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RIBONUCLEASES: STRUCTURAL AND BIOCHEMICAL
INSIGHTS INTO CYTOTOXIC ACTIVITY
Randal J eremy Johnson |
Under the supervision of Professor Ronald T. Raines

At the University of Wisconsin—Madison

'The pancreatic ribonuclease superfamily is a Vertébrate—speciﬁc class of enzymes that
degrade RNA and pefform a variety of biological activities. Certain superfamily members
such as Onconase, a ribonuclease A homologue from the Northern leopard frog, have
selective, innate toxicity toward cancerous cells. This selective toxicity can also be engineered
into naturally nontoxic family members by designing protein variants that evade the inhibitory
action of the ribonuclease inhibitor protein. The overall mechanism of ribonuclease |
cytotoxicity involves multiple steps, including nonspecific binding to the cell surfaée,
internalization by endocytosis, translocation to the cytosol, interaction with the ribonuclease
inhibitor, and ultimately degradation of cellular RNA. This thesis seeks to understand the
steps involved in ribonuclease cytotoxicity, especially as they relate to the engineered
cytotoxicity of human and bovine members of the enzyme superfamily.

Chapter Two describes the molecular interactions between the human ribonuclease
inhibitor (RI) and human pancreatic ribonuclease (RNase 1) through determination of the X-
ray crystal structure of the complex and characterization of variants of RNase 1. These
variants of RNase 1 evade the binding of RI through engineered electrostatic repulsion and
overcome a major hurdle to the development of human ribonuclease chemotherapeutics. In

Chapter Three, the competing influences of Coulombic forces on ribonuclease cytotoxicity
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il
are dissected through the use of a latent fluorophore to measure ribonuclease internalization.

Chapter Four describes the interspecies regulation of ribonucleases by bovine and human RI,
focusing on 'the; co-evolutién of the protein—protein interaction between ribonuclease and RI.
The application of ribonuclease cytotoxicity to target cells infected with the hepatitis C virus
is described in Chapter Five. The strategy is based on the engineering of an inactive precursor,
or zymogen, of a ribonuclease that is then activated by the NS3 protease of the hepatitis C
virus. Chapter Six is a study on the contribution of a buried, polar residue to the
ribonucleolytic activity and conformational stabﬂity of ribonucleases. Together Chapters
Two-Six provide information about the structure and function of ribonucleases and their

inhibitor, R, and relate this information to the cytotoxic activity of ribonucleases.
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Introduction
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1.1 Overview

RNA serves many keystone roles in biology, as even previously disregarded
segments of noncoding RNA have been discovered to play important structural and
regulatory roles in biology (Hannon 2002). For instance, through its structural involvement
in large protein-RNA complexes such as the ribosome and spliceosome, RNA facilitates
the catalysis of protein synthesis and gene splicing (Reiter et al. 2003; Korostelev et al.
2006; Séshital et al. 2007). Shorter segments of noncoding RNA also regulate biological
processes such as development, cell proliferation, and cell survival (Hannon 2002;
Dykxhoorn and Lieberman 2005). The identification of these short noncoding RNAs, such
as micro RNAs and small interfering RNAs, has shed new light on the complexity of the
genome (Lagos-Quintané et al. 2001; Michalak 2006). These short noncoding RNAs
function by recognizing short segments of RNA and recruiting large protein complexes to
degrade the RNA sequence. Additionally, in the classic paradigm of biochemistry,
niessenger RNA serves as the transfer medium for the flow of information from DNA to
proteins, where the regulation of RNA-turnover and processing controls protein abundance
(Goldstrohm et al. 2006; Goldstrohm et al. 2007).

Due to its important roles in biology, multiple disease states have been connected
with the misregulation of RNA (Esquela-Kerscher and Slack 2006). For instance, aberrant
expression of multiple micro RNAs and small interfering RNAs is correlated with the
development and progression of various cancers (Esquela-Kerscher and Slack 2006; Wu et
al. 2007). Consequently, alteration of RNA abundance has emerged as a new target for

therapeutics (Tafech et al. 2006), and new classes of therapeutics that target RNA
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3
abundance have surfaced; such as small interfering RNAs to downregulate disease-related

proteins, ribozymes to degrade specific RNA sequences, and ribonucleases with selectivity
fof cancer cells to control cell fate (Tafech et al. 2006). As compared to the first two
strategies in which the therapeutic is RNA-based and has difficulties crossing the cell
membrane (Takeshita and Ochiya 2006), ribonucleases are internalized rapidly and with
high specificity for cancer cells (Leland and Raines 2001; Rutkoski et al. 2005). In fact,
Onconase®, a ribonuclease from the oocytes of the Northern Leopard frog (Rana pipiens),
is currently in phase III clinical trials for the treatment of malignant mesothelioma and has
recently received orphan drug status from the U.S. Food and Drug Administratién

(Pavlakis and Vogelzang 2006).

1.2 Pancreatic Ribonuclease A Superfamily

Onconase is just one member of the the pancreatic ribonuclease A superfamily,
where the entire enzyme family encompasses a large class of vertebrate-specific enzymes
that catalyze the hydrolysis of RNA (Beintema 1987; Beintema et al. 1988b; Beintema et
al. 1997). The characteristics that define the enzyme superfamily are the members ability
to degrade RNA, the existence of an N-terminal signal sequence that codes fér their
secretion from the cell, the presence of multiple conserved disﬁlﬁde bonds, and their
kidney-shaped three-dimensional structure (Beintema 1987; Beintema et al. 1988b;
Beintema et al. 1997). The archetypal member of the pancreatic ribonuclease superfamily
is bovine pancreatic ribonuclease (RNase A; EC 3.1.27.5). Due to its small size and ease of

purification, RNase A has served as a model protein for studies on protein structure,
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folding, catalysis, evolution, and semisynthesis (Raines 1998). Despite its extensive
applications as a model protein, the biological role of RNase A, thé digestion of dietary
RNA in the ruminant gut, is fairly narrow in scope (Barnard 1969), but this is not
representative of the entire enzyme family.

In humans, thirteen memBers of the pancreatic ribonuclease superfamily have been
identified (Figure 1.1) (Cho et al. 2005). The genes coding for these proteins are all located
in close proximity on chromosome 14. These thirteen ribonucleases have sequence
identities between 16-75% (Cho et al. 2005), and their sequence diversity foreshaciows
their diversity of biological activities. For instance, RNase 5, known as angiogenin,
induces blood vessel proliferation or angiogenesis (Shapiro et al. 1986) by translocating to
the nucleus and binding to ribosomal RNA (Tsuji et al. 2005). Interestingly, mutatibns in
the angiogenin gene indicate higher susceptibility for familial amyotrophic lateral sclerosis
(Greenway et al. 2006), making angiogenin an interesting therapeutic target. RNase 2,
eosinophil-derived neurotoxin (EDN), and RNase 3, eosinophil-cationic protein (ECP), are
major protein components of the eosinophil and are involved in host defense (Rothenberg
and Hogan 2006). Similarly, RNase 7 has innate aﬁtimicrobial activities that are mediated
through its cationic N-terminal residues (Huang et al. 2007). Human pancreatic
ribonuclease (RNase 1), the human homologue of RNase A, is expressed more
ubiquitously than RNase A and has been adapted for new biological functions in primates
(Landre et al. 2002; Zhang 2006). The biological roles of many of the ribonucleases are
still to be clarified, but their identification may offer new surprises, especially as

‘preliminary results indicate that RNase 9 and 10 are highly expressed in male reproductive
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organs (Zhu et al. 2007). Human ribonucleases 9-13 are also missing at least one of the
three canonical active site residues (Cho et al. 2005), raising the possibility that these
ribonucleases have biological activities independent of the degradation of RNA (Zhu et al.

2007).

1.3 Ribonuclease Inhibitor Protein

To regulate the biological activities of ribonucleases and protect itself from nonspecific
ribonuclease activity, cells produce the ribonuclease inhibitor protein (RI), an
extraordinarily tight inhibitor of ribonucleases (Kq ~ fM) (Dickson et al. 2005). RI is a 50-
kDa cytosolic protein whose expression is nearly invariant by cell type at approximately 4
UM (Haigis et al. 2003). The proposed biological roles for RI involve regulating the
biological activities of ribonucleases, sequestering rogue ribonucleases, and responding to
oxidative stress (Dickson et al. 2005). RI fulfills the final role through its 29-32 free
cysteine residues that can act as powerful antioxidants (Wang and Li 2006), where
oxidation of the cysteine residues to disulfides leads to the rapid inactivation and cellular
degradation of RI (Fominaya and Hofsteenge 1992; Blézuez et al. 1996) and to increased
DNA-damage in RI-deprived cells (Monti et al. 2007). Additionally, unidentified
biological roles for RI are possible, as elevated levels of RI expression have been observed
in large scale proteomic studies under various physiological conditions (Coling et al. 2007).

RI forms an extraordinarily tight 1:1 stoichiometric complex with ribonucleases (Lee et
al. 1989b). All human ribonucleases tested to date have affinities for RI in the femtomolar

range (Dickson et al. 2005), making RI-ribonuclease complexes some of the tightest
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tightest protein-protein complexes (Teufel et al. 2003). This tight affinity of RI for
ribonucleases is retaiﬁed even though the sequence identity between ribonucleases is less
than 30% (Johnson et al. 2007¢). RI achieves this unusually high affinity for its diverse
ligands by using its unique three-dimensional structure to bury substantial complex surface
area (~2800-3677 Az) and by increasing the association rate for complex formation
through lbng-range electrostatics (Iyer et al. 2005; Shaul and Schreibef 2005; Johnson et al.
2007c¢).

RI has a horseshoe-shaped three-dimensional architecture with alternating a-helix
and B-strands, where the concave interior surface of B-strands forms the ribonuclease
binding interface (Figure 1.2). The exact molecular contacts between RI and ribonuclease
have been elucidated for four RI'ribonuclease pairs (Kobe and Deisenhofer 1995;
Papageorgiou et al. 1997; Iyer et al. 2005; Johnson et al. 2007¢). RI inhibits
ribonucleolytic activity by forming molecular contacts with at least two of the three
canonical active site residues (shown as black boxes in Figure 1.2) and occluding substrate
binding. The interactions between RI and three ribonucleases, angiogenin, EDN, and
RNase A, highlight the diversity of residues used by RI to bind ribonucleases, where only
one hydrogen bond—between Ser460 of RI and GInl2 of angiogenin/Glnl1 of RNase
A/Trp10 of EDN—is conserved in all three structures (Iyer et al. 2005). Another hydrogen
bond to the catalytic lysine residue of the ribonuclease by Asp435 of RI is most likely
conserved, but is obscured in the RI'/RNase A structure by a bound sulfate atom (Kobe and
Deisenhofer 1995; Iyer et al. 2005). The diversity of contact residues between RI and its

different ribonuclease ligands has been exploited to inhibit RNase A selectively while
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7
maintaining high affinity for angiogenin. By inserting trytophan residues at 408/410 in hRI

and deleting the intervening residue, a variant of hRI was developed with greater than 10°-

fold selectivity for binding to angiogenin over RNase A (Kumar et al. 2004).

1.4 Mechanism of Ribonuclease Cytotoxicity

This selective inhibition of ribonucleases by RI also plays an important role in
determining the cytotoxicity of a ribonuclease. Naturally cytotoxic ribonucleases, like
Onconase and bovine seminal ribonuclease (BS-RNase), have greatly reduced affinity for
the ribonuclease inhibitor (Boix et al. 1996). This connection between RI-affinity and
cytotoxicity led to the development of new cytotoxic ribonucleases that were engineered to
evade the binding of RI (Leland et al. 1998; Leland and Raines 2001). Through
investigation of naturally cytotoxic ribonucleases and engineered nontoxic ribonucleases,
additional attributes important to the cytotoxicity of a ribonuclease have emerged. These
attributes are high ribonucleolytic activity, low affinity for RI, high conformational
stability, and high cellular internalization efficiency (Leland and Raines 2001; Matousek
2001; Makarov and Ilinskaya 2003; Benito et al. 2005; Arnold and Ulbrich-Hofmann 2006)
and consideration of these variables can assist in designing ribonucleases that are more
toxic to tumor cells (Rutkoski et al. 2005).

Ribonucleolytic Activity. Ribonucleases are efficient catalysts of RNA degradation
with kinetic constants near the diffusion limit (Raines 1998; 2004). They show specificity
for cleavage on the 3' side of pyrimidine nucleotides in vitro, but the in vivo substrate

specificity is uncl‘ear (Raines 1998). Short interfering RNAs, rRNA, and tRNA have all
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been suggested as substrates for various ribonucleases, but the correlation of substrate
specificity with cytotoxicity is also unclear (Lin et al. 1994; Ardelt et al. 2003; Suhasini
and Sirdeshmukh 2006). For instance, Onconase shows specificity in vitro for particular
UGG triplets located in the variable loop or D-arm of tRNAs (Suhasini and Sirdeshmukh
2006), but the correlation between cleavage of this substrate and the cytotoxicity of
Onconase was not investigated.

To perform the chemistry of RNA degradation, ribonucleases use two histidine
residues, as a general acid ahd base, and a lysine residue to stabiliz¢ the transition state
(Raines 1998; 2004). Many additional residues perform peripheral roles in nucleobase
recognition, phosphoryl group binding, or in structural alignment of the catalytic residues
(Raines 2004). Recently, all of the residues in RNase A and angiogenin that are essential to
catalysis were identified by genetic selection. Residues essential to catalysis included the
active-site residues, buried hydrophobic and polar residues, and disulfide bound cysteines.
Overall, 23 residues in RNase A and 29 residues in angiogenin were intolerant to
substitution (Smith and Raines 2006). Due its >10°-fold higher catalytic activity, most
protein engineering to design cytotoxic ribonucleases has begun with RNase A instead of
angiogenin (Leland et al. 2002).

The ability to degrade RNA is essential to the cytotoxic activity of a ribonuclease.
Ribonuclease variants with significantly reduced ribonucleolytic activity both by chemical
or genetic modification lose their cytotoxic activi‘;y (Arnold and Ulbrich-Hofmann 2006).
For instance, Onconase variants with <0.1% residual activity have a greater than 50-fold

decrease in cytotoxicity (Lee and Raines 2003). Also, RNase A variants with reduced
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catalytic activity but similar RI affinity show decreased cytotoxicity when compared to
variants with higher activity (Dickéon et al. 2003). Thus, to achieve high cytotoxicity with
RNase A, the 23 essehtial residues for catalysis should be exempt from substitution (Figure
1.3), leaving 80% of the amino acids in RNase A available for substitution to instill the
other positive attributes for increased cytotoxicity.

RlI-evasion. In order to exert their ribonucleolytic activity in the cell, ribonucleases
must evade the inhibitory action of RI. By effectively evading RI, variants of RNase A and
BS-RNase can be more toxic to erythroleukemia cells than Onconase (Lee and Raines
2005; Rutkoski ét al. 2005). Also, changing the intracellular concentration of R, either
positively or negatively, proportionally shifts the cytotoxicity of moderately cytotoxic
variants (Haigis et al. 2003; Monti and D'Alessio 2004).

Many strategies have been described to design ribonucleases that evade inactivation
by R, including chemical modiﬁcation; attachment of targeting moieties, oligomerization,
and most commonly site-directed mutagenesis (Suzuki et al. 1999; Futami et al. 2001,
Rutkoski et al. 2005; Leich et al. 2006). One strategy to design cytotoxic ribonucleases
took advantage of a computational algorithm called FADE (fast atomic density evaluation)
that identified fegions of high shape complementarity (regions of interlocking “knobs” and
“holes™) in the RI'-RNase A crystal structure (Mitchell et al. 2001; Rutkoski et al. 2005).
Sterically disruptive amino acids, especially arginine, were then substituted at positions of
high shape complementarity in RNase A, creating RNase A variants with high cytotoxicity

(Rutkoski et al. 2005).
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RNase 1, the human homologue of RNase A, has been more a difficult starting

point in the design of RI-evasive and cytotoxic variants (Gaur et al. 2001; Leland et al.
2001; Bosch et al. 2004). In RNase A, a single G88R substitution decreases the binding
affinity of RI for RNase A by >10*-fold (Leland et al. 1998). Conversély in RNase 1,
NB88R, G8I9R, or S90R substitutions alone or in concert fail to instill significant RI-evasion
(Gaur et al. 2001; Bosch et al. 2004). Previous mutagenesis and modeling studies had
suggested that the binding energy for RI'RNase 1 complex formation was more widely
distributed than in the RI-RNase A complex, especially in the a2f1 region (residues 33—43)
and the B2B3 region (residues 64—71) (Pous et al. 2000; Gaur et al. 2001), but substitutions
distributed over these regions only slightly reduced the affinity of RNase 1 for RI (Gaur et
al. 2001; Bosch et al. 2004). Other strategies, such as the fusion of RNase 1 with human
basic fibroblast growth factor, site-specific attachment of RNase 1 to targeting antibodies,
and incorporation of nuclear localization signals have succeeded in creating variants with
limited RlI-evasion and cyfotoxicity (Bosch et al. 2004; Tada et al. 2004; Erickson et al.
2006; Rodriguez et al. 2006), but basic knowledge about the intraspecies complex between
hRI-RNase 1 was still missing. Chapters 2—4 of this thesis address this problem through
structural and biochemical investigation of the hRI-'RNase 1 complex and provide
information about the influence of this complex on the biology of both ribonuclease and RI.
In the crystal structure of RI‘-RNase A, 23 residues of RNase A were observed to
form either hydrogen bonds or van der Waals contacts with RI (Figure 1.3) (Kobe and
Deisenhofer 1995; Johnson et al. 2007¢). Only three of these 23 residues overlap with the

23 residues essential for ribonucleolytic activity, meaning that a unique set of 20 amino

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



11
acids should be amenable to substitution in order to decrease RI-affinity without

significant loss in ribonucleolytic activity (Smith and Raines 2006). Thus, 20% of the
residues not essential to catalysis (20 out of 101), could serve as possible sites for
disruption of RI'ribonuclease complexes.

Conformational Stability. Onconase is an extremely stable enzyme with a midpoint
for its thermal denaturation (77,) of nearly 90 °C. Dcreasing its conformational stability
detrimentally affects its cytotoxicity (Leland et al. 2000; Arnold et al. 2006). Onconase’s
high stability is attained through the energetic contributions of a tightly packed
hydrophobic core, a constricted N-terminal residue, and a network of stabilizing disulfide
bonds (Arold et al. 2006). RNase A is stabilized significantly by its four disulfide bonds,
as substitution of any of its cystines with alanine residues decreases the Ty, value by
>20 °C (Klink et al. 2000; Ruoppolo et al. 2000) and diminishes the cytotoxicity of the
resulting variant (Klink et al. 2000). Conversely, introduction of non-natural disulfide
bonds to stabilize variants of RNase A increases their conformational stability and
cytotoxicity (Klink and Raines 2000; Dickson et al. 2003). The correlation between
increased conformational stability and increased cytotoxicity is likely a reflection of the
reduced susceptibility to proteolysis and increased cellular half-lives of conformationally
stablé proteins (Klink and Raines 2000). Most amino acids that directly affect stability are
located on the buried interior of the ribonuclease, but certain surface exposed residues also
have a significant affect on stability, makiﬁg the effect of a substitution on conformational

stability and cytotoxicity difficult to judge a priori (Coll et al. 1999; Bosch et al. 2004;
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Smith and Raines 2006). Chapter 6 examines the contribution of a buried polar residue to

ribonuclease stability and identifies certain characteristics important for its conservation.

Cellular Internalization. In order to reach the cytosol and interact with R, a
ribonuclease must first be internalized into the cell and trafficked to the cytosol (Conner
and Schmid 2003). The efficiency of ribonuclease internalization may dramatically impact
a ribonuclease’s cytotoxicity as microinjected and transiently expressed ribonucleases are
toxic at substantially lower concentrations than exogenously delivered ribonucleases
(Saxena et al. 1991; Leland et al. 1998; Erickson et al. 2006). The steps known to be
involved in ribonuclease internalization are: nonspecific binding of the ribonuclease to the
cell surface, internalization via endocytosis, and translocation from the endQsomes to the
cytosol (Lee and Raines 2005; Notomista et al. 2006).

The first step in ribonucleases internalization, cell-surface binding, proceeds
without the necessity for a specific protein receptor, as cell-surface binding is not saturable
and incubation of cells with proteases prior to ribonuclease incubation has no effect on
ribonuclease internalization (Haigis and Raines 2003). Cell-surface binding for
ribonucleases proceeds by a similar mechanism to that observed for other cationic proteins
and peptides such as cell-penetrating peptides (CPPs) (Hallbrink et al. 2001; Kaplan et al.
2005; Fuchs and Rainés 2006; 2007), where the cationic charge of the biomolecules
facilitates interactions with negatively charged cell-surface molecules such as heparan
sulfate (Fuchs and Raines 2004). In fact, cationization of ribonucleases leads to increased
cytotoxicity, presumably through increased cell-surface binding (Futami et al. 2001;

Futami et al. 2002; Fuchs et al. 2007). The cationic charge on the RNA-binding face of the
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ribonuclease is particularly important for cell-surface binding and for destabilization of the

negatively charged membranes (Notomista et al. 2006). The positive charge of a
ribonuclease and its effect on ribonuclease internalization may also be therapeutically
relevant, as cancerous cells are known to display higher percentages of anionic
phospholipids on their cell surface (Ran et al. 2002; Notomista et al. 2006). Thus, the
positive charge on a ribonuclease could be partially responsible for the selectivity of
ribonucleases for cancerous cells over normal cells (Notomista et al. 2006).

After binding to the cell surface, RNase A is then internalized and accumulates in
endosomes (Lavis et al. 2006). The specific endocytic pathway that RNase A traverses is
dynamin- and clathrin-independent, as RNase A does not colocalize with transferrin, the
canonical clathrin-dependent pathway marker (Haigis and Raines 2003). RNase A then
travels to the late endosomes or lysosomes, but not to the Golgi apparatus, before being
translocated to the cytosol (Haigis and Raines 2003). Conversely, two reports show that
Onconase internalization diverges from RNase A internalization, but these reports disagree
on the degree of divergence as one paper reports that Onconase is internalized by a
clathrin-mediated pathway but the other reports that it is clathrin-independent (Haigis and
Raines 2003; Rodriguez et al. 2007). Additional endocytic pathways have also been
suggested for certain ribonuclease variants, including translocation to the nucleus, and
these alternate endocytic pathways may differentially influence their cytotoxicity (Bosch et
al. 2004; Rodriguez et al. 2006).

The final step in ribonuclease internalization, involving translocation from the

endosomes to the cytosol, is the least well-characterized. Ribonucleases are known to
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increased evasion of the cytosolic RI and increased cytotoxicity indicates that

ribonucleases reach the cytosol and so must translocate across endocytic membranes
(Rutkoski et al. 2005). Additionally, ribonucleases accumulate in endocytic vesicles
indicating that translocation is an inefficient process, although visualization or quantitation
of translocation has not been achieved (Lavis et al. 2006). Understanding. the entire
internalization mechanism for ribonucleases could provide additional attributes to consider
when designing cytotoxic ribonucleases.

Cytotoxic Attributes Combined. Ribonuclease cytotoxicity is a complex phenotype
whose measurement encompasses all of the aforementioned biochemical attributes of a
ribonuclease. To integrate this data, the biochemical data for pancreatic ribonuclease
variants from multiple studies were collated and graphed versus the cytotoxicity of these
variants (Figure 1.4). To remove any variation due to methodology, ribonuclease variants
for comparison were selected based on the similarity of biochemical methods used to
determine their cytotoxic attributes. These graphs show the correlation between each
variable and cytotoxicity (ICsg), where k. Ky, measures ribonucleolytic activity, Ky
measures affinity for RI, 7, measures conformational stability, and net charge indirectly
measures internalization.

No one factor stands out as the deteﬁﬂining factor in ribonuclease cytotoxicity, which
1$ not surprising as these biochemical characteristics are linked with the three-dimensional
structure of the enzyrhe and cannot be decoupled easily. Yet, the log of the K value does
seem to have a strong negative trend with ICs, reinforcing the importance of RI-evasion in

ribonuclease cytotoxicity (Rutkoski et al. 2005). Additionally, variants with high
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value does seem to have a strong negative trend with ICs, reinforcing the importance of

RI-evasion in ribonuclease cytotoxicity (Rutkoski et al. 2005). Additionally, variants with
high ribonucleolytic activity often have high cytotoxicity, but this trend could only reflect
the increase in ribonucleolytic activity observed upon removal of the potent low salt
inhibitor, oligo(vinylsulfonic acid), from the assay buffer (Smith et al. 2003) and may not
reflect the enzymatic variation within a cell. Conformational stability and net charge could
also have similar trends, though the spread of data points makes detailed analysis difficult.
As new ribonuclease variants are developed énd additional data points are added to the
graphs, an integrated view of ribonuclease cytotoxicity could emerge that properly weights
the influence of each biochemical attribute and emphasizes which attributes to favor when

designing more cytotoxic ribonucleases.

1.5 Conclusions

From basic studies on molecular recognition and protein evolution to applied
studies related to cancer therapy, ribonucleases and RI provide a medically relevant system
to address various questions in biology. Consequently, the information acquired from these
studies will further our basic knowledge of protein structure and function, and could assist

in the development of promising antitumoral therapeutics.
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Figure 1.1 Members of the human pancreatic ribonuclease superfamily depicted with
their chromosomal locations. Open arrowheads signify functional genes and

closed arrowheads pseudogenes (Cho et al. 2005).
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Figure 1.2  Comparison of the molecular contacts within crystalline RI'ribonuclease
complexes. 4, Amino acid sequence alignment of the four ribonucleases
crystallized with RI (Kobe and Deisenhofer 1995; Papageorgiou et al. 1997;
Iyer et al. 2005; Johnson et al. 2007c). Residues colored according to residue
type and crystal contacts identified by PDBsum (Laskowski et al. 2005).
Residues in van der Waals or hydréphobic contact with RI are in red.
Residues with a hydrogen bond to RI are in blue. Conserved cysteine
residues are in yellow. Catalytic residues are enclosed in black boxes.
Residue are numbered according to their alignment with RNase A. B, C, D,
Ribbon representation of the structural alignment of hRI'ribonuclease crystal
complexes. hRI‘RNase 1 is Shown in purple, hRI-‘EDN in red, and
hRI-angiogenin in silver. In C and D, hRI and RNase 1 are depicted as lines,
respectively. a-Carbon atoms of hRI were superimposed with the program

Sequoia, and images were created with the program PyMOL.
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Figure 1.3 Comparison of the amino acids in RNase A essential to catalysis and the
amino acids of RNase A in contact with RI. 4, Venn diagram of the
residues essential for catalysis and stability and those in contact with RI in
the crystal structure of the pRI‘-RNase A complex (PDB accession code
1DFJ) (Kobe and Deisenhofer 1995). The intersection consists of Lys41,
Alal09, and Hisl 19. Molecular contacts were identified with the program
PDBsum (Laskowski et al. 2005). B, Ribbon diagram of RNase A
depicting the residues essential to catalysis but not in contact with RI in red
sticks, residues essential to catalysis and in contact with RI in orange, and

residues in contact with RI but not essential to catalysis in yellow.
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Figure 1.4  Relationship between the biochemical properties of a ﬁbonuclease and its
cytotoxicity to K-562 cells. A, kea/ K vs 1Cs0; B, Kq vs 1Csp; C, Ty vs 1Csg;
D, Net charge vs ICsy. Data points were extracted from Leland et al. 1998,
Klink and Raines 2000, Leland et al. 2001, Haigis et al. 2002b, Dickson et
al. 2003, Lee and Raines 2005, Rutkoski et al. 2005, Johnson et al. 2007a,
and Johnson et al. 2007c, wherein data points for ribonucleolytic activity,
affinity for RI, and cytotoxicity were determined by using the same

experimental procedures.
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Chapter Two

Inhibition of Human Pancreatic Ribonuclease

by the Human Ribonuclease Inhibitor Protein

Portions of this chapter were published as:

Johnson, R.J., McCoy, J.G., Bingman, C.A., Phillips, G.N., Raines, R.T. (2007) Inhibition
of human pancreatic ribonuclease by the human ribonuclease inhibitor protein. J. Mol. Biol.
368, 434-449. 1 performed all of the research described in this chapter, except the
crystallography sections involving model fitting and refinement (JG McCoy, CA Bingman;

and GN Phillips).
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2.1 Abstract

The ribonuclease inhibitor protein (RI) binds to members of the bovine pancreatic
ribonuclease (RNase A) superfamily with an affinity in the femtomolar range. Here, we
report on structural and energetic aspects of the interaction between human RI (hRI) and
human pancreatic ribonuclease (RNase 1). The structure of the crystalline hRI-RNase 1
complex was determined at a resolution of 1.95 A, revealing the formation of 19
intermolecular hydrogen bonds involving 13 residues of RNase 1. In contrast, only 9 such
hydrogen bonds are apparent in the structure of the complex between porcine RI and
RNase A. hRI, which is anionic, also appears to use its horseshoe-shaped structure to
engender long-range Coulombic interactions with RNase 1, Whiéh is cationic. In
accordance with the structural data, the hRI'RNase 1 complex was found to be extremely
stable (f1,= 81 days; Kq=2.9 x 107'° M). Site-directed mutagenesis experiments enabled
the identification of two cationic residues in RNase 1—Arg39 and Arg91—that are
especially important for both the formation and stability of the complex, and are thus
termed “electrostatic targeting residues”. Disturbing the electrostatic attraction between
hRI and RNase 1 yielded a variant of RNase 1 that maintained ribonucleolytic activity and
conformational stability but had a 2.8 x 10°-fold lower association rate for complex
formation and 5.9 x 10°-fold lower affinity for hRI. This variant of RNase 1, which
exhibits the largest decrease in RI affinity of any engineered ribonuclease, is also toxic to
human erythroleukemia cells. Together, these results provide new insight into an unusual
and important protein—protein interaction, and could expedite the development of human

ribonucleases as chemotherapeutic agents.
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2.2 Introduction

The stability of a protein-protein complex is governed by intérmolecular forces that
mediate the rates at which the proteins associate and the complex dissociates. The rate of
dissociation is affected largely by forces that act over short distances, including
hydrophobic forces, hydrogen bonds, and van der Waals interactions. The rate of
association, however, depends primarily on diffusion but can be increased by Coulombic
forces (Shoup and Szabo 1982; Sharp et al. 1987; Getzoff et al. 1992; Schreiber and Fersht
1996; Selzer and Schreiber 1999; Selzer et al. 2000; Tang et al. 2006). Although a large
energetic penalty is incurred upon desolvation of charged amino acids (Norel et al. 2001;
Sheinerman and Honig 2002), the rate of association and, consequently, the stability of a
complex can be increased by optimizing Coulombic interactions (Selzer and Schreiber
1999; Selzer et al. 2000; Lee and Tidor 2001).

The ribonuclease inhibitor protein forms a tight (Kg = ka/ka = 10> M) complex with
multiple members of the bovine pancreatic ribonuclease (RNase A; EC 3.1.27.5)
superfamily, as shown in equation (1) for the human inhibitor (hRI) and enzyme (RNase 1)

(Lee et al. 1989b; Boix et al. 1996).

k

a
hRI+ RNase 1 & hRI‘RNase 1

kg (1)

RI achieves its high affinity for ribonucleases through the burial of a large surface arca

: (2908 A? for the hRI-angiogenin complex (Papageorgiou et al. 1997)), along with one of
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the largest known electrostatic energies of interaction (AU = —12.3 kcal/mol for the

hRI-ahgiogenin complex (Shaul and Schreiber 2005)). Indeed, among 68 heterodimeric
protéin-protein complexes, the hRI-angiogenin complex ranked behind only the
karyopherin f2—Ran complex in the relative contribution of electrostatic energy to
complex formation (Shaul and Schreiber 2005).

The evasion of RI by ribonucleases has medicinal implications, as variants of RNase A

~ that evade Rl are toxic to cancer cells (Leland and Raines 2001; Rutkoski et al. 2005). By

using the structure of the complex between porcine RI (pRI) and RNase A (Kobe and
Deisenhofer 1996), we designed variants of RNase A that are more toxic to human
leukemic cells in vitro than is Onconase® (ONC), a naturally cytotoxic homologue from
Rana pipiens that is now in Phase III clinical trials as a cancer chemotherapeutic agent
(Rutkoski et al. 2005). Disruption of the pRI'RNase A interface was accomplished by
designing RNase A variants with amino-acid substitutions that disturbed regions of high
shape-complementarity (Rutkoski et al. 2005). These substitutions targeted short-range
pRI'RNase A interactions by instilling steric hindrance or excising hydrogen bonds. We
also applied this sfrategy to bovine seminal ribonuclease (BS-RNase, 87% sequence
similarity), another homologue of RNase A that is dimeric in its native state (Kim et al.
1995b; Lee and Raines 2005). A BS-RNase variant with substitutions in the same high
shape-complementarity regions was also more cytotoxic than ONC in vitro (Lee and
Raines 2005).

Designing proteins that have diminished affinity for a cognate protein could be

accomplished by targeting either component of the equilibrium dissociation constant: kg or
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k.. Previous studies of the RI'ribonuclease interface have focused on short-range

intermolecular contacts between the proteins, thereby raising the dissociation rate (Leland
et al. 1998; Lee and Raines 2005; Rutkoski et al. 2005). Diminishing the affinity of
RNase 1, the human horhologue of RNase A, by modulating short-range interactions has,
however, proven to be difficult (Gaur et al. 2001; Leland et al. 2001; Bosch et al. 2004).
Although RNase 1 and RNase A share 70% sequence identify, mutagenesis studies have
indicated substantial variation in how each is recognized by RI (Gaur et al. 2001; Leland et
al. 2001; Bosch et al. 2004). We sought to elaborate how RNase 1 is recognized by hRI.
Here, we report the atomic structure of the crystalline hRI-‘RNase 1 complex. We use
this structure to design RNase 1 variants that réveal the contribution of specific residues to
the affinity for hRI and to design a variant that has micromolar (rather than femtomolar)
affinity for hRI. This variant is toxic to human erythroleukemia cells. Our findings cause
us to reevaluate the stabilyity of the wild-type hRI‘RNase 1 complex, which we find to have
a K4 value that is nearly 10°-fold lower than any reported previously. Qverall, this work
highlights the structural basis for intraspecies regulation of ribonucleolytic activity as well

as facilitates the development of chemotherapeutic agents based on human ribonucleases.

2.3 Experimental Procedures

Materials. Escherichia coli strain BL21(DE3) was from Novagen (Madison, WI).
6-FAM—dArU(dA),—6-TAMRA, a fluorogenic ribonuclease substrate, was from Integrated
DNA Technologies (Coralville, IA). Enzymes were from Promega (Madison, WI). K-562

cells, which are an erythroleukemia cell line derived from a chronic myeloid leukemia
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patient, were from the American Type Culture Collection (Manassas, VA). Cell culture

medium and supplements were from Invitrogen (Carlsbad, CA). [methyl->H] Thymidine
(6.7 Ci/mmol) was from Perkin—Elmer (Boston, MA). Protein purification columns were
from Amersham Biosciences (Piscataway, NJ). RNase A Type III-A was from Sigma—
Aldrich (St. Louis, MO). Human angiogenin was prepared as described previously (Leland
et al. 2002).

MES buffer (Sigma—Aldrich, St. Louis, MO) was purified by anion-exchange
chromatography to remove trace amounts of oligomeric vinylsuflonic acid (Smith et al.
2003; Fuchs and Raines 2005). Costar 96-well NBS microtiter plates were from Corning
Life Sciences (Acton, MA). Rhodamine 110 (sold as Rhodamine 560) was from Exciton
(Dayton, OH). All other chemicals were of commefcial grade or better, and were used
without further purification.

Terrific Broth (TB) contained (in 1.00 L) tryptone (12 g), yeast extract (24 g), glycerol
(4 mL), KH,;PO4(2.31 g), and K;HPO, (12.54 g). Phosphate-buffered saline (PBS; pH 7.4)
contained (in 1.00 L) NaCl (8.0 g), KCI (2.0 g), Na,HPO4-7H,0 (1.15 g), KH,PO4 (2.0 g),
and NaNj3; (0.10 g).

Instrumentation. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry was performed with a Voyager-DE-PRO Biospectrometry

* Workstation (Applied Biosystems, Foster City, CA) at the Biophysics Instrumentation
Facility. Fluorescence spectroscopy was performed with a QuantaMaster1l photon-counting
fluorimeter equipped with sample stirring (Photon Technology International, South

Brunswick, NJ). The fluorescence intensity in microtiter plates was recorded with a
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Perkin—Elmer EnVison 2100 plate reader equipped with an FITC filter set (excitation at

485 nm with 14 nm bandwidth; emission at 535 nm with 25 nm bandwidth; dichroic mirror
cutoff at 505 nm) in the W.M. Keck Center for Chemical Genomics. Thermal denaturation
data Were collected using a Cary 3 double-beam spectrophotometer equipped with a Cary
temperature-controller (Varian, Palo Alto, CA). [methyl->H]Thymidine incorporation into
genomic DNA was quantified by liquid scintillation counting using a Microbeta TriLux
liquid scintillation and luminescence counter (Perkin—Elmer, Wellesley, MA).

RNase 1 Purification. DNA encoding variants of RNase 1 was created by using
plasmid pHP-RNase (Leland et al. 2001) and the Quikchange site-directed mutagenesis kit
or Quikchange Multi site-directed mutagenesis kit (Stratagene, La Jolla, CA). RNase 1 and
its variants were purified from inclusion bodies using the same oxidative folding procedure
described previously (Leland et al. 2001). These proteins all lacked the C-terminal
threonine residue (Thr128), which was absent from the initial report of the amino acid
sequence (Beintema et al. 1984).

Variants of RNase 1 with a free cysteine residue at position 19 were initially protected
by reaction with 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB) (Riddles et al. 1983; Lavis et
al. 2006). Immediately before fluorophore attachment, TNB-protected variants were
deprotected using a three-fold molar excess of dithiothreitol (DTT) and desalted by
chromatography using a PD-10 desalting column (Amersham Biosciences, Piscataway, NJ).
Deprotected RNase 1 variants were reacted for 4—6 h at 25 °C with a ten-fold molar excess
of 5-iodoacetamido fluorescein (Sigma—Aldrich, St. Louis, MO). Fluorescein-labeled

RNase 1 variants were purified by chromatography using a HiTrap SP FF column.The
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molecular mass of RNase 1, its variants, and conjugates was confirmed by MALDI-TOF

mass spectrometry.

hRI Purification. hRI was purified by procedures similar to those described previously
(Klink et al. 2001; Lee and Raines 2005; Rutkoski et al. 2005). Briefly, a plasmid (Lee and
Raines 2005; Rutkoski et al. 2005) that directs the expression of hRI was transformed into
E. coli BL21(DE3) cells, and a single colony was used to inoculate LB medium (25 mL)
containing ampicillin (150 pg/mL). A starter culture was grown for 16 h at 37 °C and 250
rpm and was used to inoculate cultures of TB medium (1.00 L) containing ampicillin (200
pg/mL). These cultures were grown at 37 °C and 225 rpm until ODggo > 3.0. Expression of
the hRI cDNA was induced by adding IPTG (0.5 mM) and growing for 16 h at 18 °C and
225 rpm. Bacteria were collected by 'centrifugation (12,000g for 10 min) and resuspended
in 30 mL of 50 mM Tris—HCI buffer, pH 7.5, containing EDTA (10 mM) and DTT (10
mM). Bacteria were lysed by two passes through a French pressure cell, and the cellular
debris was removed by ultracentrifugation. RNase A was attached covalently to the resin in
two 5-mL HiTrap NHS-ester columns, following the manufacturer’s protocol. The
supernatant from the ultracentrifuge tubes was loaded onto the RNase A-affinity resin. hRI
was eluted in 100 mM sodium acetate-NaOH buffer, pH 6.0, containing NaCl (3.0 M),
DTT (5 mM), and EDTA (1 mM), after extensive washing with 50 mM sodium
phosphate—NaOH buffer, pH 6.4, containing NaCl (1.0 M), DTT (5 mM), and EDTA (1
mM). The peak eluted from the RNase A-affinity resin was dialyzed for 16 h against 4 L of
20 mM Tris—HCl buffer, pH 7.5, containing DTT (10 mM) and EDTA (1 mM) and

purified further by cation-exchange chromatography using a HiTrap Q column (Klink et al.
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2001). The purity of the eluted hRI was shown to be >99% by SDS-PAGE (data not

shown).

hRI'RNase 1 Complex Purification. Purified RNase 1 (50 mg/mL) and hRI (10 mg/mL)
were mixed at a 1.2:1.0 molar ratio, and this solution was incubated at 25 °C for 60 min to
allow for complex formation. The solution was then loaded onto a 5-mL HiTrap Q column
that was pre-equilibrated with 20 mM Hepes—NaOH buffer, pH 7.5, containing DTT (10
mM) and glycerol (2% v/v). The complex was eluted with a linear gradient of NaCl (0-0.4
M) over 30 column volumes. Free RNase 1 eluted with the flowthrough, and the
hRI-RNase 1 complex eluted around 0.15 M NaCl. Purified complex was dialyzed for 16 h
at 4 °C against 20 mM Hepes—NaOH buffer, pH 7.5, containing DTT (10 mM) and
glycerol (2% v/v). Purified complex was concentrated to a final concentration.of 10
mg/mL in a Vivaspin 20 mL centrifugal concentrator (Vivascience AG, Hannover,
Germany). Aliquots were flash frozen and stored at —80 °C.

Crystallization. Crystals of the hRI'‘RNase 1 complex were obtained by hanging-drop
vapor diffusion in 20 mM sodium citrate-HCI buffer, pH 4.2, containing methyl ether PEG
2000 (10% w/v), ammonium sulfate (1 mM), and DTT (25 mM) with the hanging-drop
solution containing a mixture of purified hRI'-RNase 1 complex (0.9 pL) and crystallization
solution (5.1 pL), which was composed of the citrate buffer described above. Diffraction-
quality crystals grew within a week at 25 °C. Protein crystals were soaked in reservoir
solutions containing increasing amounts of ethylene glycol up to 25% (v/v), and were

flash-cooled in a stream of cryogenic Na(g).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33
Structure Determination. Diffraction data were collected at SER-CAT Sector 22 at

Argonne National Laboratories. The crystal was maintained at 100 K during data
collection, and X-rays were tuned to a wavelength of 0.99997 A. The diffraction images
were integrated and scaled using HK1.2000 (Otwinowski and Minor 1997). The initial
phases were determined through molecular replacement using MOLREP from the CCP4
suite (Bailey 1994; Vagin and Teplyakov 1997) Wiﬂ’l PDB entry 1DFJ (Kobe and
‘Deisenhofer 1995) as the starting model. Arp-Warp software (Blanc et al. 2004) was used
to build the initial model, which was then completed by alternating cycles of model
building and refinement using the programs Xfit (McRee 1999) and REFMAC
(Murshudov et al. 1997), respectively (Table 2.1). The coordinates have been deposited in
the PDB with accession code 1Z7X. To enable a more precise comparison, the structure of
the pRI-RNase A complex was refined using ten rounds of refinement in REFMAC with
the same parameters (Reryst = 21.4; Riee = 28.1). Reflections used for the refinement were
from PDB entry 1DFJ (Kobe and Deisenhofer 1995), and 5% of the rgﬂections were
chosen randomly to define as Rgee. Both the structure of the hRI-RNase 1 complex and the
- refined structure of the pRI'-RNase A complex were analyzed with the program PDBsum
(Laskowski et al. 2005)' to identify intermolecular hydrogen bonds and van der Waals
contacts. PDBsum uses the algorithm HBPLUS to identify hydrogen bonds (rx-x < 3.35 A)
(McDonald and Thornton 1994).
Ribonucleolytic Activity. The ri‘bonucleolytic activity of RNase 1 and its variants was
determined by quantitating their ability to cleave 6-FAM—dArU(dA),—6-TAMRA,

clea\_/age of this substrate at the uridine ribonucleotide leads to a 180-fold increase in
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fluorescence (Kelemen et al. 1999). Assays were carried out at 23 (£2) °C in 2 mL of 0.10

M Mes-NaOH buffer, pH 6.0, containing NaCl (0.10 M). Fluorescence data were fitted to
equation (2), wherein Al/At represents the initial reaction velocity, Iy is the fluorescence
intensity before the addition of a ribonuclease, ; corresponds to the final fluorescence

intensity after complete substrate hydrolysis, and [E] is the total ribonuclease concentration.

ke _ AI/Af @

Ky Iy —1p)lE]

Conformational Stability. The conformational stability was determined by following the
change in UV absorbance of a solution of ribonuclease at 287 nm with increasing
temperature (Klink and Raines 2000). The temperature of PBS containing a ribonuclease
(0.1-0.2 mg/mL) was raised from 20 to 80 °C at 0.15 °C/min. The 4,37 was followed at 1-
°C intervals, énd the absorbance was fitted to a two-state model of denaturation, in which
the temperature at the midpoint of the transition curve corresponds to the value of Ty,

RlI-evasion. The affinity of hRI for variants of RNase 1 was determined by using a
competition assay reported previously (Abel et al. 2002). Briefly, 2.0 mL of PBS
containing DTT (5 mM), fluorescein-labeled G88R RNase A (50 nM), and an unlabeled
RNase 1 variant was incubated at 23 (32) °C for 20 min. The initial fluorescence intensity
‘of the unbound fluorescein-labeled G88R RNase A was monitored for 3 min (excitation:
491 nm; emission: 511 nm). hRI was then added to 50 nM and the final fluorescence

intensity was measured. Values for K4 were obtained by nonlinear least-squares analysis of

the binding isotherm using the program DELTAGRAPH 5.5 (Red Rock Software, Salt

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



35
Lake City, UT). The Ky value for the complex of hRI and fluorescein-labeled G88R

RNase A was assumed to be 1.4 nM (Rutkoski et al. 2005).

Dissociation Rate. The dissociation rate constant for the complex between hRI and
variants of RNase 1 was determined by a procedure similar to that described previously
(Abel et al. 2002). Briefly, equimolar concentrations of hRI and a fluorescein-labeled
RNase 1 variant were allowed to reach equilibrium in PBS containing DTT (5 mM). The
equimolar concentrations were 20-fold greater than the K4 value previously determined for
each hRI'‘RNase 1 complex. After equilibrium was reached, wild-type RNase A (100-fold
molar excess) was added to the reaction to scavenge free hRI. The increase in fluorescence
upon irreversible complex disassociation was followed by fluorescence spectroscopy
(excitation: 491 nm; emission: 511 nm). To calculate the value of &4, the fluorescence data
were fitted to equation (3), wherein Fj is the fluorescence before the addition of wild-type

RNase A and F is the fluorescence after complete dissociation of the complex.
F=F+(F,~F)(1-é“") ©)

The dissociation rate of the complex between hRI and wild-type RNase 1 was
determined using a procedure similar to above except that the experiment was performed
using a 96-well microtiter-plate format (L.D. Lavis, T.J. Rutkoski, and R.T. Raines,
unpublished results). Briefly, diethylfluorescein-labeled RNase 1 (100 nM) in PBS
containing tris(2-carboxyethyl)phosphine (TCEP; 100uM) was added to a 96-well

microtiter plate and the initial fluorescence was measured. hRI was then added at
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equimolar concentrations and incubated with labeled RNase 1 at 25 °C for 5 min. A 50-

fold molar excess of human angiogenin (5 uM) was added to scavenge dissociated
complex and the change in fluorescence was measured at various time points. To insure
that the protein stability was maintained over the duration of the experiment, additional
data points were monitored under the same conditions only without the addition of the 50-
fold molar excess of angiogenin. Also, to account for drift in the instrument, data are the
mean (+ SE) from six solutions normalized for the fluorescence of four solutions of
rhodamine 110 (10 nM). Fluorescence data were fitted to equation (3) to determine the
dissociation rate constant. Initial fluorescence data (<4 h) were not included in the analysis,
as these values showed a rapid burst in fluorescence similar to that observed in previous
dissociation‘rate determinations (Lee et al. 1989b).

Cyrotoxicity. The effect of RNase 1 and its variants on the proliferation of K-562 cells
was assayed as described previously (Leland et al. 2001; Haigis et al. 2002b; Rutkoski et al.
2005). Briefly, after a 44-h incubation with ribonuclease, K-562 cells were treated with
[methyl-*H]thymidine for 4-h and the incorporation of radioactive thymidine into the
cellular DNA was quantified by liquid scintillation counting. Results are shown as the
percentage of [methyl-"H]thymidine incorporated into the DNA as compared to the
incorporation into control K-562 cells where only PBS was added. Data are the average of
three measurements for each concentration, and the entire experiment was repeated in
triplicate. Values for ICso were calculated by fitting the curves using nonlinear regression
to equation (4), wherein y is the total DNA synthesis following the [methyl—3H]thymidine

pulse, and 7 is the slope of the curve.
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100%

= 1+1 0(log(IC 50 )—log[ribonuclease])

y 4)

2.3 Results

Important Interactions Between hRI and RNase 1. The three-dimensional crystal
structure of the hRI'RNase 1 complex was refined to an Rerys: value of 0.175 (Rgee = 0.236)
at a resolution of 1.95 A (Table 2.1). The ésymmetric unit of the crystal of the
hRI'‘RNase 1 complex resembles that of the hRI-angiogenin complex in its containing two
molecular complexes (Figure 2.1) (Papageorgiou et al. 1997). The two complexes are held
together by 24 residue-to-residue hydrogen bonds formed between the N-terminal -strand
of the two hRI molecules. This dimerization of the hRI molecules buries an additional
1700 A? of surface area.

In chain X of RNase 1 (Figure 2.2a), a bound citrate molecule forms hydrogen bonds to
all three of the key catalytic residués in the enzymic active site (His12, Lys41, and His119).
The bound citrate perturbs the substrate binding cleft of RNase 1, causing Argl0 and
Lys66 to undergo conformational changes. To exclude the effect of citrate, the complex
between chain Z of RNase 1 (without citrate bound) and chain Y of hRI will serve herein
for comparisons to the structure of the pRI-RNase A complex (Kobe and Deisenhofer
1995).

The root-mean-square deviation (rmsd) between the alpha carbons of hRI-RNase 1 and

pRI'RNase A is 2.8 A (Kobe and Deisenhofer 1 995). Much of the deviaﬁon between the
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complexes originates from the structural variation between hRI and pRI (rmsd = 1.6 A)

because pRI, unlike hRI, was observed to undergo a conformational change upon
ribonuclease binding. The alpha carbons of RNase 1 and RNase A have less deviation
(rmsd = 0.6 A). In contrast, angiogenin and eosinophil-derived neurotoxin (EDN), the
other human ribonucleases that have been co-crystallized with hRI, have rmsd values of
7.4 and 6.3 A from RNase 1, respectively (Papageorgiou et al. 1997; Iyer et al. 2005),
underscoring the similarity between RNase 1 and RNase A.

The conservation of contact residues between the hRI'RNase 1 and pRI-Ri\Iase A
complexes is shown in Figure 2.2a. The location of hRI-contact residues on the subsfrate-
binding face of RNase 1 is shown in Figure 2.2b. The manner in which RI recognizes
RNase 1 and RNase A is similar. This similarity is evident from the superposition of the
34-PB5 loop of RNase 1 and RNase A in the two complexes, as shown in Figure 2.3.
Moreover, the total number of RI-contact residues (23) is conserved in RNase 1 and
RNase A (Kobe and Deisenhofer 1995). In RNase 1, however, 13 residues form 19
hydrogen bonds with hRI, whereas 9 residues in RNase A form 11 hydrogen bonds with
pRI (Table 2.2). Overall, the 19 hydrogen bonds observed between hRI and RNase 1 are
shorter than the analogous ones between pRI and RNase A (Table 2.2). Likewise, 375 A?
more surface area is buried in the hRI‘RNase 1 complex (2800 A? versus 2425 A?),
indicative of a more intimate complex.

Previous studies on the interaction of RNase A and BS-RNase with RI focused on three
structural regions that are remote from the active site: residues 38/3 9, residue 67, and

residues in the B4—B5 loop (Lee and Raines 2005; Rutkoski et al. 2005). The hydrogen
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bonding network and electron density of these regions in the hRI'RNase 1 complex are

depicted in Figures 3 and 4. Based on this information, two variants of RNase 1 were
designed in which residues were replaced in all three of these regions. One variant
(G38R/R39G/N67R/N88R RNase 1) mimics the most cytotoxic of known RNase A
variants (D38R/R39D/N67R/G88R RNase A) by swapping the amino acids in positions
38/39 and installing arginine residues at positions 67 and 88. The other RNase 1 variant
(R39D/N67D/N88A/G89D/RI1D RNase 1) is focused on the same regions, but instead
uses Coulombic repulsion to suppress the binding of RI.

Ribonucleolytic Activity. The ability of a ribonuclease to cleave RNA in the
presence of RI correlates closely with its cytotoxicity in vitro (Bretscher et al. 2000). For a
ribonuclease variant to achieve its full cytotoxic potential, an amino-acid substitution that
decreases RI binding must not be detrimental to catalytic activity (Dickson et al. 2003).
Consequently, variants of RNase 1 were assayed for their catalytic activity toward a
tetranucleotide substrate in buffer that lacks oligo(vinylsulfonic acid), a potent inhibitor of
ribonucleolytic activity (Kelemen et al. 1999; Smith et al. 2003). Values of k../Km for
RNase A, RNase 1, and their variants afe given in Table 2.3. The kc./Kwm value for wild-
type RNase 1 is 10-fold higher than that reported previously (Leland et al. 2001). A similar
increase in the catalytic activity was observed for RNase A when contaminating
oligo(vinylsulfonic acid) was removed from the reaction buffer (Smith et al. 2003). The
kca/ K values for the RNase 1 variants are within 6-fold of that for the wild-type enzyme.

Conformational Stability. The conformational stability of a ribonuclease is linked to its

susceptibility to proteolysis and, consequently, its cytotoxicity (Klink and Raines 2000).
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The Ty, values for all RNase 1 variants are shown in Table 2.3. The Ty, value of wild-type

RNase 1 is close to that reported previously (Leland et al. 2001). In agreement with
previous studies, incorporation of charged patches on the surface of RNase 1 does not
reduce the Tp, value by more than 6 °C (Selzer et al. 2000). Neither arginine nor aspartate
substitutions at residues 38/39, residue 67, or residues in the f4—5 loop disturb the
conformational stability significantly, as G38R/R39G/N67R/N88R RNase 1 and
R39D/N67D/N88A/G89D/RI1D RNase 1 have T, values comparable to that of wild-type
RNase 1 (61 and 58 °C, respectively). Thus, all of the variants have high conformational
stability at physiological temperature.

Evasion of Ribonuclease Inhibitor. RI binds multiple members of the RNase A
superfamily with equilibrium dissociation constants in the femtomolar range (Lee et al.
1989b), forming one of the tightest known noncovalent interactions among biomolecules.
Replacing residues 38, 39, 67, and 88 in RNase A (D38R/R39D/N67R/G88R RNase A)
increased the equilibrium dissociation constant of the hRI'RNase A complex by seven
orders of magnitude (Table 2.3) (Rutkoski et al. 2005). In marked contrast, the analogous
variant in RNase 1 (G38R/R39G/N67R/N88R RNase 1) had an affinity for RI near that
reported previously for wild-type RNase 1 (Table 2.3) (Boix et al. 1996; Suzuki et al. 1999,
Gaur et al. 2001).

This surprising observation led us to reinvestigate the affinity of wild-type RNase 1 for
hRI. Previously, the stability of the hRI-RNase 1 complex had been determined by
measuring the inhibition of catalytic activity. The K; values (2 x 107, 5.2 x 1072, or 2 x

107" M (Boix et al. 1996; Suzuki et al. 1999; Gaur et al. 2001)) obtained by this method

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



41
are lower than the concentration of wild-type RNase 1 used in the experiment itself.

Accordingly, these values can only be an upper limit to the true Ky value (Stone and
Hofsteenge 1986; Leland et al. 2001).

We determined the dissociation rate of the hRI‘RNase 1 complex by monitoring the
release of fluorescently-labeled RNase 1 over time (Figﬁre 2.5). We found that the
hRI'‘RNase 1 complex (Table 2.4) has a half-life (¢, = In2/k4) of 81 days, which puts its
value of k4 closer to that of the hRI-angiogenin complex (#1, = 62 days) than that of the
hRI'-RNase A complex (1, =13 h) (Lee et al. 1989b). To calculate the value of K4 of the
hRI'-RNase 1 complex, the value of k, was assumed to be similar to that for the association
of hRI with angiogenin or RNase A. These £, values are within twofold of each other, and
are close to the diffusion limit (Stone and Hofsteenge 1986; Lee et al. 1989b). The &, value
of RNase A was assumed herein for wild-type RNase 1 due to thé similarity of the:
sequence and structure of RNase A with those of RNase 1. Using ka =34 x 10 M5!
(Lee et al. 1989b), the value of Ky (= k4/k,) for the hRI:‘RNase 1 complex was then
calculated to be 2.9 x 107'® M, which is at least 690-fold lower than any reported
previously for the hRI-RNase 1 complex (Boix et al. 1996; Suzuki et al. 1999; Gaur et al.
2001), 150-fold lower than that for the hRI-RNase A complex and comparable to that of
the hRI-angiogenin comple); (7.1 % 10‘16 M) (Lee et al. 1989b).

Designing a variant to overcome the extraordinary stability of the hRI‘RNase 1
complex required a new strategy. Instead of inserting sterically bulky residues at the
complementarity regions, multiple aspartate residues and one alanine residue were

substituted in the same regions. The value of Kq= 1.7 pM for the resulting variant,
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R39D/N67D/N88A/G8ID/RIID RNase 1, is close to the highest measured for any

RNase A variant (2.9 uM) (Cho et al. 2005; Rutkoski et al. 2005), despite the high stability
of the wild-type complex. These substitutions reduced the affinity of hRI for RNase 1 by
5 x 10°-fold, which is the greatest evasion yet reported for a mammalian ribonuclease.
When the aspartate éubstitutions in R39D/N67D/N88A/G89D/R91D RNase 1 are replaced
with an isologous amino acid, leucine (R39L/N67L/N88A/G89L/R91L RNase 1), the
variant loses 50-fold in RI evasion.

The influence of electrostatics on the binding of hRI to RNase 1 Variénts was analyzed
by determining the value of k4 for the complexes formed by hRI and these two RNase 1
variants (Table 2.4). The value of k4 increases by 9 x 10°-fold upon substitution of
R39L/N67L/N88A/G8IL/RI1L. Yet, the value of k4 increases by only twofold upon
aspartate substitution (R39D/N67D/N88A/G89D/R91D RNase 1). The values of k, for
these two variants were calculated by using values of K4 from Table 2.3, values of &4 from
Table 2.4, and equation (1). The association rate constant is affected more substantially by
both leucine substitution (110-fold decrease) and aspartate substitutions (25-f61d decrease).
The substantial change in the value of &, with both leucinev and aspartate substitution
demonstrates a contribution gained by both the loss of attractive forces (leucine
substitution) and gain of repulsive forces (aspartate substitution). Overall, the 5 x 10°-fold
decrease in binding affinity of hRI for R39D/N67D/N88A/G89D/R91D RNase 1 contains
significant contributions from both an increase in the value of kg (2.2 x 10°-fold) and a

decrease in that of k, (2.7 x 10*-fold).
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The impact of individual substitutions in R39D/N67D/N88A/G89D/R91D RNase 1 to

its overall binding constant for hRI was elucidated by the reversion of each substitution in
R39D/N67D/N88A/G89D/RI1D RNase 1 to the residue in the wild-type enzyme. In this
analysis, single substituﬁons with little impact on RI affinity had small values of AAG
(Table 2.3). The energetic contributions of the substitutions increased in the order: N88A <
G89D <N67D <R39D < RII1D. In this analysis, installing an aspartate residue at position
91 contributed 2.7 kcal/mol to evasion, whereas an alanine residue at position 88
contributed only 0.3 kcél/mol.

Molecular charge. The cytotoxicity of a ribonuclease is modulated by its molecular
charge (Futami et al. 2001; Lee and Raines 2005; Rutkoski et al. 2005; Notomista et al.
2006). This interplay is apparent in the data shown in Figure 2.6 and listed in Table 2.3.
D38R/R39D/N67R/G88R RNase A (Z = +6) and R39D/N67D/N88A/G89D/RI1D
RNase 1 (Z = 0) have similar conformational stability, ribonucleolytic activity, and affinity
for RI, but their ICs, values for K-562 cells differ by 87-fold (Table 2.3).
R39D/N67D/N88A/G89D/RI1D RNase 1 has an ICsp of only 13.3 pM, making it more
toxic than wild-type RNase 1, but twofold less toxic than G88R RNase A (Leland et al.
1998).

The IC5q values for all of the other variants of RNase 1 listed in Table 2.3 fall
outside the measurable range of the assay (ICso > 25 uM). R39L/N67L/N88A/G89L/R91L
RNase 1 and N67D/N88A/G89D/RI1D RNase 1 killed approximately 60% of the K-562
cells at 25 puM (Figure 2.6b), indicative of ICsy values only slightly above 25 uM. The lack

of cytotoxicity for RNase 1 variants other than R39D/N 67D/N 88A/G89D/R91D RNase 1
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is likely due to an increased affinity for RI when compared to

R39D/N67D/N88A/G89D/RI1D RNase 1 (Table 2.3).

2.4 Discussion

Ribonuclease inhibitor is a 50-kDa resident of the cytosol that comprises 0.1% of
all cellular proteins (Haigis et al. 2003; Dickson et al. 2005). RI serves as a sentry for
rogue ribonucleases and through its horseshoe-shaped binding surface, inhibits the
ribonucleolytic activity of members of the RNase A superfamily (Kobe and Deisenhofer
1995; Papageorgiou et al. 1997; Iyer et al. 2005). RI manifests this control despite the low
sequence identity between RNase A family members (Beintema 1987), which are evolving
rapidly (Rosenberg et al. 1995). The structural basis for the interaction of RI with four
RNase A family members (RNase 1, RNase A, angiogenin, and EDN) has been determined
by Deisenhofer, Acharya, and their coworkers (Kobe and Deisenhofer 1995; Papageorgiou
et al. 1997; Iyer et al. 2005). A thorough comparison of the recognition by RI of
structurally diverse ribonucleases (angiogenin and EDN) has been reported previously
(Iyer et al. 2005). Here, we focus on recognition of RNase 1 and RNase A, two
ribonucleases with high sequence identity.

Recognition of RNase 1 by RI. The fast atomic density evaluator (FADE) algorithm
revealed regions of high shape-complementarity in the pRI'‘RNase A complex (Mitchell et
al. 2001; Rutkoski et al. 2005). By inserting disruptive substitutions in those regions,
D38R/R39D/N67R/G88R RNase A (Kg = 510 nM) (Rutkoski et al. 2005) and

C31A/C32A/G38R/K39D/G88R BS-RNase (K¢= 110 nM) (Lee and Raines 2005) were
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developed, and each was found to have significantly decreased affinity for hRI. Using the

same reasoning, we designed G38R/R39G/N67R/N88R RNase 1 (Table 2.3). This variant
of RNase 1, however, retained subnanomolar affinity for hRI and was not cytotoxic to K-
562 cells (Figure 2.6). Consequently, we sought to reveal the distinguishing aspects of the
recognition of RNase 1 and RNase A by hRI.

Hydrogen bonds play an important role in the stability of protein-protein complexes, as
well as the conformational stability of individual proteins (Jeffrey and Saenger 1991; Pace
et al. 1996; Pace 2001; Rose et al. 2006). Hydrogen bonds between functional groups of
opposite charge (i.e., salt bridges) are especially strong (Fersht et al. 1985). Overall, the
hRI‘RNase 1 compléx has both more intermolecular hydrogen bonds than does the
pRI'‘RNase A complex and more between residues of opposite chargé (Table 2.2).
Moreover, those hydrogen bonds that are conserved are shorter in the hRI-RNase 1
complex. The hRI'‘RNase 1 complex also buries an additional 375 Aé of surface area,
which could also enhance its stability (Vallone et .al. 1998; Pace 2001; Parsegian 2006). In
line with the more intimate complex formed by hRI and RNase 1, RNase 1 dissociates
from hRI 150-fold more slowly than does RNase A from hRI (Figure 2.5; Table 2.3) (Lee
et al. 1989b). The slower dissociation rate (¢;, = 81 days) for the hRI-RNase 1 complex is
in the range of that for the hRI-angiogenin complex (rl)z =62 days) (Lee et al. 1989b).

- Accordingly, hRI seems to have coevolved with human ribonucleases in a manner that
would enable hRI to abrogate more effectively any lethal ribonucleolytic activity. The

greater stability of the hRI'-RNase 1 complex also explains why the design of RI-evasive
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RNase 1 variants has been more difficult than the design of RI-evasive RNase A variants

(Gaur et al. 2001; Leland et al. 2001; Bosch et al. 2004).

To characterize differential binding within the hRI‘RNase 1 and pRI'‘RNase A
complexes, we investigated the energetic contribution of the residues in RNase 1 that are
analogous to the residues in high shape-complementarity regions of RNase A (Rutkoski et
al. 2005). Thes¢ residues are Arg39, Asn67, and residues in the f4—35 loop.

Residue 39. Arg39 of RNase A had the highest shape complementarity score of any
RNase A residue in the pRI‘RNase A complex (Rutkoski et al. 2005) and was proposed to
be a secondary anchor residue (Rajamani et al. 2004). When Arg39 was replaced with an
aspartate residue in G88R RNase A to create R39D/G88R RNase A, the R39D substitution
instilled 725-fold lower RI affinity. In RNase 1, Arg39 interacts even more extensively
with hRI, forming 2 hydrogen bonds that are absent in the pRI‘RNase A complex (Figure
2.4a). Specifically, Arg39 of RNase 1 makes a bidentate hydrogen bond with the side chain
of Glu401 and a main-chain hydrogen bond with the main chain of Tyr434. Consequently,
the energetic consequence of the R39D substitution (AAG = 2.1 kcal/mol; Table 2.3) is the
second highest among the residues studied herein.

Residue 67. Interactions with Asn67 had been exploited previously to develop RI
variants that bind to angiogenin but not to RNase 1 or RNase A. Incorporating a
tryptophan at positions 408 and 410 hindered the interaction of hRI with Asn67 of RNase 1
and RNase A, yielding a variant of hRI that bound only to angiogenin (Kumar et al. 2004).
Asn67 had been proposed to be a primary anchor residue in the pRI-RNase A interface,

due to its burial of surface area and its lack of molecular motion (Rajamani et al. 2004).
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Asn67 in RNase 1 forms a main-chain hydrogen bond to Tyr437 (Table 2.2) and is in van

der Waals contact with Leu409 and Gly410 of hRI. We find, however, that replacing

- Asn67 to hinder interaction with residues 408—410 in hRI does not produce a large effect
on binding, as an aspartate residue at position 67 only destabilizes the complex by AAG =
1.9 kcal/mol (Table 2.3). Hence,v Arg39 and Arg91 provide more energetic stabilization
than does Asn67 to the hRI'RNase 1 complex.

B4-B5 loop. Replacing Gly88 with an arginine residue in the f4—35 loop of RNase A
had been found previously to decrease the affinity of pRI for RNase A by 10°-fold (Leland
etal. 1998) and the affinity of BS-RNase for hRI by 250-fold (Leland et al. 1998; Lee and
Raines 2005). In the crystalline hRI-RNase 1 complex, the f4—B5 loop adopts a similar
conformation to that of RNase A in the pRI‘RNase A complex (Figure 2.3). One major
difference is with residue 88, as Asn88 of RNase 1 forms a hydrogen bond with Glu264
instead of residing in the pocket formed by Trp261 and Trp263. (The numbering of RI
residues herein refers to their position in hRI, which has four more N-terminal residues
than does pRI.) Asn88 in RNase 1 is located on the outer surface of the hRI-RNase 1
interface. This location seems to be able to accommodate the bulk of an arginine residue
(Gaur et al. 2001) (or even a carbohydrate chain (Ribo et al. 1994)) while maintaining high
affinity for RI.

Gly89 of RNase 1 has been proposed to constitute the strucfural analogue of Gly88 in
RNase A (Leland et al. 1998; Gaur et al. 2001; Bosch et al. 2004). Yet, replacing Gly89
with arginine in RNase 1 does not yield a cytotoxic variant (Gaur et al. 2001; Bosch et al.

2004). Gly89 in RNase 1 overlays more closely with Ser89 in RNase A (Figure 2.3), but
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- Gly89 is unable to form a hydrogen bond with Glu206, as does Ser89 in RNase A (Kobe

and Deisenhofer 1995). Gly89 in RNase 1 is within van der Waals distance of Trp261 and .
Trp263 in hRI‘RNase 1, but due to the increased stability of the hRI'RNase 1 complex, a
single G89R substitution does not lower the affinity enough to make this variant cytotoxic
(Gaur et al. 2001).

Among the five residues investigated, Arg91 had the greatest influence on the stability
of the hRI-RNase 1 complex (AAG = 2.7 kcal/mol, Table 2.3). Arg91 makes contact with
hRI in the concave anionic surface of hRI (Figure 2.7), forming two hydrogen bonds with
Glu287. Lys91 has been proposed to play a secondary role in anchoring RNase A to pRI
(Rajamani et al. 2004), but Arg91 of RNase 1 could serve as a primary targeting residue in
binding to hRI. Replacing Arg91 with an aspartate residue severs the hydrogen bonds
formed with Glu287 of hRI, and replaces a favorable Coulombic interaction with an
unfavorable one.

Energetics of Rl-evasion. Charged amino acids comprise 19% of all exposed amino
acids on a protein surface (Miller et al. 1987). (Sheinerman and Honig 2002) Fewer
charged residues are exposed, however, in the average protein—protein interface. Charge—
charge interactions in protein—protein interfaces are disfavored by the large energetic
penalty incurred by desolvation of the exposed charge upon binding (Norel et al. 2001;
Sheinerman and Honig 2002). The energetic penalty of desolvation can be circumvented
by leaving key charged residues partially exposed to solvent upon complex formation
(Sheinerman and Honig 2002). In Figure 2.4, the electron density for multiple solvent

molecules is visible surrounding favorable Coulombic interactions between hRI and
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RNase 1. This residual exposure to solvent diminishes the energetic desolvation penalty

and allows electrostatics to remain a driving force to complex formation.

The cationicity of the RNase 1 surface (Figure 2.7) facilitates the binding of its anionic
substrates (Park and Raines 2003). RI exploits this cationicity to inhibit RNase 1 rapidly
and strongly using long-rangé Coulombic interactions (Shaul and Schreiber 2005). In a
theoretical study of 14 enzyme-inhibitor complexes, all were found to be suffer a net
destabilization by electrostatic interactions, due to the energetic penalty of breaking
hydrogen bonds to water in the unbound state (Norel et al. 2001). RI'ribonuclease
complexes are, however, atypical (Shaul and Schreiber 2005). The hRI-angiogenin
complex has AU =-12.3 kcal/mol and a calculated rate increase due to electrostatics of 10°
M5! (Shaul and Schreiber 2005). Figure 2.7 highlights the distribution of positive and
negative charges on hRI and RNase 1. In these highly charged proteins, the favorable
electrostatic interaction of key solvent-exposed charged residues like Arg39 and Arg91 of
RNase 1 appear to drive complex formation (Figures 4 and 7).

Arg39 and Arg91 contribute more free energy to complex formation than do Asn67,
Asn88, or Gly89 (Table 2.3). Because Arg39 and Arg91 are the only charged residues
changed in R39L/N67L/N88A/G89L/RI1L RNase 1 and electrostatics determine the
association rate (Selzer and Schreiber 1999; Selzer et al. 2000), data with
R39L/N67L/N88A/G8IL/RI1L RNase 1 can be used to estimate the influence of Arg39
and Arg91 on the association rate. Replacing Arg39 and Arg91 with leucine residues to
give R39L/N67L/N88A/G89L/R91L RNase 1 decreases the association rate by 110-fold

(Table 2.4). Hence, Arg39 and Arg91 serve a special role in the hRI'RNase 1 complex, one

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



50
that we define as “electrostatic targeting residues”. A residue that directs the formation of a

protein—protein complex could also provide the major energetic force to maintain a stable
complex. Arg39 and Arg91 fit these criteria, as they strongly affect the aSsociation rate of
the complex (Tablé 2.4). Then, Arg39 and Arg91 keep RNase 1 bound to hRI through
multiple hydrogen bonds with anionic residues (Figure 2.4), allowing other contacts in the
complex to form.

Rates of Association and Dissociation. Electrostatics can guide the formation of
protein—protein complexes through space and can increase the rate of association beyond
that of diffusion alone (Selzer and Schreiber 1999; Selzer et al. 2000; Tang et al. 2006).
We measured the association and dissociation rates for two of the RNase 1 variants listed
in Table 2.3, thereby dissecting equation (1) into its component parts (Shaul and Schreiber
2005). Changes in the values of both kg (2.2 x 10°-fold increase) and &, (2.8 x 10°-fold
decrease) make a substantial contribution to the ability of R39D/N67D/N 88A/G89D/R91D
RNase 1 to evade hRI (Table 2.4). The effect of the electrostatic ‘forces that originate from
charged residues 39, 67, 89, and 91 in this aspartate variant can be discerned with a
comparison to the isologous leucine variant, R39L/N67L/N88A/G89L/R91L RNase 1. The
decrease to the value of &, upon leucine substitution (110-fold from the loss of attractive
forces) and then aspartate substitution (25-fold from the gain of repulsive forces)
highlights the contribution of electrostatic forces to the stability of the hRI‘RNase 1
complex and reinforces previous calculations on the importance of electrostatics in the

affinity of ribonucleases for RI (Shaul and Schreiber 2005).
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RNase 1 as a Chemotherapeutic Agent. Ribonucleases show great promise as

cancer chemotherapeutic agents (Leland and Raines 2001). ONC, a homologue of RNase 1
from the Northern leopard frog, is currently in phase III clinical trials for the treatment of
malignant mesothelioma (Mikulski et al. 2002). A chemotherapeutic agent based on a
human ribonuclease have multiple advantages over ONC, including enhanced catalytic
activity (Rutkoski et al. 2005), decreased renal toxicity (Vasandani et al. 1996; Vasandani
et al. 1999), and decreased immunogenicity (Matousek et al. 2003). To endow
ribonucleases that are not naturally cytotoxic with cytotoxic activity requires the
consideration of multiple biochemical attributes, including ribonucleolytic activity,
cationic charge, conformational stability, and (especially) RI evasion (Dickson et al. 2003;
Rutkoski et al. 2005).

Variants of RNase 1, unlike those of RNase A, have been difficult to engineer with
decreased affinity for hRI (Gaur et al. 2001; Bosch et al. 2004). The data reported herein
reveal the origin of this difficulty. The hRIRN ase 1 complex has a more extensive and
tighter network of hydrogen bonds than does the pRI'RNase A complex (Table 2.2). This
structural data is manifested in the stability of the hRI-‘RNase 1 complex, which has a
subfemtomolar Ky value (Table 2.3), which is 150-fold less than that of the hRI-RNase A
complex (Lee et al. 1989b). Accordingly,.cytotoxic variants of RNase 1 must overcome
greater RI inhibition to become cytotoxic.. We have overcome this barrier by designing a
variant of RNase 1 with an affinity for RI in the micromolar range.
R39D/N67D/N88A/G89D/R91D RNase 1 has a 5 x 10°-fold decrease in affinity for RI,

making it the most RI-evasive engineered ribonuclease reported to date. This RNase 1
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variant, which has nearly wild-type ribonucleolytic activity and conformational stability, is

cytotoxic (Figure 2.6; Table 2.3). Its cytotoxic activity is, however, likely compromised by
its overall neutrality (Z = 0), as net charge is known to correlate with cytotoxic activity
among ribonucleases with similar ribonucleolytic activity, conformational stability, and
affinity for RI (Rutkoski et al. 2005; Notomista et al. 2006). The cytotoxicity of a
ribonuclease can be increased, however, by adding nine arginine residues to the C-terminus
(Fuchs and Raines 2005). Accordingly, liberating RNase 1 from inhibition by hRI

overcomes the major barrier to endowing RNase 1 with cytotoxic activity.

2.5 Conclusions

RI and its cognate ribonucleases represent a unique system for characterizing a
protein-protein complex. Toward this end, we have examined the interaction of RNase 1,
which is the human homologue of RNase A, and hRI. We find that the affinity of RNase 1
for hRI is subfemtomolar, indicative of the imperative of regulating ribonucleolytic
activity in‘ humans. By determining the three-dimensional structure of the hRI-‘RNase 1
complex at atomic resolution, we were able to reveal those residues that are responsible for
its extraordinary stability. We were also able to design an RNase 1 variant that retains its
ribonucleolytic activity and conformational stability but has only micromolar affinity for
hRI. Arg39 and Arg91 of RNase 1 are especially important in this context. These two
“electrostatic targeting residues™ (1) substantially increase the association rate of the
complex, and (2) form tight hydrogen bonds that maintain the complex. Together, these

data provide detailed insight into one of the most stable protein-protein complexes, and
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represent a key step in the development of human ribonucleases as chemotherapeutic

agents.
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Table 2.1 Crystallographic, data processing, and refinement statistics; values in
parentheses refer to the highest resolution shell

54

Data Collection Statistics

Space group P2,2,2,
Unit cell parameters a=71.338, b=107.546, c=155.036
alpha beta gamma 90.00 90.00 90.00
X-ray energy (keV) 12.399
X-ray wavelength (A) 0.99997
Overall resolution range (A) 47.17-1.95 (2.00-1.95)
Number of reflections measured 573,939, unique 84,446
Completeness (%) 97.0 (72.6)
Rinerge” 0.078 (0.424)
Redundancy 6.8 (3.6)
Mean I/o (1) 16.96 (2.94)
Phasing
MR correlation coefficient (MOLREP)!  0.223
MR model® 1DFJ
Refinement and Model Statistics from REFMAC 5.2.0005
Number of reflections (total) - 80,141
Reryst” (Riree?) 0.175 (0.236)
RMSD bonds (A) 0.016
RMSD angles (°) 1.515
ESU based on R (A)* 0.166
Average B factor (A% 28.04
Number of water molecules 854
Ramachandran plot ;
Residues in most favorable region 86.8%
Residues in additional allowed region 12.8%
Residues in generously allowed region  0.4%
Residues in disallowed region 0.0%

? Rumerge = 3n3:1i(h) — <I(h)>|/3,3:1i(h), where I(h) is the intensity of an individual

measurement of the reflection and </(h)> is the mean intensity of the reflection.

b Reryst = 3ulFovs — Flaicl/3nF obs, Where Fops and Fegc are the observed and calculated
structure-factor amplitudes, respectively.

¢ Rgee Was calculated as Reryst using 5.0% of the randomly selected unique reflections
that were omitted from structure refinement.

4 Abbreviations used: MR, molecular replacement; ESU, estimated standard

" uncertainty. ' '
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Table 2.2 Intermolecular hydrogen bonds (rx.-x < 3.35 A) in the structures of
the crystalline hRI'‘RNase 1 and pRI'-RNase A complexes®

PDB Entry 127X (Chains Y and 7)) PDB Entry 1DFJ (Chains E and I)
Residue Residue
RNase 1 hRI r(A) RNase A pRI r (A)
Argd Trp438 2.74 — — —
Arg4 Trp438 291 — — —
Lys7 Ser460 2.80 Lys7 Serd56 3.20°
Glnl11 Ser460 2.94 — — —
— — — Asn24 Aspll7 2.72
Arg31 GInl10 2.79 — — e
Arg31 Asp35 2.82 — — —
Arg32 Asp36 2.67 — — —
Arg32 Asp36 2.74 — — —
Arg39 Tyr434 2.74 — — —
Arg39 Glu401 2.76 Arg39 Glu397 2.32
Arg39 Glu401 3.03 o — e
Lys41 Asp435 2.57 - - —
Asn67 Tyr437 2.87 Asn67 Val405 2.81
— — — Asn67 Val405 2.83
— — — GIn69 Asp407 3.19
Asn71 Tyrd37 2.75 Asn71 Tyrd37 2.36
Asn88 Glu264 2.71 Gly88 Trp257 3.24
Gly89 Trp261 297 Ser89 Glu202 297
Arg91 Glu287 - 261 — — —
Arg9l Glu287 2.93 — - —
e — — Glul11 Glu436 2.89
Glulll Tyr437 2.58 Glul11 Tyr433 3.00
? Hydrogen bonds were identified using the program PDBsum (Laskowski et al.
2005).

® No definitive electron density.
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- Table 2.3 Biochemical parameters of RNase 1, RNase A, and their variants

To' kel K AG* AAG*

Ribonuclease ~ (°C)(10°M™'s™") K @M)  (kcal/mol) (keal/mol) ICso! (uM) Z
Wild-type RNase A 648 52 + 48 44x1075 | >25  +4
gggg/gzls)enj\mw 568 38+6° 510308 0.15+0.01 +6
Wild-type RNase 1 57 2142 29x107% >25 46
ggggﬂéﬁgﬁmm 61 42+04 0032:0016 69 >25 48
S RO DINESA g 63105 (17205107 133 133+17 0
ggliggzlimsw 65 30+3 301 10.9 24 25 44
ggzg/gﬁi‘;/ (1}89])/ 51 16+6 45+ 15 11.2 2.1 25 42
A RSSVEBID 57 1043 68+ 8 14 19 325 4l
gg?g’gﬁiﬁ?@y 54 33+05 (LO£0.1)x10°  13.0 0.3 %5 0
gg?g%ﬁi@g&v 51 10£1  278+50 122 1.1 >25  +1
g;ggfggs)ﬁgg” 57 541 1643 106 27 >25 42

? Values of T, (2 °C) for RNase 1 and its variants were determined in PBS by UV
 spectroscopy. '
® Values of kca/Knt (+SE) were determined for catalysis of 6-F AM—-dArU(dA),-6-TAMRA
cleavage at 25 °C in 0.10 M MES—NaOH buffer (OVS-free), pH 6.0, containing 0 10M
NaCl (Kelemen et al. 2000).
Values of Kq (+SE) were determined for the complex with hRI at 25 °C (Abel et al. 2002).
¢ Values of AG were calculated with the e%gtlon AG = —RTIn(K M9/ vy,

€ Values Of AAG = AAGR39D/N67D/N88A/G89 1D RNase 1 AAGRNase 1 vanant
f Values for ICso (+SE) are for the incorporation of [methyl-> H]thymldlne into the DNA of
K-562 cells treated with the ribonuclease, and were calculated with equation (4).

& From ref (Rutkoski et al. 2005).

b From ref (Lee et al. 1989Db).

! Calculated with the value of kg for the hRI'RNase 1 complex (Table 4), the value of k, =
3.4 x 103 M's™ for hRI + RNase A (Lee et al. 1989a), and the equation: Ky = ky/k,.
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Table 2.4 Rate constants for the binding of hRI to RNase 1 and its variants

RNase 1 ko (s kaM's™)
wild-type (9.9+0.7) x107%? 3.4x10%°
R39D/N67D/N88A/G8ID/RIID  0.22+0.03 ©(2.2x10%  1.2x10°¢(2.8x10%)
R39L/N67L/N88A/G89L/ROIL  0.092 + 0.003°(9.3x10%) 3.1 x 10°9 (1.1x10%)
? The value of kq (+:SE) was determined by following the release of diethylfluorescein-

labeled RNase 1 from hRI over time and fitting the curve to equation (3).

The value of £, is from ref (Lee et al. 1989a). Both angiogenin and RNase A have
association rates within twofold of each other (Lee et al. 1989a), and so the
association rate of RNase A was chosen for comparison due to the greater similarity
of its sequence and structure with those of RNase 1.

° Values of kg (+SE) were determined by following the release of a fluorescein-labeled
RNase 1 variant from hRI over time and fitting the curves to equation (3). Values in
parentheses represent the fold increase from wild-type RNase 1.

4 Values of k, were calculated with the equation: Ky = k4/k,. Numbers in parentheses
represent the fold decrease from wild-type RNase 1.

b
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Figure 2.1  Structure of the crystalline complex of hRI (green) and RNase 1 (blue).

Ribbon diagram of the contents of the asymmetric unit in which the N-
terminal PB-strands of hRI from two molecular complexes form an anti-
parallel B-sheet. The image was created with the program PyMOL

(DeLano Scientific, South San Francisco, CA).
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Figure 2.2  Contact residues from the crystal structures of hRI'‘RNase1 and
pRI‘-RNase A. (a) Aminb acid sequénce alignment of RNase A and
RNase 1. hRI contacts for both chains of RNase 1 in the unit cell are given..
The secondary structure of RNase A is identified with h (a-helix), s (B-
strand), or t (turn). Reéidues in van der Waals or hydrophobic contact with
RI are in blue. Residues with a hydrogen bond to RI are in red. Conserved
cysteine residues are in yellow. Catalytic residues are enclosed in black
boxes. (b) Three-dimensional structure of RNase 1, chain Z. Residues are
colored using the same scheme as in panel a, except that active-site
residues are not highlighted. The image was created with the program

PyMOL.
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Figure2.3  Comparison of the f4-B5 loop of RNase 1 (purple) and RNase A (blue)
when bound to RI (green). a-Carbon atoms of RNase 1 and RNase A were
superimposed with the proéram Sequoia, and images were created with the
program PyMOL. (a) Structure of the f4—fB5 loops. Sidechains of residues
8891 are shown as sticks. Amino acids are labeled with the color
corresponding to the color of the ribonuclease. (b) Orientation of the f4—
B5 loops bound to RI. A model of RNase A (PDB entry 1DFJ, chain E)
bound to hRI (chain Y) was created based on its alignment to RNase 1
(chain Z). Hydrogen bonds are shown as dotted lines. Hydrogen bonds
between hRI and RNase A are hypothesized based on the alignment of hRI

(chain Y) and pRI (chain I).
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Figure 2.4  Electron density at 1o (2F s — Fealc) of key contact residues between hRI
(green) and RNase 1 (purple). Specific residues shown in detail are (a)
Arg39, (b) Asn67, and (c) Arg91. Highlighted regions are shown in wall-
eyed stereo; interprotein hydrogen bonds are displayed by black dotted

lines. Images were created with the program PyMOL.
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Figure 2.5  Dissociation rate of the complex between wild-type RNase 1 and hRI. The
release of diethylfluorescein-labeled RNase 1 (100 nM) from hRI (100
nM) was followed over time after addition of a 50-fold molar excess of
angiogenin (5 uM) (@) or after addition of an identical volume of PBS (0).
The initial fluorescence of unbound RNase 1 was used as the end-point for
complete RNase 1 release. Data points are the mean (£SE) of six separate

measurements and are normalized for the average fluorescence of

rhodamine 110 (10 nM).
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Figure 2.6  Affinity for hRI and cytotoxic activity of ribonucleases. (a) Affinity of hRI
for RNase 1 variants was determined by using a competition assay with
fluorescein-labeled A19C/G88R RNase A (50 nM). Data points are the
mean (+SE) of at least three separate measurements. RNase 1 variants in
order of decreasing affinity for hRI: R39D/N67D/N88A/G89D (red #),
R39L/N67L/N88A/G8IL/RIIL (blue ¢), N67D/N88A/G8ID/RIID (red
m), R39D/N8SA/G8ID/RIID (red A), R39D/N67D/NSSA/RIID (red V),
R39D/N67D/G89D/R91D (red o), and R39D/N67D/N88A/G89D/RI1D
(). (b) Effect of ribonucleases on fhe proliferation of K-562 cells was
determined by monitoring the incorporation of [methyl—3H]thymidine into
cellular DNA in the presence of ribonucleéses. Data points are the mean
(SE) of at least three separate experiments carried out in triplicate.
Ribonucleases in  order of  decreasing cytotoxic activity:
D38R/R39D/N67R/G88R ~ RNase A (¢), G88R RNaseA = (y),
R39D/N67D/N88A/G89D/RI1D RNase 1 (o),
R39L/N67L/N88A/G89L/RI1L RNase 1 (blue .), and
N67D/N8SA/G8ID/R91ID RNase 1 (red m). R39D/N67D/N88A/G89ID
RNase 1 (red ¢), G38R/R39G/N67R/N88R RNase 1 (green ¢), wild-type

RNase 1 (0), and other variants of RNase 1 (not shown) have negligible

cytotoxic activity.
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Figure 2.7  Electrostatic representation of the interaction between hRI (green) and
RNase 1 (purple). Protein contact potential of RNase 1 (a), hRI (b), and the
hRI‘-RNase 1 complex (c) are shown. Residues 39 and 91 are labeled in
panel a. The intensity of the blue (positive) and red (negative) coloration is
indicative of the local electrostatic environment. Vacuum electrostatics

were calculated and images were created with the program PyMOL.
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Chapter Three

Cytotoxic Ribonucleases: The Dichotomy of Coulombic Forces

Portions of this chapter are being published as:

Johnson, R.J., Chao, T-Y.., Lavis, L.D., Raines, R.T. (2007) Cytotoxic Ribonucleases: The
Dichotomy of Coulombic Forces. Biochemistry. In Press. I performed all of the research
described in this chapter, except the flow cytometry (TY Chao) and the synthesis of the

latent fluorophore (LD Lavis).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



73
3.1 Abstract

Cells tightly regulate their contents. Still, nonspecific Coulombic interactions
between cationic molecules and anionic membrane components can lead to adventitious
endocytosis. Here, we characterize this process in a natural system. To do so, we create
variants of human pancreatic ribonuclease (RNase 1) that differ in net molecular charge.
By conjugating a small-molecule latent fluorophore to these variants and using’ﬂow
cytometry, we are able to determine the kinetic mechanism for RNase 1 internalization into
live human cells. We find that internalization increases with solution concentration and is
not saturable. Internalization also increases with time to a steady-state level, which varies
linearly with molecular charge. In contrast, the rate constant for internalization (¢;2,= 2 h)
is independent of charge. We conclude that internalization involves an eXtracellular
equilibrium complex between the cationic proteins and abundant anionic cell-surface
molecules, followed by rate-limiting internalization. The enhanced internalization of more
cationic variants of RNase 1 is, however, countered by their increased affinity for the
cytosolic ribonuclease inhibitor protein, which is anionic. Thus, Coulombic forces mediate
extracellular and intracellular equilibria in a dichotomous manner that both endangers cells

and defends them from the potentially lethal enzymatic activity of ribonucleases.

3.2 Introduction
Cells control their intracellular environment through careful gating of the influx of
extracellular material (Conner and Schmid 2003; Polo and Di Fiore 2006). To distinguish

between molecules to be internalized from those to be excluded, cells use specific
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interactions with cell-surface proteins, lipids, and carbohydrates. Nonspecific interactions

mediated by Coulombic forces can also lead to internalization, often in an unregulated
manner (Murray and Honig 2002; Conner and Schmid 2003; Cho and Stahelin 2005;
Mulgrew-Nesbitt et al. 2006; Polo and Di Fiore 2006). Such nonspeciﬁc interactions can
be modulated by increasing, decreasing, or masking the cationic charge on the biomolecule
(Murray and Honig 2002; Mulgrew-Nesbitt et al. 2006).

Two classes of molecules that exploit high cationicity to effect nonspecific
adsorption to the cell surface and internalization are cell-penetrating peptides (CPPs) and
ribonucleases (Fotin-Mleczek et al. 2005; Kaplan et al. 2005; Fuchs and Raines 2006;
Notomista et al. 2006). CPPs have received considerable attention due to their ability to
transport otherwise membrane-impermeable cargo into cells (Zorko and Langel 2005;
Chauhan et al. 2006; Fuchs and Raines 2006). The detailed mechanism of CPP
internalization is unclear, but is known to involve multiple steps. Those steps include
binding to anionic cell-surface molecules, internalization in an ATP- and temperature-
dependent manner, and ultimately translocation from endosomes into the cytoplasm (Drin
et al. 2003; Haigis and Raines 2003; Fuchs and Raines 2004; Richard et al. 2005; Fuchs
and Raines 2006; Notomista et al. 2006). Similar to cationic peptides, the endocytosis of
pancreatic-type ribonucleases is facilitated by their cationic nature (Notomista et al. 2006).
Ribonucleases bind to the cell surface through Coulombic interactions between positively
charged residues and negatively charged cell-surface molecules (Notomista et al. 2006),
and are endocytosed by a dynamin-independent pathway without the necessity for a

specific receptor (D'Alessio and Riordan 1997; Leland and Raines 2001; Matousek 2001;
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Haigis and Raines 2003; Makarov and Ilinskaya 2003; Benito et al. 2005; Arnold and

Ulbrich-Hofmann 2006).

Pancreatic-type ribonucleases have diverse biologiéal activities, including selective
toxicity to cancerous cells (D'Alessio and Riordan 1997; Leland and Raines 2001;
Matousek 2001; Makarov and Ilinskaya 2003; Benito et al. 2005; Arnold and Ulbrich-
Hofmann 2006). The archetype of a cytotoxic ribonuclease is Onconase® (ONC), a
ribonuclease isolated from the oocytes of Rana pipiens that is currently in confirmatory
phase IIIb clinical trials for the treatment of malignant mesothelioma (Pavlakis and
Vogelzang 2006). The specific toxicity of ONC and engineered ribonucleases toward
tumor cells relies on multiple biochemical attributes, such as evasion of the cytosolic
ribonuclease inhibitor protein (RI (Dickson et al. 2005)), high ribonucleolytic activity, and
resistance to proteolysis (Bretscher et al. 2000; Klink and Raines 2000; Dickson et al.
2003). |

Cationic charge is also important for ribonuclease cytotoxicity. For example, the
cytotoxicity of bovine pancreatic ribonuélease (RNase A, EC 3.1.27.5 (Raines 1998)) and
microbial ribonucleases can be increased through mutagenic or chemical cationization
(Futami et al. 2001; Futami et al. 2002; Ilinskaya et al. 2002; Ilinskaya et al. 2004; Fuchs et
al. 2007). Traditional studies on the relationship between the cationicity and cyfotoxicity of
ribonucleases have used cell death as the read-out (Futami et al. 2001; Futami et al. 2002;
Ilinskaya et al. 2002; Ogawa et al. 2002; Ilinskaya et al. 2004; Notomista et al. 2006;

Fuchs et al. 2007). This phenotype is manifested, however, only after a complex, multi-

step process (D'Alessio and Riordan 1997; Leland and Raines 2001; Matousek 2001;
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Makarov and Ilinskaya 2003; Benito et al. 2005; Arnold and Ulbrich-Hofmann 2006).

Hence, a direct measurement of ribonuclease internalization is necessary to dissect the
effect of cationicity on internalization.

Here, we isolate internalization from cell death by using a novel fluorogenic label
with fluorescence that remains quiescent until an encounter with an intracellular esterase
(Chandran et al. 2005; Lavis et al. 2007). By using this latent fluorophore along with flow
cytometry, we directly quantitate the internalization of variants of human pancreatic
ribonuclease (RNase 1; Figure 3.1A). We then characterize the effect of charge on two
equilibria that mediate ribonuclease cytotoxicity. Our findings reveal new information

about the role of Coulombic forces in protein—cell and protein—protein in_téractions.

3.3 Experimental Procedures

Materials. Escherichia coli strain BL21(DE3) was from Novagen (Madison, WI).
6-FAM-dArU(dA),—6-TAMRA, a fluorogenic ribonuclease substrate, was from Integrated
DNA Technologies (Coralville, IA). Enzymes were from Promega (Madison, WI). K-562
cells, which are an erythroleukemia cell line derived for a chronic myeloid leukemia
patient, were from the American Type Culture Collection (Manassas, VA). Cell culture
medium and supplements were from Invitrogen (Carlsbad, CA). [methyl-’H]Thymidine
(6.7 Ci/mmol) was from Perkin—Elmer (Boston, MA). Protein purification columns were
from GE Biosciences (Piscataway, NJ). MES buffer (Sigma—Aldrich, St. Louis, MO) was
purified by anion-exchange chromatography to remove trace amounts of oligomeric

vinylsuflonic acid (Smith et al. 2003). Phosphate-buffered saline (PBS) contained (in 1.00
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L) NaCl (8.0 g), KC1 (2.0 g), Na,HPO,-7H,0 (1.15 g), KH,PO, (2.0 g), and NaNjs (0.10 g)

and had a pH of 7.4. All other chemicals were of commercial grade or better, and were
used without further purification.

Instrumentation. Fluorescence spectroscopy was performed with a QuantaMaster1
photon-counting fluorimeter equipped with sample stirring (Photon Technology
International, South Brunswick, NJ). Thermal denaturation data were collected using a
Cary 3 double-beam spectrophotometer equipped with a Cary temperature-controller
(Varian, Palo Alto, CA). [methyl->H]Thymidine incorporation into genomic DNA was
quantitated by liquid scintillation counting using a Microbeta TriLux liquid scintillation
and luminescence counter (Perkin—Elmer, Wellesley, MA). The mass of RNase 1 and its
variants was confirmed by matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometry with a Voyager-DE-PRO Biospectrometry Workstation
(Applied Biosystems, Foster City, CA) at the campus Biophysics Instrumentation Facility.
Flow cytometry data were collected by using a FACSCalibur flow cytometer equipped
with a 488-nm argon-ion laser (Becton Dickinson, Franklin Lakes, NJ). Microscopy
images were obtained with a Nikon Eclipse TE2000-U confocal microscope equipped with
a Zeiss AxioCam digital camera.

Protein Purification and Labeling. DNA encoding variants of RNase 1 were made
by using plasmid pHP-RNase (Leland et al. 2001) and the Quikchange site-directed
mutagenesis or Quikchange Multi site-directed mutagenesis kit (Stratagene, La Jolla, CA).
RNase 1 variants were produced in E. coli and purified by using methods described

- previously for wild-type RNase 1 (Leland et al. 2001). D38R/R39D/N67R/G88R RNase A,
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which is a highly cytotoxic variant (Rutkoski et al. 2005), was a gift from T. J. Rutkoski.

Human RI was produced in E. coli and purified as described previously (Johnson et al.
2007c¢).

Variants with a free cysteine at position 19 were protected by reaction with 5,5'-
dithio-bis(2-nitrobenzoic acid) (DTNB) (Riddles et al. 1983; Lavis et al. 2006).
Immediately prior to latent-fluorophore attachment, TNB-protected ribonucleases were
deprotected with a three-fold molar excess of ’dithiothreitol (DTT) and desalted by
chromatography on a PD-10 desalting column (GE Biosciences, Piscataway, NJ). The
maleimide-containing latent fluorophore was synthesized as described previously (Lavis et
al. 2006). Deprotected ribonucleases were reacted for 4-6 h at 25 °C with a ten-fold molar
excess of thiol-reactive latent ﬂuofophore (Lavis et al. 2006). Conjugates were purified by
chromatography using a HiTrap SP FF column. The molecular masses of RNase 1, its
variants, and conjugates were confirmed by MALDI-TOF mass spectrometry. Protein
concentration was determined by using a bicinchoninic acid assay kit from Pierce
(Rockford, IL) with bovine serum albumin as a standard.

| Conformational Stability Measurements. The conformational stability of RNase 1
and its variants was determined by following the change in UV absorbance at 287 nm with
increasing temperature (Klink and Raines 2000). The temperature of PBS containing an
RNase 1 variant (0.1-0.2 mg/mL) was heated from 20 to 80 °C at 0.15 °C/min. The A»g;
was followed at 1-°C intervals, and the absorbance change was fitted to a two-state model
of denaturation, wherein the température at the midpoint of the transition curve

corresponds to the value of 7y,
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Ribonucleolytic Activity Assays. The ribonucleolytic activity of RNase 1 and its

variants was determined by quantitating its ability to cleave 6-FAM-dArU(dA),—6-
TAMRA (Kelemen et al. 1999). Assays were carried out at 23 (32) °C in 2.0 mL of 0.10 M
MES-NaOH buffer (pH 6.0) containing NaCl (0.10 M). Fluorescence data were fitted to
eq 1, in which AZ/At is the initial reaction velocity, Iy is the fluorescence intensity before
addition of a ribonuclease, Iris the fluorescence intenéity after complete substrate

hydrolysis, and [E] is the total ribonuclease concentration.

kw/ _ (AI/AD)

RI—Binding Assays. The affinity of RNase 1 variants for human RI was determined
by using a fluorescent competition assay reported previously (Abel et al. 2002). Briefly,
PBS (2.0 mL) containing DTT (5 mM), fluorescein-labeled G88R RNase A (50 nM), and
various concentrations of an unlabeled RNase 1 variant was incubated at 23 (£2) °C for
20 min. The initial fluorescence intensity of the unbound fluorescein-labeled G8§8R
RNase A was monitored for 3 min (excitation: 491 nm, emission: 511 nm). RI (50 nM)
was then added, and the final fluorescence intensity was measured. The value of Ky for
RI‘RNase 1 complexes as defined in eq 2 was obtained by nonlinear least squares analysis
of the binding isotherm using GraphPad Prism 4.02 (GraphPad Software, San Diego, CA).
The Ky value for the complex between Rl and fluorescein-labeled G88R RNase A was

taken to be 1.4 nM (Rutkoski et al. 2005).
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RI'RNase 1 «— RI+RNase 1 )

Cytotoxicity Assays. The effect of RNase 1 and its variants on the proliferation of
K-562 cells was assayed as described previously (Leland et al. 2001; Haigis et al. 2002b;
Rutkoski et al. 2005). After a 44-h incubation with ribonuclease, K-562 cells were treated
with [methyl-*H]thymidine for 4 h, and the incorporation of radioactive thymidine into
cellular DNA was quantitated by liquid scintillation counting. Results are shown as the
percentage of [methyl-"H]thymidine incorporated relative to control cells. Data are the
average of three measurements for each concentration, and the entire experiment was
repeated in triplicate. Values for ICsy were calculated by fitting the curves by nonlinear
regression with eq 3 (Rutkoski et al. 2005; Johnson et al. 2007¢), in which y is the total

' DNA synthesis following the [methyl-"H]thymidine pulse and 7 is the slope of the curve.

_ 100 %
Y= 1+ 1O(10g(IC50)—log[ribonuclease])h

3)

Flow Cytometry Assays. The internalization of ribonuclease variants with latent
fluorophore attached (Figure 3.1B) was followed by monitoring the unmasking of.
fluorescence by intracellular esterases. K-562 cells from near confluent flasks were

* collected by centrifugation and resuspended at a density of 1 x 10° cells/mL in fresh
RPMI 1640. Labeled ribonuclease (10 uM) or unlabeled RNase 1 (10 uM) was added to

250 pL of RPMI containing 1 % 10° cells/mL of K-562 cells. K-562 cells were allowed to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



81
incubate at 37 °C for varying times with the ribonucleases. To quench internalization, K-

562 cells were collected by centrifugation at 750g for 3 min at 4 °C, and cell pellets were
resuspended gently in ice-cold PBS (250 plL). Samples remained on ice until analyzed by
flow cytometry.

Latent fluorophore fluorescence was detected through a 530/30-nm band-pass filter.
Cell viability was determined by staining with propidium iodide, which was detected
through a 660-nm long-pass ﬁiter. The mean channel fluorescence intensity of 20,000
viable cells was determined for each sample using CellQuest software and used for
subsequent analysis. To determine the steady-state rate constant for ribonuclease
internalization, fluorescence intensity data were fitted to eq 4, in which Fip,y is the
fluorescence intensity upon reaching the steady-state and £ is the rate constant for

ribonuclease internalization into K-562 cells.
F=F_ (1-¢" 4)

Microscopy. Confocal microscopy was used to observe ribonuclease localization.
K-562 cells were prepared as described for flow cytometry. Latent fluorophore-labeled
RNase 1 variant (10 uM) or fluorescein-labeled RNase 1 variant (10 uM) were added to
250 pL of RPMI 1640 containing K-562 cells (1 x 10° cells/mL) and incubated at 37 °C
for 30 min. Cell nﬁclei were stained by the addition of Hoechst 33342 (2 pg/mL) for the
final 5 min of incubation. Excitation at 408 nm was provided by a blue-diode laser, and

emission light was passed through a filter centered at 450 nm with a 35-nm band-pass.
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Excitation at 488 nm was provided by an argon-ion laser, and emission light was passed

through a filter centered at 515 nm with a 40-nm band-pass. Excitation at 543 nm was
provided by a HeNe laser, and emission light was passed through a filter centered at

605 nm with a 75-nm band-pass.

3.4 Results

Design of RNase 1 Variants. Recently, we reported on variants of RNase 1 that
evade the inhibitory action of RI (Johnson et al 2007¢). In these variants, positions 39, 67,
88, 89, and 91 of RNase 1 were determined to be important contact residues between
human RI and RNase 1 (Figure 3.1A). By engendering Coulombic repulsion at these
positions, a variant of RNase 1 (DDADD) was endowed with 5 x 10°-fold lower affinity
for RI. This variant was, however, only moderately toxic to human chronic myeloid
leukemia cells in vitro (ICso = 13.3 uM) (Johnson et al. 2007c).

The lowered cytotoxicity of this RNase 1 variant when compared to other
ribonucleases with similar biochemical characteristics was proposed to result from its net
neutral charge, which could diminish its cellular internalization (Johnson et al. 2007c¢). To
investigate the effect of both positively and negatively charged amino acid substitutions at
these same positions in RNase 1 on ribonuclease internalization and RI evasion, a series of
RNase 1 variants were constructed (Table 3.1). To maintain a basal level of RI evasion and
cytotoxicity, these RNase 1 variants maintained an aspartate or leucine substitution at
positions 39 and 91, as these residues contributed most to the evasion of RI (Johnson et al.

2007c). Then, the net charge of the RNase 1 variant was varied by incorporating positively
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or negatively charged residues at positions 67, 88, or 89, which are known to contribute

less to the stability of the RI'/RNase 1 complex. These substitutions neither create nor
destroy a canonical nuclear localization signal, which could contribute to cytotoxicity
(Bosch et al. 2004). The resulting RNase 1 Varianfs had a net charge (£) ranging from 0 to
+6.

Biochemical Properties of RNase 1 Variants. The cytotoxicity of a ribonuclease is
governed by the biochemical parameters listed in Table 3.1 (Bretscher et al. 2000; Klink
and Raines 2000; Dickson et al. 2003): conformational stability, ribonucleolytic activity,
RI affinity, and molecular charge of the RNase 1 variants. The conformational stability of a
ribonuclease, which provides a measure of its vulnerability to proteolysis, correlates with
its cytotoxic activity (Klink and Raines 2000). Conformational stability could not, however,
have had a significant effect on the cytotoxicity of the RNase 1 variants, as each 7y, value
is within 8 °C of that of wild-type RNase 1 and significantly above physiological
temperature (37 °C). Like conformational stability, ribonucleolytic acti\(ity correlates with
cytotoxicity (Kim et al. 1995a; Bretscher et al. 2000). Here, however, each of the RNase 1
variants cleaved an RNA substrate with a k../ Ky value that was within 3-fold of that of the
wild-type enzyme (Kelemen et al. 1999).

| The biochemical attribute that varied most dramatically between the different
RNase 1 variants was the affinity for RI (Table 3.1), which is known to be an important
factor in cytotoxicity (Leland et al. 1998; Bretscher et al. 2000; Haigis et al. 2002b;

Rutkoski et al. 2005). Consequently, the 1500-fold range of affinities for RI, between the
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most Rl-evasive variant (DDADD RNase 1; K4 = 1.7 pM) and the least RI-evasive variant

(LRRRD RNase 1; K4 = 1.1 nM), foreshadows a large range of cytotoxic activity.
Ribonuclease Cytotoxicity. Surprisingly, the RNase 1 variants varied little in their
cytotoxic activity (Figure 3.2; Table 3.1). None of the RNase 1 variants was as cytotoxic as
D38R/R39D/N67R/G88R RNase A. This variant of the bovine enzyme is both highly
evasive of RI (K4 =510 nM) and highly cationic, having a net molecular charge (i.e., Arg +
Lys — Asp — Glu) of Z =+6 (Rutkoski et al. 2005).
Ribonuclease Internalization. To determine whethér the molecular charge of an

RNase 1 variant affects its cellular internalization, we employed a synthetic latent
fluorophore (Figure 3.1B) (Chandran et al. 2005; Lavis et al. 2006). This latent fluorophore
is not fluorescent until activated by an intracellular esterase, allowing for the direct and
continuous visualization of protein internalization (Figure 3.1C,D). RNase 1, like RNase A,
has eight cysteine residues that form four disulfide bonds in the native enzyme. To enable
the attachment of the latent fluorophore, we replaced Prol9 of each RNase 1 variant with a
cysteine residue. Position 19 was chosen because it is remote from the regions of interest
(Figure 3.1A), and attachment of fluorescent groups at this position is not known to have a
detectable effect on the ribonucleolytic activity, RI-affinity, or cell-surface binding of
ribonuclease variants (Abel et al. 2002; Haigis and Raines 2003). The latent fluorophore
was attached to Cys19 of each ribonuclease by a standard maleimide coupling reaction
(Lavis et al. 2006).

The internalization of latent fluorophore-conjugated ribonuclease variants was

observed by fluorescence microscopy and quantitated by flow cytometry. Initial
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experiments revealed that the amount of ribonuclease internalized into live human cells

increased linearly during the first 2 h (Figure 3.3A) and accumulated in endocytic vesicles
(Figure 3.3B). Bright-field images indicated that the cells were alive and appeared to have
normal physiology during the time course of the experiments (Figure 3.1D).

Detailed experiments were then performéd to quantify the internalization of a
ribonuclease as a function of time (Figure 3.4A), its net charge (Figure 3.4B), and its
concentration (Figure 3.4C). Using eq 4 and the data in Figure 3.4A, the values of t15 (=
In2/k;) for the internalization of the RNase 1 variants were calculated to be (110 & 17) min
for RNase 1, (131 + 16) min for DRRDD RNase 1, and (129 + 26) min for DDADD
RNase 1. These #;; values are indistinguishable, suggesting that each variant is
endocytosed by the same mechanism.

The amount of ribonuclease internalized into K-562 cells in 30 min was related
linearly to the net charge of the ribonuclease (Figure 3.4B). The relative amount of
ribonuclease internalized at 30 min also increased by greater than 4-fold between the
RNase 1 variants with the lowest and highest net charge (DDADD (Z = 0) and LRRRD (Z
= +6), respectively). Two variants of RNase 1 (DRRRD and LRRRD, with the G89R
substitution underlined) were internalized to a somewhat greater extent than expected
based on their net charge. These two variants are the only ones with a G89R substitution.

The amount of ribonuclease internalized into K-562 cells in 30 min increased with
the solution concentration of the ribonuclease, at least up to 10 uM (Figure 3.4C). These
data suggest that the binding of RNase 1 to the cell surface is not saturable (Haigis and

Raines 2003), consistent with internalization being mediated by a non-specific interaction
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with an abundant cell-surface molecule rather than by a specific interaction with a receptor.

Again, internalization correlated with net charge, as more wild-type RNase 1 (Z = +6) than

its DRRDD (Z = +3) or DDADD (Z = 0) variant was internalized at each concentration.

3.5 Discussion

Dual Influence of Coulombic Forces. Coulombic forces can lead to the unregulated
internalization of cationic peptides and proteins into cells (Murray and Honig 2002;
Conner and Schmid 2003; Cho and Stahelin 2005; Mulgrew-Nesbitt et al. 2006; Polo and
Di Fiore 2006). To assess the biological consequences of increasing the charge of a
ribonuclease, we created RNase 1 variants with a range of net charges (Table 3.1). We then
quantitated their cellular internalization by using a latent fluorophore (Figure 3.1B) and
flow cytometry. This combination obviated any signal from ribonucleases bound to the cell
membrane (Figure 3.1C) without the need for protease treatment or washing steps (Richérd
et al. 2005; Lavis et al. 2006), permitting more timely and precise measurements than are
accessible with any other method.

The net charge of a ribonuclease has a positive linear relationship with its
internalization (Figure 3.4B). The two variants with the highest internalization based on
their net charge have an arginine residue at position 89 (DRRRD and LRRRD). Installing
arginine in the analogous site of RNase A yielded G88R RNase A, which was the first
monomeric mammalian ribonuclease endowed with cytotoxicity (Leland et al. 1998). This
cytotoxicity was attributed to a 10*-fold decrease in affinity for RI (Leland et al. 1998).

Our analyses of the G89R variants of RNase 1 suggest, however, that this substitution in
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RNase A could instill the added benefit of increasing cellular internalization. Our data also

indicate that a positive net charge is not essential for ribonuclease internalization, as a
neutral RNase 1 variant (DDADD) is internalized significantly and is cytotoxic (Figures 2
and 4; Table 3.1). Instead, the disposition of charge could govern the internalization of
ribonucleases (Notomista et al. 2006) and other proteins (Fuchs and Raines 2007).

The opposite trend is observed between charge and the affinity for RI, which is
highly anionic (Z = —22). In Figure 3.4D, the net charge of RNase 1 variants substituted at
positions 39, 67, 88, 89, and 91 is plotted versus the K4 value for their complex with RI.
An inverse relationship between the net charge of an RNase 1 variant and its affinity for RI
is observed, reinforcing the unusual nature of the RI-RNase 1 interaction and the
importance of Coulombic forces to RI'RNase 1 complex formation (Johnson et al. 2007c¢).

Hence, two competing equilibria involving ribonuclease charge seem to imperil and
protect cells from the cytotoxic activity of rogue ribonucleases (Haigis and Raines 2003).
In these equilibria, increasing the positive charge of a ribonuclease increases its

- internalization but also increases its RI affinity (Figure 3.4), yielding RNase 1 variants
with similar cytotoxic activity (Figure 3.2; Table 3.1). These competing equilibria make
net charge a difficult variable to optimize in the design of cytotoxic ribonucleases.

Mechanism of Ribonuclease Internalization. The internalization of a ribonuclease
seems to limit its cytotoxicity, as microinjected ribonucleases are cytotoxic at picomolar
concentrations (Saxena et al. 1991). Thus, fully undérstanding the factors involved in
ribonuclease internalization could lead to more effective ribonuclease chemotherapeutics

(Haigis and Raines 2003). The cationicity of RI-evasive ribonucleases correlates with their

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



, 88
cytotoxicity (Futami et al. 2001; Futami et al. 2002; Ilinskaya et al. 2002; Ilinskaya et al.

2004) and destabilization of anionic membranes (Notomista et al. 2006). The endocytic
mechaniém is dynamin-independent (Haigis and Raines 2003), but the remaining steps in
the pathway are unknowh.

Further insight into the mechanism of ribonuclease internalization can be gathered
by comparing its kinetic mechanism to that of CPPs. CPP internalization reaches a steady-
state level, like that of ribonucleasés (Figure 3.4A) (Hallbrink et al. 2001; Drin et al. 2003).
The half-time for the internalization of a CPP (t12 < 60 min (Drin et al. 2003; Zorko and
Langel 2005)) is, however, less than that for the internalization of an RNase 1 variant (¢, =
2 h, Figure 3.4A). This difference in rate constant likely arises from the difference in
molecular mass, as CPPs carrying large cargo internalize more slowly (Zorko and Langel
2005). As With ribonucleases (Figure 3.4C), CPP internalization is dose-dependent (Drin et
al. 2003). These similarities are consistent with ribonucleases and CPPs having similar
internalization mechanisms.

The steady-state kinetics of CPP internalization have been interpreted in terms of
an equilibrium formed between CPP free in solution and CPP bound to anionic cell-surface
molecules, concomitant with the degradation of the CPP (Hallbrink et al. 2001; Drin et al.
2003; Zorko and Langel 2005). Based on the similarities between CPPs and ribonucleases,
the same explanation seems to be applicable for ribonucleases: an extracellular pre-
equilibrium is formed between ribonuclease free in solution and bound to the cell surface.
Further evidence for the existence of such a prior equilibrium is provided by the charge

dependence of internalization. All thrée ribonucleases tested had a similar half-time for
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internalization (2 h), indicative of the same mechanism of internalization. Yet, their steady-

state level of internalization varied by up to 4-fold based on their net charge (Figure 3.4A).
Thus, ribonucleases that are more cationic have higher affinities for anionic cell-surface
‘molecules, shifting the extracellular distribution toward the cell-surface bound state. This
shift in distribution leads to more ribonucleases being internalized in the rate-limiting step
(k1), but without affecting the internalization rate of any individual molecule.

Based on these data, we propose a model for the effect of ribonuclease charge on
internalization and cytotoxicity (Figure 3.5). First, ribonucleases form an extracellular
equilibrium with an anionic cell-surface molecule that is mediated by the cationicity of the
ribonuclease. A candidate for this cell-surface molecule is heparan sulfate, which is an
abundant glycosaminoglycan necessary for the efficient internalization of ribonucleases
(Soncin et al. 1997) and CPPs (Fuchs and Raines 2004), as well as a cationic variant of the
green fluorescent protein (Fuchs and Raines 2007). Second, an intracellular equilibrium
based on ribonuclease charge is formed upon ribonuclease translocation to the cytosol
(Figure 3.5). This second equilibrium between ribonucleases bound by RI and those that
evade Rl is apparent by the opposing trends depicted in Figure 3.4B,D. In these figures,
ribonucleases that are internalized at a higher rate (Figure 3.4B) are not necessarily more
cytotoxic (Figure 3..4) because they are also bound more tightly by RI (Figﬁre 3.4D).

Finally, the Coulombic interactions characterized herein could have clinical
significance. Cells derived from cancerous tissue tend to be more anionic than cells derived
from similar hormal tissue (Slivinsky et al. 1997; Orntoft and Vestergaard 1999). In

contrast, RI levels are constant in cells with a cancerous and noncancerous origin (Haigis
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et al. 2003). Accordingly, variation in the position of the extracellular equilibrium (Figure

3.5) could contribute to the therapeutic index of ONC and other ribonucleases.

3.6 Conclusions

Understanding how cationic proteins enter human cells and exerting control over
this process portends the develdpment of better chemotherapeutics. Toward this end, we
developed a method to quantitate the effect of the net charge of a ribonuclease on its
cellular internalizatidn. We found ribonuclease internalization to be related linearly to net
charge and to reach a steady-state level of internalization based on that net charge. These
two characteristics suggest that ribonuclease internalizatibn is controlled by an
extracellular equilibrium formed between ribonuclease molecules free in solution and those
bound to anionic moieties on the cell surface. This extracellular equilibrium is then
counteracted by an intracellular equilibrium in which more cationic ribonucleases bind
mdre tightly to RI. Thus, these two equilibria cause cells to entice and then entrap

ribonucleases.
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Table 3.1: Properties of Wild-Type RNase 1 and its Variants

RNasel®  Tu(OP (’)‘gat/Mthsc o Kq (aM)? ICso M)  Z
wild type’ 57 2142 29 x 107°1 >25 +6
DDADD' 58 6.3+0.5 (1.7£05)x10° 13317 0
LLALL' 65 30+ 3 30+1 >25 +4
DRRDD 53 14+3 28 + 4 569+037  +3
DRRRD 49 6.7+ 0.6 13+0.2 10.8+£0.93  +5
LRRDD 54 19+2 1.8+ 0.1 162+13  +4
LRRRD 53 9142 1.1+£02 >25 +6

“RNase 1 variants are named according to their amino acid composition at residues 39,
67, 88, 89, and 91. Hence, DDADD RNase 1 refers to the R39D/N67D/N88A/G89D/R91D

variant.

b Values of Tjy (2 °C) were determined in PBS by UV spectroscopy.
¢ Values of ke/Ky (£SE) were determined for catalysis of 6-FAM-dArU(dA),—6-

TAMRA cleavage at 25 °C in 0.10 M MES-NaOH buffer (OVS-free), pH 6.0, containing

0.10 M NaCl and were calculated with eq 1.

?Values of Ky (+SE) were determined for the complex with human RI (eq 2) at 25 °C.
¢ Values of ICsy (+SE) are for incorporation of [methyl->H]thymidine into the DNA of K-

562 cells treated with the ribonuclease, and were calculated with eq 3.

/ From ref. (Johnson et al. 2007c¢).
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Figure 3.1  Design of ribonuclease variants and latent fluorophore. (A) Ribbon
diagram of RNase 1 (PDB entry 127X, chain Z). Residues’ substituted
herein are depicted in red. The image was created with the program
PyMOL (DeLano Scientific, South San Francisco, CA). (B) Structure of
latent fluorophore before and after activation by cellular esterases.
(C,D) Confocal micrdscopy images of unwashed K-562 cells incubated at
37 °C for 30 min with fluorescein-labeled RNase 1 (10 uM; C) or latent
fluorophore-labeled RNase 1 (10 uM; D). Nuclei were stained by adding
Hoechst 33342 (2 pg/mL) during the final 5 min of incubation. Insets:

bright-field images. Scale bar: 10 pum.
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Figure 3.2  Cytotoxicity of ribonuclease variants. Effect of ribonucleases on the
proliferation of K-562 cells was determined by monitoring the
incorporation of [methyl->H]thymidine into cellular DNA in the presence
kof ribonucleases. Data points are mean values (SE) from >3 experiments,
each carried out in triplicate, and were fitted to eq 3. Variants in order of
increasing cytotoxicity: D38R/R39D/N67R/G88R RNase A (¢); DRRDD
RNase 1 (#); DRRRD RNase 1 (¥v); DDADD RNase 1 (e¢); LRRDD

RNase 1 (A); LRRRD RNase 1 (m); and wild-type RNase 1 (o).
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Figure 3.3  Kinetics of ribonuclease intemalization. (A) Initial velocity of cellular
internalization versus time (<2 h). Internalization was determined by
incubating latent fluorophore-labeled RNase 1 (o) with K-562 cells at 37
°C. Incubations were quenched at known times by immersing the K-562
cells in ice-cold PBS and storing them on ice before quantitation by flow
cytometry. Data points are mean values (¥SE) from >3 cell populations.
(B) Confocal microscopy images of unwashed K-562 cells incubated at
37 °C for varying time periods (0—6 h) with latent fluorophore-labeled
RNase 1 (10 pM). Nuclei were stained by adding Hoechst 33342 (2

pg/ml) during the final 5 min of incubation. Scale bar: 10 um.
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Figure 3.4  Properties of RNase 1, its variants, and RNase A: wild-type RNase 1 (0),
DDADD RNase 1 (o), DRRDD RNase 1 (¢), LRRDD RNase 1 (A),
LLALL RNase 1 (1), DRRRD RNase 1 (¥), LRRRD RNase l. (m), and
wild-type RNase A (©). (A) Plot of internalization of a ribonuclease into K-
562 cells versus time. Internalization was measured by using flow
cytometry and following the fluorescence manifested by activation of a
latent fluorophore attached to the ribonuclease (10 pM) after incubation for
the specified times points. Data points are mean values (£SE) for 20,000
cells from =3 cell populations, and were fitted to eq 4. (B) Plot of -
internalization of a ribonuclease into K-562 cells versus its net charge.
Internalization was monitored as in panel A, except that all incubations
were for 30 min at 37 °C. (C) Plot of internalization of a ribonuclease into
K-562 cells versus its concentration. Internalization was followed as in
panel A, except for the variable concentration of ribonuclease (0.1, 1.0, or
10 uM). (D) Semilog plot of affinity of a ribonuclease for RI versus its net
charge. Data points are mean values (£SE). Variants of RNase 1 from ref
are indicated by an asterick and their amino acids at positions 39, 67, 88,

89, and 91, with “~” indicating the wild-type residue.
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Figure 3.5  Coulombic effects on ribonuclease-mediated cytotoxicity. Cationic and
anionic molecules are depicted in blue and red, respectively. (A)
Ribonucleases form an extracellular equilibrium complex with abundant
anionic = cell-surface molecules, such as heparan sulfate. Bound
ribonucleases are internalized into endosomes with rate constant 4. (B)
Internalized ribonucleases translocate to the cytosol by an unknown
mechanism. (C) In the cytosol, ribonucleases form an intracellular
equilibrium complex with RI. (D) Ribonucleases that evade RI degrade

cellular RNA, leading to apoptosis.
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Chapter Four

Intraspecies Regulation of Ribonucleolytic Activity

Portions of this chapter are in preparation for publication as:

Johnson, R.J., Lavis, L.D., Raines, R.T. (2007) Intraspecies Regulation of Ribonucleolyﬁc
Activity. Submitted. I performed all of the research described in this chapter, except the
synthesis of diethylfluorescein and development of methods for the oxidative resistance

experiment (LD Lavis).
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4.1 Abstract

| ABSTRACT: The evolutionary rate of proteins involved in obligate protein—protein
interactions is slower and the degree of co-evolution higher than that for non-obligate
protein—protein interactions. The co-evolution of the proteins involved in certain non-
obligate interactions is, however, essential to cell survival. To gain insight into the co-
evolution of one such non-obligate protein pair, the ribonuclease inhibitor (RI) proteins
and pancreatic ribonucleases from cow (Bos taurus) and human (Homo sapiens) were
produced in Escherichia coli and purified, and their physicochemical properties were
analyzed. The two intraspecies complexes are found to be extremely tight (bovine K4 =
0.69 fM; human Kj = 0.34 fM). Human RI binds to its cognate ribonuclease (RNase 1)
with 100-fold higher affinity than to the bovine ribonuclease (RNase A). In contrast,
bovine RI binds to RNase 1 and RNase A with nearly equal affinity. This broader
specificity is consistent with there being more pancreatic-type ribonucleases in cows (20)
than humans (13). Human RI also has 4-fold less resistance to oxidation by hydrogen
peroxide than does bovine RI. This decreased oxidative stability of human RI, which is
caused largely by Cys74, implies a larger role for human RI in regulating cellular fedox
homeostasis. The oxidative and conformational stabilities of both Rls increase upon
complex formétion with ribonucleases, indicating that RI has evolved to maintain its tight
regulation of ribonucleases, even when confronted with extreme environmental stress.
Thus, the role of RI in protecting cells from ribonucleolytic activity seems to supplant its
role in regulating oxidative damage, as even under extreme oxidative stress, it remains

bound to ribonucleases.
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4.2 Introduction

The discovery of extensive protein—protein interaction networks has facilitated
investigations on protein evolution (Gavin et al. 2002; Ho et al. 2002; Krogan et al. 2006).
For example, the rate of evolution within a protein—protein interaction network, has been
found to depend on the number of binding partners, the concentration of each protein, and
the evolutionary age of the proteins (Fréser et al. 2002; Lemos et al. 2004; Hahn and Kern
2005; Mintseris and Weng 2005; He and Zhang 2006; Liao et al. 2006; Saeed and Deane
2006). These relationships extend to subclasses of interactions, as obligate protein—protein
interactions, which are defined as interactions necessary for the stability of an individual
protein (Nooren and Thornton 2003), evolve at a slower rate and show a greater degree of
co-evolution than do non-obligate interactions, which are interactions between proteins
that can remain stable independently (Mintseris and Weng 2005). Nonetheless, the co-
evolution of certain non-obligate protein—protein interactions, such as particular receptor—
ligand and enzyme—inhibitor interactions, can be essential for cell survival (Nooren and
Thornton 2003). To understand the co-evolution of such a non-obligate pair, we have
investigated the complex fonﬁed between the cytosolic ribonuclease ihhibitor protein (RI)!
and ribonucleases, where failure to inhibit ribonucleolytic activity can lead to cell death
(Leland et al. 1998; Raines 1998; Leland and Raines 2001; Smith and Raines 2006).

| The ribonuclease A superfamily is a vertebrate-specific family of enzymes that has
undergone rapid evolution by positive selection (Beintema 1987; Beintema et al. 1988b;
Beintema et al. 1997; Zhang et al. 1998; Singhania et al. 1999). The superfamily has

expanded rapidly (Cho et al. 2005; Cho and Zhang 2006), with only three members in fish
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(Danio rerio) (Pizzo et al. 2006) and chicken (Gallus gallus) (Cho et al. 2005; Nitto et al.

2006), but 20 and 13 members in cow (Bos faurus) (Cho and Zhang 2006) and human
(Homo sapiens) (Cho et al. 2005), respectively. Ribonucleases are controlled by the tight
inhibition of RI (Haigis et al. 2003; Dickson et al. ’2005), which binds to some members of
the ribonuclease A superfamily with affinities in the femtomolar range (Lee et al. 1989b;
Johnson et al. 2007c). Rl is able to exert this affinity using its large concave surface area
(Kobe and Deisenhofer 1995; 1996; Johnson et al. 2007¢), even though the sequence
identity among superfamily members is <30% (Dickson ef al. 2005; Johnson et al. 2007c).
RI evolved rapidly by exon duplication around the time of ribonuclease expansion (Haigis
et al. 2002a), suggesting co-evolution of the protein families, but this direct relationship
has not been demonstrated (Dickson et al. 2005).

Despite RNase A being perhaps the most studied of all eniymes (Raines 1998),
little is known about its cognate inhibitor, bovine RI (bRI). In contrast, human RI (hRI) is
known to bind to ribonucleases from such evolutionary distant organisms as fish, chickens,
and cows (Kobe and Deisenhofer 1995; 1996; Nitto et al. 2006; Pizzd et al. 2006). Yet, we
demonstrated recently that the affinity of hRI for bovine pancreatic ribonuclease (RNase A;
EC 3.1.27.5 (Raines 1998)) is significantly lower than that for human pancreatic
ribonuclease (RNase 1), suggesting a co-evolution of affinity between RI and its species-
specific ribonucleases (Johnson et al. 2007c¢).

Here, we report on the heterologous production, purification, and characterization
of bRI. We find that bRI forms a highly stable complex with both RNase A and RNase 1.

bRI is also found to be stabilized to both thermal and oxidative stress upon ribonuclease
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binding. This and other findings provide insight into the molecular evolution of a non-

obligate protein—protein interaction and its biological imperatives.

4.3 Experimental Procedures

General. Escherichia coli BL21 (DE3) cells and the plasmid pET22b(+) were from
Novagen (Madison, WI). DNA oligonucleotides for PCR, sequencing, and mutagenesis
were from Integrated DNA Technologies (Coralville, IA). Protein purification columns
were from GE Healthcare (Piscataway, NJ). MES buffer (Sigma Chemical, St. Louis, MO)
was purified by anion—exchange chromatography to remove trace amounts of oligomeric
vinylsulfonic acid (Smith et al. 2003). Restriction and PCR enzymes were from Promega
(Madison, WI). All other chemicals were of commercial grade or better, and were used
without further purification.

Terrific broth (TB) contained (in 1.00 L) tryptone (12 g), yeast extract (24 g), glycerol
(4 mL), KH,PO4 (2.31 g), and K;HPO4 (12.54 g). Phosphate-buffered saline (PBS), pH 7.4,
contained (in 1.00 L) NaCl (8.0 g), KCl (2.0‘ g), Na,HPO4-7H,0 (1.15 g), KH,PO4 (2.0 g),
and NaNj3 (0.10 g).

Circular dichroism (CD) data were collected with a model 62A DS CD spectrometer
(Aviv, Lakewood, NJ) equipped with a temperature controller. The molecular mass of each
ribonuclease and RI was determined by matrix-assisted laser desorption/ionization—time-
of-flight (MALDI-TOF) mass spectrometry using a Voyager-DE-PRO Biospectrometry
Workstation (Applied Biosystems, Foster City, CA). CD and MALDI-TOF mass

spectrometry experiments were performed at the campus Biophysics Instrumentation
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Facility. The fluorescence intensity in microtiter plates was recorded in a Perkin—Elmer

EnVision 2100 plate reader equipped with a FITC filer set (excitation at 485 nm with 14
nm bandwidth; emission at 535 nm with 25 nm bandwidth; dichroic mirror cutoff at 505
nm) in the campus W.M. Keck Center for Chemical Genomics.

RI Cloning and Purification. The sequence of bRI was identified by its hypothetical
annotation in the GenBank database (http://www.ncbi.nlm.nih.gov/Genbank/index.html).
bRI (gi:78369509) was labeled as “Bos taurus similar to ribonuclease inhibitor”. Its amino-
acid sequence had 74% identity to that of hRI (Supplementary Figure 1) (Johnson et al.
2007c). DNA primers were designed to amplify the cDNA encoding bRI and to

| incorporate Ndel and Hindlll restriction sites at the 5° and 3’ ends, respectively. cDNA
encoding bRI was amplified by PCR from a bovine brain cDNA library (BioChéin Institute
Inc., Hayward, CA). The PCR product was inserted into plasmid pCR4-TOPO (Invitrogen,
Carlsbad, CA), and sequence analysis was performed to ensure proper amplification. The
¢DNA encoding bRI was then inserted into plasmid pET22b(+) for protein production. A
plasmid that encodes hRI (Rutkoski et al. 2005; Johnson et al. 2007¢) was used to create
cysteine-residue variants of hRI using the Quikchange site-directed mutagenesis kit
(Stratagene, La Jolla, CA). Both wild-type RI proteins and variants of hRI were produced
and purified using the procedure described previously (Klink et al. 2001; Johnson et al.
2007c).

Ribonuclease Purification and Labeling. RNase 1, RNase A, and their free cysteine
residue variants were purified from inclusion bodies using the oxidative folding procedure

described previously (Rutkoski et al. 2005; Johnson et al. 2007¢). Plasmids containing
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- DNA encoding wild-type RNase 1 and RNase A were used to create variants with a free

cysteine residue at position 19 (Lavis et al. 2006; Johnson et al. 2007¢) using the
Quikchange site-directed mutagenesis kit (Stratagene, La Jolla, CA). Position 19 was
chosen as the attachment site, because attachment of fluorescent groups at this position
does not have a detectable effect on the ribonucleolytic activity or RI-affinity of the
resulting variants (Abel et al. 2002; Haigis et al. 2003). Variants of RNase 1 and RNase A
with a free cysteine were initially protected by reaction with 5,5’-dithio-bis(2-nitrobenzoic
acid) (DTNB) (Riddles et al. 1983; Lavis et al. 2006; Johnson et al. 2007c). Immediately
before fluorophore attachment, protected variants were deprotected by using a 3-fold molar
excess of dithiothreitol (DTT) and desalted by chromatography using a PD-10 desalting
column (Amersham Biosciences, Piscataway, NJ). Deprotected ribonuclease variants were
reacted for 4-6 h at 25 °C with a 10-fold molar excess of 2',7'-diethylfluorescein-5-
iodoacetamide, which was synthesized as described previously (Lavis et al. 2007).
Diethylfluorescein-labeled ribonucleases were purified by chromatography using a HiTrap
SP FF column. The molecular masses of RNase 1, RNase A, their variants, and conjugates
were confirmed by MALDI-TOF mass spectrometry.

Dissociation Rate. The dissociation rates of the RI'ribonuclease complexes were
determined by using a procedure described previously (Johnson et al. 2007¢). Briefly,
diethylfluorescein-labeled ribonuclease (100 nM) in D-PBS containing tris(2-
carboxyethyl)phosphine (TCEP, 0.10 mM) and bovine serum albumin (BSA, 0.10 mg-mL"~
! Sigma Chemical) was added to a 96-well microtiter plate, and the initial fluorescence

was measured. RI was then added at equimolar concentrations (100 nM) and incubated
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with a labeled ribonuclease at 25 °C for 5 min. A 50-fold molar excess of human

angiogenin (5 uM) (purified as described previously (Leland et al. 2002)) was added to
scavenge dissociated RI, and the change in fluorescence was measured at various time
points. To ensure that the stability of the proteins was maintained over the extended
duration of the experiment, additional data points were monitored under the same
conditions, only without the addition of angiogenin. Data are the mean (+SE) of six
replicates standardized for the mean fluorescence of six replicates of a rhodamine 110
standard (10 nM) and normalized for the fluorescence before RI addition () and for the
maximum fluorescence change of the fully dissociated hRI-RNase A complex.
Fluorescence data were fitted to eq 1 with the program GraphPad Prism 4.02 (GraphPad
Software, San Diego, CA) to determine the dissociation rate (kg), wherein Fy is the
fluorescence before the addition of angiogenin, and F., is the fluorescence before RI
addition. Initial fluorescence data (<4 h) were not included in the analysis of RI-'RNase 1
complexes, as thesl showed a rapid burst in fluorescence similar to that observed in
previous dissociation rate determinations (Lee et al. 1989b; Johnson et al. 2007¢). Initial
fluorescence data were, however, included in the analysis of the RI-RNase A.complexes, as

the fluorescence change for their dissociation was greater than the initial burst.
F=F+(F-F)(1-e%") | (eq 1)

Conformation and Conformational Stability. CD spectroscopy was used to assess the

secondary structural conformation of RI-ribonuclease complexes (Johnson et al. 2006).
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Complexes between RI (25 pM) and ribonuclease (28 uM) were formed by incubation in

PBS containing DTT (2 mM) at 25 °C for 30 min. A slight molar excess of ribonuclease
was added to ensure that all R molecules were complexed with ribonuclease. The CD
signal contributed by the excess ribonuclease was then masked by the higher CD signal
from RI. Additionally, free ribonuclease (28 pM) and free RI (25 uM) were prepared for
CD measurement using conditions identical to those used to prepare RI-ribonuclease
complexes. CD spectra were acquired from 260 to 205 nm in 1-nm increments at 25 °C,
and the background CD spectrum of PBS containing DTT (2 mM) was subtracted from
each spectrum. CD spectra are shown as the mean residue weight ellipticity at each
wavelength (Johnson et al. 2007b).

CD spectroscopy was also used to evaluate the conformational stability of the \
RI'ribonuclease complexes (J ohnson et al. 2006). The preparation of free R, free
ribonuclease, and RI'ribonuclease complexes was the same as for CD spectra
determination. Protein solutions were heated from 25 °C to 75 °C in 2-°C increments. The
change in molar ellipticity at 222 nm was measured after a 2-min equilibration at each
temperature. CD data at 222 nm were fitted to a two-state model with the program
GraphPad Prism 4.02 to determine the values of 77, (Becktel and Schellman 1987; Pace
1990).

Oxidative Stability. The stability of RI and RI'ribonuclease complexes to oxidation by
hydrogen peroxide (H,0O,) was assessed by using a method similar to that described
previously (Kim et al. 1999), except that the decrease in the fluorescence of

diethylfluorescein-labeled ribonuclease upon RI-binding was used to quantitate binding
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instead of indirectly following RI-binding through measurement of ribonucleolytic activity

(Abel et al. 2002; Lavis et al. 2007). Immediately prior to assaying oxidative stability,
purified RI was dialyzed for 16 h at 4 °C against 20 mM Hepes—HCI buffer, pH 7.6,
containing KCI (50 mM) and DTT (200 pM), such that the final concentration of DTT in
the H,O; reactions was <50 uM. Fresh H,O, (30% v/v, Fisher Scientific, Fair Lawn, NJ or
Sigma Chemical) was diluted to 2% v/v in 20 mM Hepes—HCI buffer, pH 7.6, containing
KCl (50 uM) (Buffer A). H,O, solution (2% v/v) was then serially diluted (10 solutions of
56:100) with Buffer A (final range = 1-0.003% v/v H,0,). RI-ribonuclease complexes
were formed between RI (10 uM) and ribonﬁclease (10 uM) in Buffer A and incubated for
15 min at 23 °C prior to H,O; treatment. Free RI and ribonuclease were treated identically
with the same volume of Buffer A. H,O, dilutions (5 pL) and RI, ribonuclease, or
RI'ribonuclease complex (5 pL of a 10 uM solution) were added jointly to a 96-well PCR
plate (Bio-Rad Laboratories, Hercules, CA). Plates were heated at 37 °C for 30 min in a
PTC-100 thermal cycler equipped with a heated lid (Bio-Rad Laboratories). After 30 min,
Buffer A (10 pL) was added to RI'ribonuclease complex and ribonuclease wells, RNase 1
(10 uL of a 5 pM solution) was added to hRI wells, and RNase A (10 pL ofa 5 pM
solution) was added to bRI wells. Plates were incubated for an additional 5 min in the
thermocyecler at 37 °C, and an aliquot (8 uL) from each well was then added to D-PBS
(392 pL, Invitrogen, Grand Island, N'Y) containing BSA (0.10 mg'mL™) and DTT (5 mM).
To quantitate the fluorescence change upon RI-binding, an aliquot (100 pL) from the D-
PBS dilution was transferred to a 96-well black non-binding surface polystyrene plate

(Corning, Corning, NY). Data were converted to the fraction of RI oxidized by

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



112
normalizing for the fluorescence of the unbound complex and were fitted to eq 2 to

determine ICs values. The fluorescence intensity of diethylfluorescein-labeled
ribonucleases remained constant over the range of H,O, concentrations used in the assay,
indicating that any change observed was not due to an effect of H,O, on the fluorophore or

free ribonuclease.

100%

y - 1 + 1 0(log(IC50 )7log[H202])h

(eq2)

Sequence and Phylogenetic Analysis. Sequence alignments of RI and ribonuclease
(Figure 1 and Supplementary Figures 1-3) were performed with the program Clustal W
(Chenna et al. 2003). Cladograms of RI and ribonuclease were made with the program
MegAlign in the Lasergene software package (DNASTAR, Madison, WI). Bootstrap
values were calculated by using 2,000 replicates, and values >40 are reported. Accession

- codes for RI sequences used for alignment are Bos taurus (gi: 78369509), Rattus
norvegicus (gi: 77416905), Mus musculus (gi: 78099143), Gallus gallus (gi: 57529989),
Sus scrofa (gi: 1942101), Pan troglodytes (gi: 38503347), Homo sapiens (gi: 71042211).
Accession codes for ribonuclease sequences used for alignment are Bos taurus brain
(gi: 27806923), Bos taurus seminal (gi: 32441267), Bos taurus panéreatic (gi: 48429071),
Rattus norvegicus (gi: 71361661), Mus musculus (gi: 133221), Gallus gallus
(gi: 45383972), Sus scrofa (gi: 133225), Pan troglodytes (gi: 38503271), Homo sapiens (gi:

71042210).
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4.4 Results

With their large concave surface areas, the structural family of leucine-rich repeats
(LRRs), for which RI is the prototype, is well-suited to recognize diverse ligands
(Figure 1A) (McEwan et al. 2006). Accordingly, RI has served as a structural model for
protein—protein recognition (Dickson et al. 2005). Multiple biological roles have been
assigned to RI, including protecting cells from rogue ribonucleases and scavenging free
radicals (Haigis et al. 2003; Dickson et al. 2005; Wang and Li 2006; Monti et al. 2007).
The latter activity is attributed to the 29-32 free cysteine residues found in RI, whose |
oxidation leads to irreversible inactivation of the protein (Kim et al. 1999; Park and Raines
2001).
The amino-acid sequences of Rls from multiple organisms (Supplementary Figure

2) have been reported, and some of these proteins have been characterized (Burton et al.
1980; Burton and Fucci 1982; Hofsteenge et al. 1988; Lee et al. 1988; Kawanomoto et al.
1992). In 1980, bRI was isolated and found to inhibit ribonucleolytic activity (Burton et al.

- 1980). Its amino-acid sequence and biochemical characteristics were, however, unknown
(Burton et al. 1980; Wang and Li 2006). The amino acid sequence of bRI (Figure 1B) was
annotated in the GenBank registry as “Bos faurus similar to ribonuclease inhibitor”
(gi:78369509). The sequence of bRI was 74% identical to hRI (Supplementary Figure 1)
and had the consensus A-'fype and B-TYpe repeating architecture of ribonuclease

- inhibitors (Figure 1B) (Dickson et al. 2005). bRI contains 29 of the 32 cysteine residues in
hRI and was able to be produced and purified by a procedure indentical to that used for

- hRI(Klink et al. 2001; Johnson et al. 2007¢), yielding 5 mg of bRI per liter of E. coli
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culture. bRI, hRI, and their complexes with RNase A and RNase 1 were then analyzed

biochemically to understand the factors that influence complex stability and determine the
biological necessity for intraspecies regulation of ribonucleolytic activity.

Dissociation Rate for RI-Ribonuclease Complexes. The RI-ribonuclease complex is
one of the tightest known biological interactions (Lee et al. 1989b; Teufel et al. 2003;
Johnson et al. 20070). The association rate constant for complex formation between RI and
ribonucleaées is close to the diffusion limit (10° M~' s™) (Stone and Hofsteenge 1986; Lee
et al. 1989b; Johnson et al. 2007¢), due to the strong electrostatic nature of the interaction
(Shaul and Schreiber 2005; Johnson et al. 2007¢). Yet, the dissociation rate constants of
the hRI'RNase 1 and hRI'‘RNase A complexes differ significantly, owing to differences in
the hydrogen bonds and van der Waals contacts made between hRI and the two
ribonucleases (Johnson et al. 2007¢).

The dissociation rate constants for the complexes of bRI and hRI with RNase A
and RNase 1 were determined by using a competition experiment described previously
(Lee et al. 1989b; Johnson et al. 2007c). The observed increase in fluorescence as the
RI'ribonuclease complex dissociates is shown in Figure 2, and the k4 values determined by
fitting the resulting data to eq 1 are listed in Table 1. Only the hRI'‘RNase A complex
dissociated completely over the length of the experiment (Figure 2A) with a #1, (= In2/kq)
of 14 h, which is nearly identical to the value determined previously (13 h) (Lee et al.
1989b). All of the other RI'ribonuclease complexes were <50% dissociated after 15 days
(Figure 2). Their kq4 values were within twofold of each other (Table 1) and their ¢,, values

(34 days for bRI'RNase A, 78 days for bRI'RNase 1, and 68 days for hRI'RNase 1) were
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within twofold of that for the hRI-angiogenin complex (¢, = 60 days) (Lee et al. 1989Db).

The clustering of the k4 values of the most stable RI-ribonuclease complexes suggests that
an upper limit for the half-lives of the dissociation rate of an RI'ribonuclease complex has
been reached at approximately three months (Table 1) (Lee et al. 1989b).

By assuming that all of the complexes have.association rate constants close to the
diffusion limit (Johnson et al. 2007c¢), the equilibrium dissociation constants (Ky) of the
complexes can be estimated. The K4 Valueé for the bRI'RNase A, bRI'RNase 1, and
hRI-RNase 1 complexes are between 0.30-0.69 fM, whereas the hRI-RNase A complex
has at least 50-fold lower stability (30 fM) (Table 1). Overall, both bRI and hRI are tight
inhibitors of ribonucleases, but bRI binds more tightly to both human and bovine -
ribonucleases.

Conformation and Conformational Stability. Proteins are stabilized upon binding to -
small-molecule ligands (Sturtevant 1987; Brandts and Lin 1990; Hytonen et al. 2004;
Mayhood and Windsor 2005) or with other proteins (Donovan and Beardslee 1975;
Makarov et al. 1994). The magnitude of the stabilization is often related directly to the
affinity of the protein for the ligand (Brandts and Lin 1990; Waldron and Murphy 2003;
Mayhood and Windsor 2005). To determine whether the conformational stability of bRI
and hRI increases upon complex formation and whether this increase correlates with
complex stability, the conformational étability of each RI'ribonuclease complex was
determined by CD spectroscopy (Figure 3) (Kelly et al. 2005; Mayhood and Windsor 2005;

Johnson et al. 2006).
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The far-UV CD spectra of free RI, free ribonuclease, and RI-ribonuclease

complexes are depicted in Figures 3A and 3B. bRI and hRI have similar CD spectra, with a
maxima at 222 nm being indicative of similar secondary structure and three-dimensional
architecture (Kelly et al. 2005). When complexed with a ribonuclease, the maxima of the
CD spectra for hRI and bRI shifts to 225 nm. Complexes between RI and ribonuclease
were formed with a slight molar excess of ribonuclease (28 uM) to RI (25 uM) to ensure
complete complex formation by RI and to allow accurate determination of the
conformational stability of RI. The ellipticity of RI with its regular repeating a-helix, -
strand architecture (Figure 1A) overwhelms the ellipticity of the ribonucleases (ellipticity
bRI at [0]22 nm = —14,100 deg-cm*dmol ™" and RNase A at [6]22 nm = 7,600

deg-cm2 'dmol‘l),'making it possible to measure only the change in the conformational
stability of RI upon complex formation (Figure 3A and B).

The stability of the RI'ribonuclease complexes as a function of temperature is
shown in Figures 3C and 3D. The mid-points of each transition curve (7},) were obtained
by fitting the data to a two-state model and are listed in Table 1 (Becktel and Schellman
1987). Unbound hRI (73, = 54 °C) is slightly more stable than is unbound bRI (73, =51 °C),
but bRI gains more stability upon forming a complex with either ribonucleasé. The Tr,
values of both RIs increase by >10 °C upon complex formation with ribonuclease. The
hRI'‘RNase A complex was the least stable of the four complexes, in accord with its having
the largest dissociation rate constant (Figure 2).

Oxidative Stability. With its 29-32 free cysteine residues and abundance in the

cytosol, Rl serves a regulatory role in redox homeostatis (Monti et al. 2007) and acts as a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



117
scavenger of free radicals (Wang and Li 2006). RI scavenges reactive oxygen species such

as superoxide anion, hydroxyl radical, and singlet oxygen with ICsy values below

10 pg/mL, fnaking it a powerful cellular antioxidant (Wang and Li 2006). To investigate
the oxidative stability of bRI and hRI and to determine how complex formation affects
their oxidative stability, the vulnerability of both Rls to oxidation by H,O; was tested
(Trost 1991; Kim et al. 1999; Lavis et al. 2007).

“The binding curves obtained after incubating bRI, hRI, or RI'ribonuclease
complexes with H,O; are shown in Figure 4, and the ICs, values (% v/v H,0O,) are listed in
Table 1. The oxidative stability value for hRI (ICso = 0.017% v/v H,0;) was close to that
measured previously by evaluating the inhibition of ribonucleolytic activity by hRI
(0.007% v/v )(Kim et al. 1999). The oxidative stability of bRI (29 cysteine residues)
(Figure 1B) was, however, 4-fold higher than that of hRI (32 cysteine residues). bRI has
both of the adjacent cysteine pairs that were shown to be important to the oxidative
resistance of hRI (Kim et al. 1999). Yet, native bRI has oxidative stability similar to that of
previously characterized oxidation-resistant variants of hRI (Table 2) (Kim et al. 1999).

The decreased oxidative stability of hRI compared to bRI could be due to the
replacement of three residues in bRI with cysteine in hRI (Figure 1). Two of these cysteine
residues, Cys74 and Cys408 (hRI numbering), were attractive candidates for decreasing
the oxidative stability. The sulfur atoms of Cys74 and Cys29 are within 6 A and could
form a destabilizing disulfide bond upon oxidation, as seen for adjacent free cysteine
residues in hRI (Kim et al. 1999); Cys408 has the highest solvent accessible surface area of

any cysteine residue in hRI, as calculated for chain Y from PDB accession code 1Z7X with
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the program POPS (Cavallo et al. 2003). Both Cys74 and Cys408 in hRI were replaced

with the corresponding residues in bRI, C74L and C408G, and the oxidative stabilities of
the resulting variants are shown in Figure 4C. C408G hRI appears to be more sensitive to
oxidation, as its stability curve shows a steeper transition to the oxidized form. In the three-
dimensional structure of the hRI-RNase 1 complex (Johnson et al. 2007¢), Cys408 forms
molecular contacts with Asn67 of RNase 1. As oxidative stability is measured in relation to
| RI-binding, substitution of Cys408 with a glycine residue could weaken the affinity for
RNase 1, making hRI,more susceptible to rapid oxidation. Yet, C408G hRI (ICso= (0.023
+ 0.002) % v/v HyOy) still has near identical oxidative stability to wild-type hRI, whereas
C74L hRI (ICsp= (0.043 + 0.005) % v/v H,0,) has 2.5-fold higher oxidative stability than
wild-type hRI, putting its stability within twofold of that of bRI (Table 1). Substitution of
position 74 with an additional cysteine residue in hRI serves to explain the additional
sensitivity of hRI to oxidation and could represent an adaptative substitution that permits
greater control over the concentration of RI based on the cellular redox environment.

Upon complex formation with RNase A, bRI gains an additional 4-fold in oxidative
stability and remains stably bound to RNase A at up to 0.30% v/v H0; (0.13 M H,02),
again underscoring the extraordinary stabﬂity of the RI'ribonuclease complex. Surprisingly,
complex formation with RNase 1 elicits a twofold decrease in the oxidative stability of bRI.
This decrease could be due to changes in the bRI structure upon RNase 1 binding, as seen
upon RNase A binding to porcine RI (Kobe and Deisenhofer 1995), allowing better access
to reactive sulfhydryl groups. Additionally, RNase 1, being more cationic than RNase A

(Johnson et al. 2007a), could preferentially shift the pK, of nearby cysteine residues (Lavis
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et al. 2007), thereby favoring the transition from the thiol (RSH) to the more reactive

thiolate (RS") form (Shaked et al. 1980; Szaj ewski and Whitesides 1980) and facilitating
disulfide bond formation (Kim et al. 1999). hRI, in contrast, has slightly increased
oxidative stability upon complex formation with both RNase A and RNase 1, respectively
(Table 1). Overall, the oxidative stability of RI'ribonuclease complexes seems to mirror the

conformational stability.

4.5 Discussion

Unrégulated ribonucleolytic activity is potentially damaging to essential cellular
processes (Leland et al. 1998; Raines 1998; Leland et al. 2001; Smith and Raines 2006).
To protect themselves, cells have evolved RI (Haigis et al. 2002a; Haigis et al. 2003;
Dickson et al. 2005). RI might have co-evolved with its ribonuclease ligands (Haigis et al.
2002a; Dickson et al. 2005), as mammalian RIs do not bind to ribonuclease homologues
from frogs (Tomita et al. 1979; Wu et al. 1993) and hRI has 100-fold higher affinity for
human RNase. 1 than for bovine RNase A (Johnson et al. 2007c). This relationship is not
definitive, however, as two of three new ribonucleases identified from fish (Danio rerio)
are bpund by hRI (Pizzo et al. 2006).

The structural basis of the possible co-evolution of ribonucleases and RI
(Figure 1A) has been elucidated for four RNase A superfamily members: RNase A,
angiogenin (RNase 5), eosinophil-derived neurotoxin (RNase 2), and RNase 1 (Kobe and
Deisenhofer 1995; 1996; Papageorgiou et al. 1997; Iyer et al. 2005; Johnson et al. 2007c¢).

The structural contacts within the hRI-RNase 1 complex (PDB accession code 127X) were
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extracted and the conservation of these RI residues are compared in Table 2 (Johnson et al.

2007c). If RI and ribonuclease have co-evolved, contact residues are likely to be conserved
between RI proteins. For example, bRI and chicken RI have amino acid sequence identities
to hRI of 74 and 49%, respectively (Supplementary Figure 1), but for coﬁtact residues, the
sequence identities to hRI are 93 and 61%, respectively (Table 2). The greater conservation
of contact residues is consistent with the existence of selective pressure that maintains the
high affinity of RI for ribonucleases. Also, a phylogenetic tree of these RI proteins from
diverse organisms (Figure 5A) has an architecture and rate of evolution similar to that of
the phylogenetic tree of ribonucleases from the same organisms (Figure 5B) (Hofsteenge et
al. 1988; Lee et al. 1988; Kawanomoto et al. 1992). To gain insight into the co-evolution
of affinity of this femtomolar protein—protein complex and to address whether an
evolutionary imperative exists for species-specific regulation of ribonucleolytic activity, RI
from cow and human were produced in E. coli and purified along with their cognate
ribonucleases.

Binding of proteins to small ligands can increase the thermal stability of the protein
through the influence of the ligand on the unfolding equilibrium of the protein (Sturtevant
1987; Brandts and Lin 1990; Waldron and Murphy 2003; Mayhood and Windsor 2005).
The increase in thermal stability (A7) can be related directly to the binding affinity (Kj)
of the ligand for the protein (Matulis et al. 2005), but only when the association rates and
binding enthalpies of the ligands are equivalent (Waldfon and Murphy 2003). These same
principles of thermal stabilization can also be applied to protein-protein complexes, where

complex formation increases the thermal stability of the individual proteins (Donovan and A
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Beardslee 1975; Makarov et al. 1994). Both RI and ribonuclease are thermally stabilized

upon RI'ribonuclease complex formation (Table 1). All of the complexes between bRI or
hRI and ribonuclease have AT, >10 °C from free RI, with the bRI'RNase A complex
having the largest change at >17-18 °C. This ATy, upon ligand binding for RI'ribonuclease
complex is similar to the ATy, measured for avidin upon complex formation with biotin
(ATy, = 33.5 °C), another protein-ligand complex with femtomolar binding afﬁnity
(Hytonen et al. 2004). Additionally, the thermal stabilization of RI'ribonuclease complexes
is similar to the barnase-barstar complex, the bacterial analogue of RI'ribonuclease
(Makarov et al. 1994). The barnase-barstar complex, whose formation is essential to
bacterial cell survival, has a AT, of 20 °C, essential ribonuclease inhibitor—ribonuclease
interactions have ATy, in the 10-20°C range.

For RI'ribonuclease complexes, ATy, should serve as a good indicator of binding
affinity (Waldron and Murphy 2003; Matulis et al. 2005), as the association rates and the
binding enthalpies for RNase 1 and RNase A should be nearly identical (Johnson et al.
2007c). The dissociation rate constants and ATy, for RI'ribonuclease complexes do align
(Table 1), as the hRI'RNase A complex has the fastest dissociation rate and the lowest ATy,
(10 °C), where as both bRI'ribonuclease complexes have identical k4 values and AT},
values. This direct relationship between binding affinity and thermal stability suggests that
the thermal stability of RI'ribonuclease complexes could be used in future studies to
estimate their binding affinities.

Besides inhibiting ribonucleases, RI also serves a role in regulating cellular redox

homeostasis, where it uses its 29-32 free cysteine residues to scavenge free radicals
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(Blazuez et al. 1996; Wang and Li 2006; Monti et al. 2007). The oxidation of its cysteine

residues to disulfide bonds leads to its rapid degradation in the cell (Blazuez et al. 1996).
RI in primates seems to have evolved greater sensitivity to oxidation through the addition
of a specific cysteine residue, Cys74 (Figure 4C), whose conversion to leucine increases
the oxidative stability of hRI by 2.5-fold. This increased sensitivity of hRI to oxidation
could facilitate greater regulation of the cellular concentration of hRI through modulation
of the cellular redox environment and thus permit more sensitive control over ribonuclease
biology.

Upon formation of a complex with an intraspecies ribonuclease, the oxidative
stability of RI increases (Table 1 and Figure 4), lowering its availability to compensate for
oxidative stress. Thus, the role of RI in regulating ribonucleolytic activity appears to
supersede its role in regulating oxidative damage, as even under extreme oxidative stress
(e.g., 0.13 M H,0, for the bRI-RNase A complex), it remains bound to ribonucleases.
Apparently, the two biological roles for RI (Dickson et al. 2005), regulating ribonucleases
and redox homeostasis, are functionally distinct. Other cellular biomolecules can regulate
the cellular redox environment (Valko et al. 2006), but no other cellular inhibitors of
ribonucleases are known (Dickson et al. 2005). Consequently, RI needs to maintain its
high affinity for ribonucleases in order to protect cellular RNA, even under severely
oxidizing conditions (Leland et al. 1998; Raines 1998; Smith and Raines 2006).

The kinetic inhibition of ribonucleases by Rl is essentially permanent, as both bRI
and hRI bind RNase A and RNase 1 with Kj values that are below 30 fM and with 7,

values for the complexes (except the hRI-RNase A complex) that extend beyond 5 weeks
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(Table 1). Interestingly, bRI does not show the same species-specific affinity preference of

hRI (Johnson et al. 2007c). Rather, bRI maintains broader specificity for ribonucleases
(Table 1 and Figure 2) and greater oxidative stability than hRI (Figure 4). Cows have more
ribonucleases (20; (Cho and Zhang 2006)) than do humans (13; (Cho et al. 2005));
including three with high similarity to RNase 1 from three different tissues (Figure 5B).
Accordingly, bRI might need to maintain broader specificity so as to recognize more
ribonucleases. Additionally, the biological role of RNase A is to digest dietary RNA in a
cow stomach (Barnard 1969), but new biological roles for RNase 1 in vertebrates seem to
be evolving, as bursts of gene duplication and gene deactivation are observed in Carnivora
(Yu and Zhang 2006). hRI might be evolving new biological roles along with RNase 1 and
adding new levels of cellular regulation through its sensitivity to oxidative stress.
Addressing these evolutionary questions will require the purification and identification of
RI proteins from additional organisms, and performing analyses similar to those performed
for ribonucleases (Beintema et al. 1988a; Beintema et al. 1988b; Beintema et al. 1997; Cho

et al. 2005; Cho and Zhang 2006).

4.6 Conclusions

The complexes between RI and ribonucleases serve as an ideal model system to
investigate the co-evolution of an essentially permanent protein—protein complex. To
control ribonucleolytic activity and protect cells from damaging ribonucleolytic activity,
the RI'ribonuclease complex remains intact when confronted by severe thermal or

oxidative stress. Yet, hRI shows increased sensitivity to oxidation, largely due to Cys74,
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suggesting greater regulation of the cellular concentration of hRI through modulation of

the cellular redox environment. hRI also displays greater variation in binding affinity for
ribonucleases, as it binds RNase 1 with significantly higher affinity than RNase A, whereas

bRI maintains broader specificity, binding both ribonucleases with high affinity.
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Table 4.1: Biochemical parameters for bRI, hRI, and RI-ribonuclease complexes.
ky K

(107 s1y? (107 M) °cy (% viv H,0,)?
bRI A 513 £0.1 0.071=0.010
bRI'RNase A  2.36+0.05 6.9 68.6 = 0.3 0.30  0.004
bRI'RNase 1 1.03 £ 0.07 3.0 68.0+02 0.029 = 0.008
hRI — S 54.1+0.1 0.017 + 0.004
hRI'RNase A 119+2 350 64.2 0.1 0.042+0.016
hRI'RNase 1 1.17+0.05 3.4 66.6 = 0.2 0.028 = 0.004

? Values of k4 (+SE) were determined by following the release of diethylfluorescein-labeled
ribonuclease from the RI-ribonuclease complex over time and fitting the resulting data to eq 1.
®Values of Ky (xSE) were calculated using the relationship Ks=k4/k, and the k, value for hRI +
RNase A (Lee et al. 1989b).

°Values of T, (+SE) were determined by CD spectroscopy in PBS containing DTT (2 mM).
4Values of ICs, (£SE) are for the oxidative stability to H,O, and were calculated with eq 2.
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Table 4.2: Conservation of ribonuclease-contact residues in RIs?

human

chimp

cow

pig

mouse

rat

chicken

Q10
Cl1
R33
R35
D36

w261

W263

E264
E287

A291

G292

K320

W375

E401

N406

N407

C408

L1409

G410

Q430

Y434

D435

Y437

w438
$439

E440

R457
S460

nwEODnE<U<0o00rONZzZosEsRormOmEs20U0R” OO0

NAEAMHE<AUOKOQNQZZoEsRQpoOmEsagdo =m0

MEOHE<OXO00<OZZOORQPOHONEZITUROT

WRZAERTO<ONZQNZZOER P OmEETT R Q0

WAUHE<XUOKOQZENZZOERQPOUSESEOUOROLO

mwwmsmU%Omh_}zh{méwcwmcéébcwoo

? Contact residues for hRI'RNase 1 were taken from PDB accession
code 1Z7X (chains Y and Z) (Johnson et al. 2007¢). RI residues from

other organisms are taken from the alignment in Figure 4.7.
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Figure 4.1  Structure and sequence of RI. (A) Ribbon diagram of the hRI
(green)'RNase 1 (purple) complex (chains Y and Z from PDB accession
code 1Z7X) (Johnson et al. 2007c). Images were made using PyMOL
(DeLano Scientific, South San Francisco, CA). (B) Sequence alignment of
the protein sequences of bRI and hRI. Conserved amino acids are shown
with black boxes and contact residues (<3.9 A) within the hRI-‘RNase 1
complex are shaded yellow (chains Y and Z from PDB accession code
1Z7X) (Johnson et al. 2007¢c). Alignments were performed using the
program Clustal W (Chenna et al. 2003). Consensus sequences for A-Type

and B-Type repeats of RI-like LRRs were adapted from ref (Dickson et al.
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Figure 4.2  Dissociation of Rlribonuclease complexes. The release of
diethylfluorescein-labeled ribonuclease (100 nM) from RI (100 nM) was
followed over time after the addition of a 50-fold molar excess of
angiogenin (5 uM) (open symbols) or after the addition of PBS (closed
symbois). Data points are the mean (+SE) of six separate measurements
and are normalized for the average fluorescence of thodamine 110 (10 nM)
and for the fluorescence of unbound RNase A from hRI‘RNase A. The
initial fluorescence of unbound ribonuclease was used as the end-point for
complete ribonuclease release (Johnson et al. 2007¢). (A) Dissociation of
bRI'‘RNase A (A) and hRI‘RNase A (©); (B) Dissociation of bRI'‘RNase 1

(o) and hRI-RNase 1 (¢).
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Figure 4.3  Conformation and conformational stability of RI'ribonuclease complexes.
(A and B) Far-UV CD spectra of RI, ribonuclease, and RI'ribonuclease

complex (25 uM RI and 28 pM ribonuclease in PBS containing DTT (2

mM)). (C and D) Thermal denaturation of RI, ribonuclease, and
RI'ribonuclease complex (25 uM RI and 28 uM ribonuclease in PBS

containiﬁg DTT (2 mM)). Molar ellipticity at 222 nm was monitored after

a 2 min equilibration at each temperature. Data were fitted to a two-state

model to détermin_e values for Ty, (Table 1) (Becktel and Schellman 1987).

Panels A and C depict data for RNase A (A), bRI.(0), bRI'RNase A (A),

 and bRI'‘RNase 1 (m); panels B and D depict data for RNase 1 (¢), hRI (0),

hRI‘-RNase 1 (#), and hRI‘-RNase A (e).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



132

>
w

25°C

[O]r-
(10° deg-cmz-dmol‘1)
Fraction Unfolded

—

[Olr=25¢
(10 deg-cm?dmol™)

N
o

Fraction Unfolded

SR R WY N WO SN
210 220 230 240 250 260

Wavelength (nm)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



133

Figure 4.4 | Stability to hydrogen peroxide oxidation (H>O,) of RI and RI-ribonuclease
complexes. The decrease in fluorescence intensity of diethylfluorescein-
labeled ribonuclease upon binding to RI was used to measure the oxidative
stability of free RI and RI-ribonuclease complexes (Kim et al. 1999; Abel
et al. 2002; Lavis et al. 2007). The complex formed by.RI (10 uM) and
ribonuclease (10 pM) was incubated in serial dilutions of H,O, buffered in
20 mM Hepes—HCI buffer, pH 7.6, containing KCI (50 mM) and DTT (<
50 uM) for 30 min at 37 °C. Data points are the mean (+ SE) of three
independent experiments and were normalized for the maximum
fluorescence of the unbound ribonuclease. Data were fitted to eq 2 to
determine values of ICsy (Table 1). Panel A depicts data for bRI (o),
bRI'RNase A (A), and bRI‘-RNase 1 (m); panel B depicts data for hRI (o),
hRI'RNase 1 (¢), and hRI-RNase A (e); panel C depicts data for hRI (0),

C74L hRI (¥), and C408G hRI (V).
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Figure 4.5 = Phylogenetic tree of RIs (a) and ribonucleases (b) from various organisms.
Cladograms of RI and ribonuclease were made with the program
MegAlign from the Lasergene software package (DNASTAR, Madison,
WI). Bootstrap values were calculated using 2,000 replicates, and values
>40 are reported. The Bar indicates the distance for 0.10 substitutions per
site. GenBank accession codes for RI and ribonuclease sequences are listed
in the experimental procedures, and sequence alignments are shown in

Supplementary Figures 2 and 3.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



136

A 100" human (Homo sapiens)
L chimp (Pan troglodytes)

99 porcine (Sus scrofa)
———I: bovine (Bos taurus)
I'———T(;-————I 100 mouse (Mus musculus)

rat (Rattus norvegicus)

chicken (Gallus gallus)

B 100 [ human. (Homo sapiens)
I: chimp (Pan troglodytes)

73

porcine (Sus scrofa)

bovine pancreas (Bos taurus)

bovine seminal (Bos taurus)
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R 74 mouse (Mus.musculus)
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Figure 4.6  Percent identity between Rls (A) and ribonucleases (B) from Figure 4.5.
Percent identities were determined using the default values in Clustal W

(Chenna et al. 2003).
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mouse Ri rat R bovine R! porcine Ri chicken RI
73 75 74 77 43
75 74 77 49

chimp RI

chimp RI
mouse Ri 90 76 76 48
rat Rl 76 76" 50
bovine RI e 84 49
porcine Rl 47
chicken R iy

chimp RNase  mouse RNase rat RNase bovine RNase porcine RNase chicken RNase
97 70 65 69 75 30
v 65 69 75 31
70 68 76 70 74 35
] 66 27

B

human RNase

human RNase E:
chimp RNase
mouse RNase

rat RNase 65 65
bovine RNase 69 69 28
porcine RNase 75 75 31
chicken RNase 30 31
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Figure 4.7  Multiple sequence alignment of RI used to construct the phylogenetic tree
in Figure 4.5A. Conserved residues are shown as black boxes. Séquence
alignments of RI were performed using the default values in Clustal W
(Chenna et al. 2003). Accession codes for RI are lisfed in the experimental

procedures.
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Figure 4.8 Multiple sequence alignment of ribonucleases used to construct the
phylogenetic tree in Figure 4.5B. The sequences of bovine seminal
ribonuclease and bovine brain ribonuclease are not shown for clarity.
Conserved residues are shown as black boxes. Sequence alignments of
ribonucleases were performed using the default values in Clustal W
(Chenna et al. 2003). Accession codes for ribonucleases are listed in the

experimental procedures.
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Chapter Five

A Ribonuclease Zymogen Activated by the NS3 Protease of Hepatitis C Virus

Portions of this chapter were published as:
Johnson, R.J., Lin, S.R., Raines, R.T. (2006) A Ribonuclease Zymogen Activated by the
NS3 Protease of the Hepatitis C Virus. FEBS J. 273, 5457-5465. 1 performed or supervised

all of the research described in this chapter.
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5.1 Abstract

Translating proteases as inactive precursors, or zymogens, protects cells from the
potentially lethal action of unregulated proteolytic activity. Here,ywe impose this strategy
on bovine pancreatic ribonuclease (RNase A) by creating a zymogen in which quiescent
ribonucleolytic activity is activated by the NS3 protease of the hepatitis C virus.
Connecting the N- and C-termini of RNase A with a 14-residue linker was found to
diminish its ribonucleolytic activity by both occluding an RNA substrate and dislocating
active-site residues, which are devices used by natural zymogens. After cleavage of the
linker by the NS3 protease, the ribonucleolytic activity of the RNase A zymogen increased
by 105-fold. Both before and after activation, the RNase A zymogen displayed high
conformational stability and evasion of the endogenous ribonuclease inhibitor protein of |
the mammalian cytosol. Thus, the creation of ribonuclease zymogens provides a means to
control ribonucleolytic activity and has the potential to provide a new class of antiviral

chemotherapeutic agents.

5.2 Introduction

Proteolysis is an essential biological activity that requires tight regulation (Neurath
1984; Salvesen and Abrams 2004). One strategy employed by cells to control proteolysis is
to encode proteolytic enzymes as inactive precursors—zymogens (Khan and James 1998).
Zymogens are translated with N-terminal polypeptideé, or prosegments, that inhibit
proteolytic activity, typically by occluding substrate binding (Borgono and Diamandis

2004), distorting the active site (Khan and James 1998), or altering the substrate binding
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cleft (Freer et al. 1970; Kossiakoff et al. 1977). When proteolytic activity is required, the

inhibitory N-terminal prosegment is removed by autocatalytic cleavage, by cleavage by
another protease, br by a conformational change invoked by the local environment (Khan
and James 1998).

After processing of a zymogen to a mature protease, a cell can restrict proteolytic
activity by employing cellular inhibitors (Khan and James 1998; Salvesen and Abrams
2004). Only this type of regulation is used to control the enzymatic activity of
ribonucleases (Haigis et al. 2003; Dickson et al. 2005), which like proteases can degrade
an essential biopolymer. The regulation of pancreatic-type ribonucleases is accomplished
by ribonuclease inhibitor (RI (Lee et al. 1989b)), a cytosolic protein that binds to bovine
pancreatic ribonuclease (RNase A (Cuchillo et al. 1997; Raines 1998), EC 3.1.27.5) and its
mammalian horhologs with extremely high affinity (K = 10713 M). By evading the
inhibition of RI, variants of RNase A become toxic to human cells (Leland and Raines
2001; Matousek 2001; Loverix and Steyaert 2003; Makarov and Ilinskaya 2003; Arnold
and Ulbrich-Hofmann 2006).

Inspired by protease zymogens, we recently created a zymogen of RNase A in which a
14-residue linker connects the N- and C-termini (Plainkum et al. 2003). The linker acts like
the prosegment of a natural zymogen—inhibiting the native ribonucleolytic activity of
RNase A but allowing the manifestation of near wild-type activity upon cleavage. The
linker contained a sequence recognized by the plasmepsin II protease from the malarial

parasite Plasmodium falciparum. Incubation with that protease restored the ribonucleolytic
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-activity of RNase A. We reasoned that this strategy could be general, in that the sequence

of the linker could correspond to the recognition sequence of other proteases.

Hepatitis C virus (HCV (Major et al. 2001; Lindenbach and Rice 2005)), a positive-
stranded RNA virus of the family Flaviviridae (Burke and Monath 2001; Lindenbach and
Rice 2001), is estimated to infect 170 million people (i.e., 2% of humanity) (World Health
Organization 1999). This malady can lead to serious liver diseases such as cirrhosis and
hepatocellular carcinoma, making infection by HCV the leading indicator of liver
transplantation in the United States (Fishman et al. 1996). Like other RNA viruses, HCV
translates its 9.6-kb genome as one single polyprotein, which is then co- and post-
translationally cleaved by cellular endopeptidases and viral proteases to form at least four
structural and six nonstructural proteins (Fishman et al. 1996). Nonstructural protein 3
(NS3) of the HCV polyprotein is a chymotrypsin-like serine protease (Tomei et al. 1993).
The NS3 protein is essential for viral replication, cleaving the viral polyprotein at four
positions (Urbani et al. 1997; Zhang et al. 1997).

Here, we réport on an RNase A zymogen with a linker that corresponds to a
sequence cleaved by the HCV NS3 protease. We investigate physicochemical properties of
this RNase A zymogen both before and after its proteolytic activation, including its
enzymatic activity, conformational stability, and affinity for RI. Characterization of this
zymogen provides new insight into zymogen action. Moreover, the ensuing merger of the
attributes of a cytotoxic ribonuclease with an ehzyrnatic activity reliant on the HCV NS3

protease portends a new approach to antiviral therapies.
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5.3 Experimental Procedures

Materials. Escherichia coli BL21(DE3) and pET28a(+) were from Novagen
(Madison, WI). Enzymes were obtained from Promega (Madison, WI). Protein purification
columns were from Amersham Biosciences (Piscataway, NJ). MES buffer (Sigma—Aldrich,
St. Louis, MO) was purified by anion-exchange chromatography to remove trace amounts
of oligomeric vinylsuflonic acid (OVS) (Smith et al. 2003). Poly(C) (Sigma-Aldrich, St.
Louis, MO) was precipitated with ethanol prior to use to remove short RNA fragments. All
other chemicals were of commercial grade or better, and were used without further
purification.

Phosphate-buffered saline (PBS) contained (in 1.00 liter) NaCl (8.0 g), KCI (2.0 g),
Na,HPO4-7H,0 (1.15 g), KH,PO4 (2.0 g), and NaN3 (0.10 g) and had a pH of 7.4.

Instrumentation. Circular dichroism (CD) experiments were performed with a
model 62A DS CD spectrometer (Aviv, Lakewood, NJ) equipped with a temperature
controller. The mass of RNase A zymogens was confirmed by matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry using a Voyager-
DE-PRO Biospectrometry Workstation (Applied Biosystems, Foster City, CA). CD and
MALDI-TOF mass spectrometry experiments were performed at the Biophysics
Instrumentation Facility.

UV-visible spectroscopy was performed with a Cary 3 double-beam
spectrophotometer equipped with a Cary temperature controller (Varian, Palo Alto, CA).
Fluorescence spectroscopy was performed with a QuantaMaster 1 photon-counting

fluorometer équipped with sample stirring (Photon Technology International, South
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Brunswick, NJ).

Zymogen Preparation. Plasmids that direct the production of HCV RNase A
zymogens were derived from plasmid pET22b(+)/19N (Plainkum et al. 2003). The linker-
encoding region of that plasmid was replaced with DNA encoding GEDVVCCSMSYGAG
(to yield the “2C” zymogen) or GEDVVACSMSYGAG (to yield the “1C” zymogen) by
using the QuikChange mutagenesis kit (Stratagene, La Jolla, CA). These sequences
correspond to preferred NS5A/5B recognition sequences of the NS3 protease (Urbani et al.
1997; Zhang et al. 1997). The production, folding, and purification of RNase A zymogens
were performed as described for other RNase A variants (Leland et al. 1998), except that
oxidative fblding was done for a minimum of 72 h at 4 °C and pH 7.8 with 0.50 M arginine
in the folding buffer (1C m/z 15,142, expected: 15,116; 2C m/z 15,162, expected: 15,148).

Protease Preparation. Clone B cells (Blight et al. 2000) were a generous gift of C.
M. Rice. Total cellular RNA was isolated from these‘cells by using the TRIZOL reagent
(Invitrogen, Carlsbad, CA) (Lohmann et al. 1999; Blight et al. 2000). A One-Step RT—
PCR kit (Qiagen, Valencia, CA) was used to amplify DNA encoding residues 1-181 of the
NS3 gene, flanked by Ndel andehoI restriction sites (Taremi et al. 1998). The resulting

. DNA fragment was inserted into plasmid pET-28a(+), which encodes an N-terminal Hise
tag. As in previous systems to produce the NS3 protease (Taremi et al. 1998), DNA
encoding 12 residues of the NS4A protein of HCV and a flexible Gly—Ser—Gly—Ser tether
was inserted upstream of the NS3 gene. The protein encoded by the resulting plasmid is

referred to as the “NS4A/NS3 protease”.
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NS4A/NS3 protease was purified by methods published previously (Taremi et al. 1998)

and found to be >95% pure by SDS-PAGE and had the expected molecular mass (m/z
21424, expected: 21407). Puriﬁed NS4A/NS3 protease was dialyzed exhaustively against
50 mM Tris—HCI buffer, pH 7.5, containing NaCl (0.30 M), glycerol (10% v/v), Tween 20
(0.025% v/v), and DTT (0.005 M), and aliquots were flash-frozen at —80 °C. The
enzymatic activity of purified NS4A/NS3 was assayed by monitoring the change in
retention time of a fluorescent peptide substrate (Bachem, King of Prussia, PA) during
reverse-phase C;3 HPLC. An inactivaté variant of NS4A/NS3 protease with Ser139
replaced with an alanine residue did not cleave the fluorescent substrate, as had been
féported previously (Tomei et al. 1993).

Detection of Thiol Groups. DTNB reacts with thiol groups (but not disulfide bonds)
to produce a yellow chromophore that can be used to quantitate the number of thiol groups
(Riddles et al. 1983). Solutions of the 1C and 2C zymogens were ‘diluted to concentrations
of 0.00625, 0.01325, 0.0265, and 0.053 mM with 100 mMm Tris—HCI buffer, pH 8.3,
containing EDTA (0.01 M). A 10-fold molar excess of DTNB (as 50 mm Tris—HCIl buffer,
pH 7.5, containing NaCl (0.10 M), EDTA (0.05 M), and DTNB (0.005 m)) was added to
each dilution, and the DTNB was allowed to react for 30 min at 25 °C. The number of free
cysteines was determined by UV absorption using €413 ym= 14.15 M lem™ for 2-nitro-5-
thiobenzoic acid (Riddles et al. 1983).

Activation of Zymogens. RNase A zymogens were activated by mixing them with
0.5 molar equivalents of NS4A/NS3 protease in reaction buffer (which was 50 mM Tris—

HCI buffer, pH 7.5, containing NaCl (0.3 M), glycerol (10% v/v), Tween 20 (0.025% v/v),
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and DTT (0.005 M) (Taremi et al. 1998)) and incubating the resulting mixture at 37 °C for

15 min. Activation was stopped by dilution (1:>10) into 0.10 M MES-NaOH buffer, pH

6.0, containing NaCl (0.10 M) and placement of the reaction mixture on ice. Reaction

mixtures were subjected to SDS-PAGE in the presence of DTT to assess zymogen
~activation.

Ribonucleolytic Activity. The ability of a ribonuclease to catalyze the cleavage of
poly(C) (2268 am = 6,200 M'cm™ per nucleotide) was monitored by measuring the increase
in UV absorption upon cleavage (Aezsonm = 2,380 M'cm™ (Leland et al. 1998)). Assays
were performed at 25 °C in 0.10 M MES-NaOH buffer, pH 6.0, containing NaCl (0.10 M),
poly(C) (10 pM to 1.5 mMm), and enzyme (1.5 nM for wild-type RNase A; 1 and 3uMm for the
1C and 2C unactivated zymogens, respectively; 6 and 100 nM for the 1C and 2C activated
zymogens, respectively). Initial velocity data were used to calculate values of k¢, K, and
keat/ K with the program DELTAGRAPH 5.5 (Red Rock Software, Salt Lake City, UT).

Zymogen Conformation and Conformational Stability. CD spectroscopy was used to
assess the conformation of the unactivated and activated 1C zymogens. A solution of
zymogen (0.5 mg/mL in PBS) was incubated for 5 min at 10 °C, and a CD spectrum was
abquired from 260 to 210 nm in 1-nm increments.

CD spectroscopy was also used to evaluate the conformational stability of the
unactivated and activated 1C zymogens (Lee and Raines 2003). A solution of zymogen
(0.5 mg/mL in PBS) was heated from 10 to 80 °C in 2-°C increments, and the change in
molar ellipticity at 215 nm was monitored after a 2-min equilibration at each temperature.

RNase A zymogens were activated as before, and NS4A/NS3 protease was removed from
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the reaction mixture by using His-Select spin columns (Sigma—Aldrich). CD spectra were

fitted to a two-state model for denaturation to determine the value of T,

Ribonuclease Inhibitor Evasion. Porcine RI (pRI) was purified as described previously
(Klink et al. 2001). The affinity of the unactivated and activated 1C zymogen for pRI was
determined using a fluorescent competition assay described previously, with minor
modifications (Abel et al. 2002). Brieﬂy, fluorescein-labeled G88R RNase A (50 nM) and
various concentrations of unlabeled RNase A zymogen were added to 2.0 ml of PBS
containing DTT (5§ mM), and the resulting solution was incubated at 23 (£2) 5C for 20 min.
After this incubation, the initial fluorescence intensity of the unbound fluorescein-labeled
G88R RNase A was monitored for 3 min (excitation: 491 nm, emission: 511 nm). pRI was
then added to 50 nM, and the final fluorescence intensity was measured. Values for Ky
were obtained by nonlinear least-squares analysis of the binding isotherm with the program
DELTAGRAPH 5.5 (Red Rock Software, Salt Lake City, UT). The value of Ky for the
complex between pRI and fluorescein-labeled G88R RNase A was assumed to be 0.52 nM
(Abel et al. 2002).

Cytotoxic Activity. The effect of an RNase A zymogen on the proliferation of K-
562 cells was assayed as described previously (Plainkum et al. 2003; Rutkoski et al. 2005).
After a 44-h incubation with a ribonuclease, K-562 cells were treated with [methyi-
3H]thymidine for 4 h, and the incorporation of radioactive thymidine into the cellular DNA
was quantified by liquid scintillation counting. Results ;Nere the percentage of
[methyl->H]thymidine incorporated into the DNA as compared to the incorporation into

control K-562 cells to which only PBS was added. Data were the average of three
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measurements for each concentration, and the entire experiment was repeated in duplicate.
Values for 1Csy were calculated by fitting the curves by'nonlinear regression to a sigmoidal

dose-response curve with the equation:

100%
o | )
1+1 O(log(IC 5o )-log[ribonuclease]) #

In eq 1, y is the total DNA synthesis following the [mezhyl->H]thymidine pulse, and  is the
slope of the curve.

Molecular Modeling. The atomic coordinates of RNase A were obtained from the
Protein Data Bank (accession code: 7RSA) (Wlodawer et al. 1988). Models of both 1C and
2C RNase A zymogen were created with the program SYBYL (Tripos, St. Louis, MO) on
an O2 computer (Silicon Graphics, Mountain View, CA) (Plainkum et al. 2003). SYBYL
was used to connect the old N- and C-termini via the 14-residue linker, to replace residues
4,88,89,and 118 with cysteine, to cleave the polypeptide chain between residues 88 and
89, to create disulfide bonds between residues 4 and 118 and residues 88 and 89, and to

minimize the conformational energy of the new residues (Plainkum et al. 2003).

5.4 Results

Zymogén Design. As a potential target for antiviral therapy, the HCV NS3 protease
has a well-characterized structure and function (Lorenz et al. 2006). The HCV NS3
protease cleaves the HCV viral polyprotein at four specific locations, and the sequences of

the cleavage sites are known (Urbani etal. 1997; Zhang et al. 1997). Of these, the cleavagé
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site between nonstructural proteins 5A and 5B (NS5A/5B) of the HCV polyprotein is

cleaved most rapidly (Zhang et al. 1997). Consequently, the NS5A/5B sequence of
GEDVV(C/A)CSMSYGAG was chosen as the linker for the HCV RNase A zymogen
(Zhang et al. 1997). For full proteolytic activity, the NS3 protease recognition sequence
requires ten residues of the NS5A/5B ‘sequence with cysteine residues in the P1 and P2
positions, which immediately preceded the scissile bond. If the cysteine residue in the P1
position is replaced with alanine, the NS3 protease no longer cleaves the NS5A/5B peptide;
a similar mutation at the P2 position results in only a 40% decrease in cleavage activity
(Urbani et al. 1997; Zhang et al. 1997). The proximal cysteines in the NS5A/5B sequence
could, however, form a disulfide bond (Zhang and Snyder 1989) that would alter the
structure of the linker. Therefore, two HCV zymogen constructs were designed, one with a
cysteine residue (2C zymogen) in the P2 position and one with an alanine fesidue there (1C
zymogen). These two zymogens contain, in effect, a peptide that links residue 124 (C-
terminus) with fesidue 1 (N-terminus).

In each zymogen, new N- and C-termini were created at residués 89 and 88,
respectively (Plainkum et al. 2003). Disulfide bonds were used to link residues 88 and 89
and residues 4 and 118, as cystines at these positions had been shown to increase the
conformational stability of other RNase A variants by 10 and 5 °C, respectively (Klink and
Raines 2000; Plainkum et al. 2003). A model of the 2C zymogen is shown in Fig. 1,
highlighting the location of all seven possible disulﬁdé bonds and the new termini at

positions 89 and 88.
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Activation of Ribonucleolytic Activity. An essential aspect of a functional zymogen

is the resistance of the parent enzyme to cleavage by the activating protease. Accordingly,
wild-type RNase A (25 uM) was incubated for 60 min at 37 °C with equimolar NS4A/NS3
protease. After incubation, wild-type RNase A exhibited no significant loss in
ribonucleolytic activity. Thus, RNase A is not a substrate for the NS4A/NS3 protease.

An RNase A zymogen should, however, be a substrate for its cognate protease but not
other common proteases. The expected mass of the fragments produced by cleavage of the
1C zymogen and reduction of its disulfide bonds are 10.5 kDa (which is readily detectable
by SDS—PAGE) and 4.6 kDa. Incubation of the 1C zymogen with a substoichiometric
quantity of NS4A/NS3 protease led to its nearly complete processing after 15 min at 37 °C,
as shown in Fig. 2. Incubation of the 1C zymogen for 15 min at 37 °C with trypsin, which
is a common protease with high enzymatic activity, resulted in insignificant cleavage
(molar ratio: 1:100 or 1:25 trypsin/1C zymogen; data not shown).

An RNase A zymogen should also have low ribonucleolytic activity before activation,
and should regain nearly wild-type activity upon incubation with the NS4A/NS3 protease.
The initial rates of poly(C) cleavage by unactivated 1C zymogen, activated 1C zymogen,
and RNase A are depicted in Fig. 3, and the resulting steady-state kinetic parameters are
listed in Table 1. The kca/ Km value for the cleavage of poly(C) by wild-type RNase A is
higher than those reported previously (Leland et al. 1998) due to the removal from the
assay buffer of OVS, which is a potent inhibitor of RNase A (Smith et al. 2003).

Wild-type RNase A has 430-fold and 10*-fold higher k../Ky values for poly(C)

cleavage than do the unactivated 1C and 2C zymogens, respectively (Table 1). The
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decreased activity of unactivated zymogens is a result of both a smaller value of k.4 and a
larger value of Ky The k../Ky value of the unactivated 1C zymogen is 33-fold higher than
that of the unactivated 2C zymogen, and the difference is again the result of both a
decrease in k¢ and an increase in K. The increase in kg4 values upon activation of the 1C
and 2C zymogeﬁs suggests that the intact linker dislocates key catalytic residues.

’The only difference between unactivated the 2C and 1C zymogens is the sulfur atom of
the cysteine residue in the P2 position of the 2C zymogen. This difference enables the two
adjacent cysteine residues in the linker of 2C zymogen to form a disulfide bond. A reaction
with 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB) was used to determine the number of free
thiols in the 1C and 2C zymogens. The results indicated that the 1C and 2C zymogens have
0.6 £ 0.1 and 0.16 £ 0.04 free thiols per molecule, respectively (Riddles et al. 1983). These
values suggest that the cysteine residues in the linker of the 2C zymogen do indeed form a
disulfide bond. Disulfide bonds between adjacent cysteine residues can distort the
conformation of an enzyme and diminish its catalytic activity (Park and Raines 2001). That
effect is likely responsible for the ribonucleolytic activity of the unactivated 2C zymogen
being lower than that of the unactivated 1C zymogen (Table 1). These data also suggest
that the cysteine residue in the linker of 1C zymogen is at least partially buried in the
unactivated zymogen, as the 1C zymogen appears to have 0.6 instead of 1.0 free cysteines.

Upon incubation with the NS4A/NS3 protease, the Kv value of activated 1C
zymogen returns to wild-type levels, and the &, value is '/3-fold that of the wild-type
enzyme, giving a kea/Ky value that is '/4 that of wild-type RNase A (Table 1). The change

in both kinetic parameters upon activation suggests that the linker affects substrafc binding
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and turnover by an unactivated RNase A zymogen, but that these affects are reversible.

The disulfide bond in the linker of activated 2C zymogen also influences the catalytic
activity, as both its k., and KM values remain lower than those of activated 1C zymogen.

The ratio of the (kcat/KM)acti;ated value to the (kcat/ Km)unactivated Value provides an
estimate of the effectiveness of the linker in modulating the ribonucleolytic activity and, in
essence, provides a measure of the therapeutic index of a ribonuclease zymogen. For the
1C zymogen, the (kcat/KM)activated/(kcat/KM)unactivated ratio is 105 for the 1C zymogen and 13
for the 2C zymogen. Overall, the disulfide bond formed between the cysteine residues in
the linker of the 2C zymogen seems to be detrimental to the ability of the linker to act as a
zymogen prosegment. Accordingly, only the 1C zymogen was subj ccted to additional
biochemical analyses.

Zymogen Conformation and Conformational Stability. The near-UV CD spectrum
(170-250 nm) of a protein is a representation of protein secondary structure (Kelly et al.
2005). The CD spectra of unactivated and activated 1C zymogen are shown in Fig. 4A.
Although deconvolution of the contribution of distinct secondary structural elements to the
CD spectra of unactivated and activated 1C zymogen is difficult, activation of the 1C
zymogen appears to have an effect on its CD spectrum and is thus likely to affect its
conformation.

The conformational stability of both unactivated and activated 1C zymogen was
determined by CD spectroscopy. The thermal denaturation curves are shown in Fig. 4B,
and the resulting values of T}, are listed in Table 2. Both unactivated and activated 1C

zymogen have Ty values well-above physiological temperature (37 °C) but below that of
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wild-type RNase A (64 °C). As with the RNase A zymogen described previously

(Plainkum et al. 2003), the conformational stability of the 1C zymogen increases upon
activation, perhaps due to the release of strain.

Affinity for Ribonuclease Inhibitor and Cytotoxicity. RI recognizes members of the
RNase A superfamily with femtomolar affinity (Dickson et al. 2005). As many RI contacts
with RNase A are in the active site (Kobe and Deisenhofer 1995), the linker in an RNase A
zymogen could block RI binding. The affinity of pRI for the 1C zymogen was determined
by using a competitive binding assay with fluorescein-labeled G88R RNase A (Abel et al.
2002). The resulting Ky values for the complexes of pRI with both unactivated and
activated 1C zymogen are listed in Table 2. Unactivated 1C zymogen at 16 um did not
compete with fluorescein-labeled G88R RNase A for binding to pRI, and the K value for
the pRI complex with unactivated 1C zymogen was therefore estimated to be >1 um
(Rutkoski et al. 2005). The lack of affinity of unactivated 1C zymogen for pRI puts it in
the range of the most RI-evasive of known RNase A variants (Rutkoski et al. 2005). Yet,
unlike most RI-evasive variants, unactivated 1C zymogen was not toxic (ICso > 25 uMm) to
a standard cancer cell-line used to estimate ribonuclease cytotoxicity (Table 2).

In contrast, the value of K4 (= 13 nM) for the complex of pRI with activated 1C
zymogen is greater than that of the unactivated 1C zymogen. Yet, the affinity of pRI for
wild-type RNase A is sﬁll 10°-fold higher than that for the activated 1C zymogen (Table 2),
suggesting that the cleaved linker still disturbs RI binding. The affinity of pRI for activated
1C zymogen is close to that measured previously for K7A/G88R RNase A (Kq= 17 nMm)

(Rutkoski et al. 2005). The change in binding affinity of pRI for unactivated and activated
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1C zymogen provides additional evidence that the linker is flexible and that it moves away

from the RNase A active site upon activation.

5.5 Discussion

Basis for Zymogen Inactivity. The cleavage of a peptide bond in natural zymogens
leads to their activation by enabling the binding of substrate (Sohl et al. 1997), altering the
conformation of active-site residues (Khan and James 1998), or‘constituting the substrate
binding cleft (Freer et al. 1970; Kossiakoff et al. 1977). For example, formation of the
“oxyanion hole” and substrate binding cleft occurs upon activation of chymotrypsinogen
(Freer et al. 1970; Khan and James 1998). Based on our molecular modeling, the linker of
the RNase A zymogen appears to occlude the binding of substrate to the active site (Fig. 1).
This model is supported by the low Ky values of the unactivated 1C and 2C zymogens.
(Table 1). Likewise, the intact linker of the unactivated zymogen inhibits RI binding to the
active site more than does the cleaved linker (Table 2). Still, the cleaved linker, which is
not excised from the zymogen, continues to instill the ability to evade RI upon the
activated zymogen. This continued evasion contrasts with the behavior of some natural
zymogens, which bind tightly to endogenous inhibitors upon actiVation (Khan and James
1998; Salvesen and Abrams 2004).

If the linker merely occludes the substrate from binding to the RNase A zymogens

and has no influence ‘on the conformation of active-site residues, then activation would
have no effect 6n the turnover number (k) (Sohl et al. 1997). Yet, the k. values for the

- unactivated 1C zymogen (3.8 s and 2C zymogen (0.70 s) are significantly lower than
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those of the activated zymogens (Table 1). This decrease in k¢ value prior to activation
suggests that key active-site residues are dislocated by the intact linker. Changes in the CD
spectra upon activation are likewise indicative of a conformational change (Fig. 4).

Consequently, the low activity of the RNase A zymogen appears to arise from both
substrate occlusion and an alteration of active-site residues. Thus, two strategies used by
natural zymogens (Sohl et al. 1997; Khan and James 1998) are replicated in our artificial
one. Most importantly, the intact linker diminishes the ribonucleolytic activity of the 1C
zymogen, but allows for its reconstitution upon cleavage.

Therapeutic Potential. The NS3 protease of HCV is a major drug target (Tan et al.
2002). Design of small-molecule inhibitors of the NS3 protease is, however, problematic
because of its shallow substrate-binding cleft (Pizzi et al. 1994; Kim et al. 1996; Yao et al.
1999). Herein, we take the opposite tact. Rather than trying to inhibit the enzymatic
activity of the NS3 protease, we attempt to exploit that activity to activate an RNase A
zZymogen.

By comparing the ribonucleolytic activity and RI affinity of unactivated and activated
1C zymogen to those of other RNase A variants, we can estimate the therapeutic potential
of an HCV RNase A zymogen. Unactivated 1C zymogen was not toxic to K-562 cells
(Table 2) and has ribonucleolytic activity comparable to those of nontoxic ribonucleases,
such as K41A/G88R RNase A (Thompson et al. 1995; Bretscher et al. 2000). Upon
activation, the ribonucleolytic activity of 1C RNase A zymogen increases by 105-fold,
approaching that of wild-type RNase A. Combining the ribonucleolytic activity of the

activated 1C zymogen with its affinity for RI enables an estimate of its toxicity to cells
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containing the NS3 protease (Bretscher et al. 2000; Rutkoski et al. 2005). For example, the

activated 1C zymogen has greater ribonucleolytic activity than that of K7A/G88R RNase
A and similar RI affinity (Rutkoski et al. 2005). K7A/G88R RNase A has ICso = 1.1 pM for
K-562 cell proliferation.

In conjunction with a positive activation ratio, the 1C zymogen also combines an
increased T, upon activation, making the activated ribonuclease more stable than the
unactivated one. Thus, 1C RNase A zymogen has the necessary attributes for selective
cytotoxicity to HCV, including a high ratio of (k¢a/ Km)activated! (Kcat/ KM unactivated (105-fold),
high c_onformational stability, and an ability to evade R Testing the toxicity of an RI-
evasive 1C zymogen for HCV-infected cells (as opposed to K-562 cells; Table 2) is thus a

worthwhile goal.

5.6 Conclusions

Unchecked ribonucleoiytic activity is potentially lethal to cells, which have evolved RI
to modulate this activity (Haigis et al. 2002a; Haigis et al. 2003). Transforming
ribonucleases into zymogens represents another general strategy for controlljng
ribonucleolytic activity. We have developed an RNase A zymogen that is activated by the
NS3 protease of HCV. The linker of our RNase A zymogen inhibits its activity by a
mechanism similar to proteolytic zymogens—by sterically blocking substrate binding to
the ribonuclease active site and dislocating key active-site residues. The linker of RNase A
zymogens could serve an additional role in ribonuclease cytotoxicity by decreasing the

affinity of RI for RNase A, even following activation. The HCV RNase A zymogen has the
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necessary characteristics of a ribonuclease therapeutic, including wild-type activity after

activation, a T}, value above physiological temperature, and low affinity for RI. By
exploiting the proteolytic activity of NS3, RNase A zymogens could be selectively
activated and circumvent the known mechanisms of microbial resistance, allowing for

development of a ribonuclease-based therapeutic for HCV.
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Table 5.1. Enzymatic activity of ribonuclease A zymogens®

keat/ K activated!
(kcat)unactivated (kcat)activated (KM)unactivated (KM)activated (kcat/KM)unactivated (kcat/KM)activated ( cat M) ot .ated
(kcat/ KM)unactlvated
Ribonuclease s ™) (107° m) (10°%m) | (10°m's™ 10°m'sh
Wild-type — 280+ 29 — 33+£02 — 83,000 £ 7000 —
1C zymogen | 3.8%+0.1 86+5 20£2 43+0.7 190 £ 20 20,000 + 3000 105
2C zymogen | 0.70+ 0.02 10+£1 120+ 1 140 £ 20 58+£04 74+ 4 13

? Values of keat, K, and kca/ Ky (SE) were determined for catalysis of poly(C) cleavage at 25 °C in 0.10 M MES-NaOH
buffer (OVS-free), pH 6.0, containing NaCl (0.10 M). Initial velocity data were used to calculate values of kcat, Ku, and kca/ K
with the program DELTAGRAPH 5.5 (Red Rock Software, Salt Lake City, UT).

91
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Table 5.2. Physicochemical properties of a ribonuclease A zymogen

. b b
Ribonuclease = (7; m)unactivateda (T, m)activateda (K4)unactivated (Kd)activated (ICSO)unactivatedc

°C °C nM nM UM
Wild-type 64 — 44 x 107% — >25
1Czymogen  51.6+04 563407 >(10%) 13+0.2 >25

? Values of Ty, for HCV zymogens were determined in PBS by CD spectroscopy.

b Values of Ky (+SE) were determined for the complex with pRI at 23 (+2) °C.

° Values of ICsq are for the incorporation of [methyl-’H]thymidine into the DNA of K-
562 cells treated with a ribonuclease, and were calculated with Equation 1.

“ From (Rutkoski et al. 2005).

¢ From (Vicentini et al. 1990) for the pRI'RNase A complex.
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Figure 5.1  Structural model of unactivated 2C zymogen with 88/89 termini, 14-
residue linker, and seven disulfide bonds. The conformational energy of
‘the side chains of variant residues were minimized with the program
SYBYL (Tripos). Atoms of the linker and cysteine residues are shown
explicitly; non-native cystines and old and new termini are labeled. The
sequence of the linker is given with flexible residues in black, the
NS5A/5B cleavage sequence in red, and the scissile bond designated with a

slash (“/”).
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Figure5.2  Activation of 1C zymogen by the NS4A/NS3 protease. Activation at 37 °C
was monitored at different times after the addition of 0.5 rnoiar equivalents
of NS4A/NS3 protease by SDS-PAGE in the presence of DTT. “std” is the
protein molecular weight standard; “p” is NS4A/NS3 protease after a 15-

min incubation at 37 °C; “z” is 1C zymogen after a 15-min incubation at

37 °C.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



167

20711 [N -

118.7 fwia
93.6 1

d p_z 1 3 6 9 12 15

Time {min)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



168

Figure 5.3  Ribonucleolytic activity of unactivated 1C zymogen (®; 1.0 uM), activated
1C zymogen (o; 6 nM), and wild-type RNase A (¢; 1.5 nM). Initial
velocity data (v/[ribonuclease]) were determined at increasing
concentrations of poly(C). Data points are the average of three independent
assays, and are shown +SE. Data were used to determine the values of &y,

Kw, and kco/ Ky (Table 1).
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‘Figure 5.4 Conformation and conformational stability of unactivated (e) and activated
(0) 1C zymogens by circular dichroism. (A) Near-UV CD spectra of
unactivated and activated 1C zymogens (0.5 mg/mL in PBS). (B) Thermal
deriaturation of unactivated and activated 1C zymogens (0.5 mg/mL in
PBS). Molar ellipticity at 215 nm was monitored after a 2-min
equilibration at each temperature. Data were fitted to a two-stéte model to

determine values of T, (Table 2).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



171

401 activated

- Unactivated

[Bl7=10°c (1 0® deg-cmz-dmoi'1)

L i 1

I i L i
210 220 230 240 250

Wavelength (nm)

Activated

Unactivated

I i H 1 1

i i
10 20 30 40 50 60 70
Temperature (°C)

I

[®h=215 nm (10° deg-cm®dmol™)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



172

Chapter Six

Genetic Selection Reveals the Role of a Buried, Conserved Polar Residue

Portions of this chapter were published as:
Johnson, R.J, Lin, S.R., Raines, R.T. (2007) Genetic Selection Reveals the Role of a
Buried, Conserved Polar Residue. Protein Sci. 16, In press. I performed or supervised all

of the research described in this chapter.
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6.1 Abstract

The burial of nonpolar surface area is known to enhance markedly the
conformational stability of proteins. The contribution from the burial of bolar surface area
is less clear. Here, we report’ on the tolerance to substitution of Ser75 of bovine pancreatic -
ribonuclease (RNase A), a residue that has the unusual attributes of being buried,
conserved, and polar. To identify variants that retain biological function, we used a genetic
selection based on the intrinsic cytotoxicity of ribonucleolytic activity. Cell growth at 30,
37, and 44 °C correlated with residue size, indicating that the primary attribute of Ser75 is
its small size. The side-chain hydroxyl group of Ser75 forms a hydrogen bond with a main-
chain nitrogen. The conformational stability of the S75A variant, which lacks this
hydrogen bond, was diminished by AAG = 2.5 kcal/mol. Threonine, which can reinstate
this hydrogen bond, provided a catalytically active RNase A variant at higher temperatures
than did some smaller residues (including aspartate), indicating that a secondary aﬁﬁbute
of Ser75 is the ability of its uncharged side chain to accept a hydrogen bond. These results

provide insight on the imperatives for the conservation of a buried, polar residue.

6.2 Introduction

| The conformational stability of a protein derives from the energetic difference between
the unfolded and folded states. For the majority of protéins, this energetic difference
(AG°cone) falls within the narrow range of —5 to —15 kcal/mol (Kumar et al. 2006; Rose et al.
2006). The small energetic distinction between the unfolded and folded states is

maintained through the burial of nonpolar surface area, the formation of hydrogen bonds,
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and other forces (Dill 1990; Myers and Pace 1996; Fleming and Rose 2005; Rose et al.

2006).

Conformational stability is only one attribute that leads to the existence of a residue at

a particular position in an amino-acid sequence. Proteins often concede stability for

function (Shoichet et al. 1995; Beadle and Shoichet 2002; DePristo et al. 2005; Pal et al.
2006). For example, altering residues in the active site of AmpC B-lactamase increases the
stability of that enzyme, but greatly decreases its catalytic activity (Beadle and Shoichet
2002).

- The selective pressures that determine the amino-acid composition at specific positions
have been elucidated for nonpolar residues buried in the interior of a protein (Lim and
Sauer 1989; 1991; Guo et al. 2004; Smith and Raines 2006). These residues are relatively
invariant to substitution, as they are required to maintain the structural integrity of the
protein, and they have lower substitution rates than expected by neutral drift (Choi et al.
2006). Still, it is unclear if these arguments also apply to buried polar residues.

Recently, the residues critical for the fuhction of bovine pancreatic ribonuclease
(RNase A) were revealed by using a/ novel genetic selection system (Smith and Raines
2006). Residues found to be essential included the canonical active-site residues (His12,
Lys41, and His119), half-cystines, and residues buried in the hydrophobic core (Coll et al.
1999). Although serine is the most abundant residue in RNase A, only one of its fifteen
serine residues was found to be critical (Smith and Raines 2006). That unique residue is
Ser75, which is the most buried of the serine residues (ASA = 1.9 A%; Figures 1A and 1B)

and is highly conserved among homologous ribonucleases (Smith and Raines 2006). In the
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hydrophobic core of RNase A, Ser75 forms two hydrogen bonds with Ile106, another

essential residue that expedites protein folding (Coll et al. 1999). Predictably, replacing
Ile106 with an alanine residue lowers the valﬁe of T, m by 14 °C (Coll et al. 1999). No
variant at position 75 has been studied previously.

Here, we report on the biochemical attributes that lead to the conservation of a
buried polar residue. To do so, we create RNase A variants with each of the twenty
proteinogenic amino acids at position 75. We then subject these twenty variants to the
extant genetic selection (Smith and Raines 2006), but at different temperatures so as to
glean additional information. Finally, we characterize the five most interesting variants in
detail. The results provide a comprehensive pictufe of the effect of a buried, polar residue
on the conformational stability and catalytic activity of a protein, and serve to reveal the

physicochemical attributes that lead to its evolutionary conservation.

6.3 Experimental Procedures

Géneral. Escherichia coli BL21 (DE3) cells, E. coli Origami™ B (DE3) cells, and
plasmid pET27b(+) were from Novagen (Madison, WI). The fluorogenic ribonuclease
substrate, 6-FAM-dArU(dA),~6-TAMRA, and DNA oligonucleotides for mutagenesis
were from Integrated DNA Technologies (Coralville, IA). Protein purification columns
and the pGEX vector were from GE Healthcare (Piscataway, NJ). MES buffer (Sigma—
Aldrich, St. Louis, MO) was purified by anion-exchange chromatography to remove trace
amounts of oligomeric vinylsulfonic acid (Smith et al. 2003). ’All other chemicals were of

commercial grade or better, and were used without further purification.
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Luria—Bertani (LB) agar contained (in 1.00 L) tryptone (10 g), yeast extract (5 g), NaCl

(10 g), and agar (15 g). PBS, pH 7.4, contained (in 1.00 L) NaCl (8.0 g), KC1 (2.0 g),
Na;HPO4 7H,0 (1.15 g), KH,PO4 (2.0 g), and NaN3 (0.10 g).

Fluorescence spectroscopy was performed with a QuantaMaster1 photon-counting
fluorimeter equipped with sample stirring (Photon Technology International, South
Brunswick, NJ). CD data were collected with a model 62A DS CD spectrometer (Aviv,
Lakewood, NJ) equipped with a temperature controller. Matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry was performed
with a Voyager-DE-PRO Biospectrometry Workstation (Applied Biosystems, Foster City,
CA). CD and MALDI-TOF mass spectrometry experiments were performed at the campus
Biophysics Instrumentation Facility.

Genetic Selection. Variants of RNase A with all twenty amino acids at position 75 were
created by using plasmid pGEX-RNase A, which was deﬁved from pGEX-4T3 (Smith and
Raines 2006), and the Quikchangé site-directed mutagenesis kit (Stratagene, La Jolla, CA).
Codons for position 75 substitution were chosen for optimized protein expression in E. coli,

- based on known codon usage (Aota et al. 1988). The presence of Met(—1) has been shown
to have no discernable effect on the ribonucleolytic activity or conformational stability of
RNase A (Kelemen et al. 1995). The identity of codons at position 75 and elsewhere was
confirmed by DNA sequence analysis. Purified plasmid DNA from all twenty RNase A
variants was transformed into Origami™ B (DE3) cells. Transformed Origami B (DE3)
cells were spread onto LB agar containing ampicillin (100 pg/mL), kanamycin (20 pg/mL),

and tetracycline (12.5 ug/mL), and allowed to grow at 23, 30, 37, or 44 °C for 48 h.
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Results were confirmed by repeating the selection (i.e., transformation, spreading, and
growth).

Protein Purification. RNase A and variants of RNase A were purified from inclusion
bodies by using the same high-yielding procedure described previously (delCardayré et al.
1995; Rutkoski et al. 2005). A pET27b(+) plasmid containing DNA that encodes wild-type
RNase A was used to produce Ser75-variants of RNase A (Leland et al. 1998; Rutkoski et
al. 2005), using the Quikchange site-directed mutagenesis kit (Stratagene, La Jolla, CA).
The molecular mass of each purified RNase A variant was determined with MALDI-TOF |
mass spectrometry.

Enzymatic Activity. The ribonucleolytic aétivity of wild-type RNase A and its Ser75-
variants was determined by using 6-FAM—dArU(dA),—6-TAMRA as the substrate
(Kelemen et al. 1999). Assays were carried out at 23 (+2) °C in 2.0 mL of 0.10 M MES-
NaOH buffer, pH 6.0, containing NaCl (0.10 M). Fluorescence data were fitted to the

equation:
keat/ Kni= (AIIAD/ (s~ L)[E]) D

In equation 1, AZ/At represents the initial reaction velocity, I is the fluorescence intensity

before the addition of a ribonuclease, /; corresponds to the final fluorescence intensity after

complete substrate hydrolysis, and [E] is the concentration of added ribonuclease.
Secondary Structure and Conformational Stability. CD spectroscopy was used to

ass'ess the secondary structure of the RNase A variants (delCardayré et al. 1995). A
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solution of PBS containing an RNase A variant (0.5 mg/mL) was incubated for 5 min at 25

°C, and CD spectra were then acquired from 260 to 205 nm in 1-nm increments. CD
spectra were collected at least twice for each RNase A variant, and data points are shown
as the mean residue-weight ellipﬁcity at each wavelength.

CD spectroscopy was also used to evaluate the conformational stability bf the variants
of RNase A (Johnson et al. 2006). PBS containing each of the RNase A variants
(0.5 mg/mL) was heated from 25 to 75 °C in 2-°C increments. The change in molar
ellipticity at 215 nm was measured after a 2-min equilibration at each temperature, and the
entire experiment was repeated at least once. Raw CD data at 215 nm were used to
.determine the values of Ty, and AH,, using Igor Pro 5.04B (Wavemetrics Inc, Lake Oswego,
Oregon) and the Gibbs—Helmbholtz equation (Pace 1990; Eberhardt et al. 1996; Pace et al.

1998; Smith and Raines 2006):
AG=AHW(1 - T/Ty) + AC[T — T — TIn(T/T1y)} )

Values of AC, were held constant (AC, = 0), as the AC,, values calculated by fitting the raw
CD data to equation 2 were small compared to AHy,. Also, curve-fitting of the raw CD data
with and without AC;, had no affect on the 77, values and only slightly changed the AH,
value for wild-type RNase A (< 5%). The values of AAG for the S75A and S75T variants
were calculated at the T, of wild-type RNase A by replacing 7 in equation 2 with the Ty
values for S75A and S75T, respectively. Analogous values for S75C and S75R were not

calculated because their large ATy, values impose a high etror in the calculation.
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6.4 Results

Genetic Selection at Serine 75. RNase A produced in traditional Escherichia coli
strains aggregates to form enzymatically inactive inclusion bodies, as its requisite four
disulfide bonds cannot form in the reducing environment of the cytosol (delCardayré et al.
1995). Engineered E. coli strains, such as ';he Origami™ strain (Novagen, Madison, WI),
provide a more oxidizing cytosol wherein RNase A can fold (Smith and Raines 2006).
Folded RNase A catalyzes the degradation of bacterial RNA, resulting in cell death. Even
leaky expression of wild-type RNase A from the uninduced Py, promoter is adequate to
cause cell death (Smith and Raines 2006).

We used the ability of properly folded, active RNase A to elicit cell death to
explore the role of Ser75. Twenty plasmids encoding variants in which position 75 was
substituted with all 20 natural amiﬁo acids were created by site-directed ﬁutagenesis, and
these plasmids were transformed individually into Origami cells. The transformed Origami
cells were grown at four different temperatures (23, 30, 37, and 44 °C) and selected for
growth. At 23 °C, no variant reduced the ribonucleolytic activity enough to allow for the
growth of E. coli cells (data not shown). Results at the other three temperatures are shown
in Figure 6.1C. At 44 °C, which is 17 °C lower than the 7y, value of wild-type RNase A
(Table 6.1), only serine (wild-type) or its substitution with glycine, alanine, or threonine
significantly inhibited cell growth. At 30 °C, 12 variants were identified (glycine, alanine,
serine, cysteine, proline, aspartate, threonine, aspargine, valine, histidine, methionine, and

~ arginine) that inhibited cell growth. The amino-acid substitutions that diminished
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ribonucleolytic activity sufficiently to allow for the growth of E. coli cells are depicted in

Figure 6.1D, in which the amino acids are listed in the order of their van der Waals volume
(Creighton 1993). The inhibition of growth correlates with the van der Waals volume of
the amino-acid subsﬁtution. At 44 °C, the amino-acid substitutions that retain enzymatic
activity are the smallest amino acids with the exception of threonine, which has a van der
Waals volume that is larger than cysteine, proline, or aSpartate. The ability of the threonine
substitution at position 75 to maintain the catalytic activity and stability of RNase A at 44
°C’, even with its larger van der Waals volume, suggests that it still forms a hydrogen bond
with Ile106.
Data from 37 and 30 °C follow a similar pattern, where growth of the Origami cells
is related to the van der Waals volume of the substituted amino acid (Figure 6. lD). At 30
°C, there are also outliers to this trend. For example, the van der Waals volume of arginine
is 24 A? greater than that of methionine, which is the amino acid with the next closest
volume that inhibited growth (Figure 6.2B). To understand better the relationship between
the van der Waals volume and hydrogen-bonding capability of amino-acid substitutions at
- position 75 and the resulting ribonucleolytic activity and conformational stability of the
RNase A variants, five variants (serine, alanine, threonine, cysteine, and arginine) were
isolated (Table 6.2) and subjected to detailed analysis. These variants were chosen based
on their small size (alanine), ability to form a hydrogen bond with Ile106 (serine and
threonine), and unexpected retention of ribonucleolytic activity in the genetic selection

(cysteine and arginine).
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Physiochemical Properties of RNase A Variants. To insure that all five RNase A

variants were folded properly at 25 °C, far-UV circular dichroism (CD) spectroscopy was
used to discern any changes in secondary structure (Kelly et al. 2005). Each variant was
found to have a similar CD spectrum (Figure 6.2A), suggesting that substitution at position
75 does not have a large effect on the secondary structure of RNase A. This result is
consistent with studies in other proteins that show ‘that single substitutions tend to have
small effects on global protein structure (Matthews 1987; Stites et al. 1991; Chen et al. .
1993). RNase A variants with lower conformational stability (Table 6.1; arginine and
cysteine) did, however, have lower mean residue-weight ellipticity, consistent with minor
changes to local secondary structure..

To characterize these RNase A variants further, their conformational stabilities
were determined by monitoring their CD spectrum at 215 nm as a function of temperature
(Figure 6.2B) (Johnson et al. 2006). The temperature at the midpoint of the transition curve
(T1nm) and associated change in enthalpy (AHp) are listed in Table 6.1. A large range of
conformational stabilities was generated upon substitution at position 75. Alanine and
threonine residues decrease the value of Ty, by 8 °C, whereas arginine decreases the Ty, by
23 °C. A similar trend is observed for the values of AHyy, except for the S75C variant,
which has a AHy, value that is 32 kcal/mol greater than that of wild-type RNase A. The
S75C variant exhibits a steady increase in ellipticity following denaturation (Figure 6.2B),
suggesting that a two-state model for its unfolding is invalid. This anomalous behavior

- could be caused by the free cysteine residue in S75C RNase A eliciting dimerization via

disulfide bond formation, leading to aggregation. Otherwise, the 7, values for the purified
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RNase A variants closely follow the growth inhibition results (Figure 6.2). The T3, values

of the S75T énd S75A variants are >44 °C, that of the S75C variant is >37 °C, and that of
the S75R is >30 °C (Table 6.1), demonstrating the ability of the genetic selection to report
accurately on conformational stability.

This large variation in other physicochemical attributes of the variants is not reflected
in their catalytic activity (Table 6.1). At 25 °C, all variants have ribonucleolytic activity
within twofold of the wild-type enzyme, suggesting, as do the data in Figure 6.2A, that
each variant assumes the structure of wild-type RNase A at 25 °C. This negligible effect of
substitution at position 75 on ribonucleolytic activity is most likely true for any amino-acid
substitution, as the growth of all transformed E. coli cells was inhibited at 23 °C (data not
shown). Thus, position 75 in RNase A strongly influences the conformational stability of

the enzyme, but does not affect its ribonucleolytic activity.

6.5 Discussion

Role of a Buried Polar Residue in Conformational Stability. The neutral theory of
molecular evolution states that the vast majority of mutations do not affect the fitness of an
organism (Kimura 1968; 1983). Still, amino-acid substitutions often do have detrimental
effects on the structure and function of a particular protein (DePristo et al. 2005; Pal et al.
2006). Understanding the tolerance of specific conserved residues to substitution and the
evolutionary préssures that select for conservation could reveal the underlying evolutionary
mechanisms and facilitate identification of disease-inducing residues (Benner 2001; Guo et

al. 2004; DePristo et al. 2005; Smith and VRaines 2006). We have chbined data from a
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genetic selection with phylogenetic data to investigate these selective pressures as applied

to a buried, polar residue.

As our model system, we chose RNase A, which is one of the best characterized
proteins (D'Alessio and Riordan 1997; Raines 1998). In seminal work, Anfinsen used
RNase A to show that “the native conformation is determined by the totality of interatomic
interactions and hence by the amino acid sequence, in a given environment” (Anfinsen
1973). Subsequently, RNase A has been used to evaluate the factors involved in protein
folding and stabilify, especially disulfide bond formation and prolyl peptide bond
isomerization (Wedemeyer et al. 2000; Wedemeyer et al. 2002). The RNase A superfamily
has also served as an archetype for studying many aspects of molecular evolution,
including mammalian speciation (Beintema 1987; Beintema et al. 1988b; Beintema et al.
1997; Yu and Zhang 2006), adaptive parallel evolution (Schienman et al. 2006; Zhang
2006), the shuffling of disulfide bonds (Zhang 2007), and gene duplication (Sassi et al.
2007). Sequences of RNase A homologs have been reported from >200 organisms
(Beintema 1987, Beintema et al. 1988b; Beintema et al. 1997; Nitto et al. 2006; Pizzo et al.
2006; Yu and Zhang 2006), making RNase A an exceptional protein with which to study
the selective pressures that lead to amino-acid conservation.

We have focused on the basis for the conservation of a particular buried polar residue
in RNase A, Ser75. Within the 266 known members of the RNase A superfamily (Smith
and Raines 2006), Ser75 is conserved in 238 (89.5%). This level of conservation is

indicative of biological importance. Recently, we showed that Ser75 is indeed critical to
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ribonuclease function (Smith and Raines 2006). Still, whether Ser75 played a role in

enzymatic catalysis or conformational stability (or both) had been unknown.

The 28 known ribonucleases that diverge from a serine residue at position 75 are listed
in Table 6.3. Interestingly, each of these divergent ribonucleases has a residue that enables
function at 30 °C in our genetic selection (Figures 1C and 1D). Moreover, most of the
amino acids that replace serine at position 75 in these divergent ribonucleases fall into the
subset of smaller amino acids that lead to cytotoxicity at 44 °C (glycine, threonine, and
cysteine). This direct correlation between the ribonuclease sequence data (Table 6.3) and
our genetic selection data (Figure 6.2) indicates that a small amino acid at position 75 is
necessary for ribonucleases to function properly (Figure 6.1B).

Another salient characteristic of this buried polar residue is its ability to interact with
proximal residues in the folded protein (Figures 1A and 1B). The hydrogen bond formed

- from the hydroxymethyl sidechain of Ser75 adds an additional AAG = 2.5 kcal/mol of
energetic stability to RNase A over other small amino acids, but this hydrogen bond does
not seem to be the only selective pressure. Substitution with threonine maintains
ribonucleolytic activity at 44 °C (Figures 1C and 1D), presumably because it can form a
hydrogen bond from its hydroxyethyl side chain to Ile106. S75T RNase A is, however, not
as stable as the S75A variant (Table 6.1). Adding a methylene group to the side chain of
Ser75 (as in the S75T variant) disrupts the energetic stability of wild-type RNase A more
than does removing the oxygen atom from its side chain (as in the S75A variant; Table 6.1).
Thus, the amino acid at position 75 in ribonucleases? especially RNase A, appears to have

been selected prifnarily because of its van der Waals volume. Among the amino acids with
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a small van der Waals volume, serine has been selected because of the additional energetic

stability imparted by its ability to form a hydroger; bond with [le106. Similarly, a
conserved glutamate residue in pyrrolidone carboxyl peptidases from hyperthermophiles is
completely buried and stabilizes that protein by forming hydrogen bonds with main-chain
atoms (Kaushik et al. 2006).

Hydrogen Bonds and Conformational Stability. The influence of hydrogen bonds on
the conformational stability of proteins has generated much interest (Dill 1990; Myers and
Pace 1996; Baldwin 2003). The recent observation by Rose and coworkers that virtually all
of the nitrogens and oxygens in proteins participate in hydrogen bonds provides
compelling evidence that these hydrogen bonds confer much stability (Fleming and Rose
2005; Rose et al. 2006). Pace and coworkers have demonstrated that intramolecular
hydrogen bonds increase the packing density and van der Waals intéractions of a protein
(Schell et al. 2006). For example, the average volume occupied by a serine side chain
decreases by 1 A® when the side chain is engaged in a hydrogen bond.

Ser75 of RNase A appears to function in this dual manner. The main-chain nitrogen of

| Ile106 needs a hydrogen-bonding partner, and other residues are not in a position to fulfill
that role. On average, replacing a serine residue with alanine results in AAG=-1.1+1.5
kcal/mol for serine residues that are 77 + 25% buried from solvent (Myers and Pace 1996).
Ser75 of RNase A falls on the extreme end of this continuum, having AAG =-2.5 kcal/mol
(Table 6.1) and being 98.1% buried. These data underscore the importance of the
Ser75-11e106 hydrogen bond to conformational stability. It is noteworthy that the stability

conferred by Ser75 is comparable to that measured for the buried hydrogen bond between
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the side chain of Tyr97 and main-chain oxygen of Lys41 of RNase A (Eberhardst et al.

1996), as well as buried hydrogen bonds in the microbial ribonucleases, RNase T1 and
barnase (Shirley et al. 1992; Chen et al. 1993). A buried salt bridge in triosephosphate
isomerase is likewise critical to the function of that enzyme (Silverman et al. 2001).

The importance of the Ser75---Ile106 hydrogen bond is apparent from its
environment. The relative importance of a particular hydrogen bond to protein stability is
related to its mobility (Pace ét al. 2001). Ser75 is packed tightly in the interior of RNase A
(Figure 6.1B), being surrounded by seven residues that lie within 3.9 A. Thus, the
Ser75-+-1le106 hydrogen bond could contribute to stability not only by its satisfying the
hydrogen-bonding requirement of Ile106, but also by eliciting an increase in van der Waals

contacts within the hydrophobic core of RNase A.

6.6 Conclusions

By combining genetic selection with phylogenetic data, we sought to reveal the
characteristics that select for a buried, polar residue and understand the tolerance to
mutation of this conserved residue. A trend was observed in both genetic and evolutionary
selection toward amino acids with small van der Waals volume, implying a requirement
for a small amino acid at position 75 to maintain conformational stability. A serine
substitution adds an additional 2.5 kcal/mol of energetic stability beyond an alanine residue
due to its ability to form a hydrogen bond with Ile106, which could also increase the
packing density of the protein interior. Ser75 functions largely to maintain the stability of

RNase A, but has no direct impact on its catalytic activity at 25 °C. Our genetic selection
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could be useful to probe the contribution of other ribonuclease residues to their biological

function and the selective pressures responsible for their conservation.
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Table 6.1. Biochemical properties of wild-type RNase A and variants at Ser75

ona onb AI'Im AAG kcat/KM

RNase A Tu CC)" AT CCOY" qalmoly®  (kealimol)® (10 M5y
Wild-type  61.1 +0.3 — 104.8 £ 6.1 — 39+7
S75A 532+0.1 7.9 100.9 +5.0 - 225 22+5
S75T 522+0.1 8.9 103.2+4.2 28 25+3
s75Ct 432 +0.1 17.9 137.1 £ 6.0 — 4119
S75Rf 382 +0.1 22.9 83.0+6.2 — 1847

? Values of T, (+SE) for RNase A and variants were determined in PBS by CD
spectroscopy (Johnson et al. 2006).

YAT, m = (T} m)wild-type — (T)variant

¢ Values of AH,, (+SE) were determined by fitting the change in the molar ellipticity at 215
nm for each RNase A variant to equation 2 (Pace 1990; Eberhardt et al. 1996; Pace et al.
1998). :

4 Values of AAG (+SE) were calculated by replacing 7"in equation 2 with the Ty, value of
the variant (Pace 1990; Eberhardt et al. 1996; Pace et al. 1998).

° Values of /Ky (3SE) were determined for catalysis of 6-FAM-dArU(dA),~6-TAMRA
cleavage at 25 °C in 0.10 M MES-NaOH buffer, pH 6.0, containing 0.10 M NaCl
(Kelemen et al. 1999; Smith et al. 2003).

f A value of AAG was not calculated for this variant because of its sensitivity to a small
(and unknown) change in AC,.
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Table 6.2. Mass analysis of wild-type RNase A and variants at Ser75

RNase A m/z, Expected (Da) m/z, Observed (Da)®
Wild-type 13690 13695
S75A 13674 13675
S75T 13704 13708
S75C 13706 13706
S75R 13759 13761

? Values were determined by MALDI-TOF mass spectrometry.
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Table 6.3. Residues other than serine at position 75 (or the
structurally analogous position) in the RNase A superfamily

RNase 4 :

RNAS4 BOVIN Bos taurus Gly
RNAS4 HUMAN Homo sapiens Gly
RNAS4 MOUSE Mus musculus Gly
RNAS4 PANTR Pan troglodytes  Gly
RNAS4 RAT Rattus norvegicus  Gly
Q9TV21_SAISC Saimiri sciureus  Gly
RNAS4 PIG ' Sus scrofa Gly

Frog Ribonucleases
QIDFY6 RANCA Rana catesbeiana  Asn
Q6EUW9 RANCA Rana catesbeiana  Arg
Q6EUWS8 RANCA Rana catesbeiana =~ Arg
QI9DFY7 RANCA Rana catesbeiana  Arg
QIDFY5 RANCA Rana catesbeiana  Arg
Q98SM2_RANCA Rana catesbeiana  Pro
Q6EUW7_RANCA Rana catesbeiana  Thr
RNASO RANCA Rana catesbeiana  Thr
QI9DFY8 RANCA Rana catesbeiana  Thr
QI9DF78 RANCA Rana catesbeiana  Thr
RNASL RANCA Rana catesbeiana ~ Thr
Q98SM1_RANCA Rana catesbeiana  Thr
Q98SM0O_RANCA . Rana catesbeiana  Thr
LECS_RANIJA Rana japonica Thr
Q8UVXS5 _RANPI Rana pipiens Thr
QII8V8 _RANPI Rana pipiens Thr

Other Ribonucleases
ANG1 _CHICK Gallus gallus Thr
05GAL6_CHICK Gallus gallus Thr
RSFR_CHICK , Gallus gallus Thr
Q5NVS4_PONPY Pongo pymaeus  Gly
09JKG3 MUSR Mus caroli Cys

? From a compilation of 266 RNase A superfamily
members listed as their EMBL accession numbers (Smith
and Raines 2006).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



191

Figure 6.1  Genetic selection to reveal the influence of substitutions at position 75 to
the activity and stability of RNase A. (A) Ribbon diagram of RNase A
(green) in which the atoms of Ser75 and Ile106 are depicted explicitly and
putative hydrogen bonds are shown with black dashed lines. (B) Space-
filling model of Ser75 and Ile106 in the same orientation as panel A. Ser75
and Ile106 are in red, and all other RNase A residues are in gray. Images in
panels A and B were created with PD'B entry 7RSA (Wlodawer et al. 1988)
and the program PyMOL (DeLano Scientific, South San Francisco, CA).
(C) Growth of Origami™ E. coli cells that produce an RNase A variant
containing the indicated amino acid residue at position 75. Plates were
incubated at the indicated temperature for 48 h. Cells producing active and
thus cytotoxic RNase A variants will be inviable; those producing inactive
variants will be viable. (D) Graphical representation of the results from
panel C. Amino acids are listed in order of increasing van der Waals

volume (Richards 1974).
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Figure 6.2  Conformational stability of five variants of RNase A. (A) Far-UV CD
spectra of the indicated position 75 variants of RNase A (0.5 mg/mL in
PBS). (B) Thermal denaturation of the indicated position 75 variants of
RNase A (0.5 mg/mL in PBS). Molar ellipticity at 215 nm was monitored
after a 2-min equilibration at each temperature. Data points are mean
values (£SE) from >2 experiments, and were fitted to a two-state model to

determine values of Tj, (Table 1).
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Chapter Seven

Conclusions and Future Directions

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



196
7.1 Conclusions

Pancreatic ribonucleases have exciting potential as chemotherapeutics, due to their
selective toxicity toward cancerous cells. With their high catalytic activity and low
immunogenicity, mammallian ribonucleases are especially promising chemotherapeutic
candidates. To understand the cytotoxic potential of mammalian ribonucleases, this
dissertation sought to clarify the mechanism of their cytotoxicity.

Chapters Two and Three examined the effect of electrostatics on two aspects of
ribonuclease cytotoxicity. Using the information from the hRI'RNase 1 complex crystal
structure and electrostatic repulsion, Chapter Two describes the design and engineering of
the most RI-evasive variant. This variant, R39D/ N67D/ N88A/ G89D/ R91D RNase 1,
had greater than 10°-fold lower affinity for RI and was modestly toxic toward an
erythroleukemia cell line.

Chapter Three showed that the low net molecular charge of this RI-evasive variant was
inhibiting its internalization and consequently its cytotoxicity. Additionally, Coulombic
forces were found to both endangér and defend cells from invading ribonucleases due to
the competing extracellular and intracellular equilibria. These competing equilibria permit
more positively charged ribonucleases to be internalized at a higher level, but upon cellular
entry, these variants are bound more tightly by RI.

Chapter Four described the heterologous production and purification of bovine RI, the
intraspecies binding partner of RNase A. Bovine RI was found to bind both RNase A and
RNase 1 with high affinity, as compared to human RI, which bound its cognate

ribonuclease, RNase 1, with 100-fold higher affinity. Bovine RI was also found to be 4-
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fold more stable to oxidation than human RI, suggesting a greater role for human RI as an

antioxidant.

Chapter Five examined the targeting of ribonuclease toxicity toward hepatitis C virus-
infected cells by designing a zymogen, or inactive precursor of RNase A. This zymogen
was activated by the NS3 protease of the hepatitis C virus, and this activation recapitulated
many of the characteristics of proteolytic zymogens. Additionally, the RNase A zymogen
was RlI-evasive in both its unactivated and its activated form, and had high conformational
stability.

The data contained in Chapter Six furthered work on residues essential to the catalytic
activity of RNase A, by examining the contribution of a buried serine residue to the
conformational stability and catalytic activity of RNase A. Serine 75 was found to
contribute significantly to the conformational stability of RNase A through its small van
der Waals volume and hydrogen bonds to isoleucine 106.

Overall, this dissertation furthered the understanding of ribonuclease cytotoxicity and

expanded the potential of mammalian ribonucleases as cancer therapeutics.

7.2 Future Directions

Ribonucleases offer the potential for many exciting studies on both protein structure—
function relationship and their application to cancer therapy. Multiple aspects of this
dissertation could be expanded to provide additional knowledge about ribonucleases and
protein structure. The ribonucleése inhibitors from only a few species have been described

currently, but with the determination of additional genome sequences, ribonuclease
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inhibitors from other species could be identified and compared to those described in

Chapter Four. This sequence comparison could be used to probe the co-evolution of
ribonucleases with the ribonuclease inhibitor and to understand the biological role of the
numerous free cysteine residues in the ribonuclease inhibitor.

The relationship between ribonuclease internalization and electrostatics could also be
expanded using flow cytotometry and latent fluorophores. Quantitation of cellular
intemélization over a wider range of net molecular charges encompassing a greater
percentage of the residues in a ribonuclease would greatly expand the understanding of
ribonuclease internalization. Additionally quantitation of ribonuclease internalization in
both cancerous and noncancerous cells over a range of molecular charges would resolve
whether the charge on a cancer cell determines the selectivity of the ribonuclease for
cancerous cells.

Finally, studies on the residues critical to ribonucleolytic activity could be expanded to
include additional members of the ribonuclease A superfamily. Other superfamily
members such as RNase 2, 3, and 7 have been proposed to be cytotoxic in the absence of
ribonucleolytic activity, so elucidating the residues necessary for their cytotoxicity could
provide new information about their cytotoxic mechanism. Additionally, comparison of the
critical residues from ribonucleases with divergent sequences could identify the residues
essential to any ribonuclease and help in undefstanding the rapid evolution of

ribonucleases in vertebrates.
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Appendix I

Tissue expression and ribonucleolytic activity of human ribonucleases 11-13
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Al.1 Abstract

Ribonucleases perform many biological roles in the cell. Most of these roles are
engendered by the ability of ribonucleases to degrade RNA efficiently. Yet, in the recently
identified human ribonucleases 11-13, key catalytic residues are removed, suggesting that
their biological roles are independent of RNA degradation. The mRNA for RNase 11-13
was also present in RNA isolated from 12 tissues, indicative of a common biological role,
irrespective of cell type. To examine the potential ribonucleolytic activity of RNases 11-13,
DNA encoding these ribonucleases was cloned and the resulting proteins expressed in
Escherichia coli. All three ribonucleases were produced at high levels in E. coli, but
aggregated into inclusion bodies. /n vitro oxidative folding trials of the ribonucleases
produced inconclusive results. Instead genetic selection for ribonucleolytic activity in the
Origami E. coli strain indicates that RNase 12 has low catalytic activity caused by its N-
terminus and its two conserved active-site residues. These initial studies indjcated fhat
RNases 11-13 are common componenfs of all tissues and that RNase 12 has limited
ribonucleolytic activity. Future studies on these ribonucleases could identify novel

biological roles for ribonucleases.

Al.2 Introduction

The pancreatic ribonuclease superfamily is a family of vertebrate specific enzymes
with diverse biological roles (Beintema 1987; Beintema et al. 1988b; Beintema et al. 1997).
Bovine pancreatic ribonuclease (RNase A), the prototype of a pancreatic ribonuclease

superfamily member, was perhaps the most studied enzyme of the 20™ century, due to its
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small size and ease of purification (Raines 1998). Yet, its biological activity, digestion of

dietary RNA in the ruminant gut, is fairly pedestrian (Barnard 1969). This biological
activity is, however, atypical of the enzyme superfamily, as the family is undergoing rapid
evolution concomitant with the addition of new biological roles (Singhania et al. 1999;
Zhang et al. 2002).

Thirteen membérs of the pancreatic RNase A superfamily have been identified in
humans (Homo sapiens), and varied biological roles have been assigned to these human
ribonucleases (Cho et al. 2005). For instance, RNase 5 (angiogenin) induces blood vessel
proliferation by transducing to the nucleus and binding to rRNA (Shapiro et al. 1986b;
Tsuji et al. 2005). Additionally, RNase 2, 3, and 7 are involved in immune function and
possess anti-microbial and anti-inflammatory activity (Rosenberg and Dyer 1995; Huang
et al. 2007). The biological activities of various other members were, however, unknown
(Cho et al. 2005).

The biological activities of most ribonucleases stem from their ability to degrade RNA,
and substitution of the residues essential for 'RNA degradation eliminates their biological
activity (Shapiro and Vallee 1989; Leland and Raines 2001; Lee and Raines 2003). Yet, in
the recently identified ribonucleases 913, at least one of the three conserved catalytic
residues (His12, Lys41, and His119 in RNase A) is substituted with a different amino acid,
suggesting that RNA degradation is not essential to their biological activity (Figure A1.1).
RNases 9—13 are also highly conserved across various mammalian species (Cho and Zhang

2006), indicative of conserved biological roles for these ribonucleases.
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Two of these ribonucleases, RNases 9 and 10, are expressed at high concentrations in
the male reproductive system and are inactive for RNA degradation (Zhu et al. 2007), but
the other three ribonucleases, RNases 11-13, have not been studied to date. To determine
the tissue specific expression of RNases 1113, total RNA from 12 tissues was examined
for the presence of the mRNA coding for these three ribonucleases. Additionally, the DNA
encoding RNases 11-13 was amplified by PCR, inserted into DNA plasmids and expressed
in Escherichia coli. RNase 12 was also tested for its toxicity toward a specific E. coli strain,
as evidence for ribonucleolytic activity. These analyses provide preliminary information

about the ribonucleolytic and biological activity of RNases 11-13.

A1.3 Experimental Procedures

General. Escherichia coli BL21 (DE3) cells, E. coli Origami™ B (DE3) cells, and
plasmid pET22b(+) were from Novagen (Madison, WI). DNA oligonucleotides for PCR
and mutagenesis were from Integrated DNA Technologies (Coralville, IA). All other
chemicals were of commercial grade or better, and were used without further purification.

Luria—Bertani (LB) agar contained (in 1.00 L) tryptone (10 g), yeast extract (5 g), NaCl
(10 g), and agar (15 g). Terrific Broth (TB) contained (in 1.00 L) tryptone (12 g), yeast
extract (24 g), glycerol (4 mL), KH;PO4 (2.31 g), and KbHPO4 (12.54 g). Phosphate-
buffered saline (PBS; pH 7.4) contained (in 1.00 L) NaCl (8.0 g), KCI (2.0 9),
NaQHPo4-7H20 (1.15 g), KH,PO, (2.0 g), and NaNj; (0.10 g).

RNase 11-13 Cloning. The sequences of RNase 11-13 and their GenBank accession

codes were obtained from Cho et al. (2005). DNA primers were designed to amplify the
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¢DNAs encoding RNases 11-13 and to incorporate Ndel and BamH] restriction sites at the

5’ and 3’ ends, respectively. The One-Step RT-PCR kit (Qiagen, Valencia, CA) was used
to amplify DNA encoding RNases 11-13 from total RNA isolated from human testes
(Stratagene, La Jolla, CA). The PCR products were inserted into plasmid pCR4-TOPO
(Invitrogen, Carlsbad, CA), and sequence analysis was performed to ensure proper
amplification. For protein expression, the PCR products were also inserted into plasmid
pET-22b(+).

Sequence Analysis. Sequence alignments of ribonucleases (Figure A1.3) were
performed with the program Clustal W (Chenna et al. 2003), using the amino-acid
sequences for RNases 1, 5, and 12 obtained from (Cho et al. 2005).

Protein Expression. Plasmids that direct the expression of RNase 11-13 were
transformed into E. coli BL21(DE3) cells and E. coli Origami B(DE3) cells, and a single
colony was used to inoculate LB medium (25 mL) containing ampicillin (200 pg/mL) for
BL21(DE3) cells or ampicillin (200 pg/mL), kanamycin (40 pg/mL), and tetracycline (12.5
pg/mL) for Origami B(DE3) cells. A starter culture was grown for 16 h at 37 °C and
shaking at 225 rpm. Cultures were collected by centrifugation at 5,000g and resuspended
in fresh LB medium. Resuspended cultures were used to inoculate cultures of TB medium
(1.00 L) containing ampicillin (200 pg/mL) for BL21(DE3) cells or ampicillin (200
pg/mL), kanamycin (40 pg/mL), and tetracycline (12.5 pg/mL) for Origami B(DE3) cells.
These cultures were grown at 37 °C with skaking at 225 rpm until ODgge =3.0. Expression -
of the RNase 11, 12, or 13 ¢cDNA was induced by adding IPTG (to 0.5 mM) and growing

for 16 h at 18 °C and shaking at 225 rpm for BL21(DE3) cells or by adding IPTG (to 0.01
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mM) and growing for 40 h at 12 °C and shaking at 225 rpm for Origami B(DE3) cells.

Cells were collected by centrifugation (12,000g for 10 min) and resuspended in 30 mL of
50 mM Tris—HCI1 buffer, pH 7.5, containing NaCl (100 mM). Cells were lysed by two
passes through a French pressure cell, and the inclusion bodies were collected by
centrifugation at 18,000¢ for 45 min. Inclusion bodies were solubilized in 100 mM
NaH,PO;, buffer, pH 8.0, containing Tris~HCI (10 mM) and guandine-HC1 (6 M) (20 mL).
The solubilized inclusion bodies were combined with Ni-NTA agarose (5-10 mL; Qiagen,
Valencia, CA) and allowed to incubate for 1 h at 4 °C. Agarose resin containing the E. coli
supernatant was loaded onto a gravity-flow column, and the resin was washed sequentially
with 10 column volumes of 100 mM NaH,PO, buffer, pH 6.3, containing Tris—HCI (10
mM) and urea (8 M) and 10 column volumes of 100 mM NaH,PO, buffer, pH 5.9,
containing Tris—HCl (10 mM) and urea (8 M). RNases 11-13 were eluted with two column
volumes of 100 mM NaH,PO, buffer, pH 4.5, containing Tris—HCI (10 mM) and urea (8
M) and dialyzed against PBS or 50 mM Tris—HCI buffer containing NaCl (100 mM) for 16
h at 4 °C. Aliquots containing RNases 11-13 were incubated under oxidative folding
conditions in either 100 mM Tris—HCI buffer, pH 8.0, containing NaCl (100 mM), reduced
glutathione (1.0 mM), and oxidized glutathione (0.2 mM) or 100 mM Tris—HCI buffer, pH
8.0, containing L-arginine (0.5 M), reduced glutathione (3 mM), and oxidized glutathione
(0.6 mM) at both 23 °C and 4 °C. Protein folding was assayed by chromatography on a
G75 size-exclusion column (GE Healthcare, Piscataway, NJ) that had been equilibrated
with 50 mM NaOAc—NaOH buffer, pH 5.0, containing NaCl (100 mM). Proper folding

was determined by comparing the retention times of RNases 11-13 to the retention times
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of folded ribonucleases, such as RNase A. Fractions were taken after induction with IPTG

and after Ni-NTA purification to examine protein purity by SDS-PAGE.
Genetic.Selection. Variants of RNase 12 were created by using the pET-22b plasmid
encoding RNase 12 described above with the addition of a C-terminal extension of six
histidine residues, and the Quikchange site-directed mutagenesis kit (Stratagene, La Jolla,
CA). Codons for substitution were chosen for optimized protein expression in E. coli,
based on known codon usage (Aota et al. 1988). The identity of substituted codons was
confirmed by DNA-sequence analysis. Purified plasmid DNA from all RNase 12 variants
was transformed into Origami™ B (DE3) cells. Transformed Origami B (DE3) cells were
spread onto LB agar containing ampicillin (200 pg/mL), kanamycin (40 pg/mL), and
tetracycline (12.5 pg/mL), and allowed to grow at 37 °C for 48 h. Most results were

confirmed by repeating the selection (i.e., transformation, spreading, and growth).

A1l.4 Results and Discussion
Sequence Analysis. The amino-acid sequences of RNases 11-13 were recently

. identified, based on their similarity to the pancreatic RNase A superfamily (Cho et al.
2005). RNases 11-13 have many of the characteristics that define the RNase A
superfamily, including the conserved cysteine residues (Figure A1.1) and N-terminal
secretion sequence (Beintema 1987; Beintema et al. 1988b; Beintema et al. 1997). Yet,
they were missing at least one of the conserved catalyﬁc residues (Figure Al.1) (Cﬁo et al.
2005). To determine their gene expression levels and biochemical characteristics, the DNA

encoding each of these ribonucleases was amplified from RNA that was isolated from the
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male testes. The DNA sequences for RNases 11-13 were amplified, sequenced, and

inserted into a protein expression vector.

Expression Pattern. The tissue-specificity of the expression of RNases 1 1-13 was
examined with RNA isolated from 12 tissues. The total RNA from these 12 tissues was
probed by RT-PCR for the presence of RNA encoding RNases 11-13 (Figure A1.2). The
RT-PCR was performed with the same DNA oligonucleotides employed in the initial PCR
amplification. Thus, the DNA band observed in the RT-PCR reaction from the testes could
serve as a standard with which to identify the DNA band representing RNases 11-13.

"Figure A1.2 depicts the RT-PCR results for RNases 11-13, and Figure Avl .3 quantitates
the intensity of the major bands in Fjgure A1.2. RNase 11 has little variation in expression
levels based on tissue type. Conversely, the expression of RNases 12 and 13 varies
significantly by tissue type, with RNase 12 having decreased expression in RNA extracted
from muscle, lymph node, pancreas, and penis tissue. Whereas, RNase 11 has increased
expression in the RNA extracted from muscle and reproductive tissues, especially the
testes. Although their expression levels vary by tissue type, these data suggest that RNases
11-13 are expressed ubiquitously and advocate for important biological roles for each
ribonuclease.

Protein Expression. To determine the ribonucleolytic activity of RNases 11-13, the
ribonucleases were expressed in and purified from E. coli. A variety of different expression
and purification strategies were attempted using several E. coli strains. All three
ribonucleases were expressed in E. coli as insoluble inclusion bodies (Figure A1.5), similar

to other pancreatic ribonucleases (delCardayré et al. 1995; Leland et al. 2001). Both
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RNase 11 and 12 were expressed in the E. coli BL21(DE3) strain upon induction at both

37 °C for 3 h and more significantly at 18V°C for 16 h. RNase 13, due to rare arginine
codons present in its DNA, was expressed more significantly at lower temperatures (15 °C)
and in E. coli cells lines that provided extra copies of rare arginine codons.

The oxidative folding of RNases 11-13 isolated from inclusion bodies was performed
using procedures similar to fhose described for other pancreatic ribonucleases (Leland et al.
1998; Leland et al. 2001). The proper folding of RNases 11-13 under these oxidative
folding conditions was assayed by chromatography using a size-exclusion column, and the
retention times of RNases 11-13 were compared to those of folded ribonuclease standards.
None of the ribonucleases were folded properly under these conditions. To purify the
samples further prior to oxidative folding, a six-residue histidine sequence was added to
the C-terminus, which permitted facile protein purification. RNases 11 and 12 were still
induced at a significant level with the histidine sequence attached and could be purified to
homogeneity in the denatured state by chromatography using Ni-NTA agarose (Figure
Al.5). Purified, denatured RNases 11 and 12 were then subjected to similar oxidative
folding conditions (Leland et al. 1998; Leland et al. 2001) and checked for proper folding
by size-exclusion chromatography. Again, comparison to known folded ribonucleases
suggested that RNases 11 and 12 failed to find their folded conformation under these
conditions. Additional folding trials need to be conducted using a wider range of oxidative
folding conditions to determine definitively if the folding of RNases 11-13 is possible ex

Vivo.
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Genetic Selection. When expressed in the E. coli Origami™ strain (Novagen, Madison,

W1), wild-type RNase A and RNase 5 are toxic (Smith and Raines 2006). This toxicity

may be absent in RNases 11-13 due to their lack of an intact catalytic triad. To test for the
toxicity of RNase 12, the wild-type enzyme was transformed into Origami cells and plated
onto selective media in both the presence and absence of IPTG (Figure A1.6). Surprisingly,
RNase 12 displayed toxiéity upon induction with IPTG (100 uM), suggesting that it has
low catalytic activity (Smith and Raines 2006). To insure that the toxicity was due to the
expression of RNase 12 and not the toxicity of the media or IPTG, a variant of RNase 12
was constructed with the N-terminal methionine residue converted to an alanine residue
(M(-1)A). This variant of RNase 12 was not toxic, indicating that RNase 12 expression
caused the observed toxicity (Figure A1.6).

Additional variants of RNase 12 were constructed that evaluated other residues in the
enzyme for their affect on the observed toxicity, including prospective active-site residues
(Figure A1.6A), N- and C-terminal residues (Figure A1.6B), and conserved cysteine
residues (Figure A1.6C). RNase 12 contains two of the conserved catalytic residues,
identified as His14 and Lys46, and an additional lysine residue (Lys47) proximal to Lys46
that could serve the role of Lys46 in stabilizing the transition state (Raines 2004; Cho ‘et al.
2005). Single substitutions of either His14 or Lys46 with alanine residues did not, however,
reduce the toxicity of RNase 12, but when His14 and Lys46 were substituted jointly with
alanine residues, toxicity was abolished. These results indicate that His14 and Lys46 are
vital to the'observéd toxicity of RNase 12 and possibly constitute the active site of the

enzyme. As further evidence for the importance of His14 to the observed toxicity, deletion
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of the first 12 residues of RNase 12 again oblated its toxicity. Additional N-terminal or C-

terminal deletions had no effect on the toxicity, suggesting that no third active-site residue
exists, as the second catalytic histidine residue is often located near the C-terminus of the
ribonuclease (Beintema 1987; Beintema et al. 1988b; Beintema et al. 1997).

Certain cysteine residues in RNase A are essential to its ribonucleolytic activity (Smith
and Raines 2006), and these residues are conserved in RNase 12 (Figure A1.4). Yet,
substitution of any of the putative cystine pairs in RNase 12 did not affect its toxicity.
These data suggest that the cysteine residues in RNase 12 might not be form disulfide
bonds or do not serve the same important structural role as seen in RNase A. Overall, the
genetic selection indicates that RNase 12 might have low ribonucleolytic activity that is
facilitated by residues His14 and Lys46 and the N-terminus of the protein, but is not
dependent on the conserved cysteine residues.

Conclusions. RNases 11-13 differ from most members of the pancreatic RNase A
superfamily in the absence from their amino-acid sequence of at least one of the conserved
active-site residues. The mRNA encoding these three ribonucleases was present at varying
concentrations in 12 different tissues. Additionally, the DNA encoding these enzymes was
cloned and the ribonucleases were expressed in E. coli. Purification and folding of the

ribonucleases were performed, but purified, properly folded ribonuclease was not obtained.
Genetic selection results for RNase 12 suggest that it has low ribonucleolytic activity
facilitated by its N-terminus and residues His14 and Lys46. Further studies on RNases 11—
13 could provide new information about the evolution of ribonucleases and their

expanding biological roles.
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Figure A1.1 Comparison of conserved sequence elements within human members of
pancreatic ribonuclease superfamily. Specific regions highlighted include
the catalytic histidine residues, catalytic lysine residue, and structural
cysteine residues. Sequence alignment and amino-acid composition are

adapted from Cho et al. (2005).
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Hyz  CK  XXNTE YPVH; 45 No. Conserved Cysteines
Ryase 1 (human pancreatic ribonuclease) H CKPVNTF VPVH 8
Rase 2 (human EDN) H CKNONTF VPVH 8
Rase 3 (human ECP) H CKNONTF VPVH 8
Rase 4 (human liver) H CKRINTF VPVH 8
RNase b (angiogenin) H CKDINTF VPVL &
Rase 11 H CKWSNNF LTGH MSWL 5
Riase 12 H CKKEHVF RPDS 8
Riase 13 P CPKIHYY KY/ DPIG 8
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Figure A1.2 Expression of the RNA encoding RNases 11-13. The DNA sequence
encoding RNases 11-13 was amplified from total RNA (Stratagene, La
Jolla, CA) from various tissues by RT-PCR (Qiagen, Valencia, CA).
Panels depict the results for (A) RNase 11; (B) RNase 12; and (C) RNase

13.
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Figure A1.3 Quantitiation of mRNA expression data. Gel bands from Figure A1.2 were
quantitated using TinyQuant v1.54 (University Health Network, Toronto,
CA). Data were standardized by subtracting the background signal and by

normalizing for the maximum band intensity for each ribonuclease.
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Figure A1.4 Sequence alignment of RNase 1, RNase 5, and RNase 12 performed with
the program Clustal W (Chenna et al. 2003). Ye_llow boxes highlight
conserved cysteine residues, red boxes highlight conserved active site
residues, and black boxes surround highly conserved residues as identified

by Cho et al. (2005) and Smith & Raines (2006).
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Figure A1.5 Protein expression of RNases 11 and 12 in E. coli BL21(DE3) cells.
Samples for SDS-PAGE gel analysis were taken after induction at 18 °C
for 16 h and after purification of the denatured proteins using Ni-NTA

agarose (Qiagen, Valencia, CA).
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Figure A1.6 Genetic selection for the critical residues to RNase 12 ribonucleolytic
activity (Smith and Raines 2006). Plasmids containing variants of
RNase 12 with specific residues substituted with alanine were transformed
info E. coli Origami B (DE3) cells and plated onto I.B-agar Containing
200 pg/ml ampicillin, 40 ng/mL kanamycin, 12.5 pg/mL tetracycline, and
0 or 100 uM IPTG. Plates were incubated at 37 °C for 48 h. All plates
contain wild-type RNase 12 and wild-type RNase 12 with the start codon
methionine substituted with an alanine residue as controls. (A) Catalytic
residues (Fig. A1.1) were substituted with alanine residues both separately |
and in concert. (B) N- and C-terminal residues in RNase 12 were deleted.
The number of residues deleted from each variant is indicated in
parentheses. (C) Conserved cysteine residues in RNase 12 were substituted

with alanine residues.
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