substrate (50 nM) was added to a solution of ribonuclease (1 uM), and the resulting mixture
was incubated for 5 min. The reaction was quenched by the addition of 40 units of rRNasin
(Promega), and the products were subjected to electrophoresis on a 20% w/v native acrylamide
gel at 10 mAmp. Formation of cleavage product was monitored by excitation at 495 nm and
emission at 515 nm with a Typhoon FLA 9000 scanner (GE Healthcare), and band density was
quantified with ImageQuant software (GE Healthcare). The gel was then incubated in SYBR
Gold (Invitrogen) and imaged for total nucleic acid. All assays were performed in triplicate with

three different enzyme preparations.

2.2.7 Binding of ribonucleases to glycans

Soluble glycans, including heparin, chondroitin sulfate A, chondroitin sulfate B, and
chondroitin sulfate C (Sigma Chemical), were diluted across a 96-well plate in 5-fold dilutions in
1x PBS, pH 7.4. Ribonuclease-BODIPY conjugates were added to a final concentration of 50
nM, and the resulting solutions were incubated for 30 min at room temperature. Polarization was
monitored by excitation at 470 nm and emission at 535 nm, and data were normalized to a

solution lacking carbohydrate and fitted to a binding isotherm by nonlinear regression.

2.2.8 Liposomal disruption assay

Liposomes were constructed as described*?

using 1,2-dioleoyl-sn-glycero-3-
ethylphosphocholine (DOPC; Avanti Polar Lipids). Lyophilized lipids were resuspended in 25

mM Tris—HCI buffer, pH 7.0, containing NaCl (80 mM), 8-aminonaphthalene-1,3,6-trisulfonic
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acid (12.5 mM), and p-xylene bis(pyridinium bromide) (45 mM).**° The lipid suspension was
subjected to five freeze—thaw cycles and extruded through polycarbonate filters to form
unilamilar vesicles of diameter ~100-150 nM as determined by dynamic light scattering.
Liposomes were diluted to 700 uM and incubated with 5 uM ribonuclease in a 96-well plate.
Ribonuclease-induced leakage of the entrapped vesicle content was monitored by measuring the
de-quenching of the fluorescence of 8-aminonapthalene-1,3,6-trisulfonic acid over time.**®

Percent leakage was calculated by normalizing to liposome disruption by Triton-X 100.

2.2.9 Cellular internalization of ribonucleases

The uptake of BODIPY-labeled ribonucleases into nonadherent mammalian cells was
monitored by flow cytometry, as described.’®® Human K-562 cells were grown in RPMI media
(Invitrogen) containing FBS (10% v/v) and pen/strep (Invitrogen). Cells were maintained at
37 °C in 5% CO. Cells were plated at 2 x 10° cells/mL in a 96-well plate. Ribonucleases in PBS
were added to 5 UM, and the resulting solution was incubated for 4 h. Cells were collected by
centrifugation at 1000 rpm for 5 min, washed twice with PBS, exchanged into fresh medium, and
collected on ice. The total fluorescence of live cells was measured using a FacsCalibur flow
cytometer (BD Bioscience). Fluorescence data between experiments were normalized by
calibrating each run with fluorescent beads. Data were analyzed with FlowJo software (Tree
Star).

The uptake of BODIPY-labeled recombinant ribonucleases into adherent human umbilical
vein endothelial cells (HUVEC) (Lonza) and bovine endothelial bovine brain endothelial cells
(TBBEC) (C. Czuprynski, University of Wisconsin—Madison) was monitored with confocal

microscopy (Nikon). HUVEC cells were grown in EGM-2 medium (Lonza); TBBEC cells were
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grown in RPMI medium containing FBS (10% v/v) and pen/strep (Invitrogen). Cells were
maintained at 37 °C in 5% CO,. Cells were plated at 2 x 10° cells/mL in a 96-well plate.
Ribonucleases in PBS were added to 1.25 uM, and the resulting medium was incubated for 4 h.
The outer membrane was stained with WGA-594, and the nucleus was stained with Hoechst
33342 (Invitrogen). Cells were then washed 3 times with PBS. Cells were imaged with an
Eclipse TE2000-U laser scanning confocal microscope (Nikon) equipped with an

AxioCamdigital camera (Carl Zeiss).

2.2.10 Ribonucleolytic assay of conditioned media

After serum starvation for 4 h, cells were treated with PBS or poly(C) (Sigma Chemical),
poly(I:C) (InvivoGen), or poly(A:U) (Sigma Chemical) to 25 pg/mL. After 20 min, conditioned
medium was collected, and a protease inhibitor cocktail (1x) (Sigma), EDTA (0.10 M), and
Triton X-100 (1% v/v) were added immediately. Medium (10 pL) was assayed for
ribonucleolytic activity using 6-FAM—-dArU(dA),—6-TAMRA in 0.10 M Tris—HCI buffer, pH

7.4, containing NaCl (0.10 M) as described above.

2.2.11 Zymogram of conditioned media

Conditioned medium obtained as described above was concentrated using 5K MWCO spin
concentrators (Corning). Samples were treated with PNGaseF (50 units) (New England Biolabs)
in reaction buffer overnight at 37 °C. Samples were diluted with 2x Laemmli buffer (Bio-Rad)
and loaded into a polyacrylamide gel (15% w/v) containing poly(C) (Sigma Chemical). Loaded
samples were subjected to electrophoresis for 1.5 h at 100 V. Subsequent washing, refolding, and

staining with toluidine blue were performed as described.***%
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2.2.12 Sequence alignment and phylogenetic tree reconstruction

E132

Protein sequence alignments were made using MUSCL with manual adjustments. A

maximume-likelihood phylogram was generated in MEGADS.2 using the Jones—Taylor—Thornton

(JTT) substitution model with uniform site substitution rates™

and 1000 bootstrap replicates.
2.2.13 Statistical analyses
Numerical data from experiments in vitro and in cellulo were analyzed by using unpaired and

paired t-tests, respectively, to determine p-values.

2.3 Results

Recombinant BRB had never been characterized prior to our work. Moreover, only
preliminary studies had been performed on isolated enzyme.***** To enable relevant
comparisons, we also analyzed well known homologs: human RNase 1, bovine RNase A, and
both monomeric (MBSR) and dimeric (dBSR) forms of bovine seminal RNase (BSR). Until now,
these enzymes had never been compared in a single, controlled study using the same methods
and substrates. We chose to include a monomeric form of BSR (C31A/C32A)* to establish any

differences in biochemical properties conferred by dimerization.

2.3.1 Initial characterizations of BRB
We began our study by analyzing biochemical properties of BRB that had been investigated
for its homologs (Table 2.1). Analysis of aligned sequences demonstrated that BRB has less

overall sequence identity and similarity to human RNase 1 than to either RNase A or BSR. Yet,
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when the divergent, 17-residue C-terminal tail of BRB was excluded from analysis, the ensuing
BRBA125-141 displayed identity (70%) and similarity (82%) to human RNase 1 as high or
higher than those of RNase A and BSR. Like human RNase 1, BRB was found to be less
thermostable than either RNase A or BSR. BRB was found to bind tightly to its endogenous

inhibitor, bovine RI, similar to other homologous ribonucleases.%!?#12313¢

2.3.2 Human RNase 1 and BRB show a pronounced shift in catalytic pH optimum

Previous studies have shown that orthologous ribonucleases can exhibit different pH optima
for catalysis.*®” Our results reveal similar contrasts. Whereas RNase A had its highest activity at
pH 6.1, both human RNase 1 and BRB had their highest activity at pH 7.2 (Figure 2.1A).
Additionally, RNase A was ~5-fold more active against sSRNA at optimal pH than was either
human RNase 1 or BRB (Figure 2.1B). Interestingly, we also found a distinct shift in pH
optimum between monomeric and dimeric forms of BSR: mBSR had its highest activity at pH
6.5, whereas dBSR shows its highest activity at pH 7.1 (Figure 2.1A). Further, we noted a drastic

drop in catalytic efficiency for dBSR over its monomeric form (Figure 2.1B).

2.3.3 Human RNase 1 and BRB can degrade double-stranded RNA with high efficiency
Although all pancreatic-type ribonucleases can degrade sSRNA substrates, a small subset

display high activity toward dsRNA.*?

We examined the ability of ribonucleases to degrade
dsRNA using poly(A:U) as substrate. We found that human RNase 1 degraded this dsSRNA
substrate with >2000-fold higher efficiency than that of RNase A. Tellingly, we found that BRB
degraded poly(A:U) with efficiency ~200-, 7-, and 2-fold higher than those of RNase A, mBSR

and dBSR, respectively (Figure 2.2A). The trend for human RNase 1 and dBSR agrees with
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previous reports.>>?13 An active-site variant, HL2A RNase 1, demonstrated little measurable
activity against the substrate. We also assessed the ability of RNase B (Sigma Chemical), which
is a naturally occurring glycoform of RNase A, to degrade poly(A:U), and found no significant
change in activity from RNase A (data not shown).

As the heterogeneous nature of poly(A:U) does not allow for controlled secondary structure,
we sought to create a novel dsSRNA substrate to confirm our findings with poly(A:U). We
designed a simple hairpin containing a single ribonucleotide embedded within a DNA
oligonucleotide and labeled on the 5’ end with a fluorophore. Successful cleavage of this
ribonucleolytic substrate necessitates unwinding of the DNA duplex formed by the hairpin. We
monitored the formation of the fluorescent 6-mer cleavage product of ribonuclease catalysis by
electrophoresis using a native polyacrylamide gel (Figure 2.2B). Densitometric analysis of
substrate and cleavage products mirrored the same trend observed with the poly(A:U) substrate.
Specifically, human RNase 1 demonstrated the most product formation, followed by BRB, then

dBSR, mBSR and RNase A (Figure 2.2C). Again, H12A RNase 1 demonstrated little activity.

2.3.4 Human RNase 1 and BRB bind cell-surface molecules and disrupt liposomes

We used fluorescence polarization (FP) to compare the affinity of human and bovine
ribonucleases toward common cell-surface glycans. Representative data are shown in Figure
2.3A. We found that both human RNase 1 and BRB had significantly higher affinity for all
glycans tested than did either mBSR or RNase A. Average Ky values determined from at least
three independent FP experiments are displayed as a heatmap (Figure 2.3B), and show that

human RNase 1 and BRB exhibited nanomolar affinity for various carbohydrates.



41
We sought to determine if the increased affinity of ribonucleases for glycans correlated with
their ability to disrupt lipid membranes. We observed significant differences between human
RNase 1, BRB, and dBSR as compared to RNase A and mBSR (Figure 2.3C). Still, the rates of
liposomal disruption were relatively low compared to enzymes such as lysozyme, which exhibits
~12-fold higher disruption efficiency than human RNase 1 (data not shown). The hydrophobic

C-terminal tail did not endow BRB with a marked ability to disrupt liposomes.

2.3.5 Human RNase 1 and BRB readily enter mammalian cells

Next, we determined if greater cell-surface glycan association enhanced the uptake of human
RNase 1 and BRB into nonadherent human cells. A representative sample of raw fluorescence
data acquired by flow cytometry is shown in Figure 2.4A. Averaged, normalized data from three
independent experiments indicated that both human RNase 1 and BRB were internalized into K-
562 cells a significantly greater extent than were either mBSR or RNase A (Figure 2.4B).

Human RNase 1 is known to circulate freely in all bodily fluids, including blood. 10413
Hence, we were curious to know if ribonucleases could interact with the vascular endothelium—
cells known to play dynamic regulatory roles in host defense and vascular homeostasis.**° We
probed the internalization of ribonucleases into both human and bovine endothelial cells.

Interestingly, we found that RNase 1 and BRB were taken up to a far greater extent by both

human and bovine endothelial cells than were either mBSR or RNase A (Figure 2.5A and 2.5D).

2.3.6 Human RNase 1 and BRB are released from cells in response to dsRNAs
Previous studies have demonstrated that human RNase 1 is secreted profusely from

endothelial cells.**'****® Based on our findings that human RNase 1 and BRB can readily
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degrade dsRNA, we hypothesized that extracellular dsSRNA in the blood might act as an agonist
that promotes RNase 1 secretion. Within 20 min of exposure to the double-stranded RNA
substrates poly(l:C) or poly(A:U), conditioned medium from both human and bovine endothelial
cells displayed significantly higher levels of ribonucleolytic activity (Figures 2.5B and 2.5E).
Surprisingly, this phenomenon did not occur upon exposure to single-stranded RNA [poly(C)],
or DNA (data not shown). Zymogram analysis of cell-conditioned media provide a qualitative
indication that the increased RNase activity in the samples was due to human RNase 1 and BRB
produced by human and bovine endothelial cells, respectively (Figures 2.5C and 2.5F). The
ribonucleases secreted by these cells have N-linked glycans, which are removed by treatment

with PNGaseF.

2.4 Discussion

Mounting evidence suggests that mammalian RNase 1 plays important roles in vivo, ranging
from regulating blood clotting and inflammation to directly counteracting tumorigenic cells. We
believe that progress toward understanding these putative roles has been hindered by continual
comparisons of human RNase 1 to bovine RNase A. Although RNase A is perhaps the most
important model protein in biological chemistry,?®41%2 RNase A is the product of but one of
three RNASE1 duplicates in the bovine genome. Its expression is limited in vivo, and its
evolution is recent. Despite these shortcomings, RNase A has been considered the archetypal
RNase 1 enzyme, with its properties ascribed globally to all homologous proteins. Thus, the
prevailing view of RNase 1 has been of a digestive enzyme possessing little importance beyond

the ruminant gut.
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Our data stand in stark contrast to this hypothesis. We find distinct differences between
human RNase 1 and RNase A. Moreover, we have characterized an additional bovine variant,
bovine brain RNase (BRB), and find pronounced similarities between this unappreciated protein
and human RNase 1. We have demonstrated that human RNase 1 and BRB share similar
biochemical properties, including strong catalytic activity against double-stranded RNA, as well
as the intriguing ability to enter mammalian cells readily. These clustered attributes set human
RNase 1 and BRB apart from either BSR or RNase A (Figure 2.6A). Coupled with previous
reports of the widespread tissue expression of BRB in cows,*® our data suggest that BRB—not
RNase A—is the true functional homolog of human RNase 1. Moreover, our data support the
existence of an important biological role for both human RNase 1 and BRB unrelated to
digestion.

Our treatise is consistent with a phylogenetic analysis (Figure 2.6B), which suggests BRB
resulted from an earlier genetic duplication than did either BSR or RNase A and thus resembles
more closely the ancestral form of RNase 1 in ruminants.'*® Laboratory reconstructions of
proposed “ancient” bovine ribonucleases support this claim, showing that “ancestral” forms of
bovine RNase 1 display properties more similar to BRB than RNase A, including decreased
thermostability and increased activity toward dsRNA.**** Compellingly, the timeline of the
divergence of RNase A corresponds to the Oligocene cooling epoch, which resulted in the rise of
grasslands and the emergence of ruminant digestion. Hence, RNase A most likely represents a
specialized digestive form of RNase 1 that arose simultaneously with foregut fermentation.*****?
A similar phenomenon is known to have occurred in colobine monkeys, where a secondary form

of RNase 1 with distinct properties evolved to participate in ruminant-like digestion."*” Taken
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together, extant evidence indicates that RNase A is not the prototype for mammalian RNase 1 in
terms of function.

The question remains: if not digestion, what is the biological purpose of RNase 1? A
conclusive answer to this question hinges upon future analysis of in vivo models. Still, our work
does provide a basis for speculation. The ability of human RNase 1 and BRB to degrade dsRNA
is of special interest because of its immunological implications. Most viruses produce dsRNA at
some point during their replication. In mammalian cells, dsSRNA is a potent antigen recognized
by sensors such as Toll-like receptor (TLR) 3, through which dsRNA can trigger the
transcription-based antiviral interferon response.**>**® We found that stimulating endothelial
cells with the dsRNA substrate poly(A:U), as well as with the synthetic viral dSRNA analog
poly(1:C), increased the secretion of both RNase 1 and BRB significantly, whereas treatment
with ssRNA or DNA did not. RNase 1 has been shown to be released spontaneously from
endothelial cells upon treatment with various vascular agonists.* Potentially, the presence of
extracellular dsSRNA provides a signal to direct the spontaneous release of stored, latent RNase 1.
By degrading antigenic stimulants like extracellular RNAs, RNase 1 could play a crucial role in
regulating antiviral immunity and inflammation.

Whereas the potential importance of dsSRNA degradation by RNase 1 is clear, the mechanism
of catalysis is not. The RNase 1 active site cannot accommodate two nucleic acid strands
simultaneously; thus, the putative mechanism invokes the unwinding of the double helix by
cationic residues near the enzymic active site. Arg-32'21?% and Lys-102° have been implicated,
in particular. Both of these cationic residues are present in human RNase 1 and BRB, but absent

in BSR and RNase A. Yet, other residues that could be important for dSRNA degradation by
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human RNase 1, including Arg-4, Lys-6, Lys-62, and Lys-74,>*'%

are not found in BRB, leaving
unknown the precise basis for dSRNA degradation.

Intriguingly, the Toll-like receptors that respond to sSRNA and dsRNA (TLR7/TLR8 and
TLR3, respectively) are all localized within endosomes.**"**° Our current work demonstrates
that both human RNase 1 and BRB internalize into mammalian cells significantly better than do
either RNase A or mBSR (Figures 2.4, 2.5A, and 2.5D). We have shown previously that RNase 1
internalization involves endocytosis;®*% thus, human RNase 1 and BRB might be especially
well adapted to enter endosomes, where they could degrade antigenic RNA and regulate
signaling cascades. Their increased cellular uptake could hinge upon increased interactions with
anionic cell-surface glycans. Indeed, our data show that human RNase 1 and BRB bind much
more tightly to an assortment of sulfated glycans, especially heparin, than does RNase A. This
interaction is not merely based on Coulomb’s law, as mBSR (Z = +9) binds much more weakly
than does human RNase 1 (Z = +6). Accordingly, we posit that human RNase 1 and BRB contain
putative heparan sulfate-binding motifs. For example, the BBXB motif, where B represents a
basic residue, has been shown to be a common heparan sulfate-binding motif in proteins.*°%?
Human RNase 1 and BRB both contain three cationic regions that are similar to a BBXB motif
and are absent from both mBSR and RNase A (Figure 2.7). These unique areas of positive
charge might account for many of the distinct properties shared by these enzymes, including
dsRNA degradation, increased lipid disruption, and enhanced cellular internalization.

An unexpected result from our study is the pronounced divergence in pH optimum for
catalysis among ribonucleases (Figure 2.1). We found RNase A to have a pH-optimum of 6.0, a

value that closely reflects classic studies™* and makes RNase A well-suited for the acidic

environment of the bovine rumen. Conversely, human RNase 1 and BRB had a pH-optimum of
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7.3 and 7.4, respectively, which are close to the pH of many bodily fluids, including blood (pH
7.3). These data correlate with observations that human RNase 1 circulates freely throughout the
body in all fluids tested."® We speculate that differences in pH-optimum between homologs
could be due to slight perturbations in the pK, values of the two active-site histidine residues. We
were surprised to observe a large difference in pH-optimum (~1.3 pH units) for catalysis by the
native dimeric form of BSR and the artificial monomer. The dimeric structure of BSR is also
necessary for its other putative biological functions, including its immunosuppressive and

antitumor activity.**>**® The dimer is known to swap its N-terminal helices,"***®

thereby
forming a chimeric active site that could have higher histidine pK, values. Thus, its unique
quaternary structure appears to equip BSR for catalysis in the cytosol as well as in bovine
seminal fluid, where the typical pH is 6.8-7.2.°° This functional imperative for a dimeric form
could explain the existence of the BSR gene as a pseudogene in species where the cysteine
residues required for dimerization have been lost.

Many questions remain regarding the biology of mammalian RNase 1, and BRB in
particular. An ongoing mystery is how glycosylation of RNase 1 influences its endogenous
functions. Analyses of human tissues and fluids indicate that various tissue sources produce
differentially glycosylated forms of RNase 1;%***” BRB has also been shown to have N-linked
glycans that are highly heterogeneous and distinct from those attached to RNase A.**® We too
found secreted ribonucleases that were N-glycosylated (Fig. 2.5C and 2.5F). A second perplexity
surrounds BRB: what is the purpose of its extended, hydrophobic C-terminal tail? Although all
ruminant brain ribonucleases possess a similar tail, the amino-acid sequences of these regions are

not conserved, and seem to have arisen through multiple substitutions and deletions.****3* The

tail is known to be O-glycosylated at two sites,**” but the significance of these oligosaccharide
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chains is not known. We speculated that the hydrophobic tail allows BRB to preferentially
disrupt lipid membranes, but our data showed that BRB did not have significantly different
activity toward liposomes than either human RNase 1 or dBSR (Fig. 2.3C). Previous studies
have shown that proline-rich motifs can be associated with facilitating protein—protein
interactions, specifically transient interactions such as recruitment of multiple factors.**® Thus,
the proline-rich C-terminal tail of BRB could act as a protein scaffold to recruit other proteins.

In conclusion, we have presented data that establish functional relationships between human
and bovine homologs of mammalian RNase 1. Our data provide fundamental insight into the
biological role of RNase 1 in mammals, suggesting a physiology not associated with digestion.
Further studies, including analyses of mammalian animal models, are necessary for a complete
description of the most significant biological functions of RNase 1 in humans and other
mammals. Currently, mouse studies probing the therapeutic potential of RNase 1 against various
pathologies have utilized RNase A as their treatment of choice.>®***%1%7160 \w/e speculate that
the use of recombinant human RNase 1, BRB, or mouse RNase 1 would provide a more robust
and relevant phenotype. Finally, we note that our understanding of BRB has been hindered by its
appellation, which incorrectly implies an association only with the brain, just as our
understanding of human RNase 1 has been obfuscated by its undue association with the

pancreas.

Acknowledgements
We are grateful to Prof. C.J. Czuprynski (University of Wisconsin-Madison) for providing

TBBE cells, and T.T. Hoang for human angiogenin.



48

Table 2.1 Biochemical properties of human and bovine ribonucleases

. MW . Yoldentityto % Similarity oG d
Ribonuclease (kDa) RNase 1 to RNase 1° Tm (°C) Kqg (fM)
RNase 1 (H. sapiens) 147 +6 100 100 555+05 0.12%0.1
BRB (B. taurus) 158 +11 61 72 522+04 035zx0.21
mBSR (B. taurus) 13.7 +9 70 80 60.1+05 1.94+0.72
dBSR (B. taurus) 275 +18 70 80 62° >2 x 10%
RNase A (B. taurus) 13.7 +4 68 82 63.9+04 0.16+0.12

% Value is for the net molecular charge: Arg + Lys — Asp — Glu

® For % similarity calculations: K=R; D=E;C=G=H=N=Q=S=T=Y;A=F=1=L
=M=P=V=W

¢ Value is the temperature at the midpoint of thermal denaturation, determined by
incorporation of a hydrophobic dye and quantitation by differential scanning fluorimetry?®

4 Value is for the complex with bovine ribonuclease inhibitor, determined as
described #1212
® Value was determined with circular dichroism spectroscopy’®*

"Value is for the complex with human ribonuclease inhibitor**®

ND, not determined
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Figure 2.1 Effect of pH on catalysis on single-stranded RNA cleavage by human and bovine
ribonucleases

A. pH-Rate profiles using the normalized initial velocity for cleavage of single-stranded RNA.
Values (+ SE) are the mean from at least three independent experiments. B. pH optima for

catalysis as calculated from the data in panel A, and values (= SE) of ke,/Kw at that pH.
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Figure 2.2 Catalysis of double-stranded RNA cleavage by human and bovine ribonucleases

A. Values k../Ky for the cleavage of poly(A:U). Values (+ SE) are the mean from at least three
independent experiments. **p < 0.01. B. Native polyacrylamide gel showing cleavage of a DNA
hairpin containing a single RNA residue (red) and labeled on the 5’ end with FAM (green).
SYBR Gold enables imaging of all nucleic acids. C. Extent of FAM-labeled product formation

for the data in panel B. Values (+ SE) are the mean from four native gels.
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Figure 2.3 Interactions of human and bovine ribonucleases with membranes

A. Representative isotherms for binding of BODIPY-labeled ribonucleases to heparin as
determined by fluorescence polarization. B. Heatmap indicating the relative affinity for various
cell-surface glycans, determined as in panel A. Values (+ SE) are the mean from at least three
independent experiments. Blue tones represent nM affinity; yellow tones represent uM affinity.
C. Disruption of phosphatidylcholine liposomes by ribonucleases, as measured by the release of
an encapsulated dye. Values (+ SE) are the mean from at least three independent experiments.

**p < 0.01.
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Figure 2.4
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Figure 2.4 Mammalian cell internalization of human and bovine ribonucleases
A. Representative flow cytometry data for the uptake of BODIPY -labeled ribonucleases into K-

562 cells after 4 h. B. Values (= SE) are the mean from four independent experiments. *p < 0.05.
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Figure 2.5
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Figure 2.5 Endothelial cell internalization and release of human and bovine ribonucleases

A-C, HUVEC cells; D-F, TBBEC cells. A,D. Cellular internalization of exogenous

58

ribonucleases (1.25 uM) after 4 h. Ribonuclease label: BODIPY (green); outer membrane stain:

WGA-594 (red); nuclear stain: Hoechst 33342 (blue). Scale bar: 5 um. B,E. Ribonucleolytic
activity of cell-conditioned media after treatment with sSRNA or dsRNA. Values (£ SE; n = 6)
are normalized to basal activity. *p < 0.05; **p < 0.01. C,F. Zymogram of concentrated
conditioned medium before or after treatment with the N-glycosidase PNGaseF. ANG: human

angiogenin.'®?
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Figure 2.6
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Figure 2.6 Schematic summaries of data for human and bovine ribonucleases
A. Schematic representation of normalized biochemical parameters from Table 2.1 and Figures
2.1-2.4. Symbols indicate data obtained from assays; shaded regions indicate the range of all

values for a particular ribonuclease. B. Phylogram indicating bootstrap values >40.



Figure 2.7

A

RNase A (Bos taurus)
BS-RNase (Bos taurus)
Brain RNase (Bos taurus)
RNase 1 (Homo sapiens)

RNase A (Bos faurus)
BS-RNase (Bos taurus)
Brain RNase (Bos taurus)
RNase 1 (Homo sapiens)

RNase A (Bos faurus )
BS-RNase (Bos taurus)
Brain RNase (Bos taurus)
RNase 1 (Homo sapiens)

KETAAAKFERQHMDSSTS
KESAAAKFERQHMDSGNS
KEsSAAA[KFRRloHMDSGS S
KES[RAKKI[FQRQHMDSDSS
EXNNNNNNEN 2
50 60
SLADVQAVCSQKNVACKN
SLADVKAVCSQKKVTCKNOGC
SLDDVKAVCSQKNITCKN
PLVDVQNVCFQEKVTCKN
100 10
TTQANKHI I VACEGNPYV
TTQVEKHI IVACGGKPSV
TsaKakK|]y I TVACEGNP YV
TSPIKERHI I VACEGSPYYV

SEEEERERED

Tw TP
nwn>l
9

®
0DITOO

180°

EEEEEERENES

i Q
L
Q
Q

< < <

wwmwn

w

ZR X<

[

M
M
v
M

MKSRN
MCECCR

M
M

M
M
M

M

Iwmwxownsg

== -

K

RN

D
D
D
D

L
M
M
M

oo

(@]

i)

o xn

by

K
Q
H
Q

—mmm

D
G
G
G

- = = -

08

o

DOV XDAD

c

Z0 00
Qv non

©
S

wwwwn
ORAA

N
N

| o "

o

- -

=~

zzzz
o000

m T

m

(o

61

I ITXT

< <

<

mmmm

XXX



62

Figure 2.7 Sequence and structural alignment of human and bovine ribonucleases

A. Grey residues indicate residues conserved in all proteins; colored residues indicate divergence.
Black boxes indicate putative heparan sulfate-binding domains. Yellow coils denote a-helices;
gray arrows denote B-sheets. B. Backbone overlay of human RNase 1 (red; PDB entry 1Z7X),

mBSR (green; 1BSR), and RNase A (blue; 1FS3).
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Chapter 3

Human Ribonuclease 1 Binds to the
Human Cancer Antigen Globo H

Contribution:
I performed all the biochemical and cell biology experiments in this chapter except for the
collection of the NMR experiments, synthesis of Globo H and SSEA-4, and the glycan array.

This chapter is in preparation for publication as:
Eller, C.H., Chao, T.Y., Singarapu, K.K., Ouerfelli, O., Markley, J.L., Danishefsky, S.J., Raines,
R.T. Human Ribonuclease 1 Binds to the Human Cancer Antigen Globo H. In preparation.
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Abstract

Pancreatic-type ribonucleases are a highly conserved family of small, cationic, secretory
enzymes that catalyze the cleavage of RNA. Recent efforts have endowed ribonucleases from
human pancreas (RNase 1) and bovine pancreas (RNase A) with selective cytotoxicity for cancer
cells. It is, however, unknown why cancer cells are preferentially vulnerable to these
ribonuclease variants. A screen for the binding of RNase A to a large array of human cell-surface
glycans revealed strong affinity for anionic glycans and, surprisingly, a neutral hexasaccharide,
Globo H, which is a cancer antigen. We found that the affinity of RNase A and RNase 1 for
immobilized Globo H is in the low micromolar—high nanomolar range, depending on the pH. We
showed that a synthetic inhibitor of Globo H biosynthesis decreases the cytotoxicity of RNase A
and RNase 1 variants. Finally, we used heteronuclear single quantum coherence (HSQC) NMR
spectroscopy to discover that the residues in RNase 1 that interact with Globo H are distal from
the enzymic active site. This work reveals a new interaction that directs a systemic human
enzyme to a moiety displayed on cancer cells, and encourages the development of human

RNase 1 as a chemotherapeutic agent.
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3.1 Introduction

Pancreatic-type ribonucleases (RNases) are small cationic proteins that are secreted by
vertebrate cells.?® Two RNases from human (RNase 1) and bovine (RNase A) are highly efficient
catalysts of RNA cleavage. Moreover, when engineered to evade a cytosolic inhibitor protein,
RNase 1 and RNase A are endowed with cytotoxicity.3*#1%1% The putative pathway of RNase-
mediated cytotoxicity involves internalization into the endosomal pathway, translocation into the
cytosol, and cleavage of RNA, which leads to apoptosis.

Surprisingly, the cytotoxic activity of RNases is specific for cancer cells, and a variant of
RNase 1 is undergoing Phase I clinical trials as a cancer chemotherapeutic agent. The molecular
basis for this specificity is unclear. One hypothesis is that the cationic RNases interact with
anionic cell-surface moieties to mediate the binding of RNases, and their subsequent
internalization and translocation.®® In fact, RNase A variants bind to the cell membrane in a non-
saturable, non-receptor mediated manner.®* Further, reducing the negative charge on a cell
surface by diminishing the biosynthesis of heparan sulfate and chondroitin sulfate decreases net
internalization, as does decreasing the positive charge of an RNase.?*# Mechanistic studies
showed that RNase internalization is analogous to that of cell-penetrating peptides and occurs
through both clathrin-coated vesicles and macropinosomes.® Given the surface of cancer cells is
commonly more anionic due to increases in glycosaminoglycan profile, phospholipid
composition, or glycosphingolipid exposure,”® these data provide some basis for the preferential
susceptibility of cancer cells to RNase-mediated cytotoxicity. Still, we suspected that other
factors could contribute.

Eukaryotic cells are covered by a glycocalyx—an extensive network of polysaccharides.*®

The glycocalyx serves as a rich source of binding sites for receptors and ligands, as well as
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pathogens and toxins. The mammalian glycome is estimated to consist of a few hundred unique
glycan structures on glycoproteins and glycolipids.*® One such glycan is Globo H.

Globo H is a neutral hexosaccharide glycosphingolipid. Globo H, as a glycolipid as well as a
glycoprotein, endogenously locates on the outer membrane of epithelial cells, namely mammary,
uterine, pancreas, and kidney tissues.'®”*® Yet, immunohistological analyses have detected high
expression of Globo H on the outer membrane of tumor specimens from small cell lung, breast,
prostate, lung, pancreas, gastric, ovarian, and endometrial tissues.'®® Indeed, overexpression of
this tumor antigen correlates to poor prognosis.”®*"* As endogenous expression resides in tissues
generally inaccessible to immune system, Globo H has become an attractive vaccine target for
epithelial tumors. This approach is further supported by trials indicating that treatment of up to
16 mg of antibody against Globo H, MBr1, in cancer patients resulted in no organ toxicity.'"?
Additionally, MBr1 exhibits high affinity and specificity to Globo H over related glycans in this
family.>” As such, vaccine therapies containing synthetic Globo H are now in clinical
trials.'"*1"> Despite the current therapeutic interest in Globo H, little is known about the
functional role of Globo H, and to date, no molecules (other than antibodies) have been
determined to interact with this cell-surface glycan.

Herein, we screen an array of immobilized human glycans and find that RNase A interacts
strongly with Globo H. We determine the in vitro binding affinities of bovine RNase A and
human homolog, RNase 1, to Globo H using surface-binding assays. We find that a small-
molecule inhibitor of Globo H biosynthesis reduces the vulnerability of cells to cytotoxic
variants of RNase A and RNase 1. Further using heteronuclear single quantum coherence
(HSQC) NMR spectroscopy, we identify residues of RNase 1 that interact with Globo H

enriched in micelles. Together, these data contribute an enhanced understanding of the efficacy
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of RNases as cancer chemotherapeutic agents, and suggest a role of human RNase 1 as an

endogenous anti-cancer agent.

3.2 Methods
3.2.1 Glycan array

A glycan array was screened for RNase A ligands by the standard procedure of Core H of the
Consortium for Functional Glycomics (CFG).*"® The array was version 2.0 and comprises 264
synthetic and natural glycans that are found on human cells. The gycans were amine-
functionalized with an amino group and immobilized to N-hydroxysuccinimide-activated glass
slides.*® Briefly, RNase A was diluted to a concentration of 200 pg/mL in binding buffer, 20
mM Tris—HCI, pH 7.4, containing NaCl (150 mM), CaCl, (2 mM) MgCl, (2 mM), Tween 20
(0.05% v/v), and BSA (1% wi/v). Binding of RNase A was detected by using primary antibodies
and secondary antibodies labeled with Alexa Fluor® 594 from Life Technologies (Grand Island,
NY).}" Primary antibody against RNase A was used at a concentration of 1 pg/mL. To correct
for antibody binding, the antibodies were screened against the array independently, and
fluorescence values obtained with antibodies alone were subtracted from those in the presence of

RNase A.

3.2.2 Production of RNases: Wild-type, fluorescent conjugations, and [*°N] labeled

RNase 1 and RNase A were produced by heterologous expression of their cDNA in E. coli
strain BL21(DE3) as described previously.'®® To conjugate a fluorescent dye via a maleimide
group, a cysteine residue was installed into each ribonuclease by site-directed mutagenesis, and

G89C RNase 1, P19C RNase 1, and A19C RNase A were produced in a similar manner. After
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purification, the nascent thiol was protected as a mixed disulfide by reaction with 5,5'-dithiobis-
(2-nitrobenzoic acid). Prior to conjugation, the nascent thiol in 10 mg of protein was deprotected
by the addition of dithiothreitol (4 equiv) from Goldbio (St. Louis, MO). The ribonuclease was
separated from excess dithiothreitol by passage through a column of PD-10 desalting resin (GE
Healthcare, Pittsburg, PA). The deprotected ribonuclease was reacted with 10 equiv of BODIPY-
FI (Life Technologies) dissolved in aqueous DMSO (10% v/v). While stirring, BODIPY-FI was
added drop wise, and the reaction was allowed to proceed at room temperature for 2 h, then at
4 °C for 4 h. After overnight dialysis into 50 mM AcOH, pH 5.0, purification by
chromatography on a cation-exchange resin (GE Healthcare) yielded conjugated RNase. This
protein was analyzed by mass spectrometry and SDS-PAGE with imaging by fluorescence
scanning and Coomassie staining.

[**N]JRNase 1 and [*>N]JRNase A were also produced in E. coli as described previously,*®®
except using a double-growth procedure in minimal media containing [*>"NJNH,CI from
Cambridge Isotope Laboratories (Andover, MA) after induction with IPTG from Sigma-Aldrich
(St. Louis, MO).1"® Growth conditions yielded an average of 15 mg of RNases from 1 L of
medium. Protein purification was monitored with SDS-PAGE. The final purified proteins were
submitted to the University of Wisconsin Biotechnology Center (Madison, WI) for analysis
using matrix-assisted laser desorption/ionization (MALDI) mass spectroscopy to check for
homogenous incorporation of *>N. The observed masses of 14790.1 and 13809.2 Da indicated
isotope incorporation had been (14790.1 — 14,604)/192 = 96.9% and (13809 — 13681)/172 =
74.4% for RNase land RNase A, respectively.

RNases were assayed for catalytic activity by monitoring cleavage of a fluorogenic RNA

substrate, 6-FAM—dArUdGdA-6-TAMRA from IDT.}”® Assays were performed in 0.10 M MES
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[oligo(vinylsulfonic acid)-free] buffer, pH 6.0, containing NaCl (0.10 M). The addition of
RNases yielded a linear increase of fluorescence that can be converted into activity with the

equation:

Al /At
(Imax - Io)[RNase]

kcat/KM = (31)

where Al/At is the initial reaction velocity, Imax IS the maximum detected fluorescence after
saturating substrate with excess RNase A, and |y is the initial background fluorescence after
incubation of substrate. Fluorescence labeling or isotopic incorporation had no significant effect
on enzymatic activity compared to wild-type with activities as (2.1 + 1.2) uM s and (31 + 6)

uM s for RNase 1 and RNase A, respectively.

3.2.3 Glycans: Globo H-ceramide, Globo H-BODIPY, Globo H-biotin, SSEA-4-BODIPY,
SSEA-4-biotin

Globo H-ceramide, Globo H-BODIPY, and Globo H-biotin were synthesized from Globo H
as described.*”**® SSEA-4-biotin and SSEA-4-azide were provided by the Consortium for

Functional Glycomics. Synthesis from SSEA-4-azide yielded SSEA-4-BODIPY as described.!”

3.2.4 Fluorescence binding assay
Binding between RNases and soluble glycans was monitored by fluorescence polarization of
BODIPY-glycan conjugates, SSEA-4 and Globo H, and saturating with RNases. In a 96-well

plate, PBS, pH 7.3, containing glycan (25 nM) was incubated with increasing amounts of an
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RNase. Additional HSA or BSA was added to maintain a constant concentration of 7.5 pg per
well. Additionally non-specific interactions of glycans toward albumin were monitored using
increasing concentrations of HSA or BSA (Sigma—Aldrich). After 30 min at 25 °C, polarization

was recorded on the M1000 fluorimeter (Tecan Group, Mannedorf, Switzerland).

3.2.5 Fluorescence surface-binding assay

Quantification of binding between RNases and immobilized glycans was monitored using a
fluorescence surface binding assay. Briefly, a 96-well plate coated in NeutrAvidin (Pierce,
Rockford, IL) was washed with 3x PBS then incubated with 10 equiv of Globo H-biotin or
SSEA-4-biotin. To reduce non-specific interactions, wells were incubated with aqueous milk
(5% v/v) and washed 3x in PBS. RNase-BODIPY conjugates were incubated to equilibrium in
PBS, pH 7.4, containing Tween X-100 (0.005% v/v) or 20 mM Tris—HCI buffer, pH 5.0,
containing NaCl (130 mM). After 3 washes, the fluorescence of RNase—-BODIPY was detected
by emission at 530 nm after excitation at 490 nm. Binding isotherms were normalized to the
fluorescence from glycan alone, and data were analyzed by non-linear regression fit to the

equation:

_ BmaX[RNase]h
(Kq™ + [RNase]h)

(3.2)

where Y is normalized relative fluorescence (RFU), Bnax is the maximum percent fluorescence,

and h is the Hill coefficient.
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3.2.6 Cell culture
MCF-7 human breast cancer cell line (ATCC) was grown in DMEM high glucose from
Invitrogen (Carlsbad, CA) containing FBS (10% v/v) and pen/strep (Invitrogen). Cells were
maintained at 37 °C in 5% CO.. Inhibition of fucosyltransferases was performed as described
previously using peracetylated 2-fluoro-2-deoxyfucose (F-fucose; 100 uM) in a final
concentration of 0.1% v/v DMSO.'#182 Cells were treated for 3 days with F-fucose prior to

treatment with RNases, and control cells were treated with DMSO only.

3.2.7 Confocal microscopy

Cells (1 x 10°/well) were plated in an 8-well microscopy slide from Ibidi (Verona, W1).
RNase-BODIPY conjugates in serum-free medium were incubated with cells for 4 h. The cell
surface was stained with WGA-488 from Life Technologies (Grand Island, NY), or a-Globo H
from Enzo (Farmingdale, NY) and secondary goat a-mouse Alexa 594 from Life Technologies.
Nuclei were stained with Hoechst 33342 from Life Technologies. Images were captured on
Eclipse TE2000-U laser scanning confocal microscope from Nikon equipped with an Axio

Camdigital camera from Carl Zeiss.

3.2.8 Cell viability assay

Cells (5000/well) were plated into 96-well plate (Corning, Corning, NY) and grown for 3
days in the presence of F-fucose/DMSO or DMSO (0.1% v/v) alone. Medium was exchanged to
serum-free medium, and RNases in PBS were added in increasing concentration and incubated

for 44 h. Medium was removed, and cells were incubated in CellTiter 96 MTS reagent from
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Promega (Madison, WI) for 2 h. The absorbance was then measured at 490 nm and normalized

to that from cells treated with 0.1% v/v DMSO alone (100%) and 1 mM H,0, (0%).

3.2.9 Preparation of samples for **N-HSQC NMR spectroscopy

Samples were prepared in 600 pL with 100 mM KH,PO, buffer, pH 6.5 or pH 4.7, containing
[*°*N]RNase (250 pM), cetyl trimethylammonium bromide (25 mM:; Sigma—Aldrich), and D,O
(10% v/v). Globo H ceramide was first resuspended in CHCl3/MeOH/H,0 65:35:5. An aliquot of
0.15 umol (1 equiv compared to the ["°"N]RNase) was dried under N(g) and then under high
vacuum for 2 h. The protein micelle buffer solution was added to resuspend the Globo H into
micelles.

NMR data were recorded at 25 °C in 8-inch Wilmad glass tubes from Wilmad-Labglass
(Vineland, NJ) on the 600 MHz Varian NMR Spectrometer (NMRFAM). °N-HSQC NMR
spectra were measured and peak assignments were made with Sparky using the assignments
determined from the solution structure of RNase 1*** and RNase A.*"® The vector change of

chemical shift (AAJ) upon addition of Globo H (1 equiv) was determined with the equation:

AAS = \/ (ASTH)? + ((g)AalsN)2 (3.3)

where chemical shifts (Ad) of the *H and N were determined by subtracting the peak chemical
shifts of RNase in the absence of Globo H. Chemical shift perturbations (AAJ) were inserted as
the S-factor in PDB entry 2k11 and images were made with the program PyMOL from

Schrodinger (New York, NY).
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3.3 Results
3.3.1 Glycan array screening

RNase A was found to bind to only a few human cell-surface glycans (Figure 3.1; Table 3.1).
The structure of those glycans falls into two categories: glycoproteins and unbranched glycans.
The glycoproteins bound by RNase A are serum proteins with complex glycan modifications.
Human al-acid glycoprotein (AGP, glycan 1-3) contains various forms of di-, tri-, and
tetraantennary sialylated carbohydrate chains; transferrin (glycan 6) contains two disialylated
biantennary glycans; and ceruloplasmin (glycan 4) possesses bi- and triantennary N-glycosidic
glycans.*®**8¢ Each of these glycoproteins is anionic (pl 2.7-5.5). Thus, their interaction with
RNase A (pl 9.3) could have arisen through nonspecific Coulombic interactions.

Several tetrasaccharides and hexasaccharides were also recognized by RNase A. The
hexasaccharides Fucal-2GalB1-3GalNAcB1-3Galal-4GalB1-4Glca-Sp9 (glycan 56) and
Neu5Acan2-3Galp1-3GalNAcP1-3Galal-4GalB1-4GlcB-Sp0 (glycan 223) belong to the globo-
series of glycosphingolipids. Glycan 56, also known as the Globo H antigen, is found on a
variety of cells and is the basis for an anti-cancer vaccine in a variety of clinical trials.®” Glycan
223 represents the Stage Specific Embryonic Antigen 4, SSEA-4, which is expressed briefly
during early stages of development and in certain teratocarcinoma cells.*®®*# Surprisingly,
RNase A bound only weakly to the pentasaccharide precursor to these molecules, Galp1-
3GalNAcB1-3Galal-4Galp1-4Glc (glycan 127), but interacted tightly with a similar structure,
GalNAcB1-3Galal-4Galp1-4GlcNAcB-SpO (glycan 90). Together, these results suggest that

RNase A recognizes the core tetrasaccharide GalNAcB1-3Galal-4GalB1-4Glc that constitutes all
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globo-series glycosphingolipids. Still, the relative fluorescence indicates that RNase A had
somewhat higher affinity for the anionic glycoproteins than the globo-series glycans.

Globo H expression has been detected inconsistently in mammals (i.e., highly measured in

tissues from rat yet less abundant in tissues from cats and dogs).'*°

As such analyses of the
globo-series glycolipids have not been characterized in bovine tissues. We assessed bovine
mammary gland epithelial cell line (MAC-T) for globo-series glycans, Globo H, SSEA-4, and
SSEA-3, but detected no glycan expression using confocal microscopy (data not shown). More
thorough studies assessed localization of this glycolipid in human tissue and specifically on

human breast cancers. We, therefore, sought to characterize the interaction of the human

homolog, RNase 1, and this human glycan.

3.3.2 RNase 1 binds to immobilized Globo H

To characterize the affinity of RNases toward a neutral glycolipid, Globo H (glycan 56), we
initially utilized soluble fluorescence polarization assays (Figure 3.2A). We could not, however,
attain saturation, despite adding a 10°-fold molecular excess. Accordingly, we used a surface-
binding assay that mimics the cell surface to quantify binding affinities (Table 3.2). Glycan—
biotin conjugates were immobilized on avidin plates and saturated with fluorophore-labeled
RNases. We found that RNase 1 bound to Globo H with an affinity of (0.79 + 0.18) uM (Figure
3.2B). The binding of RNase A to Globo H was significantly weaker with an affinity of (20.9 £
1.9) uM (Figure 3.2B). We also assessed the affinity of RNase 1 and RNase A toward SSEA-4
(glycan 223). This glycan shares a pentasaccharide unit with Globo H, yet appeared to bind to

RNase A more weakly in the glycan array. We found that immobilized SSEA-4 did indeed bind
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RNases weakly with an affinity of (10.2 = 1.2) uM to RNase 1 and (17.4 = 1.3) uM to RNase A

(Figure S3.3B).

3.3.3 Globo H contributes to RNase-mediated cytotoxicity
As we observed a strong interaction of RNase 1 with Globo H, we sought to search for a
biological role for this interaction. Although RNase 1 has been implicated to be involved in

>L191 3 direct effect on cellular pathways has yet to be

immune function and cytokine release,
uncovered. Variants of RNase 1 and RNase A that evade cytosolic RI are selectively toxic to
cancer cells. For example, variants of RNase 1 (R39D/N67R/N88R/G89R/R91D or DRRRD)
and RNase A (G88R) demonstrate cytotoxicity against human leukemia cells lines with 1Cs
values of 10.8 and 6.2 puM, respectively.**®? We therefore sought to determine the effect of
reducing cellular Globo H on RNase-mediated cytotoxicity. Recent synthetic strategies created
sugar analogs to remodel the cell surface as a tool for studying the roles of glycans.*®**# These
fluorinated transition state inhibitors bind to glycosyltransferases, thereby, blocking the active
site. In particular, peracetylated 2-fluoro-2-deoxyfucose (F-fucose), inhibits expression of
Globo H on the cell surface of MCF-7 breast cancer cells by blocking the addition of the
terminal fucose unit to form Globo H. This technique has been shown to inhibit three of the 14
fucosyltransferases (FUT3/7/8),'% but had not been tested as an inhibitor of FUT1/2, which are
enzymes necessary for the biosynthesis of Globo H.'*? We, therefore, first confirmed that F-
fucose did indeed reduce the display of Globo H on the surface of MCF-7 cells by using
microscopy and flow cytometry (Figure 3.3A and 3.3B). Then, we assessed the effect of this

reduction on the cytotoxicity of RNases. We found that cells with diminished Globo H levels

were less vulnerable to cytotoxic RNases (Figure 3.3C).
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3.3.4 Binding interface of RNase 1 toward Globo H

Next, we used HSQC NMR spectroscopy to define the binding interface of RNase 1 to
micelles enriched in Globo H-lipid. The backbone chemical shifts of RNase 1 exhibited few
changes in the presence of zwitterionic CTAB micelles. In contrast, these shifts were perturbed
markedly by micelles containing Globo H at 1 equiv relative to RNase 1 (Figure S3.4). These
changes in the vector of the chemical shift were calculated by Eq. 3.3 and plotted by residue
number (Figure 3.4A). At pH 6.5, we found that major backbone perturbations at residues Tyr92,
Phe46, Asn76, Phel120, Ser23, Val47, Val52, and Ser77 (Table 3.3). These perturbations were
mapped onto the structure of RNase 1 to depict regions of greatest binding (Figure 3.4B). The
perturbations at pH 6.5 were dispersed along the protein, residing mainly in turns and bends
(Table 3.3). As RNase 1 is readily endocytosed and glycosylaminoglycans reside in the interior
of endosomes,*** we also monitored the interactions at pH 4.7, which is encountered in
endosomes (Figure 3.4C). Interestingly, we found greater overall shifts in perturbations that
clustered predominantly to a more polar serine-rich loop region, Ser18-Thr24, as well as at
His80 (Figure 3.4D and Table 3.4). Moreover, these sites are regions known to be the most
flexible within the structure. As these residues are primarily polar, the interactions are likely due
to hydrogen bonding. We determined whether pH altered the affinity of RNase 1 for Globo H
and found that in buffer at pH 5.0 the affinity to Globo H was 10-fold weaker with a Ky = (10.7 +
1.36) uM. Affinity to SSEA-4 was (11.8 £ 1.18) uM—not significantly different than the affinity
at pH 7.4 (Figure S3.6A). This potentially suggests that while the binding site of RNase 1 to
Globo H are more clustered at low pH, some of the multivalency that confers tighter binding is

lost. The affinity of RNase A to immobilized Globo H and SSEA-4 was equally weak at pH 5.0



77
with Kg = (17.5 £ 1.4) and (19.2 £+ 2.0) uM, respectively (Figure S3.6B). We also monitored the
perturbations on RNase A using *°N-HSQC NMR spectroscopy. At pH 4.7, we found few
residues that were altered (Figure S3.5), consistent with the weak binding observed with in vitro

assays (Figures 3.2 and Figure S3.3).

3.4 Discussion

We discovered that the major secretory ribonuclease in humans, RNase 1, interacts with a
human cell-surface glycan, Globo H, which is also a cancer antigen. We found that RNase 1
binds to this neutral glycan with high nanomolar affinity and binds with regions distal from the
active site. Globo H was initially discovered as a tumor associate antigen due to its
overabundance on MCF-7 breast cancer cells. These antigens have inspired clinical trials of
synthetic constructs containing cancer antigens—including Globo H—to illicit an immune
response that targets this antigen. Yet little is known about this glycan or the role it plays on the
surface of cells. Further, there are no known proteins, other than antibodies, that bind to
Globo H. (The cytosolic protein FKBP-4 was found to interact with globo-series glycan SSEA-
4. We provide evidence that the secreted extracellular RNase 1 interacts with cell-surface
glycan Globo H. Interestingly, RNase 1 and RNase A bound only to the immobilized glycans
rather than soluble dye-labeled glycans (Figure 3.2A and Figure $3.3A) despite 10°-fold molar
saturation. This observation suggests that RNases require multivalent binding for measurable
affinity.

RNases are known to interact with anionic cell-surface glycans. Indeed, sialic acid and

heparan sulfate play a role in RNase uptake;® the bulk of these studies utilized RNase A. These

interactions are manifested primarily through Coulombic forces with cationic side chains of
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RNases. Recently, RNase 1 was shown to exhibit more specific heparan binding, potentially
mediated through charge clusters.*®® Yet, no specific receptors have been discovered for
RNase 1. We provide evidence that human RNase 1 does have a particular cell-surface target.
Evidence is mounting that RNase 1 degrades extracellular RNA and, thus, regulates blood
clotting, homeostasis, and immunity.****® A cell-surface target—Globo-H—could direct RNase 1
towards an intracellular site of action.

The interaction between RNase 1 and Globo-H could explain some of the cancer cell
susceptibility that is observed with engineered cytotoxic RNase variants.®* Although these
variants contain amino-acid substitutions that disrupt binding interface to cytosolic R1,**% both
normal and cancerous cells contain RI. One of many alterations that occur during tumorgenicity
are changes to cell-surface components.”® Therefore, uptake and translocation rates could differ
between normal and cancerous cells.” We found that reducing Globo H on the cell surface
reduce the susceptibility of cells to RNases.

Glycosylaminoglycans, like Globo H, reside on the extracellular surface as well as
potentially locating to the interior of endosomes.*®* Interestingly, the NMR analyses provided
evidence that the RNase 1 has multiple and unique binding sites depending on pH. Strikingly, the
regions become more clustered, albeit weaker, at acidic pH. As RNases are readily endocytosed®
and exhibit high acid tolerance, this clustering of Globo H binding residues could facilitate the
translocation of the protein across lipid bilayers.

Interestingly, other targets of the glycan array include sialic acid glycoproteins (Figure 3.1).
These proteins include the transporter, a1-glycoprotein, whose role is largely unknown aside
from being a useful carrier to improve pharmacokinetics of drugs.'*® Cerruloplasmin is a copper-

binding protein that associates with transferrin, an iron-binding protein. Together, these data
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indicate that RNase 1 is interacting with additional plasma proteins, likely increasing circulation
time by avoiding renal filtration. This observation lends validity to RNases as a protein therapy.

197

Whereas PEGylation also increases circulation time,™" the addition of lengthy polymers to

RNases reduces cellular uptake and enzymatic activity.****%°

RNase 1 differs markedly from RNase A in its binding to Globo H. Interestingly, RNase 1
and RNase A share 82% sequence similarity. Yet, within the eight residues of RNase 1 that were
perturbed by Globo H micelles, six are shared with RNase A. Only Val52 and Asn76, which are
alanine and tyrosine in RNase A, differ. The residues involved in low-pH binding also contained
many shared residues (8 of 11). However, the highest binding hit, H80, along with T24 and
K102, differed in RNase A to a Ser, Asn, and Ala, respectively. It is possible that all of these
residues are necessary for the multivalent binding observed or that these residues contribute to
necessary structural arrangement.

Current work has indicated that there are still more differences between the homologous
proteins RNase 1 and RNase A.*> RNase A has dominated the thinking about pancreatic-type
ribonucleases because so much seminal work in field of biochemistry was done with this
enzyme. As a result the biological function of human RNase 1 has been underappreciated. We
found that Globo H is not observable on the surface of a bovine mammary cell line, MAC-T,

whereas it is found on human mammary cancer cells. We propose that the interaction of RNase 1

and Globo H evolved for a specific purpose—defense against cancer.
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Table 3.1 Top hits from screen of RNase A against human glycan array

Glycan type Glycan Glycan Modification

Anionic glycoproteins 1-3 Human al-acid glycoprotein Di-, tri-, tetraantennary sialylated
4 Ceruloplasmin Bi-triantennary N-glycosidic
5 Transferrin Two disialylated biantennary

Fucal-2Galp1-3GalNAcB1-
Unbranched glycans 56  Globo H
3Galal-4Galpl-4Glcp

GalNAcB1-3Galal-4Galpl-
90
4GIcNACcB

Neub5Aca2-3Galp1-3GalNAcp1-
223 SSEA-4
3Galp1-4Galpl-4Gicp




Table 3.2 Affinity of RNase 1 and RNase A for surfaces of Globo H and SSEA-4

Kq (M)
Glycan pH RNasel RNase A
GloboH 7.4 0.79%£0.18 209+19
50 10.7+14 17514
SSEA-4 74 102+12 174+13
50 11.8+12 192+20
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Table 3.3 Residues of RNase 1 that interact with Globo H at pH 6.5

AAS (ppm) Residue Structure®
>0.100 Tyr92 t
0.05-0.10  Phe46, Asn76, Phel120 s,b, b

0.03-0.05  Ser23, Val47, Val52, Ser77 b, s, h,b

&1, turn; b, bend; s, B-strand; h, a-helix

83



84

Table 3.4 Residues of RNase 1 that interact with Globo H at pH 4.7

AA6 (ppm) Residue Structure®
>0.100 His80 S
0.05-0.10  Ser21, Ser22, Ser18, Ser23 -, —, -, b

Thr24, Arg39, Val47, Asp83 b, b,s,s
0.03-0.05
T82, K102 S, S

%, turn; b, bend; s, B-strand, h, a-helix; —, no structure
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Figure 3.1 Histogram of glycan binding analysis of RNase A to immobilized human glycan
array

The array from CFG (version 2.0) comprises 264 synthetic and natural amine functionalized
glycoconjugates that were immobilized to N-hydroxysuccinimide-activated glass slides.”
Binding of RNase A was detected via primary antibodies and secondary antibodies labeled with

Alexa Fluor® 594.
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Figure 3.2 Binding isotherms of RNase A and RNase 1 to soluble- and surface-bound Globo H
A. Soluble BODIPY-Globo H was incubated with increasing concentrations of RNases and
binding events were monitored using fluorescence polarization. B. Biotinylated Globo H was
immobilized on neutravidin plate and incubated with saturating concentrations of BODIPY-
RNases. Relative fluorescence is plotted against concentration, and data fit to non-linear

regression, n = 4.
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Figure 3.3 Effect of inhibiting Globo H biosynthesis on the cytotoxicity of RNase A and RNase
1 variants for MCF-7 cells

A. Treatment of MCF-7 cells with F-fucose inhibits Globo H expression as monitored by
confocal microscopy. Nuclear stain: Hoechst 33342 (blue); aGH: Alexa-594 (red); outer
membrane stain: WGA-488 (green). Scale bar: 5 um. B. Quantification of Globo H expression on
MCEF-7 cells and its reduction with F-fucose (red) as measured by flow cytometry. C. Effect of
inhibiting Globo H biosynthesis on RNase-mediated cytotoxicity as measured by assays of cell
viability. Cytotoxic variants of RNase 1 (DRRRD) and RNase A (G88R) were added in

increasing concentrations and cell viability was normalized to that with untreated cells, n = 3.



91

Figure 3.4
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Figure 3.4 NMR Structure of RNase 1-Globo H binding interface at pH 6.5 and 4.7

A solution of [*°*N]JRNase 1 was prepared in the presence and absence of Globo H-enriched
micelles. Chemical shift changes (AAJ ppm) were calculated as the average of n = 2 from the
vector change with Globo H and plotted by residue (A and C). Changes in chemical shift are
inserted as the p-factor in pdb entry 2K11 and displayed with the program PyMOL (B and D).

Backbone regions colored in red and wider indicate greater chemical shift perturbations.
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Supplementary Information
S3.1 Materials
All reagent-grade materials were from Sigma-Aldrich (St. Louis, MO) and were used
without further purification, except for 2-fluoro-2-deoxyfucose, which was from CarboSynth

(San Diego, CA).

S3.2 General experimental
S3.2.1 Solvent removal

The phrase “concentrated under reduced pressure” refers to the removal of solvents and other
volatile materials using a rotary evaporator at water aspirator pressure (<20 torr) while
maintaining the water-bath temperature below 40 °C. Residual solvent was removed from
samples at high vacuum (<0.1 torr). The term “high vacuum” refers to vacuum achieved by

mechanical belt-drive oil pump.

S3.2.2 NMR spectroscopy
'H, 3C NMR spectra for all compounds were acquired on Bruker spectrometers in the
NMRFAM at the University of Wisconsin-Madison operating at 400 (*H) and 101 (**C) MHz.

The chemical shift data are reported in units of ¢ (ppm) relative to residual solvent or TMS.
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S3.2.3 Peracetylation of 2-fluoro-2-deoxyfucose

Peracetylated 2-fluoro-2-deoxyfucose was prepared from 2-fluoro-2-deoxyfucose by a
procedure similar to that described previously.'®® Briefly, 2-fluoro-2-deoxyfucose (10 mg,
0.0602 mmol) was dissolved in pyridine (0.35 mL), and the resulting solution was cooled to 0
°C. Acetic anhydride (0.020 mL, 0.2167 mmol) was added, and the reaction vial was covered in
foil and allowed to warm to room temperature overnight. The reaction mixture was then diluted
with DCM (5 mL), washed with 1 M HCI (3 x 2 mL), saturated agueous NaHCO3 (3 mL), and
brine (3 mL). The organics were dried over Na,SO4(s), concentrated under reduced pressure, and
dried by high vacuum to provide a quantitative yield of peracetylated 2-fluoro-2-deoxyfucose
(0.0175 g).

'H NMR (400 MHz, CDCl3) a-Anomer, & 6.43 (d, J=3.98 Hz, 1H, H-1), 5.42 (td, J=10.64,
3.34 Hz, 1H, H-3), 5.37 (d, J=3.70 Hz, 1H, H-4), 4.88 (ddd, J=49.38, 10.17, 3.97 Hz, 1H, H-2),
4.25 (g, J=6.53 Hz 1H, H-5), 2.18 (6H), 2.06 (s, 3H), 1.15 (d, J=6.52 Hz, 3H, H-6). B-Anomer, &
5.77 (dd, J= 8.05, 4.12 Hz, 1H, H-1), 5.31 (s, 1H, H-4), 5.17 (ddd, J=13.34, 9.89, 3.47 Hz, 1H,
H-3), 4.64 (dt, J=51.81, 8.90 Hz, 1H, H-2), 3.99 (g, J=6.50 Hz,1H, H-5), 2.23 (s, 3H), 2.18 (s,
3H), 2.06 (s, 3H), 1.22 (d, J=6.44 Hz, 3H, H-6). *C NMR (101 MHz, CDCls) o-Anomer
(major), 0 170.45, 170.23, 169.22, 89.34 (d, J=21.62 Hz, C1), 84.36 (d, J=190.72 Hz, C2), 71.19
(d, J=7.49 Hz, C4), 68.73 (d, J=19.1 Hz, C3), 67.26 (C5), 21.08, 20.82, 20.67, 15.88 (C6).

HRMS (ESI) calcd. for C1,H17,FO; [M+NH,]" 310.1297, found 310.1299.
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Figure S3.1 *H NMR spectrum of peracetylated 2-fluoro-2-deoxyfucose

Mixed anomers in CDCl3 spectra recorded on 400 MHz.
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o

97

T T T
120 110 100

i
1 {ppmit

T
BO



Figure $S3.2 *C NMR spectrum of peracetylated 2-fluoro-2-deoxyfucose

Mixed anomers in CDCl3 spectra recorded on 101 MHz.
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Figure S3.3
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Figure S3.3 In vitro binding isotherms of RNase 1 and RNase A with SSEA-4 at pH 7.4

A. Fluorescence polarization assay for the interaction of RNase 1 and RNase A with soluble
SSEA-4-BODIPY. B. Surface binding assay for the interaction of RNase-BODIPY conjugates
with immobilized SSEA-4-biotin. Fluorescence emission data were fitted by non-linear

regression to Eq 3.2 For RNase 1, Kg = (10.2 + 1.2) uM; for RNase A, Kq = (17.4 + 1.3) uM.
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Figure S3.4
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Figure $S3.4 2D-HSQC NMR spectra of [>°N]JRNase 1 and [*°NJRNase A in the presence and

absence of Globo H-enriched micelles
Spectra are of [15N]RNases (250 uM) in the presence of CTAB micelles (25 mM; black) loaded

with Globo H (250 uM; red). A. RNase 1 at pH 6.5. B. RNase 1 at pH 4.7. C. RNase A at pH 4.7.

Spectra were recorded at 600 MHz and plotted with the program Sparky.
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Figure S3.5
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Figure S3.5 Chemical shift perturbations of RNase A in the presence of Globo H micelles at pH
4.7
Chemical shift changes (AAJ ppm) were calculated as the average value (n = 2) from the vector

change in the presence of Globo H (Eq 3.3) and plotted by residue.
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Figure S3.6 In vitro binding isotherms of RNase 1 and RNase A with immobilized Globo H and
SSEA-4 atpH 5.0

RNase-BODIPY conjugates were added to immobilized glycans in 10 mM Tris—HCI buffer, pH
5.0, containing NaCl (130 mM). Data were fitted by non-linear regression to Eq 3.2. A. For
RNase 1-Globo H, Kq = (10.7 + 1.4) uM; for RNase 1-SSEA-4, Ky = (11.8 + 1.2) uM. B. For

RNase A-Globo H, K4 = (17.5 £ 1.4) uM; for RNase A-SSEA-4, K4 = (19.2 £2.0) uM.
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Chapter 4

Affinity of Monoclonal Antibodies to
Globo-Series Glycans

w3 =
o
LN 4
a-SSEA-4 a-GH
(SSEA-4), GH,

Contribution:

| performed all the experiments except for the synthesis of Globo H-biotin and Globo H-
BODIPY (Carbohydrate Synthesis Facility) and SSEA-4-biotin and SSEA-4-azide (Consortium
for Functional Glycomics).

This chapter was prepared for publication as:
Eller, C.H., Yang, G., Ouerfelli, O., and Raines, R.T. Affinity of Monoclonal Antibodies for
Globo-Series Glycans. Carbohydrate Research (2014) 397,1-6
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Abstract

Globo-series glycans are human cell-surface carbohydrates that include stem-cell marker
SSEA-4 and cancer-cell antigen Globo H. These two hexasaccharides differ only in their
terminal saccharide: N-acetylneuraminic acid in SSEA-4 and L-fucose in Globo H. Herein, we
evaluated the affinity of the monoclonal antibodies a-SSEA-4 and a-GH for the glycans SSEA-4
and Globo H. Using fluorescence polarization, we find that the two monoclonal antibodies have
affinity for their cognate glycan in the low nanomolar range, and have negligible affinity for the
non-cognate glycan. Using surface plasmon resonance, we find that each cognate affinity is
~20-fold greater if the glycan is immobilized on a surface rather than free in solution. We
conclude that the terminal saccharide plays a dominant role in the ability of monoclonal
antibodies to recognize these Globo-series glycans and that the extraordinary specificity of these
antibodies supports their use for identifying and sorting stem-cells (a-SSEA-4) and as an agent in

cancer immunotherapy (a-GH).
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4.1 Introduction
4.1.1 Globo-series glycans

Globo-series glycans comprise a group of neutral glycosphingolipids in which a ceramide is
linked to a glycan with a root structure of GaINAcB3Gala4Galp4Gle.”2?% Typically, these
glycans are retained on the plasma membrane and cluster into lipid rafts.’®> The endogenous
function of this glycan family is largely unknown. Their expression does, however, occur during
early stages of development and is thought to mediate cell contact and adhesion.?®® Importantly,
changes in these glycans are observed throughout differentiation and during tumorigenesis.*****
Two notable hexasaccharide members of this family are stage-specific embryonic antigen-4
(SSEA-4) and Globo H (Figure 4.1). These glycans share a common precursor, SSEA-3

(Galp3GalNAcB3GalodGalp4Glc), but vary in the terminal monosaccharide: B3-linked

N-acetylneuraminic acid for SSEA-4 and a2-linked L-fucose for Globo H.

4.1.2 SSEA-4, a stem-cell marker

SSEA-4 was discovered using the monoclonal antibody, MC-813-70 (a-SSEA-4), produced
by immunization against human embryonic stem cells.'®® Subsequent analyses found expression
of this epitope on many stem cell types as well as induced pluripotent stem cells and embryonic
carcinoma cells.?®®> Although SSEA-4 expression is not required for stem-cell pluripotency, a
decrease in expression is observed upon differentiation.?* In addition the pentasaccharide
precursor, SSEA-3, is also used to identify stem cells and is depleted rapidly from the cell
surface upon differentiation. Hence, commercial antibodies for both glycans are often used to
identify undifferentiated cells.?’” The use of a-SSEA-3 (MC-613) and a-SSEA-4 enables the

identification of spontaneous differentiation and the collection of live stem cells.?®*?% Such live-
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cell sorting has distinct advantages in stem cell and regenerative therapies,?'° and is not enabled

211

by other known stem-cell markers, such as nuclear transcription factors.”~ More recently,

212 \which form the most aggressive and

SSEA-4 has been detected on malignant glioma cells,
common brain tumors in adults, as well as on breast cancer cells.?*#'* As a result, antibodies
against SSEA-4 can illicit complement-dependent cytotoxicity and support the targeting of

SSEA-4 in cancer vaccines.

4.1.3 Globo H, a cancer-cell antigen
Globo H was isolated originally from human breast cancer cell line MCF-7.2** High-level
expression of Globo H has been observed on a variety of other cancer cells, including colon,

213218 | dentification of this cancer-cell antigen was made possible

ovarian, prostate, and lung.
using the antibody MBr1 (a-GH), which was raised specifically against MCF-7 cells.?!” Binding
assays using printed microarrays demonstrated that a-GH recognizes the terminal tetrasaccharide
moiety with 10-fold less affinity than the intact hexasaccharide, and does not bind to the SSEA-3
precursor of Globo H that lacks the terminal fucose.?*® Endogenous Globo H expression remains
in the apical surface of epithelial tissue, an area somewhat inaccessible to the immune system.?*®
As such, Globo H is an attractive target for cancer immunotherapy.”*°
Toward this end, chemical synthesis has been used to access the soluble moiety of Globo H

on a large scale.’® Conjugation of Globo H to other cancer-cell antigens, such as GM2, STn, TF,
and KLH, can lead to potential vaccines that induce the production of IgM antibodies that direct

the immune system to tumor cells.}”>%**?%° Sych experimental vaccines are undergoing clinical

trials for the treatment of metastatic breast, prostate, lung, and ovarian cancers.?*
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The value of SSEA-4 and its antibody in stem-cell identification and therapies, and of
Globo H as an epitope for cancer vaccines is unequivocal. Given the similar structures of SSEA-
4 and Globo H (Figure 4.1), we sought to determine the specificity of common monoclonal
antibodies for each antigen. Investigations of the binding of proteins to cell-surface glycans
typically involve printed microarrays, which can provide false-positives and are often less
quantitative than other methods.??? By using using synthetic glycan conjugates, fluorescence
polarization, and surface plasmon resonance, we provide a quantitative assessment of the affinity
of a-SSEA-4 and a-GH for SSEA-4 and Globo H. Our findings provide guidance for a wide

range of investigations in biomedicine.

4.2 Methods
4.2.1 Materials

BODIPY-FI succinimidyl ester was from Invitrogen (Carlsbad, CA). Dibenzocyclooctyne-
amine was from Jena Biosciences (Jena, Germany). B-(azidoethyl)SSEA-4 (Compound No
B295, Lot S270-1) and SSEA-4-biotin (Compound No B295, Lot S284-1) were provided by the
Consortium for Functional Glycomics (San Diego, CA). B-(4-Pentene-1-yl)Globo H was
synthesized as described previously.*"**® 4-SSEA-3 IgM monoclonal antibody (MC-613) and
a-SSEA-4 1gG3 monoclonal antibody (MC-813-70) were from Thermo Fisher Scientific
(Rockford, IL). a-Globo H IgM monoclonal antibody (MBrl1) was from Enzo Life Sciences
(Farmingdale, NY). Phosphate-buffered saline (PBS; Ca**- and Mg**-free) was from Life
Technologies (Grand Island, NY). Bovine serum albumin (BSA), biotin, Tween-20, solvents,

and other reagents were from Sigma—Aldrich (St. Louis, MO).
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4.2.2 Instrumentation

The identity of synthetic compounds was confirmed by both NMR spectroscopy using a
500 MHz instrument and mass spectrometry using a ULTRAFLEX® 111 instrument, both from
Bruker (Billerica, MA). LC/MS was performed with an LCMS-2020 instrument from Shimadzu
(Kyoto, Japan). Fluorescence polarization was recorded on M1000 fluorimeter from Tecan
Group (Mannendorf, Switzerland), and data were analyzed with Prism 5 from GraphPad
Software (La Jolla, CA). Surface plasmon resonance (SPR) was measured with a ProteOn XPR

36 System using a NLC NeutrAvidin sensor chip from Bio-Rad Laboratories (Hercules, CA).

4.2.3 Synthesis of cyclooctyne-BODIPY

We chose BODIPY as our fluorescent probe.??® This probe is neutral, and its fluorescence is
not sensitive to pH. BODIPY-FI succinimidyl ester (2.5 mg; 6.4 pmol) was dissolved in 0.23 mL
of 0.025 M DMF containing dibenzocyclooctyne-amine (1.1 equiv) and triethylamine (3 equiv).
Amide-bond formation was monitored by TLC (10% v/v MeOH in DCM). Upon completion of
the reaction, the product was purified by preparative TLC to remove remaining reactants and
filtration through cotton using MeOH as the solvent to give 3.5 mg (95%) of cyclooctyne—
BODIPY. m/z 568.4 [calc’d for C3,H33BF2NsO, (M+NH4) 568.5). *H NMR (500 MHz,
CD50D) 6 7.65 (dd, J = 7.6, 1.3 Hz, 1H), 7.45 (s, 4H), 7.42 (s, 1H), 7.36 (td, J = 7.5, 1.5 Hz,
1H), 7.31 (td, J = 7.6, 1.4 Hz, 1H), 7.24 (dd, J = 7.5, 1.5 Hz, 1H), 6.96 (d, J = 4.1 Hz, 1H), 6.25-
6.18 (m, 2H), 5.13 (d, J = 14.0 Hz, 1H), 3.70 (d, J = 14.0 Hz, 1H), 3.27-3.20 (m, 2H), 3.16-3.07

(m, 2H), 2.50 (s, 3H), 2.47-2.40 (m, 2H), 2.28 (s, 3H), 2.07-1.98 (m, 2H).

4.2.4 Synthesis of SSEA-4-BODIPY
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B-(azidoethyl)SSEA-4 (0.25 mg; 0.20 umol) was dissolved in 2.0 mL of 20% v/v H,0 in
MeOH. To this solution was added cyclooctyne—-BODIPY (5 equiv). The reaction was allowed to
proceed overnight. Upon completion of the reaction as monitored by TLC (20% v/v MeOH in
DCM), the reaction mixture was concentrated under reduced pressure, and the residue was
suspended in H,O. Free dye was extracted with ether washes to give 0.34 mg (95%) of SSEA-4—
BODIPY. LC/MS m/z 1779 [calc’d for Cr7H104BF2NgO3g (M+H) 1781). *H NMR (500 MHz,
1:4 CD;0D/D,0) 6 8.50 (s, 1H), 8.24 (d, J = 7.8 Hz, 1H), 8.06-7.91 (m, 1H), 7.72-7.16 (m,
9H), 7.09-6.98 (m, 1H), 6.34-6.24 (m, 2H), 6.09 (d, J = 7.5 Hz, 1H), 6.01-5.88 (m, 2H), 5.20—
3.09 (m, 47H), 2.85-2.77 (m, 2H), 2.62-2.46 (m, 5H), 2.35-2.26 (M, 3H), 2.08-1.97 (m, 6H),

1.91-1.71 (m, 2H), 1.36-1.23 (m, 2H). *°F NMR (400 MHz, CD;0D) §-76.41.

4.2.5 Synthesis of Globo H-BODIPY

To a solution of B-(4-pentene-1-yl)Globo H (52 mg, 29 umol) and N-tert-butyl
allylcarbamate (34 mg, 0.22 mmol) in dichloromethane (1 mL) was added the Hoveyda | catalyst
(15 mg, 18.2 umol). The resulting mixture was heated to 37 °C for 2 days and then concentrated
under reduced pressure, and the residue was purified by flash chromatography on SiO; using a
linear gradient of hexane/acetone (2:1 to 1:1) as eluent. Five consecutive short-path columns
were necessary to give 24 mg (43%) of the desired olefin metathesis product, N-Boc-6-amino-4-
hexene-1-yl Globo H, as well as 26 mg of starting material.

To a portion of N-Boc-6-amino-4-hexene-1-yl Globo H (24 mg) in MeOH (1 mL) was added
10% w/w Pd on C (10 mg). After purging with Hx(g), a balloon containing H,(g) was applied to

the reaction mixture, which was stirred vigorously for 4 h. H,(g) was replaced with Ar(g). After
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filtration through a pre-washed and packed pad of Celite® and concentration, the residue was
dissolved in 25% TFA in dichloromethane (1 mL) and stirred for 30 min. The volatiles were
removed under reduced pressure and then under high vacuum. The dried residue was dissolved
in 1 mL of dichloromethane and successively treated under Ar(g) with DIEA (0.1 mL) and
BODIPY-NHS ester (5 mg, 12.8 umol), and the resulting mixture was stirred in the dark
overnight. Solvents were then removed under high vacuum, and the residue was dissolved in
MeOH (1 mL), and treated with 20 uL of a solution of NaOMe (25% w/v) in MeOH. Stirring
was maintained until LC/MS indicated that the reaction was complete. Neutralization with
AcOH and purification by HPLC gave 2 mg of purified product.

LC/MS m/z 1390 [calc’d for CsaHesN4O32S (M+H) 1390]. *H NMR (500 MHz, CD;0D) &
7.90 (d, J = 9.0 Hz, 1H), 7.44 (s, 1H), 7.01 (d, J = 3.8 Hz, 1H), 6.32 (d, J = 3.8 Hz, 1H), 6.22 (s,
1H), 5.23 (d, J = 4.0 Hz, 1H), 4.93 (d, J = 4.0 Hz, 1H), 4.55 (3 d, J = 7.5 Hz, 3H), 4.42—4.40 (m,
1H), 4.28-4.30 (M, 4H), 4.14-3.64 (m, 27H), 3.57-3.48 (m, 9H), 3.45-3.44 (m, 1H), 3.38-3.15
(m, 27H), 2.59 (t, J = 7.7 Hz, 2H), 2.51 (s, 3H), 2.29 (s, 3H), 2.01 (s, 3H), 1.62-1.58 (m, 2H),
1.50-1.46 (m, 2H), 1.42-1.38 (m, 2H), 1.34-1.29 (m, 2H), 1.24 (d, J = 6.5 Hz, 3H). ’F NMR

(470 MHz, CD;0OD) 6-77.01.

4.2.6 Synthesis of Globo H-biotin

(N-Boc-6-amino-4-hexene-1-yl)Globo H (42 mg) was dissolved in 1.5 mL of 25% v/v TFA
in dichloromethane, and the reaction mixture was stirred for 30 min. Volatiles were removed
under reduced pressure, and the residue (42 mg) was used directly in the next step. To a solution

of biotin (34 mg, 0.14 mmol) in 0.5 mL NMP were added HATU (52 mg, 0.14 mmol) and
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0.3 mL of DIEA. After stirring for 5 min, the deprotected amino alkyl Globo H (42 mg) in
1.5 mL DMF was introduced through a syringe. Stirring overnight, concentration under reduced
pressure (cold water bath), and purification by flash chromatography using a linear gradient of
MeOHY/dichloromethane (2-6% v/v) gave 42 mg of crude 3-(6-biotinamido-4-hexene-1-
yl)Globo H.

The previous product (42 mg) was dissolved in MeOH (1 mL), and to this solution was
added 10% w/w Pd on C (10 mg). After purging with Hx(g), a balloon containing H,(g) was
applied to the reaction mixture, which was stirred vigorously for 2 h. H,(g) was replaced with
Ar(g), and the reaction mixture was filtered through a pre-washed and packed pad of Celite®.
After concentration of the filtrate, the residue was purified by flash chromatography using a
linear gradient of MeOH/DCM (1-6%) to afford pure protected p-(6-biotinamido-1-
hexyloxy)Globo H (38 mg). To this peracetylated biotinamidoalkyl Globo H (38 mg) in 1.2 mL
MeOH was added 35 uL of NaOMe (25% w/v) in MeOH, and the resulting solution was stirred
until analysis by LC/MS indicated that the deprotection was complete (~4 h). The pH was then
brought carefully to neutrality with AcOH, and the product was concentrated under reduced
pressure and purified by chromatography on Bio-Gel P-4 Gel from Bio-Rad Laboratories using
water as eluent, and lyophilized to give 20.3 mg of f-(6-biotinamido-1-hexyl)Globo H. (LC/MS
m/z 1342 [calc’d for CsaHozN4O3,S (M+H) 1342]. *H NMR (500 MHz, D,0), §5.15 (d, J = 3.5
Hz, 1H), 4.82 (d, J = 3.1 Hz, 1H), 4.56-4.52 (m, 2H), 4.48-4.39 (m, 3H), 4.36—4.30 (m, 2H),
4.17-4.13 (m, 2H), 4.03 (bs, 1H), 3.96-3.46 (m, 32H), 3.27-3.20 (M, 2H), 3.13-3.08 (M, 2H),
2.92 (dd, J = 4.9 Hz, J = 13 Hz, 1H), 2.85 (m, 3H), 2.71 (d, J = 13 Hz, 1H), 2.19-2.16 (m, 1H),

1.97 (bs, 2H), 1.66-1.13 (m, 16H).
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4.2.7 Fluorescence polarization binding assay

The affinity of antibodies for glycans was quantified by monitoring the fluorescence
polarization of SSEA-4-BODIPY and Globo H-BODIPY upon addition of a-SSEA-4 and o-GH
antibodies. Measurements were performed on 100-pL solutions in the wells of a 96-well plate
containing glycan (25 nM) and BSA (7.5 pg) in PBS, pH 7.3. In addition, the affinity of BSA for
glycans was determined by monitoring the fluorescence polarization upon addition of BSA.
After 30 min at 25 °C, polarization was recorded and values of the equilibrium dissociation
constant (Kqy) were determined by fitting the data with non-linear regression analysis to the

equation:

p = _APlAbI"
(kq™+[Ab]?)

+ Pmin (4.1)
where P is the average of the measured polarization values, AP (= Pyax — Pmin) 1S the difference
in anisotropy values of bound and free glycan, [Ab] is the total concentration of antibody, and h

is the Hill coefficient.

4.2.8 Surface plasmon resonance binding assay

The affinity of antibodies for glycans was also quantified with monitoring the SPR as
a-SSEA-4 and a-GH were flowed over Globo H-biotin and SSEA-4-biotin bound to a
NeutrAvidin chip. The chip was conditioned with 30-uL injections of 50 mM NaOH and 1.0 M
NaCl at a flow rate of 30 uL/min in both vertical and horizontal paths. Running buffer was PBS,

pH 7.3, containing BSA (0.1 % wi/v) and Tween-20 (0.005% v/v), and the chip surface was
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maintained at 25 °C. The surface was labeled in the vertical channel with SSEA-4-biotin or
Globo H-biotin at 0.5 pg/mL with a 300-s injection at 30 pL/min. Binding to the chip surface led
to an increase of 40-100 RU. One lane was labeled with 0.5 ug/mL biotin. The chip was rotated
into the horizontal direction and stabilized with a 30-uL pulse of 1.0 M NacCl at a flow rate of
30 pL/min, followed by 3 pulses of 30 uL buffer at 100 uL/min. Analyte (antibody or buffer)
was applied at various concentrations across the horizontal path at 100 uL./min with a
dissociation time of 750 s. The surface was regenerated with 30 pL of 0.10 M glycine, pH 1.7, at
a flow rate of 30 pl./min. Equilibrium binding isotherms for the binding of a-SSEA-4 and a-GH
to their respective glycans were determined by plotting the response unit at equilibrium (RU¢q)
versus antibody concentration in GraphPad, and fitting the data to eq 4.1. Sensorgrams for the
binding of a-SSEA-3 were analyzed with ProteOn software using a kinetic bivalent fit, and
values of K4 were calculated by fitting the kinetic data from eight experiments using four
different antibody concentrations. All SPR data were assessed for goodness-of-fit using the

criteria that the y° values lie between 10% RUpmax and 10% RU — y°.

4.3 Results

Two quantitative solution-based assays were used to characterize the affinity between
important human cell-surface glycans and relevant monoclonal antibodies. Fluorescence
polarization was used to assess binding in solution, and SPR was used to assess binding on a

surface.

4.3.1 Affinity of monoclonal antibodies to globo-series glycans in solution
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We used the fluorescence polarization of BODIPY-labeled SSEA-4 and Globo H to monitor
binding to a monoclonal antibody, a-SSEA-4. We found that the antibody exhibited high affinity
to soluble SSEA-4-BODIPY with K4 = (115 + 10) nM, h = 1.9 in PBS (Figure 4.2A). [If the Hill
coefficient were fixed at h = 2.0, then K4 = (112 £ 6) nM.] We assessed further any non-specific
affinity of a-SSEA-4 toward Globo H, which shares five of the six saccharides of SSEA-4. We
found that a-SSEA-4 interacts only weakly with Globo H-BODIPY even at nearly micromolar
concentrations, indicating that the antibody distinguishes markedly between the terminal N-
acetylneuraminic acid of a-SSEA-4 and L-fucose of Globo H.

We also assayed the affinity of Globo H-BODIPY to its respective monoclonal antibody,
a-GH. We were able to determine a value of Ky = (161 £ 13) nM, h = 4.8 in PBS (Figure 4.2B).
[If the Hill coefficient were fixed at h = 2.0, then Ky = (322 + 88) nM.] In analogy to a-SSEA-4,
the affinity of the a-GH antibody was specific for Globo H over SSEA-4.

Finally, we assessed the affinity of SSEA-4-BODIPY and Globo H-BODIPY for BSA. Both
glycans demonstrated only weak affinity for BSA (Figure 4.2C) and binding did not achieve
saturation. The non-specific binding of Globo H to BSA did appear to be stronger than that of
SSEA-4, consistent with the preference of BSA for hydrophobic moieties®** and the L-fucose of

Globo H being more hydrophobic than the N-acetylneuraminic acid of SSEA-4.

4.3.2 Affinity of monoclonal antibodies to Globo H and SSEA-4 on a surface
Next, we used a highly sensitive assay based on SPR to measure the affinity of SSEA-4 and
Globo H for a-SSEA-4, a-GH, and a-SSEA-3 antibodies. Using a Neutravidin chip and

biotinylated SSEA-4 and Globo H, we were able to create two-dimensional surfaces of the
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glycans. Flowing an antibody over that surface enabled us to monitor binding from the increase
in response units (RU).

We found that a-GH and a-SSEA-4 bound specifically to their respective hexasaccharide
antigen (Figure 4.3A and 4.3B). In addition, we found that a-SSEA-3 bound more tightly to
SSEA-4 than to Globo H (Figure 4.3C). Plotting RU at saturation versus concentration yielded
equilibrium binding isotherms (Figures 4.4A and 4.4B). Fitting these data to eq 4.1 provided Ky
values of (7.5 £ 0.4) nM, h = 1.7 for the a-SSEA-4-SSEA-4 complex and (8 £ 3) nM, h = 1.5 for
the a-GH-Globo H complex. [If the Hill coefficients were fixed at h = 2.0, then the values of K4
would be (7.3 £ 0.3) nM and (7 = 2) nM, respectively.]

The measured affinity of the monoclonal antibodies for glycans displayed on a surface
exceeds that for soluble glycans by ~20-fold. This discrepancy is likely due to multivalency.??>
228 The antibodies are bivalent, and can bind to two surface-displayed glycans simultaneously
with a concomitant increase in affinity. This arrangement could better mimic binding to the
surface of a human cell 27?8

SSEA-3, while mainly a stem cell marker, has been observed to be overexpressed on
teratocarcinoma cells.*®2?° Due to the weaker affinity of a-SSEA-3 for the glycan surfaces, we
were able to fit the sensorgrams using a kinetic bivalent fit to each curve (Figure 4.4C), to give
Kg values of (18 &+ 2) nM for the a-SSEA-3-SSEA-4 complex and (0.5 £ 0.2) uM for the
a-SSEA-3-Globo H complex. Thus, a-SSEA-3 has a significant preference for the
N-acetylneuraminic acid of SSEA-4 than the L-fucose of Globo H.

Prior assessments of the affinity of monoclonal antibodies to glycan antigens used microarray
technology. In that way, a-SSEA-4 had been shown to form a complex with SSEA-4 having a Kq

value of (4.21 + 0.26) nM,**® and a-GH had been shown to form a complex with Globo H having
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a K value of (0.56 + 0.129) nM.*® Our data are consistent with this low nanomolar affinity for

surface-displayed glycans, and reveal a high specificity.

4.4 Conclusions

We conclude that the monoclonal antibodies a-SSEA-4 and o-GH bind specifically to their
cognate antigens with affinity in the low nanomolar range, both in solution as well as on a two-
dimensional surface. Moreover, the antibodies have virtually no cross-reactivity for the non-
cognate glycan. These data support the reliability and utility of these monoclonal antibodies for

the identification of stem cells and for applications in cancer immunotherapy.
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Figure 4.1 Chemical structures of SSEA-4, Globo H, and their conjugates with BODIPY and

biotin



Figure 4.2

123

A 0- .
I IS
8o}
=
c
8 60 -
o & SSEA4
= |
8 40l ® Globo H
—_
[1H]
o
20} .
04
0.1 1 10 100 1000
[a-SSEA-4] (nM)
B 100,
=)
=
=
Q
M
b=
@
e
[1}]
o
0.1 1 10 100 1000
[a-GH] (M)
C
400 -
—_ [ ]
T 300 /
= . r 4
£ / ’
g 200 . &
5] / /’
° [
a 100 . K
< .. ’,0
_e -
00_.,._.:‘_.;.-—.-'. .?..'.? Ll Lol
0.1 1 10 100 1000

[BSA] (uM)



124

Figure 4.2 Representative binding isotherms of monoclonal antibodies to glycans in solution as
determined with fluorescence polarization

SSEA-4-BODIPY and Globo H-BODIPY were incubated with increasing concentrations of A.
a-SSEA-4 or B. a-GH in PBS containing BSA, or C. BSA in PBS. Polarization was normalized
to determine the percent bound at each concentration. Data were analyzed by non-linear
regression to Eq 4.1 (n = 3) to give Kq = (115 + 10) nM for the a-SSEA-4-SSEA-4-BODIPY

complex and Kg = (161 £ 13) nM for the a-GH-Globo H-BODIPY complex.
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Figure 4.3 Specificity of monoclonal antibodies for glycans on a surface as determined via SPR
Representative SPR sensorgrams of monoclonal antibodies A. a-SSEA-4, B. a-GH, or

C. a-SSEA-3 interacting with Globo H (red) or SSEA-4 (black) immobilized on a NeutrAvidin
chip. Antibodies were flowed over the horizontal channels. Curves were referenced to interspots

on the horizontal channel to correct for non-specific interactions.
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Figure 4.4
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Figure 4.4 Affinity of monoclonal antibodies for glycans on a surface as determined via SPR
Response units at saturation (RUeq) Were recorded for increasing antibody concentrations and A.
SSEA-4 (Kq=7.5%£0.4nM) and B. Globo H (K4 = 7 = 4 nM) surfaces. Data were analyzed by
non-linear regression to Eq 4.1. C. Sensorgram of a-SSEA-3 binding to SSEA-4 (black; Kq =18
+ 2 nM) and Globo H (red; Kq = 0.5 £ 0.2 uM) surfaces. Data were fitted to a kinetic bivalent

binding curve (thin line) with ProteOn software.
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Supplementary information
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Scheme S4.1 Route for the synthesis of SSEA-4-BODIPY
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Scheme S4.2
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Scheme S4.2 Route for the synthesis of Globo H-BODIPY
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Scheme S4.3
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Scheme S4.3 Route for the synthesis of Globo H-biotin
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Figure S4.1
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Figure S4.1 *H NMR spectrum of cyclooctyne—-BODIPY
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Figure S4.2
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Figure S4.2 'H NMR spectrum of SSEA-4-BODIPY
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Figure S4.3
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Figure S4.3 **F NMR spectrum of Globo H-BODIPY
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Figure S4.4
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Figure S4.4 LC/MS chromatogramw of SSEA-4-BODIPY

Sample was applied to a C5 column and eluted with a gradient of 5-95% v/v H,O in CH3;CN
containing formic acid (0.1% v/v). A. Time course monitoring ionizable molecules eluting from
the column. B. Mass spectrum of the predominant peak eluting at 8.5 min in panel A. LC/MS m/z

1779 [C&'C’d for C77H104BF2NgO35 (M+H) 1781]
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Figure S4.5 '"H NMR spectrum of Globo H-biotin
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Figure S4.6 LC/MS chromatogram of Globo H-biotin
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Figure S4.7 *H NMR spectrum of Globo H-BODIPY
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Figure S4.8
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Figure S4.8 1°F NMR spectrum of Globo H-BODIPY
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Figure S4.9 LC/MS chromatogram of Globo H-BODIPY
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Chapter 5

Conclusions and Future Studies
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5.1 Conclusion

While over 60 years of expansive studies using RNase A brought a wealth of method
development and biochemical knowledge, little effort has been expended to examine the
properties specific to that of the human homolog, RNase 1. Indeed, the biological role was
assigned as a digestive one. It has, however, become clear that RNase 1 diverges from its bovine
homolog in many regards. Particularly, its wide tissue expression and presence in blood
suggested a more systemic role. The work herein focused on characterizing the biochemical
properties distinct to RNase 1. Further, as a secreted endogenous protein or a circulating
therapeutic agent, RNases interact with the cell surface. Therefore, understanding the interactions
with cell-surface carbohydrates may illuminate localized function and biological roles. To
address these questions, | have probed the biochemistry and cell biology of RNase 1 in
comparison to that of RNase A.

In CHAPTER 2, | described some key biochemical differences between RNase 1 and
RNase A that likely indicates an evolving function. Most strikingly, RNase 1 exhibits
ribonucleolytic activity on dsRNA and a pronounced pH optimum closer to that of physiological
blood pH. RNase 1 also binds more tightly to cell-surface mimics and becomes internalized to a
greater extent than does RNase A. Further, glycosylated RNase 1 is secreted from cells upon
stimulation of viral dsRNA. Potentially RNase 1exerts this specific activity to degrade dsRNA
and plays a likely role in viral immunity. Indeed, another bovine homolog, BRB, appears to
shares these properties with RNase 1 and leads us to speculate that it is the true functional
homolog, rather than RNase A.

In CHAPTER 3, | expand my search for cell-surface interactions with RNases. | find that

RNase 1 interacts tightly with the cancer antigen, Globo H. This glycan interacts more tightly
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with RNase 1 compared to RNase A. When Globo H biosynthesis is reduced and cell-surface
localization is diminished, cytotoxicity mediated by RNase treatment is diminished. Structurally,
RNase 1 binds Globo H in a distributed manner at neutral pH and these interactions cluster in
acidic buffers. Potentially, this process could contribute to endosomal escape or be an
endogenous target for RNases.

In CHAPTER 4, | characterize the interactions between Globo H and a related globo-series
glycan, SSEA-4, toward their cognate monoclonal antibodies. These antibodies are currently
used in the clinic and research laboratories, and understanding the affinity and potential cross-
reactivity is thus important. | show that, indeed, these monoclonal antibodies exhibit nanomolar

affinities to their cognate glycans with little cross reactivity.

5.2 Future studies

My work corroborates that RNase 1 displays some interesting biology and suggests that this
function is likely motivated by its diverging biochemical properties. Indeed, | show major
differences between homologs: human RNase 1 and bovine RNase A. While experiments within
an organism will ultimately determine the role of RNase 1, | propose additional analyses that
could tease out the biochemical differences discovered in my work. These experiments included
determining the basis of the pH optimum, multivalent binding affinity, properties contributing to
lipid bilayer disruption, new involvement in innate antimicrobial immunity, and finally

exploration of the evolving properties of the RNase 1 family.

5.2.1 Determining the basis of the pH optimum of RNase 1 using NMR spectroscopy
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Based on the high degree of similarity between RNase 1 and RNase A, | was surprised to see
such a significant shift in pH optimum, as discussed in CHAPTER 2. Although Gaussian fit of
activity assay over a pH range is acceptable for estimation of the active-site pK, values, a more
definitive determination requires a pH titration using NMR spectroscopy. This pioneering
analysis was performed on RNase A in the 1970’s to determine the pK, values of the active-site
residues His12 and His119 as 5.8 and 6.2, respectively.?*! This analysis monitors the protonation
state of the C(2) (second carbon) of the side chain of histidine residues via the movement of the
'H chemical shift. The resulting plot of pH versus chemical shift is then fitted to the Henderson—
Hasselbalch equation. The chemical shift of the C(2)-H of histidine is particularly distinct—
residing between 8.7 and 7.4 ppm—due to the environment between the nitrogen atoms of the
imidazole ring. Still, unlabeled protein requires incubation in D,0O in order to remove peaks from
exchangeable amino groups (e.g., the protons on acidic and basic residues). RNase 1 has a total
of five histidine residues—two of which are involved in catalysis. The other residues include two
that are exposed to solvent and one that resides within the interior of the protein structure. The
solvent-exposed residues would be predicted to exhibit a pK, value around 6.5 and the interior
residue would be non-titrateable. Computational analysis of crystal structures does not accurately
predict the pK, values of RNase A." Still, the same analysis on both RNase A and RNase 1
predicts that the active-site residues of RNase 1 have more basic pK, values due to increased
charged. Based on this observation as well as the experimental pH optimum of 7.2, we

hypothesize that the pK, values of RNase 1 would be around 7.0 and 7.4.

¥ Determined from the Propka server, http://www.pymolwiki.org/index.php/Propka. The PROPKA method is
developed by the Jensen Research Group, Department of Chemistry, University of Copenhagen.
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5.2.1.1 Methods: Preparation of D,O-exchanged RNase 1

Wild-type RNase 1 (15 mg) was lyophilized 3 times with reconstitution into 100% D,0.
After the final resuspension, protein was incubated in the dark at 4 °C for 1 month to allow for
amine proton exchange with D,0. Subsequently, protein was aliquoted into 3-5 mg samples and
lyophilized. DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) was added at 0.5 mM to all
samples as an NMR reference. Phosphate buffer (200 mM) at pH 5 and pH 8 were made in D,0,
and the pH was adjusted using DCI. Protein was resuspended in both buffers, pH 5 and 8. Small
amount of the protein were mixed together to make samples at an intermediate pH and measured
using a pH probe. Samples (30 ul) were injected into 1.7 mm NMR sample tubes (Bruker).
Proton chemical shift was recorded on the 600 MHz Varian NMR spectrometer (NMR FAM)

and overlay created in MestReNova (Mestrelab Research).

5.2.1.2 Results: RNase 1 chemical shift perturbations upon pH titration

RNase 1 contains five histidine residues. Preliminary data indicated that several proton
chemical peaks shift upon pH titration (black arrows in Figure 5.1). The multiple peaks in the
8.6—7.5 ppm chemical shift range suggest that potentially not all the N-H protons exchanged and
that a longer incubation time is needed. However, due to broadening of the exchanging protons,
several peaks appear—some indicated with red arrows. Further, a contaminant appears in the
samples at 8.4 ppm (blue arrow), which unfortunately masks the peaks in several spectra. This
sharp peak is likely due to a small molecule in the glass that can be avoided by washing and
drying the NMR tubes prior to sample preparation. While this experiment indicates the technique

is possible, these preliminary experiments need repeating.
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5.2.1.3 Future studies: Repeat RNase 1 pH gradient
In order to clarify the peak assignments, several options exist. Using a larger protein

concentration, a lower strength magnetic field (i.e., 400 MHz) spectrometer could be employed
to lessen the broadening effect. This would also increase the intensity of the peaks for ease in
detection. Further, washing of the glassware thoroughly should remove contaminants.
Additionally, RNase 1 could be labeled with *C or *°N as described in APPENDIX 1. This
would allow for less protein sample while retaining a strong signal-to-noise ratio. Compared to a
'H spectra, a 2D-NMR spectra would allow for greater separation of peaks and clear monitoring
of the residues. Regardless of the technique use, specific identification of the active-site residues
could be determined by addition of a substrate analog such as cytidine 3"-monophosphate, CMP.
As shown with RNase A,%*2 CMP would perturbed the chemical shifts of the active-site residues

and allow for the direct identification.

5.2.2 Characterizing multivalent binding affinities of RNase 1

As many binding sites exist on a cell surface, it is unclear how RNase 1 binds to multiple
sites. | identified and quantified binding of RNase 1 to heparan sulfate, chondroitin sulfate
(CHAPTER 2), Globo H (CHAPTER 3), and phosphatidylserine liposomes (APPENDIX 3).
However, it is unknown how all these binding events might act together. Measurement of this
effect requires the controlled re-assembling of cell-surface molecules. These experiments
typically require large amounts of compounds, and glycan synthesis or isolation is difficult.
Particularly, Globo H synthesis is extremely challenging, and heterogeneous GAG molecules are

commercial only as soluble compounds. To simplify the system, | attempted to determine and
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compare the binding affinities of RNase 1 to liposomes containing phosphatidylserine (PS)

and/or mono-sulfated glycosphingolipid (sulfatide).

5.2.2.1 Methods: Liposomal binding assays

Liposomal binding experiments were performed as described in APPENDIX 3 using
phosphatidylcholine (PC) as a vehicle for liposomes. Liposomes contained 3 mM PC and 2 mM
PS, 2 mM mono-sulfo galactosyl([3) ceramide (sulfatide), or 1 mM PS plus 1 mM sulfatide. All
lipids were obtained from Avanti Lipids, and liposomes were formed via extrusion with a
diameter of ~130 nm. Fluorescence polarization of RNase 1-BODIPY monitored binding as the
concentration of liposomes was increased in PBS, pH 7.4. Percent binding was normalized to

protein unbound and saturated, and curves were fitted by nonlinear regression.

5.2.2.2 Results: Sulfatide binds to RNase 1 tighter than does phosphatidylserine

| found that RNase 1 bound to sulfatide with an affinity of 15 uM—tighter than to
phosphatidylserine liposomes, 27 uM (Figure 5.2 and Table 5.1). I assessed multivalent binding
by producing liposomes of 1:1 PS and sulfatide. However, as shown in Table 5.1, RNase 1
affinity to this combination of lipids (90 uM) more weakly than to either individually.
Potentially, the binding sites for sulfate and phosphate are competing and, therefore, results in a

weaker overall affinity.

5.2.2.3 Future studies: Characterizing multivalent binding affinities of RNase 1
It is possible that the sulfatide does not sufficiently mimic the binding we anticipate for

heparan sulfate and other GAGs. Indeed, the affinity 15 pM is much weaker than the observed
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nanomolar affinity for larger heparin molecules. Heparin is more negatively charged
(~2.5/monomer) and the sulfatide charges might be too sparse in the liposomes. Yet, future
analyses could incorporate the ever-expanding selection of accessible lipids, including
gangliosides and di-sulfo sulfatides. Additionally, cell-surface compounds could be biotinylated

and attached onto an avidin surface as described in CHAPTER 3.

5.2.3 Determining contributions of RNase 1 bilayer translocation

The pathway of RNase-mediated cytotoxicity relies on internalization and, more specifically,
translocation from endosomes into the cytosol. This process is extremely difficult to monitor and
current estimates predict that only 7% of the total RNases taken-up by cells enters the cytosol.?
As RNases are extremely efficient enzymes, mere picomolar amounts of an RI-evasive enzyme
are likely sufficient to cause cell death.

Current efforts are underway to quantify and improve the amount of protein leaving the
endosomes within a cell. Meanwhile, several in vitro liposomal disruption assays could
illuminate some of the properties that allow RNases to cross lipid bilayers. Understanding this

process could aid in the engineering more efficient translocation for therapeutic delivery.

5.2.3.1 Methods: Liposomal disruption assays

RNase 1 and variants were purified as described.*® Residues, R39, N67, N88, G89, and R91
were mutated to Leu, Ala, Arg, or Asp. The variant name indicates the amino acid to which that
position was mutated. Liposome production (3:2 PC:PS) and dye/quencher incorporation was

performed as described in CHAPTER 2.'% RNase 1 and variants were added at 25 pM to a
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liposome concentration of 750 uM (1:30 ratio). Disruption was normalized to untreated (0%) and

to complete disruption with 0.1% (v/v) Triton X-100 (100%).

5.2.3.2 Results: Charged residues improve RNase 1 disruption of bilayers

Based on computational prediction in APPENDIX 3, the lobe face of RNase 1 preferentially
docks to anionic membranes.” This region also contains the RI-binding interface. Particularly,
mutation of residues R39, N67, N88, G89, and R91 have been shown to evade RI and exhibit
cytotoxicity (Figure 5.3A).*° RNase 1 exhibits little disruption on liposomes comprised of PC, a
zwitterionic lipid. However, the disruption increases as the affinity to the liposome increases—
the addition of anionic PS into the liposomes or the lowering of the buffer pH (Figure 5.3B). |
assessed the contribution of charged and polar residues of this region of RNase 1 by measuring
disruption of the variants. Analysis of RNase 1 and variants indicates that installation of charged
residues increases the ability to disrupt membranes (Figure 5.3C). Indeed, mutations of these
residues to nonpolar side chains, as in variant LLALL, exhibited reduced ability to disrupt
liposomes. However, reinsertion of two arginine residues, along with anionic residues like
aspartic acid, improved the disruption capability of RNase 1. Potentially, this disruption results
from an increase in interactions with the PC lipids to allow for protein insertion into the

membrane.

5.2.3.3 Future studies: Determining contributions of RNase 1 on bilayer translocation
Further mutagenesis could illuminate the mechanistic contributions of residues to

translocation. In addition | hypothesize that sulfatide or more complex liposome compositions
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(described in section 5.2.2) that exhibit greater affinity for RNases would also yield greater

disruption.

5.2.4 Determining synergistic antimicrobial effect of RNase 1 with peptide LL-37

Some members of the ptRNase family including RNase 2, 3, 6, and 7 have been shown to
inhibit the growth of microbes.?*** This property has not, however, been observed with
RNase 1. Yet based on the high degree of gene evolution, RNase 1 has been speculated to serve a
role in innate immune function.?’ Further, RNase 1 stimulated cytokine production in white
blood cells, indicating some role in immunity.>* Although RNase 1 is not known to have
antimicrobial activity, many antimicrobial agents do exist in the human body. One class of
agents involved in the innate immune response of vertebrates are antimicrobial peptides (AMP).
The human AMP, known as LL-37 of the family of cathelicidin AMP, is a 37-residue alpha-
helical cationic peptide. The peptide is secreted from various tissues and cells, including the
epithelia, and is found in several bodily fluids including breast milk, seminal fluid, plasma, and
mucosa.’® The method of antimicrobial defense is thought to be a result of forming pores in the
membrane of microbes, but LL-37 has also been effective against fungi, virus, and parasites. LL-
37 has been shown to act synergistically with other AMPs such as protegrin-1 and
lysozyme.?**?%% As hoth compounds are found in the body, | was prompted to determine if LL-37

could act synergistically with RNase 1.

5.2.4.1 Methods: Bacterial minimum inhibitory concentration assays
E. coli strain RP437 was diluted 10,000-fold from a saturated overnight growth, and a 200uL

aliguot was added to the wells of a 96-well round-bottom plate (Evergreen Scientific). LL-37
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(AnaSpec) or RNase 1 in PBS was added in increasing concentration to determine a minimum
inhibitory concentration (MIC). To determine synergy, a checkerboard assay was employed. LL-
37 was diluted in the rows down the plate at concentrations of 7.5, 10, 15, 20, 25, 30, and 40
ug/mL. RNase 1 was added at 200 nM and diluted 5-fold across the plate. For all assays, E. coli
cells were allowed to grow for 18 h at 37 °C with shaking. Cell concentration was measured by
reading the OD at 600 nm. Percent viability was determined by normalizing with wells
containing added PBS (100%) or chloramphenicol (0%). To quantify synergy, a fractional

inhibitory concentration (FIC) value was determined with the equation:

FIC = 14 (5.1)

The FIC value is the ratio of the concentration of compound when used in combination over the
MIC of the compound alone. These values are plotted as an isobologram to determine the extent
of synergy. A linear line represents an additive effect, a concave line indicates synergy, and a
convex line represents antagonism. Summing the individual FIC values gives the FIC index

which is an overall indication of the extent of synergy.

Fic =2 4 1Bl (5.2)

An FIC index below 0.5 is considered significant synergy.

5.2.4.2 Methods: Cytotoxicity on human cells
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The same concentrations of LL-37 and RNase 1 were tested on a human cell line, HeLa.
Briefly, 5000 cells/well were plated in DMEM (Invitrogen). After surface adhesion, the cells
were treated with LL-37 and RNase 1 as stated above. After 24 h at 37 °C, the medium was
removed and replaced with Cell Titer (Promega) in DMEM. After a 2-h incubation, the plate was
monitored by 490 nm. The percent of metabolically active cells was calculated by normalizing

with PBS-treated and H,O,-treated cells.

5.2.4.3 Methods: Bacterial binding assay

A bacterial binding experiment was performed by incubating 300 uL of E. coli culture (OD
~0.8) with 1 uM RNase 1-BODIPY, 4 uM BSA (negative control), or 4 uM lysozyme (positive
control) in 20 mM Tris-HCI buffer, pH 7.2, containing NaCl (50 mM). After a 30-min incubation
at 37 °C, cells were pelleted by centrifugation, the supernatant was collected, and the pellet was
washed in binding buffer. Supernatant and pellet were analyzed with SDS-PAGE. RNase 1-
BODIPY was imaged by fluorescence scanning using excitation at 470 nm and emission at 530

nm. Total protein was visualized with Coomassie staining, and the gel image was scanned.

5.2.4.4 Results: RNase 1 exhibits synergy with antimicrobial peptide, LL-37

Using our method, we confirmed an MIC for LL-37 of ~20—40 pg/mL (or ~5-10 uM)
against E. coli, falling within the published range (Figure 5.4A).2*#*! Incubation of RNase 1
with E. coli was not toxic even at concentrations up to 50 uM—well above physiological
concentrations of ~30 nM (Figure 5.4B).** However, treating E. coli with sub-MIC
concentrations of LL-37 and extremely low (pM) RNase 1 concentrations were sufficient to Kill

and inhibit bacterial growth (Figure 5.5A). Measurement of synergy (determined by FIC values)
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of four checkerboard assays is represented as an isobologram (Figure 5.5B). The concave line
indicates synergy between RNase 1 and LL-37. Indeed, the best FIC index was 0.167, and values
<0.5 indicate synergistic effects. Further, this synergistic antimicrobial effect is due to
ribonucleolytic activity (Figure 5.5C). Incubating E. coli with an active-site mutant H12A does
not cause microbial toxicity.

Moreover, this cytotoxicity is specific to microbes, as treatment of these compounds had no
synergistic effect on human cell line, HeLa (Figure 5.6). This result is expected as mammalian
RI would bind and sequester RNase 1. LL-37 did, however, exhibit some toxicity towards HeLa

cells. LL-37 has previously exhibited toxicity against cancerous cells.?*?

5.2.4.5 Results: RNase 1 binds to bacterial cells

The efficacy of low picomolar concentrations of RNase 1 suggest that RNase is effective at
locating and entering the pores formed by LL-37 in bacteria cells. Using a bacterial binding
assay, | found that RNase 1 associated with the bacterial membrane (Figure 5.7). BSA is known
not to interact with bacterial membranes and was employed as a negative control. Conversely,

lysozyme, a glycoside hydrolase, is known to bind to bacterial proteoglycans.

5.2.4.6 Future studies: Extent and mechanism of RNase 1 immune function

These results indicate, for the first time, that RNase 1 exhibits innate immune function to kill
pathogenic microbes. Additional tests need to be further performed to determine the extent of
antimicrobial toxicity and mechanism. For example, while E. coli is a gram-negative bacterium,
assay with a gram-positive bacterium would indicate whether or not the presence of a

proteoglycan increases or decreases efficacy. LL-37 is, in fact, more toxic to gram-positive
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bacteria,*®® so potentially this effect could be amplified further. Additionally, it would be
interesting to determine the molecules of the bacteria that interact with RNase 1. Potentially, a
microbial glycan array (similar to the technique used in CHAPTER 3) would illuminate specific
interactions that target RNase 1 to particular pathogens. Additionally, | wonder if this synergism
could be effective toward viruses. LL-37 has been observed to decrease viral replication of small
pox and slightly inactivate herpes simplex virus.?*%** Further, I note that the experiments
described in sections 5.2.2 and 5.2.3 could be amended to determine the properties of RNase 1

that contribute to antimicrobial activity.

5.2.5 Tracing the biochemical properties of the highly evolving RNase 1 family

Few enzyme families offer the opportunity for both genetic and biochemical analysis. The
pancreatic-type ribonucleases have been a model for both disciplines. These enzymes are a
rapidly evolving family—thus far only found in vertebrates—with high occurrence of gene
duplication and gene loss. The number of RNase gene copies in mammals is quite large (13-20)
whereas chicken and amphibian lack such diversity.***?*® This coincides with adaptive radiation
of mammalian diversity occurring during the Cenozoic era.*

In fact, different genes in this superfamily exhibit a variety of sequence identities ranging
from 20-99%. Genetic analysis of this family has indicated that the most conserved member of
the family is angiogenin—potentially indicating some essential function. Indeed, angiogenin has
been found to alter transcription resulting in cellular proliferation.?*” Conversely, the eosinophil-
associated proteins demonstrate the greatest sequence divergence—a property often observed in
immunity genes.'® The figurehead of the family, bovine RNase A, has been extremely well

studied biochemically. Some of its properties—high non-specific activity and thermostability—
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have contributed to speculation of a cellular role in digestion and clearance of cell debris.
Presumably, the RNASE1 gene evolved for the purpose of foregut fermentation.™* Yet, analysis
of 52 RNASEL1 genes from 24 different bat species found no correlation between the diet of
herbivorous and carnivorous species and the rapidly expanding family.?*® Further, some evidence
supports that the biochemical properties of this enzyme specifically evolved in ruminants and
differ from that of human pancreas RNase 1.1%°

To address the effect of rapid gene evolution, we performed rigorous biochemical analysis as
described in CHAPTER 2 on RNases from eleven different species. We illuminate key
evolutionary functionality that has evolved from amphibians, reptiles, and birds to mammals.
Indeed, dsRNA activity, neutral pH optimum, and tighter cell-surface interactions appear to be
more prevalent in the mammals than is observed with amphibian, frog, and chicken species
(Figure 5.8). Future experiments include determining which of these RNases exhibit

antimicrobial activity as described in section 5.2.4. This may indicate that the rapid expansion of

RNASE1 genes in mammals led to selection of host immune function.



Table 5.1 Binding affinity of RNase 1 for liposomes

Liposomes Ky (uM) Hill slope
Phosphatidylserine 26.9+7.13 0.62+0.05
PS/Sulfatide 90.5+314 0.93%0.17
Sulfatide 147+275 1.2+0.20

Values monitored by polarization at 25 °C after 30 min of equilibration in PBS, pH 7.4.

168
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Figure 5.1
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Figure 5.1 Perturbation of the *H chemical shift of RNase 1 upon pH titration

RNase 1 exchanged in D,0, and samples prepared across a pH range of 5-8. Chemical shifts
were recorded on a 600 MHz NMR spectrometer. Curved arrows indicate several examples of
the shifting of peaks upon protonation. Red arrows indicate emerging peaks that were lost. A

contaminating small-molecule peak (blue arrow) arises in some samples around 8.4 ppm.
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Figure 5.2
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Figure 5.2 RNase 1 binds liposomes containing phosphatidylserine and sulfatide
Liposomes constructed of phosphatidylcholine with either phosphatidylserine and/or sulfatide
are added to 50 nM RNase 1-BODIPY. Binding was monitored by fluorescence polarization and

normalized to protein alone and complete saturation.
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Figure 5.3

Arg91

Arg39

| 0@
&v
- OOa\
.%0
-
(07
amv
2
o o —
N w . B0
il "
_ L) _ L) _ L) L) _ L) _ L)
2 2 © o v 2 ¥
| 9SENY WO}
uondnusiq uaolad ul abueyn
(&)
© y
c
< o o ea..mwv
~ W (2
I T
o o
il %,
%
T T T | \V

[ T T

(=] [=] o o
(2] (9] -

0 (1usoiad) uondnisiq swosodi



174

Figure 5.3 Liposomal disruption of RNase 1 and variants

A. Residues of RNase 1 that are involved in RI binding. B. RNase 1 disrupts liposomes
constructed of an anionic lipid, phosphatidylserine (PS), at neural and acidic pH. C. Analysis of
RNase 1 variants indicates that the importance of charged residues on the lobes for liposomal
disruption as compared to wild-type RNase 1. Abbreviations indicate the residues inserted at

positions 39, 67, 88, 89, and 91.
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Figure 5.4
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Figure 5.4 Antimicrobial activity of LL-37 and RNase 1 on E. coli
E. coli in LB medium were treated with increasing concentrations of A. LL-37 or B. RNase 1.
Cells were incubated for 18 h at 37 °C while shaking. Cell viability was measured via

absorbance at 600 nm and normalized using cells treated with PBS (100%) and chloramphenicol

(0%).
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Figure 5.5
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Figure 5.5 Synergistic effect of antimicrobial activity of LL-37 and RNase 1 on E. coli

A. E. coli were treated with concentrations of LL-37 (above and below the MIC, 20 ug/mL) with
increasing amounts of RNase 1. B. Visualization of synergy as represented as an isobologram.
The y-axis represents the FIC value (Eq 5.1) of RNase 1, and the x-axis represents the FIC value
of LL-37. The dashed line indicates additive synergy, while a concave line is considered
synergistic. C. RNase-mediated cytotoxicity is a result of ribonucleolytic activity. Bacteria
exposed to LL-37 (7.5 ug/mL) were combined with increasing concentrations of RNase 1 or its
active-site variant, H12A. Cell viability was measured via absorbance at 600 nm and normalized

using cells treated with PBS (100%) and chloramphenicol (0%).
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Figure 5.6
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Figure 5.6 No synergy observed with LL-37 and RNase 1 on human cell line
RNase 1 was added to HelLa cells in increasing concentrations and treated with various amounts
of LL-37 (indicated by color) for 24 h. Metabolically active cells were measured via a cell-titer

assay and normalized using PBS vehicle control (100%) and H,O; (0%).
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Figure 5.7
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Figure 5.7 RNase 1 associates with bacterial cells

RNase 1-BODIPY (1 uM), BSA (4 uM), or lysozyme (4 uM) was incubated with E. coli for 30
min at 37 °C. Unbound supernatant and bound pellet were subjected to SDS-PAGE. RNase 1-
BODIPY (14.7 kD) was visualized by scanning fluorescence at 488 nm, (top panel), and total
protein subsequently stained using Coomassie (bottom panel). BSA (66.5 kD) serves as a
negative control, as it does not interact with the bacteria. Lysozyme (14.4 kD), as a positive

control, binds to bacterial membranes and is captured in the cell pellet.
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Figure 5.8
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Figure 5.8 Evolutionary tree of the RNASEL gene family and evolving biochemical properties
Protein sequence alignments were made using MUSCLE **? with manual adjustments. Boxes
indicate the species of RNases that were biochemically purified and studied. Analysis is
summarized in arrow bars indicating a shift in pH optimum, tighter glycan binding, and higher

dsRNA activity in mammals.
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Appendix 1

Assignments of RNase A by ADAPT-
NMR and Enhancer

Contribution:
I purified and labeled RNase A for NMR, assisted in data analysis, and prepared portions of

the manuscript.

This chapter was prepared for publication as:

Tonelli, M., Eller, C.H., Bahrami, A., Singarapu, K.K., Westler, W.M., Raines, R.T., Markley,
J.L. Assignments of RNase A by ADAPT-NMR and Enhancer. Biomolecular NMR Assignments
(2014) In Press.
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Abstract
We report here backbone *H and *°N assignments for RNase A obtained by using ADAPT-
NMR, a fully-automated approach for combined data collection, spectral analysis and resonance
assignment. ADAPT-NMR was able to assign 98% of the resonances with 93% agreement with
traditional data collection and assignment. Further refinement of the automated results with
ADAPT-NMR Enhancer led to complete (100%) assignments with 96% agreement with

assignments by the traditional approach.
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Al.1 Introduction

Bovine pancreatic ribonuclease (RNase A) is a 124-residue protein that has served as a model
for much landmark work on protein structure and function. RNase A is the third enzyme whose
structure was determined by x-ray crystallography and is now the subject of more than 30 PDB
entries. In addition, RNase A played a crucial role in the early development of NMR
spectroscopy, leading to the determination of its solution structure. (for a review, see: 2%

RNase A catalyzes the cleavage of the P-O bond of RNA with a ke/Ky value that can exceed
10° Ms and exhibits high thermostability (T, 62 °C). (For a review, see: *%) The presumed
biological function of RNase A is catalysis of the depolymerization of ingested RNA. Yet, high
levels of RNase A and its human homologue (RNase 1) in many different tissues are consistent
with additional roles.*®?*

Recently, homologs and variants of RNase A have shown potential as cancer
chemotherapeutic agents. 1*® Enabling RNase A to achieve its clinical potential is likely to
require a thorough understanding of its interactions with cellular molecules, including cell-
surface glycans and the cytosolic ribonuclease inhibitor protein. Structural and dynamic aspects
of these interactions can be probed by NMR spectroscopy. While characterizing these
interactions, we found that our *H-">N backbone assignments did not match with those reported
previously.?*® In particular, assignments to several amide peaks in flexible loop regions varied,
despite the use of identical buffer conditions. We used the ADAPT-NMR method **%*? to
assign the backbone amide resonances. Then, we confirmed these assignments by a more

traditional manual approach. The ensuing information adds to the history of RNase A and

provides the basis for further analyses.
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Al.2 Materials and methods
A1.2.1 Production of [*C,*>N]JRNase A

[C,"*N]-RNase A was produced by heterologous expression in Escherichia coli strain
BL21(DE3) as described previously,*® with the exception of a double growth protocol in minimal
medium. Induction medium contained 0.13% w/v [*°N]-NH4Cl and 0.4% w/v [U-'*C6]-D-
glucose (Cambridge Isotope Laboratories, Andover, MA) for isotope incorporation upon addition
of IPTG (Sigma—Aldrich, St. Louis, MO) to 0.5 mM. Protein purification was monitored with
SDS-PAGE. The mass of the final purified product was determined with matrix-assisted laser
desorption/ionization (MALDI) mass spectroscopy at the University of Wisconsin
Biotechnology Center. RNase A has the molecular formula Cs7sHg01N1710193S12 and a molecular
mass of 13,682 Da. The observed mass of 14,317 Da indicated a level of isotope incorporation of
(14,317 — 13,682)/(575 + 171) = 85%.

To confirm that protein function was not compromised upon labeling, RNase A was assayed
for ribonucleolytic activity by using a fluorogenic substrate, 6-FAM-dArUdGdA-6-TAMRA
(Integrated DNA Technologies, Coralville, IA).*?° Upon cleavage of this substrate at ambient
temperature, excitation at 492 nm elicits fluorescence at 515 nm. Assays were performed in
oligo(vinylsulfonic acid)-free 0.10 M MES-NaOH buffer, pH 6.0 containing NaCl (0.10 M). The
catalytic activity of the labeled RNase A [kea/Knm = (14.5 + 3.5) uM™'s™] was indistinguishable

from that of unlabeled RNase A [Kea/Km = (21.6 £ 7.9) pM~s™].

Al1.2.2 Preparation of NMR samples
For chemical shift assignments, freshly prepared RNase A was dialyzed into water,

lyophilized, and dissolved in 100 mM potassium phosphate buffer, pH 4.7, containing 10% D,0
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(Sigma—Aldrich) to a final protein concentration of 1.7 mM. Another sample of RNase A
dissolved in 90:10 H,0:D,0 at pH 4.7 to reproduce conditions from previously determined
assignments.”® This sample was used to carry out a titration experiment with potassium
phosphate also at pH 4.7. Samples used for NMR spectroscopy were enclosed in 5-mm

susceptibility-matched Shigemi NMR tubes (Shigemi, Allison Park, PA).

Al1.2.3 NMR data collection

All NMR spectra were acquired on Varian VNMRS spectrometers (Agilent Technologies,
Santa Clara, CA) equipped with cryogenic triple-resonance probes. Two types of data collection
and analysis were performed: traditional and fully automated using ADAPT-NMR.?*! For the
traditional assignment approach, 2D *H,**N-HSQC, 3D HNCACB and 3D NOESY *N-HSQC
spectra were collected at 900 MHz (*H) with the temperature of the sample regulated at 293 K
(Table Al1.1). Peak lists generated from 2D *H,N-HSQC and 3D HNCACB spectra were fed to
the PINE server,”* and the assignments obtained were further refined by hand by reference to a
3D N-resolved *H-'H NOESY spectrum viewed with Sparky.**

For fully automated backbone assignments with ADAPT-NMR, in addition to a 2D *H-*N
HSQC spectrum, six 3D spectra were collected as 2D planes: HNCO, HN(CA)CO, HN(CO)CA,
HNCA, CBCA(CO)NH and HN(CA)CB. All spectra were collected at 600 MHz (*H) at 308 K
(Table A1.2). The pulse programs for these experiments were taken from BioPack
(Varian/Agilent) and adapted for reduced dimensionality data collection as previously

described.!

All orthogonal and tilted planes were processed automatically by ADAPT-NMR
with NMRpipe software.”® The fully automated assignments were visualized, validated and

further refined by using the ADAPT-NMR Enhancer package.* To reconcile assignments from
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the manual and ADAPT-NMR approaches, a series of 2D *H,”N-HSQC spectra were collected
at temperatures ranging from 293 K to 308 K at 2.5 K intervals (Table A1.3). An in-house
written macro was used to collect these experiments in an automated fashion.

Finally, potassium phosphate was titrated into a solution of 0.25 mM N-labeled RNase A
dissolved in 90:10 H,0:D,0 at pH 4.7, and 2D *H-""N HSQC spectra were collected after each
addition. These spectra were acquired on a Varian VNMRS spectrometer operating at 800 MHz
(*H) equipped with a conventional triple-resonance, triple-axis gradient probe (Table A1.4) with
the temperature of the sample regulated at 293 K. Including the starting point, a total of 9 spectra
were acquired at increasing phosphate concentrations: 0, 0.250, 0.750, 1.25, 2.50, 6.25, 11.3,
21.3 and 40.0 mM, corresponding to phosphate:RNase A molar ratios of 0:1, 1:1, 3:1, 5:1, 10:1,
25:1, 45:1, 85:1 and 160:1, respectively. All 2D spectra were processed by NMRPipe and

analyzed with Sparky.

Al.3 Results and discussion
Al1.3.1 NMR backbone assignments: ADAPT-NMR versus traditional

In our aim to study the interaction of potential cancer chemotherapeutic agents to cell-surface
moieties by NMR, we prepared an *>N-labeled sample of RNase A and planned to use the
assignments deposited in BMRB (BMRB ID 4031) to identify the peaks in the 2D *H,”°N-HSQC
spectra. However, even though we adjusted the sample conditions to match those reported in
BMRB (H:0, pH 4.6 293 K), the deposited assignments did not agree with the peaks in our
spectra. Thus, we prepared a doubly labeled (*°N,**C) sample and assigned the protein backbone
signals by using ADAPT-NMR, the fully automated approach for data collection, processing and

analysis developed in our laboratory. The ADAPT-NMR approach made use of six 3D
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experiments collected as 2D tilted planes: HNCO, HN(CA)CO, HN(CO)CA, HNCA,
CBCA(CO)NH and HN(CA)CB. The tilted angles and experiments selected on-the-fly by
ADAPT-NMR for data collection and other experimental details are provided in Table A1.2. Of
these experiments, HN(CA)CB is the least sensitive and the most complicated spectrum to
analyze, and, not surprisingly, it is also the one that took the longest time to collect. Thus,
whereas data collection for the first five 3D experiments in the list took 32 hours, the
HN(CA)CB experiment alone required 17 tilted planes and an additional 48 hours to collect. In
the end, without any intervention by the user, ADAPT-NMR succeeded in assigning 117 of the
119 assignable residues (124 total residues minus the N-terminal residue and 4 prolines) for an
assignment completion of 98% (only V63 and K66 were not assigned by ADAPT-NMR). Of
these 117 residues, 113 were assigned with a probability score of above 80%.

Subsequently, in order to gather better and more complete assignments, the results of
ADAPT-NMR were visualized and validated by using the ADAPT-NMR Enhancer package.??
Using this package following the procedure described in the supplementary material, we
generated new and improved peak lists and reran ADAPT-NMR. The program automatically
detected the user-modified peak lists, and tried to find better assignments without collecting any
additional NMR spectra. In the end, all 119 possible amino acids were identified by ADAPT-
NMR, and the assignments for 8 residues, E2, S16-S18, S22-523, G112-N113, were changed
relative to those obtained by the automated approach prior to refinement with Enhancer (Table
ALS5).

As a means of verifying the assignments made by ADAPT-NMR, we submitted peak lists
generated with Sparky from 2D *H-">N HSQC and 3D HNCACB spectra to the PINE server,?*®

and refined the resulting assignments by hand with reference to the *>N-resolved *H-'H NOESY
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3D spectrum as displayed by Sparky.”** Using this approach, we were able to assign signals to
112 residues (out of 119 assignable residues — 94% completion). The remaining residues could
not be identified because of ambiguities that we could not resolve using the spectra at our
disposal.

To reconcile the automated assignments by ADAPT-NMR carried out at 308 K with the
traditional assignments from 3D spectra collected at 293 K, we collected a series of 2D *H-°N
HSQC spectra at 2.5 degrees intervals between 293 K and 208 K. For residues identified by both
methods, this analysis yielded 93% agreement between the assignments made by ADAPT-NMR
and those from our limited traditional approach (102 out of the 110 commonly assigned
residues). The agreement with the manual assignments increased to 96% (107 out of 112
common assignments) after the Enhancer package was used to refine the ADAPT-NMR results.
In the end, only the ADAPT-NMR assignments for A19, S22, C84, G112 and N113 were
inconsistent with those from the manual method. The Enhancer treatment left those for A19 and
C84 unchanged and reconciled the assignments for S16-S18 and S23 with the manual ones, but
its change in the assignment for S22 continued to be different from the manual assignment.
Careful inspection of the peak connectivities for A19 and C84 suggested that the assignments
found for these residues by ADAPT-NMR are more likely correct than the manual ones. In
particular, C84 follows a string of residues that were not identified by the traditional method,
thus rendering its assignment by ADAPT-NMR more reliable. On the other hand, the assignment
for S22 was changed to a peak located within the ADAPT-NMR chemical shift tolerance of the
peak assigned by the manual approach. Finally, the Enhancer treatment also altered the ADAPT-

NMR assignments for residues G112 and N113 that initially agreed with the manual ones. It is
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likely that the expanded peak lists generated after using the Enhancer package provided ADAPT-
NMR with more probable assignments for these residues.

In any case, ADAPT-NMR was able to assign signals to 7 more residues (181-D83, Q101-
A102, H119-F120) than the manual approach (Table A1.5). The temperature titration spectra
with both ADAPT-NMR and traditional assignments are shown in Figure Al.1. We have
deposited the assignments made by ADAPT-NMR/Enhancer and by the traditional approach
along with the assigned *H-°N peak lists determined as a function of temperature (BMRB ID

number 19065).

Al.3.2 Effect of phosphate on RNase A

To investigate the effect of phosphate on RNase A, we added increasing amounts of
potassium phosphate to a solution of RNase A at 293 K and pH=4.7. At each titration point, we
collected a 2D *H-""N HSQC spectrum and used these spectra, along with the our ADAPT-NMR
assignments obtained at 308 K in the presence of phosphate buffer and extrapolated to the same
temperature by means of the temperature titration data, to extract the assignments for RNase A in
the absence of phosphate. We observed that, whereas most peaks shifted upon the addition of
phosphate, some shifted much more than others. As shown in Figure Al.2, peaks from residues
V43, S80, C84, R85, E86, H119 and D121 showed the largest chemical shift changes upon the
addition of phosphate, followed by Q11, N44, T45, K66, T87, T100 and A122. The majority of
these peaks are in discrete regions of the protein, located near residues that are known to bind
phosphate (Q11, H12, K41, H119, F120) or nucleotide phosphate (K7, R10, K66, R85).%° These
residues are in general agreement with residues perturbed by sodium phosphate buffer.?*’

Furthermore, with the addition of phosphate, *H-">N HSQC cross peaks generally sharpened, in
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particular those that exhibited the largest chemical shift perturbations. Peaks from residues E2,
S21, N27, F46-H48, 181-D83, Q101-A102 and F120 were too broad to be observed in the
absence of phosphate. This broadening suggests the presence of conformational dynamic
processes on the intermediate NMR time scale that are reduced upon binding of phosphate. The
assigned backbone *H and *°N chemical shifts for RNase A extrapolated to zero phosphate have
been deposited at BMRB along with assigned peak lists at each phosphorus concentration (1D
19065). Our assignments at the end of the titration (40 mM phosphate) were still slightly
different from those we obtained with the sample dissolved in 100 mM phosphate buffer

(average AAS of 0.0227 £0.0119 ppm).

Al.3.3 Comparison with assignments deposited in BMRB

The previous assignments for RNase A?*° were determined with a protein sample in the
absence of phosphate. Thus, it is not surprising that our assignments for RNase A in the presence
of 100 mM phosphate differed, particularly for residues known to bind phosphate (V43-T45 and
C84-T87) (Figure A1.3A). Still, to our surprise, we found that many of our assignments in the
absence of phosphate also did not match the deposited ones, although the discrepancies were
fewer (Figure A1.3B). The origin of these differences is unclear. Because previous reports had
suggested that deamidation of Asn and GIn side chains at multiple sites could be a possible
source of variability in RNase A,?**?*° we inspected the 2D *H-"*N HSQC peaks from the side-
chain NH; groups of Asn and GIn. We found the correct number of peaks for RNase A,
suggesting that deamidation had not taken place in our sample. Deamidation of the previous
sample seems unlikely, as N67, the more predominant site of modification,?*® or neighboring

residues 66—-69 were not major sites of discrepancy. Still, changes between assignments were
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observed at N113 and neighboring residue, G112. The sample preparation from Shimotakahara
exposed RNase A to disodium 2-nitro-5-(sulfothio)benzoate, and subsequent refolding occurred
in a buffer of pH 8.2.%°° Current methods of RNase A purification do not subject the protein to
such harsh and basic conditions. It is possible, for example, that the oxidizing agent intended for
cysteine residues resulted in covalent modification of the side chains of serines, threonines, or
lysines. Indeed, sites of changes that were observed in both the ADAPT-NMR and manually
assigned assignments to BMRB 4031 were residues positioned within serine-rich loop region
S15-S23 and S80. The previously referenced method also measured catalytic activity using an
insensitive assay that might not have detected damage to the enzyme.

In conclusion, fully automated ADAPT-NMR achieved an assignment level of 98% for
RNase A in the presence of 100 mM phosphate buffer; the assignments were refined and brought
to a level of 100% by use of the ADAPT-NMR Enhancer package. These levels of assignment
were greater than that achieved by a more traditional approach, albeit with a more limited set of

data. As described previously,*®

spectra of RNase A contain signals from minor conformational
states. It appears that these additional peaks, which can be linked together in data from triple-
resonance backbone experiments, misled somewhat the automated assignments carried out by

ADAPT-NMR. These errors could be rectified by use of the Enhancer package to achieve

complete assignments.
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Table Al.1 Experimental details for all 2D spectra collected by ADAPT-NMR
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Experiment Tilt Angles Spectral # Complex  Time/ tilted Time/0°
of Collected Window (KHz) Scans Points plane plane
Planes HxBCx®N
HNCO 25, 60, 10x2.2x2.2 4 1024x 32 min 16 min
69 96
HN(CA)CO 28, 34, 10x2.2x2.2 16 1024x 2 h 6 min 1 h 3 min
41, 53, 69 96
HN(CO)CA 28, 40, 10x4.8x2.2 8 1024x 1 h 3 min 32 min
64 96
HNCA 26, 40, 10x4.8x2.2 8 1024x 1 h2min 31 min
51, 58, 56 96
CBCA(CO)N 25, 32, 10x11.2x2. 16 1024x 1h10 33 min
H 43, 50, 57 2 55 min
HN(CA)CB 12, 14, 10x11.2x2. 16 1024x 2h 1 h 24 min
15, 17, 18, 2 128 47min
19, 22, 26,
29, 31, 32,
34, 37, 38,
47, 58, 66

All spectra were collected at 600 MHz with a cryogenic probe at 308 °K. A 2D "H-N HSQC

spectrum was used as the 90° tilted plane in each experiment.



Table Al.2 Experimental details for 3D spectra collected for conventional assignments
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Experiment Spectral Window (KHz) # Scans Complex Points Time
1H><13C(1H*)><15N

HNCACB 14.5x18.1x2.7 4 1024x96x48 23 h 5 min

'H-'H NOESY 14.5x12*%2.7 8 1024x96x48 49 h 4 min

BN-HSQC

All spectra were collected with a cryogenic probe at 900 MHz (*H) at a temperature of 293 K
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Table A1.3 Experimental details for 2D spectra acquired as a function of temperature at 600

MHz with a cryogenic probe

Experiment Temperature (K) Spectral Window # Scans Complex Time
(KHz) *Hx"N points
'H-N 293,295.5,298, 10x2.2 8 1024x% 1h 29min

HSQC 300.5,303,305.5,308 256
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Table Al.4 Experimental details for 2D spectra collected at 800 MHz with a conventional probe

as a function of added potassium phosphate

Experiment Potassium Phosphate Spectral # Complex Time/
Concentration (mM) Window (kHz) Scans Points spectrum
1 15
Hx*N
'H-N HSQC 0, 0.25, 0.75, 1.25, 2.5, 13x2.8 8  512x256 1h20min

3.75,6.75, 11.25, 21.25, 40
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Table A1.5 Comparison between manual assignments and automated assignments made by

ADAPT-NMR before and after use of the ADAPT-NMR enhancer package

Manual
Assignments

ADAPT-NMR
Assignments

ADAPT-NMR Enhancer
Assignments

Manual 94% E2, Al9, S22,
Assianments (181-D83, Q101- S16-A19, C84,

9 Q102, H119-F120) S§23-S23, C84 G112, N113
ADAPT-NMR 93% A S16 818E2823 $23
. 0 - , -
Assignments (V63, K66) G112 N113

ADAPT-NMR
Enhancer 96% 93% 100%

Assignments

The diagonal cells (dark shading) show the percent assigned residues achieved by each of the

three methods, along with a list (in parentheses) of the residues that were not assigned. The

top/right portion of the table (no shading) lists the residues whose assignments differed between

the methods at each intersection. The bottom/left portion (light shading) reports the percent

agreement between the methods at each intersection.
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Figure Al.1 Temperature dependence of 2D *H-">N HSQC spectra of RNase A

The spectrum recorded at 293 K is shown in the top panel. Peaks are labeled with the backbone
assignments obtained by the traditional approach (residues whose assignment is different from
the automated approach are labeled in red). Bottom panel shows the spectrum recorded at 308 K
with Enhancer-refined ADAPT-NMR assignments (residues that were assigned by ADAPT-
NMR but not the traditional approach are labeled in green; residues whose assignment is
different from the traditional one are labeled in cyan). In the middle panel the 2D *H-">N HSQC
spectra recorded at temperatures ranging from 295.5 to 305.5 K are shown color-coded. As
reported in Table A1.3, the spectra were collected on a Varian VNMRS spectrometer, operating

at 600 MHz, equipped with a cryogenic z-axis gradient probe.
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Figure Al.2
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Figure A1.2 Effect of phosphate on the backbone *H-'"N chemical shifts of RNase A

Data were collected from RNase A samples at pH=4.7 in the absence of phosphate and in the
presence of 40 mM potassium phosphate. 2D *H-""N HSQC spectra were collected at 273 K on a
Varian VNMR 800 MHz spectrometer equipped with a triple-axis gradient conventional probe.
Differences in the backbone *H-""N chemical shifts of RNase A in the absence of phosphate and
in the presence of 40 mM potassium phosphate. Chemical shift differences (AAS) were
calculated from the equation (AAS) = ((AS™H)? + 1/5(A5™°N)?) 2. Known nucleotide phosphate
binding residues are K7, R10, K66, R85, while phosphate binding residues are Q11, H12, K41,

H119, F120.
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Figure Al.3 Phosphate titration spectra

The top panel shows a 2D *H-"*N HSQC spectrum recorded in the absence of phosphate. The
bottom panel reports the spectrum recorded at the end of the phosphate titration. Peaks that were
too broad to be visible in the absence of phosphate are labeled in green. The middle panel shows
shown color-coded and overlapped spectra from the intermediate phosphate titration points.
Residues that undergo the largest chemical shift changes upon the addition of phosphate are

labeled (with a bigger font for those with the largest shifts).
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Figure Al.4
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Figure Al.4 Comparison between RNase A assignments

A. Comparison between RNase A assignments by ADAPT-NMR in the presence of 40 mM
phosphate (160:1 molar ratio to RNase A) and assignments deposited in BMRB (BMRB ID
4031). B. Comparison between RNase A assignments in the absence of phosphate and BMRB
ID 4031 assignments. All chemical shift perturbations (AAd) were calculated from the equation

(AAS) = (AS'H)? + 1/5(A5™°N)H)Y2,
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Appendix 2

Rational Design and Evaluation of
Mammalian Ribonuclease Cytotoxins

Contribution:
| assisted in the writing of this book chapter review.

This chapter was prepared for publication as:
Lomax, J.E., Eller, C.H., and Raines, R.T. The Rational Design and Evaluation of Mammalian
Ribonuclease Cytotoxins. Methods in Enzymology (2012) 502, 273 - 290.
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Abstract

Mammalian pancreatic-type ribonucleases (ptRNases) comprise an enzyme family that is
remarkably well suited for therapeutic exploitation. ptRNases are robust and prodigious catalysts
of RNA cleavage that can naturally access the cytosol. Instilling cytotoxic activity requires
endowing them with the ability to evade a cytosolic inhibitor protein (RI) while retaining other
key attributes. These efforts have informed our understanding of ptRNase-based cytotoxins, as
well as the action of protein-based drugs with cytosolic targets. Further, we have gained
particular insight into the mechanisms governing the extremely tight interaction between
ptRNases and RI. Here, we address the most pressing problems encountered in the design of
cytotoxic ptRNases, along with potential solutions. In addition, we describe assays that can be
used to evaluate a successful design in vitro, in cellulo, and in vivo. The emerging information

validates the continuing development of ptRNases as chemotherapeutic agents.
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A2.1 Introduction

Once, the utility of recombinant DNA technology in generating drugs was limited to
producing wild-type human proteins in heterologous hosts. Now, protein engineering is being
used to tailor proteins for specific clinical applications. The resulting biologic drugs can provide
a level of target-specificity not achievable with small molecules.?®*

The mammalian pancreatic-type ribonucleases (ptRNases) are especially well suited for
exploitation as chemotherapeutic agents. These enzymes circumvent the pitfalls that plague
many other protein-based drugs, such as high molecular mass, instability, and immunogenicity.
ptRNases comprise a highly conserved family of small (~13 kDa), secreted proteins that catalyze
the degradation of RNA with extremely high efficiency.?®?®? Incredibly, mammalian cells
internalize these enzymes readily (Figure A2.1); thus, ptRNases are not restricted to the

263

extracellular or cell-surface targets of most other protein-based agents.””> Moreover, whereas

many promising proteins never achieve success in the clinic because they are hampered by

261 htRNases are produced readily in

problems with production, storage, and administration,
microbial hosts, have unusually high conformational stability, and maintain their integrity in
extracellular fluids and tissues.

Recently, ptRNases have garnered much attention because several, including the dimeric
bovine seminal ribonuclease (BS-RNase) and an amphibian ortholog, Onconase (ONC), have
proven to be natural cytotoxins for human cancer cells. ONC is currently in a Phase I11b
confirmatory clinical trial as a second-line chemotherapeutic agent for malignant mesothelioma
and has been granted both orphan-drug and fast-track status by the U.S. Food and Drug

Administration.?®*?*° Despite their inherent cytotoxicity, both BS-RNase and ONC are of limited

clinical utility. For example, ONC is compromised by dose-limiting renal toxicity and high
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immunogenicity relative to mammalian ribonucleases.”®*?®" Moreover, cytotoxic variants of
mammalian ptRNases have greater specificity than ONC for cancer cells.** Efforts to exploit
naturally occurring microbial and fungal ribotoxins have been plagued by similar

immunogenicity and low specificity. (For reviews, see: 2°%2%

) Hence, the future of ptRNases as
chemotherapeutic agents appears to rely on the strategic development of the mammalian
homologues.?™

Although mammalian ptRNases possess the necessary stability, catalytic activity, and non-
immunogenicity to warrant consideration as potential chemotherapeutic agents, their success is
limited by two substantial barriers: internalization into the cytosol of target cells and inhibition
by the cytosolic ribonuclease inhibitor protein (RI), which binds with femtomolar affinity to
most ptRNases but not BS-RNase or ONC (Figure A2.2).2"* To design ptRNase-based agents, we
have sought to understand the underlying biophysical and biochemical basis for their mechanism
of action, and then to translate that knowledge into optimized proteins.

A useful ptRNase-based cytotoxin must catalyze the degradation of RNA within target cells.
To do so, it must gain entry to the cytosol, evade RI there, and retain its catalytic activity
throughout the process. Here, we report on our current understanding of these requirements and
our strategies for engineering ptRNases that achieve maximal therapeutic efficacy. We also
provide details on the assays that we use to evaluate relevant attributes of putative ptRNase

cytotoxins. Although we focus on the well-known enzymes from cow (RNase A) and human

(RNase 1), the methodologies are applicable to other ptRNases as well.

A2.2 Attributes of cytotoxic ptRNases

A2.2.1 Catalytic activity and proteolytic stability



214

Two important attributes of a cytotoxic ptRNase are its ability to catalyze RNA cleavage and
to resist proteolysis. Mammalian ptRNases can catalyze the cleavage of the P-O> bond of RNA
on the 3’ side of pyrimidine nucleosides with a second-order rate constant (Kea/Km = 3.3 %
10° M1 that is among the highest known for an enzyme-catalyzed reaction. This activity
leads to cellular apoptosis,?” and is essential for ptRNase-mediated cytotoxicity.?”* Proteins with
high thermostability tend to have low susceptibility to proteolytic degradation.?” This premise
holds true for ptRNases, as installing an additional disulfide bond in RNase A significantly
increases its thermostability, resistance to proteolysis, and cytotoxicity.?’® Accordingly, when
choosing residues to alter within ptRNases, care must be taken to avoid interference with active-
site residues, cysteine residues that participate in disulfide bonds, and other residues critical to

structure and function (Figure A2.3).%”

Although no consensus exists regarding the minimal
requirements for either parameter, decreasing catalytic activity or thermostability leads to
decreases in cytotoxicity.?®%® Catalytic activity can be measured by using a fluorogenic
substrate, such as 6-carboxyfluorescein—-d ArUdAdA—6-carboxytetramethylrhodamine; 2%

thermostability can be monitored by ultraviolet or circular dichroism spectroscopy.

A2.2.2 Cellular internalization

ptRNases are especially well suited as biologic drugs due to their endogenous ability to enter
cells without requiring any additional delivery strategy. Still, ptRNase internalization remains an
inefficient process, and could limit cytotoxicity. To design a ptRNase-based drug that is
equipped for more efficient internalization, it is important to understand the pathway by which

ptRNases enter cells (Figure A2.1).



215

Mammalian ptRNases undergo endocytosis through an adsorptive process that is non-
saturable, non-receptor-mediated, and dynamin-independent.®* Certain anionic cell-surface
molecules facilitate Coulombic interactions with cationic ptRNases, which are highly positively
charged (Table A.1). Analyses in vitro and in cellulo reveal that RNase A interacts tightly with
abundant anionic cell-surface glycosaminoglycans such as heparan sulfate and chondroitin
sulfate, as well as sialic acid-containing glycoproteins. The uptake of RNase A correlates with
cell-surface anionicity and could endow mammalian ptRNases with selective cytotoxicity for
cancerous cells.® Following endocytosis, a very small fraction of the endosomal ptRNase is able
to translocate into the cytosol and catalyze RNA degradation.

Specific modifications to a ptRNase can exploit the Coulombic interactions that likely

facilitate RNase internalization. (For a review, see: %

) Recent work has demonstrated that the
amount of positive charge, as well as the distribution of that charge, can affect ptRNase
adsorption.®* For example, replacing two anionic surface residues, Glu49 and Asp53 (Figure
A2.3), with arginines (“arginine grafting”) results in enhanced internalization and cytotoxicity of
an RNase A variant.®” Similarly, chemical cationization of ptRNases by amidation of carboxyl
groups with either ethylenediamine or polyethylenimine leads to enhanced internalization and

cytotoxicity.”"

ptRNases can also be fused to cationic cell-penetrating peptides (CPPs) such as
nonaarginine to increase internalization.®”?® These cationic moieties need not be appended to
ptRNases, as the addition of a cationic poly(aminoamine) dendrimer in trans increases the
internalization and cytotoxicity of a ptRNase.?®! We note, however, that increasing the positive

charge of a ptRNase can have the adverse effect of increasing its affinity for RI, which is highly

anionic.?®
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A2.2.3 Evading the ribonuclease inhibitor protein

Ribonuclease inhibitor (RI) is a ~50-kDa protein found exclusively in the cytosol of
mammalian cells. Multiple biological roles for Rl have been proposed, including protecting cells
from internalized secretory ptRNases and maintaining cellular redox homeostasis.?’*?** Despite
the uncertainty surrounding its precise physiological role(s), Rl binds to members of the
mammalian ptRNase superfamily with a 1:1 stoichiometry, completely inhibiting their catalytic
activity by steric occlusion of the enzymic active site (Figure A2.2). Because ribonucleolytic
activity is necessary to induce cellular apoptosis, a cytotoxic ptRNase must evade RI.
Nevertheless, as the noncovalent complexes formed between RI and its ligands are among the
tightest known in biology, instilling RI-evasion is a difficult task.

The goal of RI-evasion strategies is to modify the ptRNase so as to perturb only its

interaction with RI. Many strategies are possible. (For a review, see: *®

) Recent analyses of
various crystallized R1-ptRNase complexes indicate that although the interaction of RI with
various ptRNases is similar, evasion strategies should be optimized to recognize the subtle
differences that exist in the binding interfaces. Computational analyses can be used to identify
which residues of a ptRNase make the most contacts with R1.3* These residues can then be
targeted for substitution through site-directed mutagenesis. We have found that introducing
electrostatic and steric incompatibilities in these regions destabilize the RI-RNase complex, and
that disruption is often best achieved by replacing small neutral or anionic residues in a ptRNase
with arginine (Figure A2.3). Argining, as the most polar and second largest amino acid, can
generate electrostatic repulsion and steric strain while increasing positive molecular charge,

thereby enhancing internalization.

Our initial engineering efforts yielded a prototype ptRNase cytotoxin, G88R RNase A. The
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modification of a single residue imbued native RNase A with 10 thousand-fold lower affinity for
RI and cytotoxicity.?®* Guided by computational algorithms, we have designed second-
generation variants of RNase A and RNase 1 that evade RI more efficiently. For example,
D38R/R39D/N67R/G88R RNase A demonstrates 20 million-fold lower affinity for RI than does
native RNase A with little change to catalytic activity or thermostability (Table A2.1). This
variant is more toxic to human cancer cells than ONC.% In addition to mutating the RI-binding
interface of RNase A, we find that appending a folate moiety to glycine 88 can engender RI-
evasion through steric repulsion. The pendant folate molecule can additionally provide enhanced
targeting and uptake to cells overexpressing the cell surface folate receptor, as is common with
many types of cancer cells.?®® A similar phenomenon is observed by attaching a pendant
poly(ethylene glycol) (PEG) moiety to RNase A at the same position. Beyond RI-evasion, an
RNase A—-PEG conjugate displayed markedly lower renal clearance and increased tumor growth
inhibition in mouse models of human tumors.”’

Human RNase 1 proved to be a greater challenge, as it binds to Rl with 10>-fold higher
affinity than does RNase A. Although R39D/N67D/N88A/G89D/R91D RNase 1 has 6 billion-

fold lower affinity for RI%

than does wild-type RNase 1, this variant is not as cytotoxic as
D38R/R39D/N67R/G88R RNase A. An alternative strategy to engender RI-evasion is to bypass
RI contact altogether. The human ptRNase variant PE5 carries a non-contiguous nuclear
localization signal and has been shown to possess potent cytotoxicity that is dependent upon its
nuclear uptake.?®®

BS-RNase is a naturally dimeric homologue of RNase A that evades RI. But upon entry into
the cytosol, the dimer dissociates and the resulting monomers are inhibited by RI.'%* Recently,

the endogenous properties of BS-RNase have been recapitulated by creating genetically encoded
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or chemically conjugated multimers of ptRNases that are unable to dissociate in cellulo.”"2%

Still, aspects of the mechanism of action of these multimers remain unclear. Multimeric
ptRNases can be more cytotoxic than BS-RNase despite being less RI-evasive. Hence, the
enhanced cytotoxicity demonstrated could be due, in part, to improved interaction of the
75,287,289

multimers with the negatively charged cell membrane, thereby favoring endocytosis.

High cytosolic localization of tandem RNase A dimers supports this hypothesis.”®

A2.3 Assays to evaluate the cytotoxicity of ptRNases

Just as effort has gone into the rational design of cytotoxic ptRNases, so too has substantial
work been done to develop assays to measure and characterize the cytotoxicity of ptRNase-based
chemotherapeutic agents. Cytotoxic ptRNases should be characterized thoroughly in vitro before
being tested in vivo. Below, we describe the state-of-the-art in quantifying important parameters
of ptRNase-mediated cytotoxicity, including cellular internalization, evasion of RI, inhibition of
tumor cell proliferation in vitro, and inhibition of tumor growth in vivo. Several of these assays
involve the use of fluorophores that can be tethered to ptRNases in a site-specific, non-

perturbative manner.

A2.3.1 Utility of small molecule fluorophores

The constitutive fluorescence of traditional fluorophores (e.g., fluorescein) can lead to high
background that obscures valuable information. To overcome this limitation, we designed
fluorogenic label 1 (Figure A2.4), which consists of a rhodamine 110 core enshrouded by an

esterase-inducible “trimethyl lock” and a maleimido group for conjugation. Fluorescence is
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unmasked only in the presence of intracellular esterases. Hence, the endocytic uptake of
ptRNase-1 conjugates can be monitored by either fluorescence microscopy or flow cytometry.*®

We designed a second fluorescent label that is likewise amenable to thiol-reactive, site-
specific conjugation. We had observed that the fluorescence of fluorescein-labeled RNase A
decreases upon binding to RI because the protonated, non-fluorescent form of fluorescein is
stabilized by the anionic R1.*®
The discrepancy between the phenolic pK; = 6.30 of fluorescein and physiological pH
diminishes the sensitivity of this assay. To address this problem, we synthesized 2',7'-
diethylfluorescein, which has two electron-donating ethyl groups and a phenolic pK, of 6.61.
Fluorescent probe 2 (2',7'-diethylfluorescein-5-iodoacetamide; Figure A2.4), which contains an
iodoacetamido group for conjugation, enables a highly sensitive assay for the interaction of RI

and ptRNases.**

A2.3.1.1 Site-specific conjugation of ptRNases to fluorophores

Fluorescently labeled ptRNases have proven to be remarkably adaptable tools for a variety of
assays. Nonetheless, as mammalian ptRNases contain multiple amino groups—including an
essential one for catalysis in an active-site lysine residue?*—using amine-reactive reagents to
cross-link or conjugate ptRNases can result in heterogeneity and inactivation. To overcome this
problem, we install cysteine residues at inconsequential positions in ptRNases, allowing for site-
specific conjugation to fluorophores.

Both RNase A and RNase 1 contain eight cysteine residues that form four disulfide bonds in
the native enzyme. To enable attachment of a thiol-reactive fluorophore, we introduce a cysteine

residue at position 19 using site-directed mutagenesis. Position 19 is an optimal location because
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attachment of fluorophore groups there does not interfere with catalytic activity, Rl binding, or
cell-surface interactions (Figure A2.3). Further, this residue is in a solvated loop that is
inconsequential for protein stability.>® Free-cysteine variants are produced and purified by

methods described previously for other ptRNase variants,*

with the following modifications.

To ensure that the free cysteine residue does not suffer irreversible oxidation to a sulfinic or
sulfonic acid, O,(g) must be removed from the buffers used in the purification process.
Following initial purification, the free thiol group at position 19 is protected as a mixed disulfide
by reaction with a 4-fold molar excess of 5,5’-dithiobis(2-nitrobenzoic acid) (DTNB).
Immediately following purification by gel-filtration chromatography, pooled protein fractions are
adjusted to become 8% (w/v) in 1.0 M Tris—HCI buffer, pH 8.0, containing EDTA (10 mM).
DTNB was dissolved in a small quantity of ethanol, then brought to 5 mM with 20 mM HEPES—
NaOH buffer, pH 8.0. Upon addition of DTNB to the protein solution, a yellow color is observed
due to the production of 2-nitro-5-thiobenzoic acid (NTB). The resulting mixture is dialyzed
against several liters of 20 mM sodium acetate buffer, pH 5.0, overnight at 4 °C to remove
unreacted NTB. NTB-protected ribonucleases are then purified further with cation-exchange
chromatography and stored at 4 °C until needed for conjugation.

Immediately prior to fluorophore attachment, NTB-protected ptRNases are deprotected with
a 4-fold molar excess of dithiothreitol and desalted by chromatography. Deprotected ptRNases
are incubated for 6 h at 25 °C with a 10-fold molar excess of fluorophore in phosphate-buffered
saline (PBS). N,N-Dimethylformamide (<10% v/v) can be added to the reaction mixture to
increase fluorophore solubility. Following the conjugation reaction, the solution is dialyzed

against 20 mM sodium acetate buffer, pH 5.0, and then purified again with reverse-phase HPLC
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to separate labeled and unlabeled protein. The molecular mass of each conjugate is verified by

mass spectrometry prior to its use in assays.

A2.3.1.2 Assessing cellular internalization with fluorescence spectroscopy

The internalization of a ptRNase—1 conjugate into live cells can be visualized with
fluorescence microscopy. The rate of ptRNase internalization can be quantified with flow
cytometry. These analyses can be used with both adherent and nonadherent cell lines.

To quantify internalization, mammalian cells from nearly confluent flasks are collected by
centrifugation and resuspended at a density of 10° cells/mL in fresh medium that is appropriate
to the cell type. A ptRNase—1 conjugate is added (to 10 uM) to 250 uL. of medium containing
10° cells/mL of cells. An unlabeled ptRNase can serve as a negative control. The cells are
incubated at 37 °C for known times, typically <2 h. During this timeframe, we have observed
that only a small fraction of labeled ptRNases are taken up by cells; therefore, we assume that the
rate of internalization is not limited by substrate concentration. Further, we do not observe any
significant exocytosis of labeled ptRNases by confocal microscopy.”®® To quench internalization,
cells are collected by centrifugation at 1000 rpm for 5 min at 4 °C, washed once with ice-cold
PBS, and resuspended in 250 puL of PBS. Samples are kept on ice until their analysis. The
fluorescence of unmasked 1 can be detected by flow cytometry using a 530/30-nm band-pass
filter. Total cell viability can be determined by staining with propidium iodide, which can be
detected through a 660-nm long-pass filter. The mean channel fluorescence intensity of 20,000
viable cells are determined for each sample and used for subsequent analyses. To determine the
steady-state rate constant (k;) for ptRNase internalization, fluorescence intensity data is fitted to

Eqg. (A2.1), where Fnax is the fluorescence intensity upon reaching the steady state and k; is the
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first-order rate constant for ptRNase internalization into cells.

F = Fmax(1 — e*1t) (A2.1)

A2.3.1.3 Evaluating RI evasion with fluorescence spectroscopy

Traditionally, the stability of a RI-RNase complex has been determined by measuring the
inhibition of catalytic activity. The K; values obtained by this method are lower than the
concentration of wild-type RNase 1 used in the experiment itself. Accordingly, these values can
only be an upper limit for the true Ky value. To more accurately measure the binding of ptRNases
to RI, the dissociation rate of an RI-ptRNase complex is determined by monitoring the release of
a ptRNase—2 conjugate over time (Figure A2.5). To calculate the value of K, of a RI-ptRNase
complex, the value of k, is assumed to be similar to that for the association of hRI with
angiogenin or RNase A. These k, values are within twofold of each other and are close to the
diffusion limit.”®* Thus, the k, value of homologous ptRNases is assumed to be equivalent to
RNase A.

The dissociation rate of the complex between RI and a ptRNase-2 conjugate can be
determined by following the increase in fluorescence upon complex dissociation (Figure A2.5).
A ptRNase-2 conjugate (100 nM) in PBS containing tris(2-carboxyethyl)phosphine (100 uM)
and bovine serum albumin (0.10 mg/mL; Sigma Chemical) is added to a 96-well microtiter plate,
and the initial fluorescence is measured with a plate reader. R1 is then added at equimolar
concentrations and incubated with labeled ptRNase at 25 °C for 5 min. A 50-fold molar excess of

human angiogenin or RNase 1 (5 uM) is added to scavenge dissociated complex, and the change
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in fluorescence is measured at various time points. To insure that the proteins maintain their
folded conformation for the duration of the experiment, additional data points should be
monitored under the same conditions, only without the addition of the 50-fold molar excess of
angiogenin. To account for indeterminant error, data are the mean (x SE) from six solutions
normalized for the fluorescence of four solutions of labeled ptRNase (100 nM) in the absence of
RI. Fluorescence data are fitted to Eq. (A2.2) to determine the dissociation rate constant (kg),
wherein Fq is the fluorescence before the addition of angiogenin, and F., is the fluorescence
before RI addition. The equilibrium dissociation constant (Ky) for the RI-ptRNase complex can
be determined with Eq. (A2.3) and the known value for the association rate constant of RNase A

(ks = 3.4 x 10° M7's71).2%

F = Fy + (Fp — Fy)(1 — ekat) (A2.2)
kg
Kq=-2 (A2.3)

A2.3.2 Measuring inhibition of tumor-cell proliferation in vitro

Multiple assays exist for measuring the effects of RNases on cultured cells in vitro. We
choose to use the following cell proliferation assay because we find that it produces the most
consistent results. Cytotoxicity is evaluated by measuring the incorporation of [methyl-
*H]thymidine into newly synthesized DNA. We have demonstrated that results obtained in vitro
with this assay correlate well to reduced tumor volume in vivo.” This assay is amenable for use

with either adherent or non-adherent cells. Cells should be grown in whatever medium is
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optimal. Herein, we describe our procedure for assaying the cytotoxicity of ptRNases against the
continuous human erythroleukemia line K-562 (ATCC; Manassas, VA).

Cells are grown in Roswell Park Memorial Institute (RPMI) 1640 medium (Mediatech,
Herndon, VA) supplemented with fetal bovine serum (10% v/v), penicillin (100 units/ml), and
streptomycin (100 pg/ml) and maintained at 37 °C in a humidified atmosphere containing CO,
(g; 5% v/v). Aliquots (95 pl) of cultured K-562 cells (5 x 10* cells/ml) are placed in a microtiter
plate and sterile solutions (5 ul) of ribonucleases in PBS are added to the aliquots. Cells are
incubated in the presence or absence of ribonucleases for 44 h, followed by a 4-h pulse with
[methyl-*H]thymidine (0.2 pCi per well). Cells are then harvested onto glass fiber filters by
using a PHD cell harvester (Cambridge Technology, Watertown, MA) and lysed by the passage
of several milliliters of water through the filters. The filter retains DNA and other cellular
macromolecules, while small molecules, including unincorporated label, pass through. After
washing extensively with water, the filters should be dried with methanol and counted by using a
liquid scintillation counter. Results from the cytotoxicity assays are expressed as the percentage
of [methyl-*H]thymidine incorporation into the DNA of PBS-treated control cells (Eq. A2.4). All

assays should be repeated at least three times for maximum statistical power.

100%
y = 1+1O(Iog(IC50)—Iog[ribonuclease])h

(A2.4)

A2.3.3 Measuring the inhibition of tumor-cell proliferation in vivo
The most compelling method to measure the therapeutic effects of a cytotoxic ptRNase

comes from in vivo analysis of tumor growth inhibition. This assay utilizes human tumor
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xenografts grown in the flanks of nude mice. Here, we describe our method for analyzing the
effect on the growth of these tumors. We use the human tumor cell lines DU145 (prostate
cancer) and A549 (non-small cell lung cancer) for their ability to proliferate in mice, their low
rate of spontaneous regression, and their known sensitivity to RI-evasive variants of RNase A.*
Moreover, each line represents a clinically relevant target that is used often in the testing of new
chemotherapeutic agents.

DU145 cells are grown in Dulbecco’s modified Eagle’s medium (ATCC) containing FBS
(10% v/v); A549 cells are grown in F12K medium (ATCC) containing FBS (10% v/v). Cells
(~10°) are implanted into a rear flank of 5—6 week old male homozygous (nu/nu) nude mice.
Tumors are allowed to grow to a volume of >75 mm? before the initiation of treatment. All test
compounds are diluted in sterile PBS. All treatments are administered either by intraperitoneal
injection (i.p.) or orally with a gavage needle (p.0.) for comparator chemotherapeutics, with the
volume of administered solution based upon the body weight of the animal (10 pL/g). It is
important to establish a dose and administration schedule that is effective with a specific
cytotoxic ptRNase and tumor cell type. We have found that for mice bearing DU145 prostate
carcinoma tumors, a dose of 15 mg/kg (i.p., qd x 5) of several monomeric ptRNase variants is
optimal for eliciting maximum inhibition of tumor growth while minimizing off-target effects, as
monitored by change in body weight. Similarly, we have found that frequent administration (qd
x 5) achieves maximal tumor growth inhibition as compared to a single large dose (1 x wk). On
the other hand, trimeric conjugates of cytotoxic RNase A variants can be administered less
frequently and at a lower dose with comparable effect.” We speculate that the increased
hydrodynamic radii of these trimeric conjugates results in enhanced persistence in circulation, as

is observed with ptRNase-PEG.”” Animal body weight should be monitored continually
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throughout the experiment as an indicator of drug tolerance.

Treatment with all agents should be ongoing throughout the entire experiment, with a control
set of animals treated with vehicle alone. Comparators can include approved chemotherapeutic
agents, such as docetaxel (15 mg/kg; i.p., 1 x wk), cisplatin (6 mg/kg; i.p., 1 x wk), and erlotinib
(100 mg/Kkg; p.o., 2 x wk). Tumor size should be measured twice-weekly using calipers, and
tumor volume (mm?) can be estimated by using the formula for a spheroid (Eq. A2.5). The

percent tumor growth inhibition (%TGI) is then calculated with Eq. (A2.6).

I x w2

volume = (A2.5)
(volumefinal—volumeipitial)treated
0, — —
ATGE= (1 ((VOlumefinal_VOZumeinitial)control)) * 100 (A26)

A2.4 Discussion

We have engineered mammalian ptRNases into useful cytotoxins. Through the use of novel,
sensitive assays, we have been able to reveal the contribution of various parameters toward
cytotoxicity. Still, mechanistic issues remain unclear, involving ptRNase translocation from
endosomes to the cytosol and the specific RNA targets of ptRNases. Novel assays to illuminate
these issues—and exploit them therapeutically—are being developed in our laboratory. Further
work is directed at enhancing the circulating half-life of ptRNases in vivo using pegylation or
glycosylation.

ptRNases have shown exceptional applicability as model proteins for multi-faceted drug

design. The potential therapeutic value of ptRNases has been extended beyond cancer with the
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creation of zymogens that can be engineered to be disease-specific. To date, protease-activatable
ptRNase zymogens have been developed to combat malaria, hepatitis C, and HIV.?**%* Another
member of the ptRNase family, angiogenin, has been designed as a hyperactive variant capable
of enhanced neovascularization.?® Continued efforts to engineer this remarkable family of

proteins will no doubt add even more therapeutic value.
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Table A2.6 Salient modifications of ptRNases that enhance cytotoxicity
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Ribonuclease T.(°C)* Ribonucleolytic Kior Ky 1Cx Z° Ref.
Activity (%)° (NM)° (pM)°

Wild-type RNase A 64 100 44 x 107 >25 +4 @ F
G88R RNase A 60 142 2.8 62 +5 8
A4C/G88R/V188C RNase A 69 94 0.65 3 45 276
D38R/R39D/N67R/G88R RNase A 56 75 1.4 x 10° 019 +6 ¥
E49R/D53R/G88R RNase A 54 5 2.6 19 +9 ¥
E49R/D53R/G88R RNase A-Ry 49 7 3.0 058 +18 ¥
(RNase A), [SGRSGRSG linker] 61 1.2 ND 129 +10 2%
(D38R/R39D/N67R/G88C ND 17 ND 1.0 +16
RNase A);

Wild-type RNase 1 57 100 29 x 107 >25 +6 %
R39D/N67R/N88R/G89D/RI1D

RNase 1 53 81 28 560 +3  ®
PE5 (RNase 1-NLS) 46 ND ND 46 +6 °
Onconase 90 100 >10° 027 +5 %

% Values of T, are the temperature at the midpoint of thermal denaturation, which can be

monitored by ultraviolet or circular dichroism spectroscopy.

® Values of ribonucleolytic activity are relative to the wild-type enzyme.
¢ Values of the equilibrium dissociation constant (or inhibition constant) are for the complex with

human RI.

9 Values of ICs are for the incorporation of [methyl-*H]thymidine into the DNA of K-562

human leukemia cells.

¢ Values of Z refer to the net molecular charge: Arg + Lys — Asp — Glu — Pyr (where “Pyr” refers
to a pyroglutamate residue, which is found at the N-terminus of Onconase).



229

Figure A2.1

Cellular growth inhibition
ptRNase Internalization RI-Evasion in cellulo and apoptosis
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Figure A2.1 Putative mechanism of ribonuclease cytotoxicity
The internalization pathway of ptRNases involves association with glycans on the cell
membrane, absorptive endocytosis, and interaction with cytosolic RI. Upon evasion of R,

cytotoxic ptRNases can degrade cellular RNA and induce apoptosis.
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Figure A2.2
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Figure A2.2 The structure of human RI complexed with human RNase 1
Three-dimensional structure of the human RI-RNase 1 complex (Protein Data Bank entry 1Z7X).
The active-site histidine residues 12 and 119 of RNase 1 are depicted explicitly, and the N and C

termini of RI are labeled. The complex has Kq = 2.9 x 107 M. %



Figure A2.3
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Figure A2.3 Key functional residues in RNase A
Three-dimensional structure of RNase A showing residues important in the design and

evaluation of an RNase A-based cytotoxin.
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Figure A2.4




236

Figure A2.4 Chemical structures of fluorescent probes used in RNase conjugations
Structures of fluorogenic label 1 for monitoring endocytosis *° and fluorescent probe 2 for
monitoring protein—ligand interactions.*** The arrows indicate electrophilic carbons that can

form thioether linkages with cysteine residues.
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Figure A2.5

RI-DEFIA-ptRNase RI DEFIA-ptRNase
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Figure A2.5 Mechanism of fluorescent probe quenching

Assay for evaluating Kg, which is the equilibrium dissociation constant of an RI-ptRNase
complex.'?! Dissociation of the complex leads to an increase in fluorescence. The assay can also
be used to evaluate the affinity of an unlabeled competitor ptRNase with a Kq value that is higher

than the labeled ptRNase.
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Appendix 3

Contribution of Electrostatics to the
Binding of Pancreatic Ribonucleases to
Membranes

i,

Contribution:
I purified and fluorescently-labeled RNases, designed and performed the binding

experiments, and prepared portions of the manuscript.

This chapter was prepared for publication as:
Sundlass, N.K., Eller, C.H., Qiang, C., Raines, R.T. Contribution of Electrostatics to the

Binding of Pancreatic Ribonucleases to Membranes Biochemistry (2013) 52, 6304 - 6312.
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Abstract

Pancreatic-type ribonucleases show clinical promise as chemotherapeutic agents, but are
limited in efficacy by the inefficiency of their uptake by human cells. Cellular uptake can be
increased by the addition of positive charges to the surface of ribonucleases, either by site-
directed mutagenesis or by chemical modification. This observation has led to the hypothesis that
ribonuclease-uptake by cells depends on electrostatics. Here, we use a combination of
experimental and computational methods to ascertain the contribution of electrostatics to the
cellular uptake of ribonucleases. We focus on three homologous ribonucleases: Onconase (frog),
ribonuclease A (cow), and ribonuclease 1 (human). Our results support the hypothesis that
electrostatics are necessary for the cellular uptake of Onconase. In contrast, specific interactions
with cell-surface components likely contribute more to the cellular uptake of ribonuclease A and
ribonuclease 1 than do electrostatics. These findings provide insight for the design of new

cytotoxic ribonucleases.
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A3.1 Introduction
Bovine pancreatic ribonuclease (RNase A; E.C. 3.1.27.5) has been the object of much

28,141,142 The

seminal research in biochemistry and related fields. impact of this small secretory

enzyme expanded when some members of the pancreatic-type ribonuclease superfamily were

73,265,268,297,298

found to be natural toxins for tumor cells, and others were engineered to be

cytotoxic.'®®*% Notably, a ribonuclease from the Northern leopard frog (Rana pipiens), known

as “Onconase®”

(ONC or Ranpirnase), was granted both fast track and orphan drug status from
the FDA for the treatment of malignant mesothelioma. Ultimately, however, dose-limiting renal
toxicity limited its clinical utility.” More promising are cytotoxic variants of mammalian
ribonucleases, such as RNase A and its human homolog (RNase 1), which demonstrate selective
cytotoxicity without renal accumulation.?%®>%

A cytotoxic ribonuclease must be internalized by tumor cells, translocate across the
endosomal membrane to the cytosol, evade the cytosolic ribonuclease inhibitor protein (RI), and
catalyze the degradation of RNA.'® Rl is a 50-kDa cytosolic protein that binds to some
ribonucleases, inhibiting their ribonucleolytic activity.?”* ONC does not bind to human RI under
physiological conditions®® and is naturally cytotoxic to human cells. Conversely, wild-type

RNase A and wild-type RNase 1 bind to RI with femtomolar affinity and are not cytotoxic.**"*

Variants engineered to evade RI do, however, demonstrate cytotoxicity.*0:39108.126.284.302
Inefficient cellular internalization can limit the cytotoxic activity of a pancreatic-type

ribonuclease.’® For example, ribonucleases exhibit picomolar 1Cs, values when injected directly

into the cytosol, but micromolar ICso values when simply incubated with cells.**® Although ONC

has been proposed to bind to two saturable sites on 9L glioma cells with K4 values of 0.25 uM

and 62 nM,®* ONC demonstrates non-saturable binding to HeLa, K-562, and CHO cells.3%*3%
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ONC and its homologs are highly cationic proteins (Figure A3.1), and their endocytosis occurs
via non-receptor-mediated pathways® similar to those used by cationic cell-penetrating
peptides.*

Increasing the endocytosis of a ribonuclease can increase its cytotoxicity. For example,
the covalent conjugation of RNase A to transferrin, which does have a cell-surface receptor,
increases both its cellular uptake and cytotoxic activity.>® In addition, increasing the net positive
charge of RNase A and RNase 1 through either site-directed mutagenesis or chemical
modification increases endocytosis.®”%2™ Likewise, decreasing the net negative charge of

mammalian cells decreases the uptake of RNase A and ONC.3

Accordingly, the endocytosis of
ribonucleases is likely mediated by electrostatic forces.?® In addition to providing affinity,
electrostatic forces could also contribute to the therapeutic index of pancreatic-type
ribonucleases because cancer cells tend to be more anionic than analogous noncancerous
ceIIs.78'98'3°6

Ribonuclease cytotoxicity relies on translocation into the cytosol.®> RNase A is found in
lysosomes 100 h after endocytosis, consistent with inefficient translocation to the cytosol.?®®
Indeed, only ~7% of the RNase A molecules that enter a cell reach the cytosol in 24 h.?
Neutralization of the pH in endosomes results in an increase in ONC cytotoxicity, presumably
due to increased translocation.*®” Cytotoxicity has also been found to correlate with the ability of
a ribonuclease to disrupt synthetic anionic membranes.*®

We suspected that theoretical approaches could provide insight on the interaction

between ribonucleases and cellular membranes. In particular, we reasoned that a numerical

solution of the Poisson-Boltzmann (PB) equation could be used to calculate the interaction

energy between molecules using continuum electrostatics. The PB approach has been used to
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calculate the binding energy between rigid proteins and model membranes and to identify
energetically favorable orientations for binding.3* Of special relevance was the use of PB
calculations to predict the orientation of membrane-bound dimeric ribonucleases.>® These
calculations indicated that the ensuing electrostatic energy correlates with both the ability to
disrupt membranes and cytotoxicity. The PB-based computational framework does not describe
effects due to the atomic nature of solvent and lipid molecules, but is particularly useful in the
current study, which aims to probe the contribution from generic electrostatic effects to the
binding of a protein to anionic membranes.

Here, we use computational and experimental approaches to measure the contribution of
electrostatics to the binding of RNase 1, RNase A, and ONC to anionic membranes. We report
on the effect of salt concentration on the formation of a protein-membrane complex. We then use
computational analysis to reveal favorable orientations for those complexes and to highlight
differences caused by the differential distribution of charges on the surface of RNase 1,

RNase A, and ONC. Finally, we compare experimental binding measurements to PB calculations
and simulations using an implicit membrane model supplemented with a Gouy—Chapman term
(IMM1-GC), which is another electrostatics-driven approach. The comparison highlights the
advantages of each computational method and the quality of their predictions. Together, the
experimental and computational data indicate that, despite similar structures and net charges,

homologous ribonucleases have distinct affinities for anionic surfaces.

A3.2 Materials and methods

A3.2.1 Materials
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BODIPY® FL N-(2-aminoethyl)maleimide (catalog number B-10250) was from Molecular
Probes (Carlsbad, CA). 1,2-Dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) and 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) were from Avanti Polar Lipids (Alabaster, AL). All other

chemicals used were of commercial grade or better, and were used without further purification.

A3.2.2 Analytical instruments
Molecular mass was measured by MALDI-TOF mass spectrometry using a VVoyager-DE-
PRO Biospectrometry Workstation from Applied Biosystems (Foster City, CA). Fluorescence

was quantified with an Infinite M1000 plate reader from Tecan (Mannedorf, Switzerland).

A3.2.3 Production of fluorescently labeled ribonucleases

P19C RNase 1,2 A19C RNase A,*° and S61C ONC,** which are variants with an orphan
cysteine residue, were prepared as described previously. The free cysteine residue in these
variants was protected as a mixed disulfide by reaction with 5,5’-dithio-bis(2-nitrobenzoic acid).
Prior to fluorophore attachment, each mixed disulfide was reduced with dithiothreitol (5 equiv),
then desalted by using a PD-10 desalting column from GE Biosciences (Piscataway, NJ).
Deprotected proteins were reacted for 4-6 h at 25 °C in PBS with BODIPY® FL N-(2-
aminoethyl)maleimide (10 equiv) in DMSO. The reaction was quenched by rapid dilution into 50
mM sodium acetate buffer at pH 5.0. Conjugates were purified by chromatography using a
HiTrap SPHP column, and concentrations of conjugates were determined with a bicinchoninic

acid assay kit from Pierce (Rockford, IL).
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A3.2.4 Liposome formation

Large unilamellar vesicles (i.e., liposomes) were formed by mixing DOPC and DOPS
solvated by chloroform in a 3:2 molar ratio at a 5 mM concentration of total lipid. The lipids
were dried under N»(g) to remove the chloroform, then dried further under vacuum overnight.
The lipids were resuspended in 20 mM Tris—HCI buffer at pH 7.0, containing NaCl (50 or 80
mM), by vortexing, and were then allowed to hydrate for 1 h at 37 °C. The vesicles were then
extruded 19 times through a 100-nm filter to form liposomes that were ~130 nm in diameter
according to dynamic light scattering data obtained with an N4-Plus instrument from Beckman

Coulter (Brea, CA).

A3.2.5 Protein-liposome binding assay

Fluorescence polarization was used to measure the binding affinity of the fluorescently
labeled ribonucleases to liposomes. A concentration range (4.5 mM—2.25 nM; 2-fold dilutions)
of liposomes was incubated with BODIPY-labeled ribonuclease (50 nM) in 20 mM Tris—HCI
buffer at pH 7.0, containing NaCl (50 or 80 mM) for 1 h at 23 °C while shaking. Then,
fluorescence polarization was measured with excitation at 470 nm and emission at 530 nm, and

the value of the equilibrium dissociation constant (Kg4) was calculated with the equation:

_ (Rmax—Rmin)[lipid]
R= Kq-+[lipid] (A3.1)
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where R refers to the observed polarization, Rmax refers to the polarization when the ribonuclease
is bound fully, Rmin refers to the polarization when the ribonuclease is free, and [lipid] refers to

the concentration of DOPS.

A3.2.6 Poisson-Boltzmann calculations
Electrostatic calculations were performed with the program APBS 1.2.1.3*° For the
calculations presented herein, the free energy of binding, AAGping, between the protein and

membrane was calculated with the equation:

AAGbind S AAGSO]V + AAGCOul (A32)

where AAGgo)y refers to the contribution of solvation to binding and AAGcy refers to the

Coulombic contribution to binding. The solvation contribution to binding was calculated as

AAGsolv = AGsolv,complex - AGsolv,protein - AGsolv,membrane (A3-3)

where the terms refer to the solvation free energy of the protein-membrane complex, the protein,
and the model membrane, respectively. The individual free energy terms were calculated by

numerical solution of the Poisson—Boltzmann equation:

V. s(f)VV(F):pf(f)—anoosinh(ql::?) (A3.4)
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The Coulombic contribution was calculated in analogy to Eq. A3.3 as

AAGCoul = AC"Coul,complex - AGCoul,protein - AGCoul,membrane (A3-5)

where the terms are the summation of all pairwise Coulombic interactions between all atoms
within the protein-membrane complex, the protein, and the model membrane, respectively.

The structures of RNase 1, RNase A, and ONC were derived from PDB entries 127X,*°
1KF5,%" and 10NC,** respectively. All water molecules were removed from the PDB file prior
to the addition of hydrogen atoms and atomic charges based on the CHARMM 27 force field
with PDB2PQR.***3" The model membrane was approximated by an 80 x 80 A plane of spheres
(r =3 A; q=-1; £= 78.50) with a charge density of 1 sphere/130 A% The solvation free energy
of the protein was calculated with 2 levels of focusing calculations in a 400 x 400 x 400 A box
with a 0.5-A spacing at the finest level. Dielectric maps of the system were outputted and altered
such that the dielectric constant below the charged plane of spheres was &= 2.0. These dielectric
maps were used to calculate the solvation free energies of the membrane and the
protein-membrane complex. The model membrane was placed 5 A below the bottom of the
protein. Conformations of the protein relative to the membrane were sampled by applying a
rotation matrix based on Euler’s angles (€= 0; ¢ = 0-2mx; = 0-n) in 15°-increments on the

protein coordinates.

A3.2.7 IMM1-GC calculations
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The IMM1-GC model was used to model an anionic membrane in CHARMM. IMM1-GC is
based on the IMM1 model with the addition of a Gouy—Chapman (GC) term to describe the
interaction between charged amino acids and the charged bilayer.>*® The IMM1 models the
membrane as a low dielectric slab with a smooth transition to the high dielectric solvent. The
IMMZ1 model is based on the EEF1 model for water-soluble proteins,®” which neutralizes ionic
side chains and uses a linear distance-dependent dielectric constant. The solvation free energy for
a protein, AGgyy, IS assumed to be the sum of the solvation free energy for individual atoms

within the protein. The effective energy of the protein in the presence of the membrane is given

by

WimMi-cc = Eintra + AGsory + Ege (A3.6)

where Einira IS the intramolecular energy of the protein and Egc is the interaction between the
charged amino acids and the charged lipid bilayer based on the Gouy—Chapman theory for a
diffuse electrical bilayer.>'®

The initial coordinates were taken from the same PDB entries used in PB calculations. Six
different initial orientations were generated with each one corresponding to the face of a cube
containing the ribonuclease. The membrane was placed 3 A below the bottom of the protein
perpendicular to the z-axis. The salt concentration was set to 0.1 M, the area per lipid to 32 A?,
and the anionic fraction of the membrane to 40% to match the experimental fluorescence
polarization conditions. Molecular dynamic simulations were performed with CHARMM
(c35a1).%*® The backbone atoms were constrained using an rmsd constraint. The structures were

equilibrated for 100 ps at 298 K and then run for another 2000 ps. The conformations were
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stored every 0.5 ps and used to calculate the effective energy of the protein in solvent and in the
presence of a membrane. A total of 12 simulations were run for each protein. The average
binding energy was calculated as the mean binding energy over the last 2 ns of the simulation

and a trajectory was said to bind if the binding free energy is more favorable than —0.8 kcal/mol.

A3.3 Results
A3.3.1 Production of labeled ribonucleases

Ribonucleases were labeled with BODIPY in regions with few cationic residues (residue 19
in both RNase 1 and RNase A, and residue 61 in ONC), as these areas were deemed unlikely to
interfere with the binding of the ribonucleases to the lipid vesicles. Moreover, the fluorescence of
BODIPY is insensitive to pH. The expected mass of purified, labeled proteins was confirmed
with MALDI-TOF mass spectrometry, and a properly folded structure was confirmed with

measurements of enzymatic activity.'*’

A3.3.2 Liposome-ribonuclease interactions

The contribution of electrostatics to the cytotoxicity of ribonucleases has been difficult to
study. To isolate the first step in the process, we studied the binding of RNase 1, RNase A, and
ONC to large unilamellar vesicles containing 40% phosphatidylserine at various salt
concentrations. Phosphatidylserine has a net negative charge and normally resides in the
cytoplasmic leaflet of the lipid bilayer; in cancerous cells, however, phosphatidylserine relocates

to the extracellular leaflet.3%

Cancer cells also display changes in glycosaminoglycans that lead
to a more negatively charged surface.”®%3% Hence, we used phosphatidylserine liposomes to

mimic the anionic cell surface, providing a comparator for our computational data.
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Equilibrium binding isotherms for ribonucleases and liposomes are depicted in Figure A3.2,
and values of Ky are listed in Table 1. RNase A did not bind to the liposomes at either salt
concentration. ONC demonstrated some binding in the low salt condition. RNase 1 bound to the
liposomes with a Ky value of 27 uM in the low salt condition and with much lower affinity in the

high salt condition.

A3.3.3 Poisson-Boltzmann calculations

Poisson-Boltzmann calculations were performed to determine the most favorable orientation
for ribonucleases to bind to a model membrane and the binding energy of that orientation
(Figures A3-Ab5). The electrostatic map for RNase 1 reveals that the most energetically favorable
orientation has its active site facing the membrane (Figures A3.3A-C). The predicted values of
AGrping are in gratifying agreement with the experimental ones (Table A3.1).

Similar to RNase 1, RNase A orients itself so that its active site faces the membrane
(Figures A3.4A-C). This orientation, however, yields a relatively low affinity (Table A3.1), and
is consistent with experiments showing that the binding of RNase A to phosphatidylserine
liposomes is not detectable (Figure A3.2). Interestingly, for both RNase 1 and RNase A, the

loops that mediate binding to RI (which is a highly anionic protein®"

) also seem to be important
for binding to the model membrane.

In contrast to RNase 1 and RNase A, PB calculations predict that ONC can bind favorably
either with its active site facing the membrane or in the opposite orientation (Figures A3.5A-C),
which is a highly repulsive orientation for the mammalian ribonucleases. Moreover, ONC

appears to be weakly attractive in any orientation, and the most favorable orientation for ONC is

only 3-fold more likely than a random orientation. Like RNase A, however, ONC is predicted to
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bind with low overall affinity in the high salt condition, consistent with experimental data
(Table A3.1).

In general, the PB calculations were more predictive of the affinity of ribonucleases for
membranes in the high salt condition than in the low salt condition. For example, the calculated
binding free energy for RNase 1 in the low salt condition corresponds to a K4 value of 350 uM,
but the experimental Ky value was 27 uM (Table A3.1). Similarly, ONC is calculated to have a
Kg value of ~8 mM in low salt conditions, but the experimental K4 value was 0.7 mM. Lastly,
although RNase A should display affinity only slightly less than that of ONC, its binding was not
detectable by experiment. Nevertheless, the predicted trends in the affinity of the proteins for the
model membrane: RNase 1 >> ONC > RNase A, were qualitatively consistent with experiment

in the low salt condition.

A3.3.4 IMM1-GC simulations

Whereas the PB calculation results compared well overall with experimental values,
especially in the high salt condition, they did not allow for side-chain rearrangements or measure
hydrophobic interactions. Hence, we performed multiple short molecular dynamic simulations
using the IMM1-GC model. In the simulations, the main chain was constrained, but side chains
were unconstrained and the protein was allowed to rotate and translate. For ONC, because the
PB calculation did not predict a favorite or an unfavorable orientation, we were surprised to see
that only 7 of the 12 trajectories resulted in binding, although the average binding free energies
were comparable to those from the PB calculations. The standard deviations reported in Table
3A.2 report on the amount of protein movement during the simulation, with larger variations

reflecting a varied trajectory. Coarse-grained representations for the trajectories of simulations
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that result in bound and unbound ONC are shown in Figures A3.5B and A3.5E, respectively. The
bound trajectory remains in the areas that are most energetically favorable, as seen in
Figure A3.5A. The unbound trajectory was started in a less energetically favorable area, where
the binding free energy was insufficient to keep ONC on the membrane long enough for it to
rotate to a more energetically favorable orientation. The two simulations starting from
orientation €= 270°, = 90° also demonstrate this phenomenon. They both move away from the
membrane due to a lack of favorable interactions. Nevertheless, in simulation 1, ONC does not
rotate into a conformation allowing it to return to the membrane; whereas, in simulation 2, ONC
rotates so that its most favorable surface faces the membrane, enabling it to bind, ultimately, with
an energy of —2 kcal/mol. In contrast to ONC, RNase A and RNase 1 bound to the membrane in
9 of the 12 trajectories. The energies are similar to those from the PB calculations, and the
trajectory snapshots follow the energetics predicted by the PB calculations. Lastly, none of the
proteins inserted into the membrane, though they remained close to the membrane according to

the average predictive binding energy.

A3.4 Discussion

A major factor that limits the efficacy of many putative protein chemotherapeutic agents is
their delivery to the cytosol.*®° Lacking a receptor, cytotoxic ribonucleases undergo endocytosis
and escape from endosomes.'® Here, we use a combination of experimental and computational
techniques to compare and contrast the effect of electrostatics on the interaction of RNase 1,

RNase A, and ONC with lipid bilayers.



253
Our data suggest that electrostatic forces are sufficient to cause a weak association of ONC
with the cell surface, where the protein remains until internalized via bulk-rate endocytosis.***
Although computational results predict a weak affinity for a negatively charged surface, ONC
spent most of its simulation time associated with the surface. Because bulk endocytosis occurs
constitutively, time spent near the cell surface is critical for internalization. We suggest that the

91304 s explicable by its low binding energy

low experimental rate of ONC cellular uptake
combined with the lack of a cell-surface binding partner.

Comparing the cellular uptake to the calculated binding energies reveals unusual disparities
for RNase A compared to ONC and RNase 1. Calculations predict that RNase A has a cell-
surface affinity similar to that of ONC**. Yet, RNase A is internalized by cells at a rate that is
10°-fold greater than that of ONC.3* The absence of heparan sulfate and chondroitin sulfate on
the cell surface reduces the internalization rate of an RI-evasive variant of RNase A by 4-fold but
does not affect that of ONC. We propose that the presence of these and other cell-surface
moieties with specific affinity for RNase A but not ONC explains the discrepancy between
predicted and experimental results. RNase A and RNase 1 display similar levels of cellular

uptake,?®?

even though RNase 1 has a higher net charge (Figure A3.1), demonstrates a salt-
dependence in its membrane affinity (Figure A3.2), and has a much higher predicted binding free
energy (Table A3.1). These data are consistent with RNase A having a greater affinity for
specific cell-surface moieties than does RNase 1.

Poisson—Boltzmann calculations were used to predict the affinity of the three homologous
cationic proteins for an anionic membrane. Although explicit lipid-based membrane simulations

are becoming increasingly powerful *** computing the binding free energy of a protein to a

multi-component lipid bilayer with atomistic models remains as a significant challenge. Given
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the simplicity of the lipid bilayer model, which consists of an implicit solvent and a plane of
negatively charged spheres above a low-dielectric slab, its correspondence with experimental
data is encouraging. The simplicity of the lipid bilayer model decreases computational cost
compared to explicit lipid models. Most importantly, the PB calculations directly address the
contribution of electrostatics to the binding affinity of the cationic proteins to an anionic
membrane.

IMM1-GC simulation results were consistent with the PB calculations and with experimental
results. They provided additional insight by clarifying the necessary strength of an interaction for
a long-lasting stable interaction to occur in the protein-membrane complex and by showing that
hydrophobic interactions are involved only minimally. The lack of ribonuclease penetration of
the membrane suggests that, in contrast to cell-penetrating peptides,*'° ribonucleases require
more than electrostatic or hydrophobic forces to penetrate a lipid bilayer. IMM1-GC simulations
required much less computational resources compared to the PB calculations and provided
additional information, making them an attractive option for identifying energetically favorable
orientations of proteins at the membrane surface and for estimating the binding free energy. We
propose that the results of IMM1-GC simulations could be refined further by explicit membrane
simulations starting from the predicted binding orientations, though gaining quantitative insights
requires novel simulation methods that allow an efficient sampling of local lipid (de)mixing
upon protein binding.

Our future efforts will focus on identifying residues in pancreatic-type ribonucleases that
mediate their affinity for those glycans that are upregulated in cancer cells.”® Manipulations that
enhance such interactions could increase the clinical utility of chemotherapeutic agents based on

RNase 1 and its homologs.
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Table A3.1 Experimental and calculated affinity of ribonucleases for a phosphatidylserine
membrane

Experimental Calculated
Ribonuclease [NaCl] Ky AGpind AGpind
(mM) (mM) (kcal/mol) (kcal/mol)
RNase 1 50 0.027 + -6.23 +0.02 -4.7
0.002
RNase 1 80 05+0.1 -45+0.1 -3.6
RNase A 50 >1.8 >-3.7 -2.8
RNase A 80 >1.8 >-3.7 -2.2
ONC 50 0.7£0.2 -4.3+0.2 -3.1
ONC 80 >1.8 >-3.7 -2.5

Experimental data were determined by fluorescence polarization in 20 mM Tris—HCI buffer at

pH 7.0. Calculated data were determined by Poisson—-Boltzmann analysis.
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Table A3.2 Summary of IMM1-GC simulations

Starting Orientation Binding Energy(kcal/mol)
RNase 1 0=0;, =0 0.0
0.0
6=180; w=0 -3.9+0.9
-4.4+0.7
0=270; w=0 -0.1+£0.6
-22+15
6=270; w=90 -3.4+0.9
-3.4+0.7
6=90; y=0 -3.3+£0.9
-40+0.8
6=90; =90 -32+10
-30x12
RNase A 0=0;, =0 -0.6+£0.9
-22+0.7
6=180; w=0 -29+05
-2.6+0.6
0=270; w=0 0.0
-0.1+£0.3
6=270; =90 -1.1+£13
-25+0.6
6=90; y=0 -2.1+£0.7
-16+10
6=90; =90 -1.8+0.8
-1.3+£0.9
ONC 6=0; y=0 -2.0+£05
-25+0.7
6=180; w=0 -1.5+0.7
-2.0+0.6
0=270; w=0 -15+12
-2.6+04
6=270; w=90 -0.2+£04
-0.8+0.8
6=90; y=0 0.0
-0.1+£0.3
6=90; =90 -0.2+£05

Each RNase was rotated using Euler angles to obtain 6 starting orientations. Two independent 2-
ns simulations were run for each orientation. The binding energy reports on the average energy
over the duration of a simulation and its standard deviation arises from variation in the trajectory.



258

Figure A3.1
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Figure A3.1 Electrostatic surface potential of pancreatic-type ribonucleases

A. RNase 1 (1Z7X), which has a net charge (Arg + Lys — Asp — Gly) of Z = +6. B. RNase A
(1KF5), which has Z = +4 and 68% sequence identity with RNase 1. C. ONC (1ONC), which has
Z = +5 and 23% sequence identity with RNase 1. Images were made with the program PyMOL

from Schrédinger (Portland, OR).
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Figure A3.2
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Figure A3.2 Ribonuclease binding isotherms toward phosphatidylserine liposomes

Binding was measured by fluorescence polarization using fluorescently-labeled ribonucleases
and increasing concentration of liposomes containing DOPC and DOPS at a ratio of 3:2 in 20
mM Tris—HCI buffer at pH 7.0, containing NaCl (50 or 80 mM). Data were fitted by a non-linear

regression analysis.
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Figure A3.3
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Figure A3.3 Computational calculation of the binding of RNase 1 to model membranes

A. Poisson—Boltzmann calculations of the electrostatic free energy of interaction between
RNase 1 (PDB entry 1Z7X), rotated using Euler angles (6= 0-360°; w = 0-180°; increments of
15°), with a model membrane with an anionic fraction of 1 electron per 130 A B. A coarse-
grained representation of trajectories from a 2-ns IMM1-GC simulation that result in a
protein-membrane complex. Each point represents a snapshot from the trajectory. C. Depiction
of RNase 1 with a model membrane in the most energetically favorable orientation from PB
calculations. In the images of Figures 3-5, the N-terminal helix is shown in the center-rear; and
Arg and Lys (blue), and Asp and Glu (red) side chains are shown explicitly. D. Depiction of
RNase 1 with model membrane in the least energetically favorable orientation from PB

calculations.
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Figure A3.4 Computational calculation of the binding of RNase A to model membranes

A. Poisson—Boltzmann calculations of the electrostatic free energy of interaction between
RNase A (PDB entry 1KF5), rotated using Euler angles (8= 0-360°; w = 0-180°; increments of
15°), with a model membrane with an anionic fraction of 1 electron per 130 AZ. B. A coarse-
grained representation of trajectories from a 2-ns IMM1-GC simulation that result in a
protein-membrane complex. C. Depiction of RNase A with a model membrane in the most
energetically favorable orientation from PB calculations. D. Depiction of RNase A with a model

membrane in the least energetically favorable orientation from PB calculations.
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Figure A3.5 Computational calculation of ONC binding to model membranes

A. Poisson—Boltzmann calculations of the electrostatic free energy of interaction between ONC
(PDB entry 10NC), rotated using Euler angles (¢ = 0-360°; = 0-180°; increments of 15°),
with a model membrane with an anionic fraction of 1 electron per 130 A% B. A coarse-grained
representation of trajectories from a 2-ns IMM1-GC simulation that result in a
protein-membrane complex. C. Depiction of ONC with a model membrane in the most
energetically favorable orientation from PB calculations. D. Depiction of ONC with a model
membrane in the least energetically favorable orientation from PB calculations. E. A coarse-
grained representation of trajectories from a 2-ns IMM1-GC simulation that do not result in a

protein-membrane complex.
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