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Abstract

Onconase® (ONC) is an amphibian member of the bovine pancreatic ribonuclease (RNase A)
superfamily that exhibits innate antitumoral activity. ONC has been granted both orphan-drug and
fast-track status by the U.S. Food and Drug Administration for the treatment of malignant
mesothelioma, and is poised to become the first chemotherapeutic agent based on a ribonuclease.
Investigations into the mechanism of ribonuclease-based cytotoxicity have elucidated several
important determinants for cytotoxicity, including efficient deliverance of ribonucleolytic activity
to the cytosol and preservation of conformation stability. Nevertheless, the most-striking similarity
between ONC and bovine seminal ribonuclease, another naturally cytotoxic ribonuclease, is their
insensitivity to inhibition by the potent cytosolic ribonuclease inhibitor protein (RI). RI typically
binds to its ribonuclease ligands with femtomolar affinity—an extraordinary feat considering the
lack of sequence identity among the bound ribonucleases. Mammalian ribonucleases such as RNase
A orits human homologue, RNase 1, have the potential to be more desirable chemotherapeutic agents
than ONC owing to their higher catalytic activity, low potential for immunogenicity, favorable tissue
distribution, and high therapeutic index, but are limited by their sensitivity to RI. These non-toxic
mammalian ribonucleases can be transformed into potent cytotoxins by engendering them with RI-
evasion using protein engineering strategies such as site-directed mutagenesis, multimerization,
fusion to a targeting moiety, and chemical modification. In several instances, these engineered
ribonucleases exhibit greater cytotoxicity in vitro than does ONC. Herein, we review the biochemical
characteristics of Rl-ribonuclease complexes and progress towards the development of mammalian
ribonuclease-based chemotherapeutics through the elicitation of Rl-evasion.
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INTRODUCTION

Since its discovery over eighty years ago [1], bovine pancreatic ribonuclease (RNase A; EC
3.1.27.5) has provided chemical enzymologists, biophysical chemists, structural biologists,
and evolutionary biologists with a highly tractable model system. The result has been a myriad
of advances in numerous disciplines [2-5]. RNase A catalyzes the cleavage of RNA at a rate
approaching the diffusion limit [6] and putatively functions to break down the large amounts
of RNA that accumulate in the ruminant gut [7]. In the last several decades, owing to the
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discovery of homologues of RNase A that exhibit cytotoxic activity at low concentrations both
invitro and in vivo [8-10], interest in this enzyme family has experienced a resurgence directed
at exploiting these activities for therapeutic purposes [11-16].

Many of the details of the mechanism of ribonuclease-mediated cytotoxicity are unclear.
Nonetheless, several major aspects of the pathway have been elucidated, allowing for the
construction of the mechanism depicted in Fig. (1) [11,14,17]. The first step in ribonuclease-
mediated cytotoxicity is the association of the cationic ribonuclease with the anionic cell
membrane [Fig. (1A)] [17,18]. For many members of the RNase A superfamily, this absorptive
process has been shown to be non-saturable and not receptor-mediated [17], but is instead
governed by electrostatic association with either heparan sulfate proteoglycans [19-21] or the
head groups of phospholipids [22]. The importance of Coulombic interactions in the cellular
association and subsequent internalization of ribonucleases has been demonstrated by using
both chemical modification [18] and site-directed mutagenesis [23,24]. Notable exceptions
exhibiting more specific cellular interactions include the amphibian sialic acid-binding lectins
(SBLs) from Rana catesbeiana and Rana japonica, whose high affinity for sialic acid groups
enabled the initial isolation of these ribonucleases [25]. Additionally, the amphibian
ribonuclease, Onconase® (ONC:; ranpirnase), has been reported to bind to specific sites on
cultured 9L glioma cells [26], although these putative receptors have never been identified and
could be absent from other cell types [17]. Furthermore, two proteins that bind to angiogenin
(ANG; RNase 5) have been identified on the surface of human endothelial cells [27,28].
Regardless of the exact nature of their cellular association, the subsequent internalization and
translocation of ribonucleases into the cytosol [Fig. (1B—C)] has been shown to be an essential
aspect of ribonuclease-mediated cytotoxicity [29]. Ribonuclease cytotoxicity has been
correlated with the efficiency of endocytic internalization [30], though its route to the cytosol
is in dispute [17,31].

Many protein toxins derived from bacteria and plants contain a separate domain for the express
purpose of translocating across the vesicular membrane to their cytosolic site of action [32,
33]. In contrast, pancreatic ribonucleases are single-domain proteins for which the mechanism
of translocation into the cytosol is understood only poorly. For cytotoxic variants of RNase A,
escape from the acidifying endosome occurs prior to reaching the trans-Golgi network [17]
and is a relatively inefficient process, as <95% of the internalized ribonuclease is degraded in
lysosomal compartments without ever reaching the cytosol ([34-36]; Chao, T.-Y.; Lavis, L.D.
and Raines, R.T., unpublished results). Ultimately, a few molecules of ribonuclease reach the
cytosol, and there encounter the ribonuclease inhibitor protein (RI) [Fig. (1D)]. Tightly bound
ribonucleases are rendered harmless to the cell [37] [Fig. (LE)]. In contrast, ribonucleases that
are naturally RI-evasive, or have been engineered to be so, degrade cellular RNA and induce
apoptosis [Fig. (1F)] [38]. Additional mechanisms unrelated to the disruption of protein
synthesis have been proposed for the elicitation of an apoptotic response by ONC [39,40].

Considering this model of ribonuclease-mediated cytotoxicity, several attributes of a
ribonuclease can be identified as determinants of cytotoxicity, and thus represent targets for
modification and optimization by the protein engineer. These properties include the ability to
bind to the cell surface and be internalized efficiently (which includes the ability to reach the
cytosol) [24], the preservation of native three-dimensional structure (i.e., conformational
stability) [41], and the ability to catalyze the degradation of RNA [42], specifically in the
presence of RI (i.e., Rl-evasion) [43-46]. Protein design and engineering efforts aimed at
modulating each of these characteristics with the goal of increasing cytotoxic activity have
yielded impressive results, while informing our understanding of ribonuclease-mediated
cytotoxicity [23,41,47,48]. Much of this work, including tumor cell-targeting [49-51] and sub-
cellular localization [36,52], is beyond the scope of this review but has been described
elsewhere [47,53-55].
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Here, we consider the anomalously high affinity of RI for its secretory ribonuclease ligands
and the tremendous gains in cytotoxicity that can be made by disruption of this association.
We review the strategies nature has used to achieve RI-evasive cytotoxic ribonucleases as well
as the state of the art of engendering R1-evasion with the goal of developing ribonuclease-based
chemotherapeutics. Before describing the explicit strategies used by nature and protein
engineers to achieve Rl-evasion, we review RI and its protein complexes so as to provide a
detailed understanding of the task at hand and to underscore just how daunting that task can
be.

RIBONUCLEASE INHIBITOR

RI1 is a ~50-kDa protein found exclusively in the cytosol of mammalian cells. (For recent
reviews of RI, see [56-58].) Its obligate cytosolic localization maintains its 29 (bovine RI), 30
(porcine RI), or 32 (human RI) cysteine residues in a reduced state, which is required for its
function as an inhibitor [59]. Nevertheless, all known ligands of RI are secreted ribonucleases.
This apparent paradox, in conjunction with its invariant high concentration of ~4 uM in the
cytosol [37,43], implies a biological role for Rl as a intracellular “sentry” to safeguard the cell
from the potentially damaging activity of adventitious ribonucleases [37,60-62]. Further
support of this hypothesis comes from experiments in which cytosolic Rl is over-produced,
diminishing the potency of toxic RNase A variants [37]. Conversely, silencing of Rl gene
expression by RNA interference increases the sensitivity of cells to exogenous cytotoxic
ribonucleases [63]. Other proposed biological roles for RI include the modulation of the
biological function of various ribonucleases (e.g., the angiogenic activity of ANG in promoting
neovascularization) or as an oxidative sensor to monitor the redox status or age of a cell [64—
66]. Despite the uncertainty surrounding the precise physiological role of RI, its potent
inhibitory effects have had a strong influence on the natural and artificial evolution of cytotoxic
ribonucleases.

RI-RIBONUCLEASE COMPLEXES

RI binds to members of the RNase A superfamily with a 1:1 stoichiometry, inhibiting
completely their catalytic activity by steric occlusion of the enzymic active site [67]. The
noncovalent complexes formed by RI and its ligands (Kq = 0.3-2.7 x 1071 M) are among the
tightest known in biology [Table 1;Fig. (2)]. The affinity of RI for its ligands is comparable to
that of avidin for biotin [68], protein trypsin inhibitor (PTI) for trypsin [69], tissue inhibitor of
metalloproteinase (TIMP) for matrix metalloproteases [70], and barstar for barnase [71].
Astonishingly, RI has evolved anomalously high affinity towards protein ligands of low
aminoacid sequence identity (>23%; Table 2). During the last 15 years, many of the atomic
details that enable these dichotomous, high affinity/broad specificity interactions have been
illuminated by the determination of the three-dimensional structure of free RI [72] as well as
that of four RI-ligand complexes [73-76] [Table 3; Fig. (3A,B)].

The highly symmetrical but nonglobular horseshoe-shape of RI provides a broad platform for
extensive protein—protein interactions, which is a hallmark of leucine-rich repeat (LRR)-
containing proteins [77]. Few heterologous protein complexes bury more solvent accessible
surface area (ASA) than do RI ribonuclease complexes, which bury 27-60% more surface area
than do the average inhibitor-enzyme complex and 54—-105% more surface area than is observed
in typical antibody-antigen complexes (Table 1). Despite the expansive size of the interfaces
formed between Rl and its ligands, much of the free energy of complex formation is contributed
by small regions or “hot spots” [78-80], with the majority of the interface contributing little
to complex stability [46,81-83]. For example, truncated variants of RI that lack residues 144—
257 or 315-371 retain picomolar affinity for RNase A and ANG [84].
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Cursory inspection of the four known RI-ribonuclease structures suggests that RI binds to each
of its ligands in a similar manner. Approximately one-third of the kidney-shaped ligand
protrudes into the central cavity of RI, which is lined exclusively with parallel -strands
contributed by 15 LRR domains. The active-site cleft of the bilobal ribonuclease is nestled
against the C-terminal portion of RI, with the remainder of the ribonuclease spilling outside of
the inner circumference of the horseshoe and onto the face of the inhibitor molecule [Fig.
BA)].

Actually, RI interacts distinctly with its ligands [Table 3; Fig. (3B)], binding each with
extraordinary avidity despite their low sequence conservation. RI achieves this feat by
recognizing features that are unique to each of its ribonuclease ligands. Although the 23-31
ribonuclease residues that mediate interactions with RI appear to be grouped in similar regions
along the enzymic amino-acid sequences [Fig. (3B)], this apparent similarity of interaction is
misleading because either the cognate contact residue on RI or the nature of the interaction
usually differs among the ribonuclease ligands [75]. Further evidence for the unique means by
which RI recognizes divergent ribonucleases has come from alanine-scanning mutagenesis
studies, which demonstrate that both the location of the energetic “hot-spots” and the nature
of the cooperativity between these regions vary greatly from one ligand to another [75,81,82,
85]. Another illustration of the divergence of interactions within the various RI-ribonuclease
interfaces is provided by the ability to endow RI with selectivity for different ribonuclease
ligands. For example, subtle remodeling of a single loop provided >10°-fold selectivity for
ANG over RNase A [86]. Finally, the lack of conservation among the modes of ligand-
recognition is evidenced most succinctly by the conservation of only two hydrogen-bond
interactions in the four known structures of RI-ribonuclease complexes [75,76] [Fig. (3B);
Table 4].

The problem of preserving the integrity of intracellular RNA is not unique to vertebrates. The
prokaryote Bacillus amyloliquifaciens produces the intracellular ribonuclease inhibitor barstar
for protection from its cognate extracellular ribonuclease, barnase [87]. Thus, across two
domains of life, nature has chosen to solve a fundamentally identical problem by using the
same strategy—a cytosolic proteinaceous inhibitor with extraordinary affinity for its
potentially lethal ligand. Though the bacterial barstar—barnase system bears no evolutionary
or structural relatedness to the RI-ribonuclease system, it is both interesting and informative
to compare and contrast these two solutions to an ancient problem.

Barnase and barstar have a high affinity for one another (Kq ~1014 M [71]), but the means by
which this affinity is achieved differ significantly from that of RI and its ribonuclease ligands.
Electrostatic interactions play a large role in the formation of both complexes, particularly in
the use of electrostatic steering to enhance the association rate [76,88]. The surface area buried
at the interface of the barstar-barnase complex (1590 A2) is, however, dramatically less than
that buried upon ligand binding by RI (2600-3400 A2). Also, buried solvent molecules play a
much larger role in the barstar-barnase complex, filling otherwise deleterious voids at the
interface and also increasing shape complementarity from S. = 0.70 to S; = 0.82. The latter
value is significantly greater than the shape complementarity of, for example, the complex
between porcine RI (pRI) and RNase A (S. = 0.58). In addition, barstar comes much closer to
mimicking the interactions with an RNA substrate than does RI [89].

Compared to barstar, RI has the greater challenge of inactivating numerous divergent ligands
and has evolved to do so with femtomolar affinity for each. In humans, RI has as many as 13
potential ribonuclease ligands. There are genes encoding 20 and 17 ribonucleases in the mouse
and rat genomes, respectively [90]. Exposure of human tumor cells to exogenous but
homologous ribonucleases that are naturally RI-evasive, such as amphibian ribonucleases and
BS-RNase has demonstrated their potential as cancer chemotherapeutic agents. Next, we
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review briefly the structural basis for the natural evasion of the amphibian ribonucleases and
BS-RNase. Finally, inspired by these naturally RI-evasive ribonucleases, we describe efforts
to engineer otherwise non-toxic mammalian ribonucleases to evade RI, thereby unleashing
their cytotoxicity and enabling the development of new chemotherapeutic agents.

EVASION OF RI BY NATURAL CYTOTOXIC RIBONUCLEASES

The first observation of ribonuclease-mediated cytotoxicity occurred in the 1950’s, when
RNase A was shown to be toxic to tumor cells both in vitro [91] and in vivo [92-94]. Effects
were observed only after milligram quantities of enzyme were injected into solid tumors—
smaller doses of RNase A had no effect. Thirty years ago, BS-RNase, was discovered in bull
seminal fluid and found to be cytotoxic at low concentrations [9,95]. In the last two decades,
more cytotoxic homologues were isolated from the eggs of the bullfrog Rana catesbeiana
[96,97], the Japanese rice paddy frog Rana japonica [98], and the Northern leopard frog Rana
pipiens [10,99]. These amphibian ribonucleases are toxic to tumor cells in vitro with 1Csq
values <1 uM [26,99-101]. The ability of both BS-RNase and the amphibian ribonucleases to
evade Rl is a primary determinant of their cytotoxicity toward cancer cells. The aspects of their
structures that enable them to evade RI are described below.

The Rana pipiens ribonuclease, ONC, deserves special attention as it is currently in a Phase
I11b confirmatory clinical trial as a second-line chemotherapic agent for malignant
mesothelioma [102], and has been granted both orphan-drug and fast-track status by the U.S.
Food and Drug Administration. In this trial ONC is being administered to patients by
intravenous injection along with doxorubicin, and the life-extension is being compared to that
from doxorubicin alone. ONC has also completed Phase Il human clinical trials for the
treatment of refractory breast cancer, prostate cancer, and metastatic kidney cancer [103]. The
enzyme is administered intravenously, and is able to destroy cancer cells selectively. If the
Phase Il1b trial is successful, ONC would be approved in 2008 for use as the first ribonuclease
chemotherapeutic agent.

All amphibian ribonucleases characterized to date have been found to be toxic to mammalian
tumor cells [99,104], which is in stark contrast to mammalian ribonucleases. For this reason
the structural and biochemical differences between amphibian and mammalian ribonucleases
are of particular interest. Amphibian ribonucleases, which are isolated from oocytes and early
embryos, preferentially cleave RNA between pyrimidine and guanine residues instead of the
pyrimidine—adenine substrates preferred by RNase A [101]. Like human RNase 4 and ANG,
most amphibian ribonucleases (with the exception of the recently described “Amphinase”
variants from Rana pipiens [99]) contain an N-terminal pyroglutamate residue that, unlike in
RNase 4 and ANG [105], plays an important role in catalysis by preorganizing active-site
residues for binding to the rate-limiting transition state [104,106]. Despite ribonucleolytic
activity being required for cytotoxicity, amphibian ribonucleases typically exhibit markedly
less ribonucleolytic activity than does RNase A [99,101].

The divergent, compact structure of the amphibian ribonucleases enables them to evade RI.
The amphibian ribonucleases share three of the four conserved disulfide bonds of RNase A,
lacking the cystine residue corresponding to Cys65—-Cys72 and possessing instead a fourth
disulfide bond near the C-terminus [107]. Although amphibian ribonucleases and RNase A
share a similar overall fold [104,108,109], they have low sequence identity. Moreover, the
amphibian ribonucleases are typically shorter (104-111 amino-acid residues), giving rise to a
more compact structure. The amino-acid deletions occur predominantly in surface loops, and
decimate favorable interactions with RI [26,67,110] [Fig. (3B,C)]. For example, of the 24
residues of RNase A that contact R1 within the pRI-RNase A complex, only three are conserved
in ONC, three are replaced with similar residues, nine with dissimilar residues, and the
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remaining nine contact residues are found in the surface loops of RNase A and have no
structural counterparts on ONC [67]. These nine unique residues in the surface loops of RNase
A are shown explicitly in Fig. (3D).

BS-RNase is another member of the bovine pancreatic ribonuclease family that exerts selective
toxicity toward cancer cells. The naturally dimeric nature of BS-RNase is unique among the
members of the RNase A superfamily [111] and uses adverse steric interactions to preclude
binding by RI [112]. The constituent RI-sensitive monomers (M) [Fig. (3F)] of the BS-RNase
homodimer are linked by two intermolecular disulfide bonds between Cys31 of one subunit
and Cys32 of the other. At equilibrium, % of the dimeric molecules are stabilized further by
the swapping of N-terminal domains (denoted as “MxM”) [Fig. (3E)]. This additional degree
of quaternary association affords greater protection against dissociation upon internalization
into the reducing environment of the cytosol as compared to the non-domain swapped form
(“M=M") [113,114]. The insensitivity of dimeric BS-RNase to inhibition by RI allows it to
exert unique biological effects, including toxicity towards tumor cells as well as
aspermatogenic, embryotoxic, and immunosuppressive activities [115,116]. Thus, despite
being >80% identical in sequence to RNase A, which is bound by RI with femtomolar affinity,
the unique quaternary structure of BS-RNase renders it completely insensitive to RI.

Despite the discovery and characterization of these naturally-occurring cytotoxic
ribonucleases, and the success of ONC in the clinic, the amphibian ribonucleases and BS-
RNase exhibit at least five undesirable properties that could be circumvented by using related
monomeric mammalian ribonucleases or their variants. (1) Greater potential
immunogenicity. In general, exogenous proteins with a low degree of similarity to native
homologues are immunogenic [117]. For example, RNase A shares 70% sequence identity
with murine pancreatic ribonuclease (Rib1), whereas the amphibian ONC shares only 18%
identity with Rib1, and mice produce neutralizing antibodies against ONC but not against
RNase A [118]. In a clinical study investigating the use of RNase A for the treatment of tick-
borne encephalitis, 1 gram of RNase A was administered to 246 patients over a 6-day period
and produced no evident toxic or allergic effects [119]. It should be noted, however, that
numerous clinical studies have found ONC to possess an acceptable safety profile, being
generally well-tolerated by most patients [103]. (2) Unfavorable tissue distribution following
administration. A practical limitation of ONC as a potential chemotherapeutic agent stems
from its dose-limiting renal toxicity [103,120]. Pharmacokinetic and biodistribution studies
have revealed the renal retention of ONC to be 50- to 100-fold greater than that of mammalian
members of the RNase A superfamily [121]. (3) Rapid clearance from circulation. Proteins
having a low molecular mass (<40 kDa) are cleared rapidly from circulation by the kidneys
via renal filtration [122]. RNase A administered intravenously to mice and rats was observed
to possess a half-life in circulation of 3.5 and 5 minutes, respectively [35,123]. ONC is cleared
at a similar rate [121]. Considering that ONC is administered intravenously on a weekly basis
in its current clinical trial [103], modification of a ribonuclease to possess an enhanced time
in circulation could permit less frequent or lower dosing, which would translate to improved
tolerance, reduced cost, and greater patient compliance. (4) Modest ribonucleolytic activity
(amphibian ribonucleases). As mentioned above, ribonucleolytic activity is essential for
cytotoxicity [26,42]. The catalytic efficiency of RNase A, BS-RNase, and human pancreatic
ribonuclease (RNase 1) against known substrates is 104-10°-fold greater than that of ONC
[8,106,110], suggesting a much greater cytotoxic potential. (5) Dissociation of the BS-RNase
dimer in the cytosol and subsequent inhibition by RI. The unique quaternary structure of BS-
RNase, though a powerful deterrent of RI, is metastable, and thus diminishes its potential as a
cytotoxic ribonuclease [45]. Moreover, BS-RNase is <10-fold less cytotoxic than ONC in a
variety of assays [118].
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Several microbial ribonucleases, including the prokaryotic RNase Sa3 from Streptomyces
aureofaciens and a ribonuclease from Bacillus intermedius, have been found to be cytotoxic
to human tumor cells [124,125]. Additionally, ribotoxins from the fungal genus Aspergillus
(such as a-sarcin, restrictocin, and mitogillin) exert cytotoxic activity toward mammalian cells
by cleaving the 28 S RNA of the large ribosomal subunit and thereby inhibiting protein
synthesis [126]. Not surprisingly, these microbial ribonucleases are not inhibited by RI [125,
127]. The lack of cancer-cell selectivity of fungal ribonucleases [25], along with the high
immunogenicity and systemic toxicity of microbial enzymes [128,129], precludes their use as
human chemotherapeutics agents.

These limitations of naturally cytotoxic ribonucleases could be overcome by the development
of new chemotherapeutic agents based on mammalian (especially human) ribonucleases. A
major hurdle in realizing the full cytotoxic potential of mammalian ribonucleases is the potent
inhibition of these enzymes by RI. The remainder of this review will focus on the various
protein engineering strategies that have been applied towards thwarting the undesirable
influence of RI on cytotoxicity.

ENGINEERING EVASION OF RI
A. SITE-DIRECTED MUTAGENESIS

One especially successful strategy for attenuating the affinity of Rl for mammalian
ribonucleases has been the use of site-directed mutagenesis to install steric or electrostatic
incompatibilities in the interface of the complex. Although site-directed mutagenesis has
elucidated the means by which RI recognizes its divergent ligands, this work has primarily
involved making single or multiple alanine substitutions in RI. The RI variants have been
characterized to reveal effects on the affinity of RI for native ribonuclease ligands [75,81—
83,85]. The focus of this review is to describe progress that has been made through protein
engineering toward the development of chemotherapeutic ribonucleases and thus is concerned
only with the disruption of RI-ribonuclease interactions by the modification of ribonucleases.

Guided by the (then) recent report of the structure of the pRI-RNase A complex [67], our group
first demonstrated the feasibility of transforming a non-toxic ribonuclease into a potent
cytotoxin. In the pRI-RNase A complex, Gly88 was observed to reside in a hydrophobic pocket
of pRI defined by Trp257, Trp259, and Trp314. By replacing Gly88 in the f4—5 loop of RNase
A with an arginine or aspartate residue, the affinity of Rl was reduced by 10%- and103-fold,
respectively. Because of the high sequence identity between pRI and hRI (23 of the 28 contact
residues in pRI are identical in hRI, and 3 are replaced conservatively), these contacts were
expected to be preserved in the hRI-RNase A complex, which has a K4 value nearly identical
to that of the pRI-RNase A complex [130,131]. The specific amino acids used for the
substitution were chosen to introduce a bulky protrusion or “knob” that would not be well-
accommodated by any “hole” on the surface of RI. In essence, this strategy is the converse of
alanine-scanning mutagenesis, which seeks to truncate the side chain so as to discern its
contribution to the binding interaction [132]. Arginine and aspartate possess the two most polar
side chains [133], whose hydration imparts yet additional bulk. Furthermore, arginine is the
second largest amino acid. Importantly, both G88R RNase A and G88D RNase A were found
to inhibit the proliferation of a continuous human erythroleukemia line (K-562) with 1Csq
values of 7 and 30 pM, respectively [43]. Though G88R RNase A is ~25-fold less toxic than
ONC, it has inspired numerous subsequent efforts to disrupt the RI-RNase A interface further
(See Table 5). These efforts ultimately resulted in variants such as K31A/D38R/R39D/N67R/
G88R RNase A, whose multiple amino-acid substitutions disrupt simultaneously several
regions within the expansive interface. The five substitutions in this variant decrease affinity
for RI by 60 million-fold, and endow RNase A with a greater ability than ONC to inhibit the
proliferation of human erythroleukemia cells in vitro. A related variant, D38R/R39D/N67R/
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G88R RNase A, displays cytotoxicity equal to or greater than that of ONC for four different
human tumor cell lines [46]. Similar efforts to reduce the sensitivity of RNase 1 [44,134],
RNase 1-immunotoxins [135], and monomeric BS-RNase [45,136] to inhibition by RI have
proven the broad utility of this engineering strategy (Table 5).

Important considerations for selecting amino-acid substitutions to generate Rl-evasive, and
thus cytotoxic, ribonuclease variants are evident from the work summarized in Table 5 and
reported elsewhere [24,76]. Substitutions should be chosen to minimize deleterious effects on
either catalytic activity or conformational stability (which is related to proteolytic susceptibility
[41,137]), as these attributes are important determinants of cytotoxicity [41,138]. In addition,
positive charge, manifested either as a high net molecular charge (Z) or in discrete regions of
cationicity, is crucial for the favorable Coulombic interactions with anionic components of the
cell surface [22-24,48,139].

Apparently, the site-directed mutagenesis approach has reached a limit [46]. The value of Ky
for the complex of RI with highly evasive variants of RNase A is close to the cytosolic
concentration of Rl (~4 uM [37,43]). Additional evasion of RI does not lead to a substantial
increase in the concentration of free ribonuclease in the cytosol and hence does not increase
cytotoxicity. Further increases in cytotoxicity are likely to be achievable, but will require
modulating other parameters, such as cellular binding, uptake, and translocation.

B. MULTIMERIZATION

The naturally dimeric nature of BS-RNase is unique in the RNase A superfamily. Prol19, Leu28,
Cys31, and Cys32 were identified as the residues that enable BS-RNase to form its unique
M=M = MxM structure [140-142]. Replacement of the corresponding residues in RNase 1
(where necessary) with the aforementioned residues resulted in a variant that adopted a BS-
RNase-like structure spontaneously [143]. This dimeric RNase 1, also composed of a mixture
of M=M and MxM forms, was selectivity toxic towards human tumor cells, albeit with a
reduced potency compared to BS-RNase. Adding the E111G substitution does, however, lead
to a dimeric RNase 1 that is more cytotoxic than BS-RNase to a SV40-transformed 3T3
fibroblast cell line. The quaternary structure of these RNase 1 dimers was essential not only
for cytotoxicity, but also to reduce their sensitivity to RI [144].

Subsequent to the discovery of the antitumoral activity of BS-RNase, interest grew in
generating chemically-linked dimers of RNase A in an attempt to reproduce by semisynthesis
the unique biological activities of BS-RNase [145,146]. In contrast to BS-RNase or the
noncovalent, domain-swapped oligomers of RNase A, which are metastable, dimers produced
by chemical coupling are not able to dissociate [146]. Dimers of RNase A that were cross-
linked with bifunctional amine-reactive imido esters, inhibited tumor cell proliferation in
vitro [35], exhibited antitumoral activity in mice [147,148], possessed both a newly acquired
enzymatic activity against dsSRNA, and had an enhanced persistence in the circulation of rats
[123]. Furthermore, these cross-linked dimers have a reduced affinity for Rl [123]. More
recently, cross-linked trimers of RNase A generated with a dimethylsuberimidate linker
displayed higher cytotoxic activity against a cervical carcinoma cell line than did cross-linked
dimers of RNase A. The cross-linked trimers also possessed enhanced activity against dSRNA,
compared to that of cross-linked dimers [149], conforming to the trend observed with the
noncovalent domain-swapped oligomers of RNase A [150].

A marked disadvantage of utilizing amine-reactive linkers such as dimethylsuberimidate for
the chemical cross-linking of RNase A is the heterogeneity of the products that derives from
its eleven amino groups. This heterogeneity confounds biochemical characterization of the

conjugates, making this methodology undesirable for the development of chemotherapeutic
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agents. Furthermore, modification of active-site lysine residues, such as Lys41, can reduce
catalytic efficiency by up to 10°-fold [151].

Homogeneous homodimers of both RNase 1 and eosinophil-derived neurotoxin (EDN; RNase
2) have been produced by introducing a cysteine residue via site-directed mutagenesis and
reacting its thiol with 1,6-bis(maleimido)hexane to generate a thioether-linked dimer [152].
The cysteine residues were introduced at positions that were predicted to be the most disruptive
to RI-binding. This site-specific tethering resulted in dimeric conjugates that were >10%-fold
less sensitive to inhibition by RI, and effectively transformed these two non-toxic, RI-sensitive,
monomeric ribonucleases into cytotoxic dimers [152].

Recently, the in vacuo incubation of lyophilized RNase A at 85 °C was shown to promote the
condensation of the side chains of Glu9 of one monomer and Lys66 of another to form a dimer
linked by an amide bond [153]. This dimer was distinct from the noncovalent dimers prepared
by lyophilization of RNase A from dilute solutions of acetic acid [150]. The covalent dimer
exhibited a slightly increased catalytic activity but was insensitive to RI at near-physiological
concentrations. No data have been reported on its cytotoxicity.

C. FUSION TO A TARGETING PROTEIN

Mammalian ribonuclease-based immunotoxins have been engineered by linkage of the N- or
C-terminus of the enzyme to a targeting moiety, either by chemical coupling [53] or by fusion
to another protein [154,155]. Targeting moieties have included transferrin, growth factors, or
antibody/antibody fragments directed against cell-surface antigens or receptors abundant only
on cancer cells. The use of mammalian ribonucleases (especially human) as the effector portion
of the immunotoxin was intended to supplant more traditional plant or bacterial toxins (e.g.,
ricin and diphtheria toxin), which can elicit strong immunogenic responses and promote
vascular leak syndrome in patients [156]. The resulting conjugates had impressive toxicity for
specific cell types but remained sensitive to RI [53,154,155], limiting their potency [152].

Semisynthesis has been used to link a targeting moiety to a ribonuclease residue in a manner
that enables evasion of RI. For example, a free cysteine residue was introduced into the f4—
B5 loop of both human RNase 1 (G89C) and EDN (T87C) to allow for linkage via a thioether
bond to either transferrin or an anti-human transferrin receptor monoclonal antibody. Unlike
other less-specific chemical coupling methods (e.g., via multiple amino groups), these
homogeneous conjugates preserved enzymatic activity and displayed a 104-fold reduction in
affinity for RI. The data suggest that gains in cytotoxicity achieved through RI-evasion and
cell-targeting were additive [152], consistent with RI-evasion being an important consideration
when designing mammalian ribonuclease-based immunotoxins.

Two immunotoxins have been prepared in which the C-terminus of the A1-7 fragment of
RNase 1 is fused to the N-terminus of either hEGF or hFGF [49,157]. This truncated variant
of RNase 1 possesses an attenuated affinity for RI, which is accompanied by a substantial
decrease in ribonucleolytic activity [158]. The fusion containing the A1-7 RNase 1 was more
effective at inhibiting the growth of A431 cells than was the fusion containing the full-length
protein, despite a 250-fold reduction in enzymatic activity [49]. Apparently, the reduced ability
to degrade RNA is more than compensated by the decreased affinity for RI—similar to what
was observed for monomeric variants of RNase A [138].

In RI-ribonuclease complexes, neither terminus of ribonuclease is in contact with RI.
Accordingly, the tandem fusion of a ribonuclease to another protein is unlikely to enable the
evasion of RI. A new gene fusion technique—"insertional fusion”—overcomes this limitation
[159]. With this technique, human basic fibroblast growth factor has been inserted between
Gly89 and Ser90 of RNase 1 (RNF89) to achieve cell-targeting and RI-evasion simultaneously.
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CL-RFN89, which contains an additional disulfide bond between Cys4 and Cys118, retained
>85% of its enzymatic activity in the presence of a 200-fold molar excess of RI, and its
interaction with cells was specific for the FGF receptor [160]. In contrast, constructs in which
the insertional fusion was made outside of the RI ribonuclease interface (RNF19, CL-RNF19;
bFGF inserted between Pro19 and Ser20) retained sensitivity to Rl and were >10-fold less
cytotoxic than CL-RNF89 ([161]; Tada, H., personal communication).

D. CHEMICAL MODIFICATION

The influence of random chemical cationization on the internalization of RNase A and RNase
1 has been studied in detail. These two ribonucleases have net charges of Z = +4 and +6,
respectively. The basicity of these two proteins was enhanced by the amidation of the carboxyl
groups (RNase A has 5 aspartate and 5 glutamate residues) with either ethylenediamine [18]
or polyethylenimine (PEI) [158], and a positive correlation was observed between the value
of Z and cytotoxic activity. The increase in cytotoxicity was due not only to enhanced
internalization but also to diminished affinity for RI. Modification with either reagent was
found to have a deleterious effect on enzymatic activity making the opimization of
derivatization problematic [48]. The most cytotoxic preparation of RNase A (Z = +15.6)
exhibited a >4x104-fold reduced affinity for Rl (K4 = 19 nM; Table 8).

The efficacy of biological chemotherapeutic agents is limited largely by their bioavailability
and circulating half-life, which is in turn affected by rate of plasma clearance, degradation, and
immunogenicity [162]. A common strategy to remedy these problems is to conjugate inert
polymers such as poly(ethylene glycol) (PEG), which under normal dosing circumstances does
not elicit an immune response [163]. Instead, PEG acts to shield potentially immunogenic
epitopes on the surface of the protein from the host immune system and also acts as a sheath
to prevent proteolytic degradation [164]. PEGylation serves by increasing dramatically the
hydrodynamic radius of the species, thereby increasing serum half-life by reducing the rate of
renal filtration. Indeed, plasma clearance time has been shown to be directly proportional to
PEG chain length [165]. Other water-soluble polymers such as poly(alkylene oxide), poly
(oxyethylated polyols), and poly(vinyl alcohols) have also been shown to achieve similar
benefits [166].

First-generation PEG conjugates were produced through the modification of protein amino
groups. This strategy endowed RNase A with greater conformational stability and resistance
to proteolytic degradation [167] as well as greater antitumoral activity in vivo [168,169]. RNase
A has also been modified with poly[N-(2-hydroxypropyl)methylacrylamide] (PHPMA),
producing a conjugate that inhibited tumor growth in nude mice [170]. Considering the
cloaking effect that PEG imparts to a conjugated protein, it is tempting to speculate that the
enhanced biological activities of PEGylated RNase A are the result, at least in part, of reduced
affinity for RI [168,171].

A disadvantage of amino-group PEGylation is its creation of a heterogeneous population of
conjugates. Moreover, the PEGylation of lysine residues can be deleterious to the biological
function of a protein. In addition, the PEGylation of amino groups destroys positive charges,
which has an adverse effect on the cellular internalization of ribonucleases [172]. Therefore,
recent generations of PEGylated conjugates have had large PEG groups at one or two specific
sites on the protein [163]. For example, our group has prepared site-specifically PEGylated
RNase A by using maleimide-derivatized PEG and free-thiol containing variants of RNase A.
We have found that the affinity of RNase A for RI could be reduced by 108-fold through such
PEGylation and that the chain length, branching, and site of the PEG all influence the evasion
of Rl and, consequently, the cytotoxicity (Rutkoski, T.J.; Kink, J.A.; Strong, L.E. and Raines,
R.T., unpublished results).
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Finally, we note that mammalian ribonucleases exhibit diverse natural chemical modification
in the form of glycosylation [173,174]. The pendant carbohydrates could enhance
bioavailability and circulating half-life [175], as well as engender evasion of RI. For example,
RNase 1 is known to be glycosylated at an RI-contact residue, which is part of a consensus
N-glycosylation sequence: Asn88-Gly89-Ser90 [176]. Likewise, a putative RI-contact residue
in Rib1, residue 38 [46], is part of a consensus N-glycosylation sequence: Asn38-Gly39-Ser40.
Nothing is known about its glycosylation. In addition, Trp7 of EDN, which is an RI-contact
residue [75], undergoes an unusual post-translationsal modification with an a-mannopyranose
moiety [177]. Finally, it is noteworthy that the glycosylation of ONC by its heterologous
production in Pichia pastoris increases its toxicity for human erythroleukemia cells by 50-fold
—presumably by increasing its conformational stability and resistance to proteolysis—without
compromising its cellular internalization [178]. Its amphibian homologue, Amphinase, is
glycosylated naturally and is toxic for submaxillary gland carcinoma cells [99]. Thus, the
glycosylation of ribonucleases could provide mammals with an endogenous toxin for cancer
cells.

PROSPECTUS

Ribonucleases represent a promising new class of chemotherapeutic agents [11-16].
Mammalian ribonucleases, in particular human homologues of RNase A, are especially
attractive because of their pronounced ribonucleolytic activity and selective toxicity for cancer
cells [46,76,143]. Moreover, mammalian ribonucleases are tolerated extremely well by
humans. The primary hurdle in the development of mammalian ribonuclease-based
chemotherapeutics is their inactivation by RI.

Some workers have reported on engineered ribonucleases that retain sensitivity to RI but
demonstrate cytotoxicity, in apparent conflict with the work described above [36,179,180].
There are at least three scenarios in which RI-evasion would not be essential for ribonuclease-
mediated cytotoxicity. (1) The mechanism of cytotoxicity is independent of enzymatic
activity. In these examples, which include bacteriocidal pore-forming mechanism of eosinophil
cationic protein (ECP; RNase 3) or other membrane destabilization [22,181], protein basicity
appears to be solely important. (2) Enough ribonuclease can reach the cytosol to overwhelm
RI[11,179,180,30,182]. This scenario was apparent for the human anti-ErbB-2 scFv-RNase 1
immunotoxin (hRERB-RNase 1), which is completely sensitive to RI but displays low-
nanomolar toxicity toward cells displaying ErbB-2. Quantitative immunoblotting
demonstrated that the anti-ErbB targeting moiety effectively delivers the conjugate to the
cytosol [182]. (3) The ribonuclease enters a sub-cellular compartment (e.g., the nucleus) that
is devoid of RI. The ability to evade RI would not be expected to influence cytotoxicity [36].
All three of these scenarios deviate significantly from the mechanism of ribonuclease-mediated
cytotoxicity depicted in Fig. (1) in which the ribonuclease is internalized via non-receptor-
mediated endocytosis to deliver ribonucleolytic activity to the cytosol of a target cell. In this
mechanism, RI-evasion is essential.

Although its importance is indisputable, RI-evasion is but one of several determinants of
cytotoxicity. Equations that correlate multiple biochemical attributes of a ribonuclease with
cytotoxic activity have been both useful [138] and informative [46]. Nonetheless, a complete
mathematical model describing ribonuclease-mediated cytotoxicity remains elusive. Only by
thorough and careful consideration and optimization of all relevant factors can the cytotoxic
potential of a ribonuclease be realized fully [48]. As research transitions from the petri dish to
whole animals, techniques for instilling RI-evasion along with increased macromolecular size
(e.g., by multimerization, fusion to a targeting protein, or PEGylation) could impart the distinct
advantage of enhanced persistence in circulation [183,184]. Further progress is not merely
possible, but likely.
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Fig. 1.

Putative mechanism of ribonuclease-based cytotoxicity. A) Ribonucleases bind to the cell
surface and B) enter a cell via endocytosis, where C) a fraction escapes from acidifying
endosomes and translocates into the cytosol. D) In the cytosol, ribonucleases are either E)
bound and inhibited by RI or F) evade RI, allowing them to degrade cellular RNA and
ultimately cause cell death.

Curr Pharm Biotechnol. Author manuscript; available in PMC 2010 February 9.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rutkoski and Raines Page 20

o > Al
(2] Q . . . .
Q_éz;ég@‘!/ Qég’ typical receptor—ligand interactions
g& S ¢ protein-DNA

enzyme-substrate
antibody-antigen

fM pM nM MM mM
high affinity K low affinity

Fig. 2.

Typical values of Kq for common biomolecular complexes and precise values of Ky for
RI-ribonuclease complexes with known three-dimensional structures (Table 3). The lengths of
the vertical lines are proportional to the buried surface areas in the RI-ribonuclease complexes.
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Fig. 3.

A) Overlay of the structures of six ribonucleases bound to hRI. Each ribonuclease was aligned
with RNase 1 in the hRI(gray)-RNase 1(yellow) complex (chains Y and Z, respectively, of
PDB entry 1z7x [76]). EDN (blue): chain C of 2bex [75]; ECP (green): 1gmt [202]; RNase 4
(teal): 1rnf [203]; ANG (pink): chain B of 1ady [74]; RNase A (orange): 7rsa [204]. B)
Aminoacid sequence alignment of the four ribonucleases whose structure has been solved in
acomplex with RI (RNase A, RNase 1, EDN, and ANG) and two RI-evasive homologues (BS-
RNase and ONC) [205]. Residue numbers correspond to RNase A. The assigned secondary
structure is above the sequence (a = a-helix; p = p-sheet) [67]. Residues that contact RI are in
the colors of panel A. Completely conserved residues are boxed. Enzymic subsites of RNase
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A are indicated in italics typeface above the relevant residues [4,206]. The sequences
corresponding to the nuclear localization signal and receptor-binding loop of ANG are
underlined [207,208]. C) Overlay of the structures of cytotoxic amphibian ribonucleases
(ONC: olive green, 1ONC [108]; Amphinase: forest green, 2p7s [99]; RC-RNase 3: pea green,
1z5f [104]) aligned with RNase A (orange, 7rsa [204]). D) Structural alignment of RNase A
(black) and ONC (gray). The most prominent surface loops of RNase A are labeled explicitly.
The side chains of the nine residues in these loops for which ONC possesses no analogous
residues are shown explicitly. E) Structure of the MxM form of BS-RNase [209]. F) Structure
of amonomeric subunit of the M=M form of BS-RNase (gold: 1r3m [210]) aligned with RNase
1 (not shown) in the hRI-RNase 1 complex [76]. Alignments were performed and images
created with the program PyMOL (DeLano Scientific, South San Francisco, CA).
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Table 1

Comparison of RI-Ribonuclease Complexes to Other Biomolecular Interactions

Biomolecular complex@ ASA buried (AP S Kg (M) Ref.
RI-ribonuclease 2583-3438 0.67 £ 0.06 0.3-2.7x 10715 65 76 85 130
Im9-colicin E9 DNase 9.3x 1077 185
PTI-trypsin 1430 6x10°15 69
biotin-avidin 0.6 x 10715 68
TIMP-2-MMP-2 0.6 x 10715 70
barstar-barnase 1590 0.70 (0.82)¢ 1.3x1074 7189
Gyp,-Phosducin 4660 186 187
EF-Tu-EF-Ts 3660 187 188
inhibitor-enzyme 2030 £ 630 187
antibody-antigen 1680 + 260 0.64-0.68 187
inhibitor-protease 1530 £ 170 0.70-0.76 187
all complexes 1940 + 760 187

alm9, immunity protein 9; PTI, protein trypsin inhibitor; TIMP-2, tissue inhibitor of metalloproteinase-2; MMP-2, matrix metalloproteinase-2
(gelatinase A).

bBuried accessible surface area (ASA) was calculated with the program NACCESS [189].

c . .
The value of S¢ reports on geometrical shape complementarity, where S¢ = 1.0 for two perfectly complementary surfaces and S¢ = 0 for two completely
dissimilar surfaces [190].

d . . L . .
Value of S¢ increases when buried solvent is included in the calculation [89].
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Table 2
RI-Affinity and Amino-Acid Sequence Identity/Similarity?® of Bovine Pancreatic Ribonuclease Superfamily
Members
K4 (M) for :
- RNase A RNasel EDN ECP RNase4 ANG RNase6 RNase7 RNase8 : BS-RNase ONC
complex with RI :
44 <10 [130] RNase A 80.5 5 449 66.1 51.2 455 455 439 88.7 36.2
0.29 x 107 [76] RNase 1 68.0 60.2 52.7 46.3 45.6 412 79.7 333
2.7 x 107" [85] EDN 292 284 387 359 60.4 575 582 394 314
Sensitive” ECP 235 279 3 37.5 582 522 50.0 449 25.0
4.0 x 1077 1191] RNase 4 419 40.6 24.1 228 447 41.7 39.4 63.7 36.5
0.7 x 10"* [130] ANG 30.2 333 19.7 227 359 38.7 40.9 36.5 50.4 312
“Very tight™ RNase 6 333 30.9 44.0 418 31.1 22,6 68.8 66.9 44.7 31.1
Sensitive’ RNase 7 . 82.8 44.7
__________ RNase8 41.7
BS-RNase*
>10°[110] ONC 205 19.4 147 238

The dotted lines separate RI-sensitive and RI-insensitive ribonucleases.

aSequence identities (%) are to the left of the diagonal; sequence similarities (%) are to the right of the diagonal. Both were calculated with the program
MacVector v9.5 (MacVector, Inc., Cary, NC). The pairwise matrix was performed with the Gonnet similarity matrix and the default parameters in
the “slow” mode. (Open Gap Penalty = 10.0; Extend Gap Penalty = 0.1. Sequences of the human ribonucleases were obtained by using the accession

numbers reported in ref. 90. Accession numbers used for RNase A, BS-RNase, and ONC were NM_001014386, NM_181810, and AF332139,

respectively.

The ribonucleolytic activity of ECP was shown to be sensitive to a commercial preparation of RI [192].

cThe interaction of hRI with RNase 6 was described as being “very tight” [74].

dA pyrimidine-specific, ~13-kDa enzyme with endoribonucleolytic activity isolated from human skin was sensitive to hRI [193]. RNase 7 is expressed

primarily in keratinocytes [194].

eOnly the dimeric form of BS-RNase is insensitive to RI. hRI has a Kj value of 9.3 x 10712 M for monomeric C31K/C32S BS-RNase [136].
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Table 4

Equivalent Interactions in RI-Ribonuclease Complexes with Known Three-dimensional Structures

RI RNase A RNase 1 EDN ANG
Hydrogen bonds
Asp435 Lys41 Lys41 Lys38 Lys40
Sera60b Ginl1 GInl1 Trp10 GIn12

van der Waals contacts
Tyr4d34 Lys4l Lys4l Lys38 Lys40
Tyrd37 His119 His119 His129 Hisl14

aThis contact was not observed in the crystal structure [67] due to the presence of a bound sulfate molecule, but its existence has been inferred from
site-directed mutagenesis experiments [81,196].

bAlthough the ribonuclease residues do not correspond in position in the sequence alignment [Fig. (3B)], these residues occupy similar positions in
the three-dimensional structure. This hydrogen bond is mediated by the C-terminal carboxyl group of RI with RNase A and RNase 1, but by the side-
chain hydroxyl group with ANG and EDN.
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