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l. Introduction

The mammalian ribonuclease inhibitor (RI) is a 50-kDa cytosolic protein
that binds to pancreatic-type ribonucleases with femtomolar affinity and ren-
ders them inactive (for other reviews, see (1-5)). Complexes formed by RI and
its target ribonucleases are among the tightest of known biomolecular interac-
tions. The three-dimensional structure of RI is likewise remarkable, being
characterized by alternating units of a-helix and f-strand that form a striking
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horseshoe shape (Fig. 1A) (6). The repeating structural units of RI possess a
highly repetitive amino acid sequence that is rich in leucine residues (7, 8).
These leucine-rich repeats (LRRs) are present in a large family of proteins that
are distinguished by their display of vast surface areas to foster protein—protein
interactions (9-12). The unique structure and function of RI have resulted in its
emergence as the central protein in the study of LRRs, as well as its widespread
use as a laboratory reagent to eliminate ribonucleolytic activity (13).

The biological role of RI is not known in its entirety. The ribonucleases
recognized by RI are secreted proteins, whereas RI resides exclusively in the
cytosol. Nevertheless, RI affinity has been shown to be the primary determi-
nant of ribonuclease cytotoxicity: only ribonucleases that evade RI can kill a
cell (for reviews, see (14-17)). In addition, the complex of RI with human
angiogenin (ANG), which stimulates neovascularization by activating tran-
scription in the nucleus (18, 19), is the tightest of known RI-ribonuclease
complexes. Yet, a role for RI in angiogenesis is not clear. Also intriguing are
the 30-32 cysteine residues of RI, all of which must remain reduced for the
protein to retain activity (20). These observations have led researchers to
hypothesize multiple biological roles for RI: (1) to protect cells from invading
ribonucleases, (2) to regulate or terminate the activity of ribonucleases with
known intracellular functions, and (3) to monitor the oxidation state of the cell
in response to factors such as aging and oxidative stress. Here, we review the
salient features of RI biochemistry and structure and thereby provide a context
for examining the roles of RI in biology.

Il. Biochemical Properties

The inhibitory activity of RI in guinea pig liver extracts was discovered in
1952 (21). This activity was inactivated by proteases, heat, or sulthydryl-group
modification, and was sensitive to changes in pH (for a review, see (22)). In
addition, the inhibitory activity was isolated in the supernatant fraction during
a high-speed centrifugation, indicative of cytoplasmic localization. In the
1970s, techniques were developed to purify RI to homogeneity, enabling its
biochemical characterization (2, 23). Since then, RI has been isolated from
numerous mammalian sources, including brain (24-26), liver (26, 27, 28),
testis (29), and erythrocytes (30).

A. Purification

RI is particularly abundant in mammalian placenta and liver, which
have served as the major source of RI for purification. Human placental RI
was first purified to homogeneity using a combination of ion-exchange and
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F1G. 1. Three-dimensional structures of RI and its complexes with ribonucleases. (A) Porcine
RI (6) with colors corresponding to exon-encoded modules (40). (B) Porcine RI-RNase A complex
(51). (C) Human RI-ANG complex (69).
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ribonuclease-affinity chromatography (23). The tight complex formed by RI
and bovine pancreatic ribonuclease (RNase A (31); EC 3.1.27.5) has been
exploited to achieve a >103-fold purification of RI in a single chromatographic
step using immobilized RNase A. Today, most purification methods rely upon
such ribonuclease-affinity chromatography, followed by anion-exchange chro-
matography (32). Using these purification techniques, approximately 6 mg RI
per kg of wet tissue has been isolated from mammalian liver (28) and placenta
(33). Human erythrocytes are also rich in RI—the erythrocyte fraction of
100 mL of blood has yielded 430 ug of RI (30).

Several recombinant systems for the production of RI have been reported,
three from Escherichia coli and one from Saccharomyces cerevisiae (34-36).
Low yields and insolubility have proven to be recurring problems in producing
recombinant RI. To date, the most efficient recombinant system utilizes the
trp promoter from E. coli to drive expression of porcine RI, and yields
approximately 10 mg of RI per liter of culture (37).

B. Characterization

RI is an acidic (pI 4.7) cytosolic protein that binds to pancreatic-type
ribonucleases with 1:1 stoichiometry (38). Members of the RNase A super-
family of proteins that are inhibited by RI include RNase A, human pancreatic
ribonuclease (RNase 1), ANG, eosinophil-derived neurotoxin (EDN, also
known as RNase 2), RNase 4, and monomers of bovine seminal ribonuclease
(BS-RNase). When complexed with RI, these ribonucleases are no longer able
to bind or degrade RNA (3). RI is ineffective against known nonmammalian
homologs of RNase A. The amino acid sequences of human, porcine, mouse,
and rat RI share 66% identity (Fig. 2) (7, 8, 39, 40). One-third of the residues
that differ are conservative substitutions. To date, RI from human and pigs
have been characterized most thoroughly and exhibit many identical proper-
ties (for reviews, see (4, 5) ). Thus, the source of RI will be discussed herein
only if a significant divergence occurs with respect to a particular experimental
observation.

The affinity of RI for ribonucleases is extraordinary. Accordingly, substantial
effort has been invested in characterizing RI-ribonuclease interactions (for a
review, see (5)). Techniques to assess binding rely upon the imposition of
physical changes or inhibition of catalytic activity. A purely physical method is
more convenient to use for ribonucleases with low catalytic activity, such as
ANG (41). For example, stopped-flow techniques and the 50% increase in the
fluorescence of Trp89 of ANG upon binding to RI have been used to study the
association of RI with ANG. They reveal a two-step binding mechanism that
involves formation of a loose enzyme-inhibitor complex (E-I) followed by
isomerization to form a tight complex (E-I*), as in Eq. (1):
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scavenger, and found to be 1.3 x 1077 s71 (35). This value corresponds to a half-
life of 62 days for the RI-ANG complex. The resulting value of the equilibrium
dissociation constant, Kq = ko/k, = 7.1 x 1076 M, is exceptionally low, and
comparable to the Ky = 6 X 1071 M of the avidin-biotin complex (42). A
competition assay based on fluorescence changes in ANG has been used to
measure Ky = 4.4 x 107 M for the RI-RNase A complex (41).

RI has only a slight effect on the fluorescence of RNase A, which lacks
tryptophan residues. Enzymatic assays in which the value of K; is determined
by the ability of RI to compete with RNA are viable alternatives for this and
other ribonucleases that possess high catalytic activity. In general, enzymatic
assays require that ribonucleolytic activity can be performed at low enzyme
concentrations—no more than 2 orders of magnitude greater than the K; (36).
Enzymological methods have been used to assess the affinity of RI for RNase A,
RNase 1, and RNase 4 (Table I) (36, 43—45). For examples, the values of k, =
17 x 10° M7 kg =98 x 10°°s7! and K; = 5.9 x 107 M were
determined by measuring the decrease in ribonucleolytic activity upon
addition of RI.

The affinity of RNase A and RNase 2 for RI has also been assessed with a
combination of physical and enzymological techniques. The kq value for the
RI-RNase A complex was determined by measuring the release of RNase A in
the presence of ANG as a scavenger (41, 46). The concentration of free RNase A
was detected by high-performance liquid chromatography or by enzymatic
activity with RNA substrates that are not cleaved by ANG. Similar assays have

TABLE 1
KINETIC AND THERMODYNAMIC PARAMETERS FOR RI-RIBONUCLEASE INTERACTIONS

ky, K; or
RI Ribonuclease (M~ 's™h) ka(s™H Kq (M) Method Ref.
Human  ANG 18 x 10° 1.3x1077 71x 10"  Physical (41, 46)
ANG 20x10° 11x107 54x10 '  Physical (69)
Human ~ RNase A 34 x 10° 15x107° 44 x 10"  Physical/ (41, 46)
Enzymological
RNase A 34 x10° 12x 107 35x 107  Physical/ (41, 46)
Enzymological
RNase 2 19x10° 1.8x 1077 94x 107"  Physical/ (41, 46)
Enzymological

Porcine RNase A 17 x 10° 98 x107% 59 x 107 Enzymological (36)
RNase A 1.3 x10° 15x107° 1.13x 107" Enzymological  (43)
RNase A ND ND 74 x 107 Enzymological — (36)
RNase 4 15x10% 13 x 1077 40x 107"  Enzymological  (45)
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TABLE II )
PROPERTIES OF RIBONUCLEASE A, ITS VARIANTS, AND ONCONASE™
k(:nt/KM Kd (k(r:nt/KM)(:ym
Ribonuclease (10°M ' s7h (nM) (10° Mt 1G5 (uM) Ref.
Wild-type 43+ 3 6.7 x 107° 0.00072 >50 (48-50)
RNase A
GS88R RNase A 14 £2 0.57 £ 0.05 2.0 10+£1 (48-50)
A4C/G88R/V118C 2.6 +£0.2 1.3+ 03 0.84 41+06 (50)
RNase A
K41R/GS8SR 0.6 £ 0.06 75+ 1.8 1.1 524+ 0.7 (49, 50)
RNase A
A4C/K41R/G8SR/ 0.13£0.03 27+ 3.7 0.87 7.6+ 0.9 (50)
V118C RNase A
K7A/GS8SR RNase A 8.8+ 26 72+04 15.8 1.0 £ 0.1 (49)
ONC 0.00035 + >1 x 10° >0.35 0.49 4+ 0.065  (49)
0.00010

been used to determine the kinetic parameters for the RI-RNase 2 interaction
(47). The kinetic and thermodynamic parameters determined with a variety of
physical and enzymatic methods are in gratifying agreement (Table I).

A fluorescence-based assay has been developed to facilitate rapid mea-
surement of Ky for a wide variety of RI-ribonuclease complexes (48). This assay
employs fluorescein-labeled GS88R RNase A, which has diminished affinity for
RI and exhibits an approximately 20% decrease in fluorescence when bound to
RI. Titration of RI with fluorescein-GSSR RNase A yielded Kg = 0.55 x 10™° M
for the complex. A competition assay using fluorescein-G8SR RNase A was
then used to determine the Ky value of unlabeled ribonucleases (Table II).
This assay is limited to measuring complexes with K4 values in the nanomolar
range or higher, as tighter complexes take too long to reach equilibrium.
Nonetheless, this assay has proven to be valuable for determining Ky
values of numerous RNase A variants, some of which possess low catalytic
activity (49, 50).

lll. Structure

A. Three-Dimensional Structure

Leucine is the most abundant residue in RI, comprising 18% of its amino
acids (23, 28). In 1988, the amino acid sequence of RI from both porcine liver
and human placenta was elucidated, revealing that RI is composed entirely of
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F1G. 3. (A) Typical A-type of RI (residues 138-165). Typical B-type repeat of RI (residues
223-252). The side chains of conserved aliphatic residues are shown explicitly and numbered
within the repeat.

leucine-rich repeats (LRRs) (7, 8). Two types of alternating repeats have been
described, A-type (which contains 28 residues) and B-type (which contains 29
residues). Porcine RI is built from 8 A-type and 7 B-type repeats, flanked by
short terminal segments (Fig. 2) (10).

RI was the first LRR protein to be crystallized and to have its three-
dimensional structure determined by x-ray diffraction analysis (6). Its horse-
shoe shape is one of the most captivating of protein structures. The alternating
A- and B-type LRR motifs correspond to structural units, each consisting of an
a-helix and B-strand connected by loops (Fig. 2A and B). The symmetric and
nonglobular arrangement of LRRs represents a new protein fold (for reviews,
see (12, 51, 52)). The LRR units of RI are arranged so that the o-helices and
f-strands are aligned parallel to a common axis (Fig. 1A). An extended f-sheet
defines the inner circumference of the horseshoe and provides a vast surface
for interacting with other proteins. Leucines and other aliphatic residues are
essential components of the hydrophobic core of the protein, and serve to
stabilize the interactions between the LRR units (Fig. 3). The curvature of the
RI horseshoe is determined by the difference in distance between neighboring
f-strands and a-helices (12, 52). The curvature of RI is quite pronounced, as
the addition of only 5 more LRR units to the native 15 would cause the termini
of RI to collide (6).

B. A Model Leucine-Rich Repeat Protein

The LRR was first described with respect to the leucine-rich o2-glycopro-
tein found in human serum (53). RI was the first cytosolic protein discovered
to possess LRRs (7, 8). Since 1995, more than a hundred LRR proteins have
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been identified; these proteins have been found to perform remarkably differ-
ent functions. In most LRR proteins, however, the LRRs appear to serve as the
interface for a protein—protein interaction (for reviews, see (52, 54)).

LRR proteins have been classified into subfamilies based on the organism
of origin, cellular localization, and LRR consensus sequence (12). To date,
seven LRR subfamilies of proteins have been described (Table III), and
additional subfamilies could arise with the discovery of more LRR proteins.
Members of the RlI-like subfamily are intracellular proteins found in animals
and are characterized by repeats of 28/29 amino acids that possess the
sequence LXXLXLXX(N/C)XL. Other members of the RI-like subfamily in-
clude human MHC class II transactivator (P33076), Ran GTPase activating
protein from Saccharomyces pombe (P46060), RNAL gene product from
Saccharomyces cerevisiae (X17376), and the mouse homolog of RNAIL
(U20857).

In general, the f-strand region of the repeat is the most conserved among
LRR proteins (12). Subfamilies differ primarily in the secondary structure
displayed in the regions between the f-strands (Table III, Fig. 4) (12). Short
LRR units result in extended conformations in the interstrand region. For
example, members of the bacterial subfamily of LRR proteins are built from
repeating units of only 20 amino acid residues. In the SDS22-like family, the
a-helix found in RI-like proteins is often replaced by a 31 helix (55). In the
structure of YopM, an extracellular protein that confers bacteria with viru-
lence, the a-helix is replaced with a polyproline type-II (Pyy) helix (Table III)
(56). Structures of representative proteins from five subfamilies illustrate the
diversity in the size and shape of LRR proteins (Fig. 4) (57-59).

The structure of RI is repetitive and symmetrical, and its surface area is
vast and largely concave (Fig. 1A). These unusual attributes make RI a
potential platform for the creation of new receptors. Toward this goal, a
consensus LRR domain determined from the sequences of rat, pig, and human
RI has been used to generate proteins containing 2-12 LRRs (60). Biophysical
analyses of the Rl-like proteins showed monomeric behavior and circular
dichroism spectra characteristic of wild-type RI, suggesting that RI-like
proteins are viable templates for engineering.

C. Gene Structure and Evolution

RI homologs have been identified in numerous mammalian species and
have been found in nearly every type of organ, tissue, and gland investigated to
date. Only one copy of the RI gene exists in the human genome (61), and RIs
isolated from different tissues of the same species typically have the same
amino acid sequence. Still, subtle divergences exist. For example, alternative
splice-site forms have been identified in the 5" untranslated region of RI from



TABLE III
CHARACTERISTICS OF LRR PROTEIN SUBFAMILIES

Secondary
Representative structure
protein Typical length of interstrand PDB
Subfamily Source Location (organism) Function of LRR (range) region code Ref.
Typical Animals, fungi Extracellular ~ TSHR (human) Receptor for 24 (20-27) -helix (model)  — -
thyrotropin
RI-like Animals Intracellular RI (pig) Ribonuclease 28-29 (28-29) -helix IBNH (6)
inhibitor
Cysteine- Animals, Intracellular Skp2 (human) Substrate 26 (25-27) -helix 1FQV (57)
containing plants, fungi binding in
ubiquitination
Plant-specific Plants, primarily ~ Extracellular  Pgip (kidney Pathogen 24 (23-25) 310 helix 10GQ (58)
eukaryotes bean) defense
SD22-like Animals, fungi Intracellular U2A’ (human) RNA Splicing 22 (21-23) 310 helix, 1A9N (55)
o-helix
Bacterial Gram-negative Extracellular ~ YopM (Yersinia Virulence 20 (20-22) Py helix 1G9U (56)
bacteria pestis) factor
Small Mammals Extracellular ~ Decorin Collagen 24 (21-30) 310 helix, IXKU (59)
(human) fibrillogenesis P11 helix,
p-turn,

B-strand
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FIG. 4. Structures of five representative LRR proteins (Table III). (A) Cysteine-containing
protein Skp2 (57). (B) Plant-specific protein Pgip (58). (C) SDS22-Like protein U2A’ (55). (D)
Bacterial protein YopM (56). (E) Decorin (59).

human placenta (61). Yet, Northern blot analysis of RI from both placenta and
HeLa cells indicates that RI is expressed as a single transcript (8, 62).
Proteins from all LRR subfamilies are capable of forming horseshoe-like
structures similar to those of RI (Fig. 4) (12). Modeling studies suggest that
the characteristic LRR of a given LRR subfamily cannot be replaced with the
LRR from another subfamily (63). Despite similar tertiary structures, the
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interstrand segments of LRR proteins exhibit markedly different packing
interactions, which are not compatible. These observations suggest that the
LRRs from different subfamilies have evolved independently, rather than from
a single ancestor.

The human RI gene evolved via gene duplication (40). Structural analysis
of the RI gene reveals that the exons of RI correspond directly with the LRR
units of RI: each exon codes for two segments of a-helix and f-strand (Fig. 1A).
In addition, the exons are exactly the same length (171 bases) and exhibit a
high degree of identity (50-60% for the 7 internal exons). Apparently, each
module of RI arose from a gene duplication event. Not all of the modules of RI
are necessary for RI to bind RNase A (64, 65). In fact, as many as two internal
modules (113 residues) of RI can be deleted without abolishing its ability to
bind to RNase A or inhibiting its catalytic activity (64). Expansion of the RI
gene (and protein) to its current size could have facilitated recognition of
additional ribonucleases.

The duplication of RI exons occurred rapidly, perhaps in response to the
evolution and divergence of members of the RNase A superfamily (40). The RI
gene has continued to diverge slowly over a long period of time. Although
there is no direct evidence to support positive selection in the evolution of RI
exons, it is probable that RI has coevolved with its complementary ribonu-
cleases. The binding of RI to members of the RNase A superfamily is class
specific. For example, human RI will bind to mammalian ribonucleases, but
will not inhibit homologous ribonucleases isolated from chicken liver or frog
oocytes (22, 66), consistent with distinct pathways of coevolution.

IV. Complexes with Ribonucleases

A. Three-Dimensional Structures

The three-dimensional structures of porcine RI (6) and the porcine
RI‘RNase A complex (51) were determined in 1993 and 1995 (Fig. 1B).
Approximately 2900 A2 of surface area is buried at the RI-RNase A interface,
which is 60% more than in a typical antibody-antigen complex (51). The
extensive buried surface likely accounts for its exceptionally high affinity for
ribonucleases, producing complexes with a K4 value that is 10%-fold lower than
that of a typical antibody-antigen complex. The RI-RNase A interaction ap-
pears to rely on coulombic forces more than do most protein—protein interac-
tions. The f-sheet lining the inner circumference of the horseshoe contributes
only 9 of the residues involved in complex formation. Two contact residues are
found in a-helical regions of RI, and the remaining 17 contacts are found in
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loops connecting the C-termini of the f-strands with the N-termini of the
a-helices. Upon binding to RNase A, the structure of RI flexes uniformly, and
the distance between the N- and C-termini of RI increases by more than 2 A.

RNase A is a kidney-shaped molecule (67). The active site of the enzyme is
located in a cleft between two lobes of the protein. RI inhibits RNase A by
blocking the active site; many of the amino acid residues of RNase A that are
important for RNA binding and catalysis also interact with RI (68). Few of
the contacts provided by RI mimic the RNase A—-RNA interaction, though the
phenolic ring of Tyr433 does lie in a nucleoside binding site. Thirteen separate
patches of residues (28 amino acids) from dispersed regions of RI interact with
3 clusters of residues (24 amino acids) from RNase A. The C-terminal module
of RI forms extensive contacts with RNase A, accounting for approximately
30% of the contacts between the two proteins.

The three-dimensional structure of the human RI':ANG complex was
determined in 1997 (69). Although the overall docking of ANG with RI
is similar to that of RNase A (Fig. 1C), the flexing of RI in the RI-RNase A
complex is not apparent in the RI.:ANG complex. As in the RI-RNase A
complex, the active site of ANG is blocked by numerous contacts with the
C-terminus of RI (69). Yet, both substantial and subtle differences are evident
in the two complexes. For example, Lys320 of human RI contacts Asp4l of
ANG, whereas the analogous residue in porcine RI, Lys316, interacts with
GluS86 of RNase A. Using site-directed mutagenesis, the phenyl group of
Tyr434 has been shown to interact with both ANG and RNase A (70). Con-
versely, the phenolic hydroxyl group of Tyr437 interacts with RNase A, where-
as the phenyl group of that residue contacts ANG. The dissimilar binding
interactions of the two complexes indicate that the broad specificity of RI for
pancreatic-type ribonucleases is derived from a remarkable ability to recognize
specific features of each ribonuclease.

B. Biomolecular Analyses

The amino acid sequences of RI vary only slightly between species. Yet, the
ribonucleases they inhibit differ significantly, possessing as little as 30% amino
acid sequence identity. In addition, the ribonucleases that form tight com-
plexes with RI do not exhibit markedly increased sequence identity with each
other more than with homologous ribonucleases that do not bind to RI.

Prior to the elucidation of its three-dimensional structure, truncated
variants of RI were constructed to examine the requirements of RI binding
(64, 65). For example, a library of RI variants was constructed by the deletion
of one or more LRR modules (one A-type repeat and one B-type repeat) (64).
RI variants missing either modules 3 and 4 or module 6 were found to retain
affinity for RNase A, whereas deletion of other modules disrupted binding
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completely. In addition, deletion of module 6 had a substantially greater effect
on the affinity of RI for ANG than for RNase A. In another example, RNase A
was found to bind to 41-90 RI with only a twofold increase in the value of K;
(65). These data provided the first evidence of the modular structure of RI and
demonstrated that RI uses disparate regions of its massive surface area to bind
to ribonucleases.

The structure of crystalline RI-RNase A shows Gly88 of RNase A in a
hydrophobic pocket formed by three tryptophan residues of RI. To generate
an RI-evasive variant of RNase A, Gly8S was replaced with an arginine residue
(71). The steric bulk of arginine hinders RI binding, and this single substitu-
tion increases the K; value by 10*-fold. A pocket can be created in RI to relieve
the steric strain in the RI-RNase A complex imposed by an arginine residue at
position 88 of RNase A. Replacing Trp264 in RI with an alanine residue allows
RI to accommodate Arg88 of G88R RNase A. Although wild-type RI and the
W264A variant inhibit RNase A to a similar extent, only the variant protects
16S- and 23S-rRNA from degradation by G8SR RNase A. These data demon-
strated that the “knobs-into-holes” concept (72) is applicable to an
RI-ribonuclease complex.

Mutagenesis of key binding residues of RI was found to have varying
effects on binding energy. Replacing some residues that appear to contact
RNase A closely (e.g., Glu287, Lys320, Glu401, or Arg457) has little effect on
binding (73). On the other hand, Tyr434, Asp435, Tyr437, and Ser460 of RI
were found to constitute a “hot spot” of binding energy. Only one of those
residues, Asp435, is equally important to the binding of ANG. Substitution of
any two of these residues has a superadditive effect on ANG binding, but a
subadditive effect on RNase A binding (70).

Alterations to a second cluster of RI residues, including Trp261, Trp263,
Trp318, and Trp375, have also been shown to display superadditive effects on
ANG binding (74). Several studies have reported superadditive effects in the
RI-EDN complex (75); both the C-terminal residues and tryptophan clusters
contribute significantly to binding and demonstrate negative cooperativity, as
in ANG binding. To date, no such negative cooperativity has been demon-
strated for binding to RNase A (70, 74). These results suggest that the binding
energy could be more widely distributed in the RI-RNase A complex than in
the RILEDN and RI-ANG complexes.

Structural and biochemical studies have provided significant evidence that
the molecular interactions in RI-ribonuclease complexes differ substantially.
For example, residues 408-410 in human RI appear to contact RNase A but
not ANG. Remodeling these residues to yield C408W/AV409/G410W RI
decreases the K; value for RNase A and RNase 1 by >108-fold, but increases
that value for ANG by only twofold (76). Thus, the ligand specificity of RI can
be altered dramatically by changing only a few residues. It is noteworthy that
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the C408W/4V409/G410W variant of RI could be a useful tool for future
studies on the biological function of ANG and the RI-ANG complex.

V. Cysteine Content and Oxidative Instability

LRR proteins commonly have N- and C-terminal domains that are rich
in cysteine residues (12). Still, only proteins from the RI-like and cysteine-
containing LRR subfamilies contain cysteine residues in their consensus
sequence (12). Human RI and porcine RI contain 32 and 30 cysteine residues,
respectively, comprising almost 7% of their amino acid residues (7, 8). Se-
quence analysis of RI from human, pig, mouse, and rat shows that 27 of the
cysteine residues are conserved (Fig. 2). Several of the these cysteine residues
could play key structural roles: the sulthydryl group of the cysteine residue at
position 10 of the A-type repeat appears to donate a hydrogen bond to the
main-chain oxygen of residue 8, whereas the cysteine residue at position 17 of
the A-type repeat is part of the hydrophobic core (10) (Fig. 3).

All of its cysteine residues must remain reduced for RI to maintain activity
(20). Oxidation of RI is a highly cooperative process (20). Reaction of RI with
a substoichiometric amount of 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB)
yields a mixture of completely oxidized, inactive molecules and completely
reduced, active molecules. Subsequent to oxidation of only a few cysteines, RI
rapidly undergoes a conformational change that results in increasing reactivity
of the remaining thiols (20). Several proximal cysteine residues create
triggers for the oxidation and denaturation of RI. Replacing Cys328 and
Cys329 with alanine residues endows RI with 10- to 15-fold greater resistance
to oxidation by hydrogen peroxide with only a minimal effect on its affinity for
RNase A (77).

Unlike unbound RI, the RI-RNase A complex can undergo partial oxida-
tion (29). Treatment of the RI-RNase A complex with DTNB oxidizes up to 14
of its 30 cysteine residues and allows the enzyme to express up to 15% of
its enzymatic activity. Only after dissociation does RI undergo its typical all-
ornone oxidation. Thus, ribonucleases afford RI with some degree of
protection from oxidation.

Degradation of RI correlates to its oxidative inactivation. Inducing oxida-
tive damage in LLK-PC; cells with hydrogen peroxide and diamide results in
the degradation of RI (78). Similarly, oxidative stress in human erythrocytes
induces decreased levels of glutathione, followed by gradual loss of RI activity
in the cytosol (30). In contrast to LLK-PC; cells, inactivated RI is detected
in nascent Heinz bodies of human erythrocytes. Oxidation could be a mecha-
nism by which the activity of RI (and thereby its cognate ribonucleases) are
regulated in the cytosol.
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VL. Biological Activities

A. Expression Levels and Tissue Distribution

RI has been found in the cytosol of many cell types. Although it inhibits
secretory ribonucleases, RI has not been detected in extracellular fluids, such
as plasma, saliva, and urine (26, 79). The expression patterns of RI have been
investigated extensively since 1975, with the hope of revealing insight into the
biological role of RI. Still, the literature is full of conflicting conclusions. RI
biosynthesis seems to correlate positively with anabolic activity, such as cell
proliferation; increased RI levels have been found in rat liver after treatment
with 2-acetamidofluorene to induce tumors (80) and in developing neonatal
rats (81). Yet, RI levels are not elevated in SV-40-transformed hamster
embryo fibroblast cells, stimulated HL-60 cells (82), or many hepatocyte
lines. The labile nature of RI could have compounded the difficulty of corre-
lating RI levels with physiological relevance. A 2001 study did, however, find
that high RI levels decreased angiogenesis and tumor formation in mouse

xenographs (83).

B. Role in Ribonuclease Cytotoxicity

In 1955, RNase A was found to be toxic to carcinomas in mice and rats (84,
85). The antitumor activity of RNase A showed poor promise as a chemother-
apeutic because milligram quantities were required to achieve a beneficial
effect (86). In 1973, the antitumor activity of dimeric BS-RNase towards
Crocker tumor transplants in mice was discovered (87). Further charac-
terization demonstrated, however, that BS-RNase is a poor candidate for
cancer chemotherapy, as it has nonspecific toxicity, is antispermatogenic (88),
hinders embryo development (89) and oocyte maturation (90), and is immuno-
suppressive (91).

Amphibian ribonucleases from Rana pipiens (92), Rana catesbeiana (93,
94), and Rana japonica (94) were found to contain antitumor activity. Onco-
nase™ (ONC) is an RNase A homolog from Rana pipiens and is both cytotoxic
and cytostatic toward cultured tumor cells (92, 95). ONC also causes the
regression of xenographs in mice (96). ONC has been successful in the
treatment of malignant mesothelioma in Phase I (97, 98) and Phase II clinical
trials (99). Side effects of ONC are reversible and include renal toxicity and
proteinuria. Phase III clinical studies of ONC for the treatment of malignant
mesothelioma are in progress.

ONC shares 30% amino acid sequence identity with RNase A (95). Al-
though the key active-site residues of RNase A—His12, Lys41, His119—are
conserved in ONC, the amphibian enzyme has <0.1% of the ribonucleolytic
activity of RNase A (44, 100, 101). The ribonucleolytic activity of ONC is,
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however, essential for its cytotoxicity (44, 102, 103, 104). The structure of
crystalline ONC has been determined and, although ONC is twenty residues
shorter than RNase A, the two enzymes share similar secondary and tertiary
structure (67, 105). Deletions within ONC are positioned within surface loops
and at the N-terminus. ONC contains four disulfide bonds, three of which are
present in RNase A. The synapomorphic disulfide bond in ONC secures its
C-terminus, and is responsible for endowing ONC with remarkable conforma-
tional stability (101, 106). For example, the T), value of ONC is 90°C, which is
30°C higher than that of RNase A.

The mechanism by which a ribonuclease is cytotoxic can be dissected into
four steps: (1) cell-surface binding, (2) ribonuclease internalization, (3) trans-
location into the cytosol, and (4) evasion of RI and degradation of cellular
RNA. ONC has low catalytic activity, but is a potent cytotoxin, suggesting that
it accomplishes these four steps. In contrast, RNase A is not an efficient toxin.
Specifically, RNase A is >10°-fold less cytotoxic to cells than is ONC (102).
Both RNase A and ONC demonstrate nonspecific binding to the cell surface
(K. A. Dickson and R. T. Raines, unpublished results) and no direct measure-
ments of ribonuclease internalization and translocation to the cytosol have
been reported to date. The distinguishing attribute of an RNase A homolog
with cytotoxic activity is its ability to retain ribonucleolytic activity in the
presence of RI. For example, RI does not associate with ONC but binds
RNase A with nearly femtomolar affinity (44, 102). As a result, ONC, but not
RNase A, is capable of degrading cellular RNA and causing cell death.

The discovery of ONC in 1988 and its clinical success in subsequent years
has intensified the study of other ribonucleases with biological actions. Current
studies are focusing on understanding the mechanism of ribonuclease-
mediated cytotoxicity with hope to improve potency and specificity. Using
the cytotoxicity of ONC as a model, mammalian pancreatic ribonuclease
variants have been endowed with toxic activity (for reviews, see (14, 15, 17)).
The substantial difference in the binding affinities of ONC and RNase A for RI
has proven to be a critical factor in the cytotoxicity of ribonucleases. Variants of
pancreatic-type ribonucleases that have been engineered to evade RI possess
cytotoxic activity. RI evasion has been achieved by covalently linking other
proteins, dimerization, and site-directed mutagenesis.

The most common approach used to generate cytotoxic ribonucleases is to
engineer amino acid substitutions that will disrupt contacts in the RI-ribonuclease
complex specifically. For example, GS8SR RNase A is toxic to human leukemia
cells (71). Invoking a similar strategy, RNase 1 has been engineered to contain a
G88R-like surface loop (107). This variant evades RI and is also toxic to human
leukemia cells. Enhanced RI evasion can be attained at the expense of lower
ribonucleolytic activity, as in K41R/GSSR RNase A and A4C/K41R/GSSR/V118C
RNase A, without compromising cytotoxicity (Table II) (50, 100).
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The ability of a ribonuclease to manifest its catalytic activity in the cytosol
is related to its values of k., /Ky and Ky, and the concentration of RI in the
cytosol ([RI]eyo = 4 uM (108)). This ability can be described by the parameter
(kcat/Kn)eyto, Which is defined in Eq. (2) (100, 109, 110):

(Keat /Knt)eyto = (Rear/Kan) /[T + ([RI] 4/ Ka)] @)

The resulting values of (kc./Kwy)eyto for RNase A, its variants, and ONC are
listed in Table II. The most toxic RNase A variant reported to date has a double
substitution in which Lys7 and Gly88 are replaced with alanine and arginine
residues, respectively (49). This variant demonstrates high catalytic activity,
evades RI, and is nearly as toxic as ONC to human leukemia cells.

The role of RI in ribonuclease cytotoxicity has been examined directly by
modulating intracellular levels of RI. Overexpression of RI in K-562 or HeLa
cells diminished the potency of cytotoxic variants of RI without affecting the
toxicity of ONC (108). These findings suggest that ONC has no affinity for RI,
such that (Kea/Knt)eyto = kca/Ky; upon entering a cell, ONC is able to degrade
cellular RNA uninhibited. Conversely, the (ke./Kyi)eyto values for RNase A
variants that maintain affinity for RI are limited by the concentration of
cytosolic RI.

Similar results were obtained using RNAI to suppress levels of cytosolic RI.
Suppression resulted in increased susceptibility to ribonuclease variants that
possess diminished affinity for RI (e.g., G88R RNase A), but did not endow
ribonucleases with high affinity for RI with cytotoxic activity (e.g., wild-type
RNase A) (111). The amount of intact exogenous ribonuclease that reaches the
cytosol of a cell is unknown, but likely to be small. Thus, even trace amounts of
cytosolic RI could be sufficient to neutralize an invading ribonuclease with

high affinity for RI.

C. Role in Angiogenesis

ANG is a unique ribonuclease (for reviews, see (112-114)). ANG acts on
endothelial and smooth muscle cells to induce a wide range of cellular
responses including cell proliferation, activation of cell-associated proteases,
and cell migration and invasion. ANG binds to a receptor protein and is
transported rapidly to the nucleus, where it activates transcription (I8, 19,
115-117).

The role of RI in angiogenesis is controversial. The ribonucleolytic activity
of ANG is weak (10°-fold less than that of RNase A (118, 119)) but essential
for its biological activity (120, 121); amino acid substitutions that abolish
ribonucleolytic activity also prevent angiogenesis. RI added extracellularly also
inhibits angiogenesis (122, 123), most likely by preventing ANG from binding
to its receptor. Because the Ky value of the RI-ANG complex is among the
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lowest of known biomolecular interactions, RI could serve to protect cellular
RNA from ANG that leaks inadvertently into the cytosol. On the other hand,
RI could serve to control the biological activity of ANG. In one possible
scenario, RI negatively regulates ANG that gains access to the cytosol; inacti-
vation of RI reactivates ANG that was sequestered in an RI.:ANG complex.
Finally, the extraordinary affinity of ANG for RI suggests that the RI-ANG
complex itself could have biological activity, though this hypothesis is contra-
dicted by the known angiogenic activity of ANG in chick embryos, which do
not possess an RI that binds to mammalian ribonucleases (66, 124).

D. Alternative Biological Roles

The marked oxidation sensitivity of RI in addition to its all-or-none mech-
anism of oxidative inactivation and denaturation is well documented (20, 77).
Yet, the biological significance of these properties remains unclear. One
hypothesis suggests that RI is an oxidation sensor in the cell. Overexpression
of RI in rat glial cells conferred protection against hydrogen peroxide-induced
stress, as indicated by the increased viability of cells, decreased leakage of
lactate dehydrogenase, and increased content of reduced glutathione (125).
Injection of RI into mice also conferred protection from per-oxidative injuries
of the liver induced by exposure to carbon tetrachloride (125). These experi-
ments suggest that RI could protect cells against two distinct onslaughts:
invading ribonucleases and oxidative damage.

Surprisingly, significant quantities of RI have been detected in human
erythrocytes, which are essentially devoid of ribonucleases and RNA (30).
The presence of RI in erythrocytes provides additional evidence that RI serves
multiple roles in mammalian cells. Oxidative stress on isolated red blood cells
resulted in reduced levels of glutathione followed by gradual loss of RI activity
associated with its aggregation in Heinz bodies (30). A similar sequence of
inactivation and degradation has been noted for hemoglobin in response to
oxidative stress (126) and other proteins (112) associated with aging. Decreases
in RI activity have been observed in association with numerous diseases,
including cataract formation (127), leukemia (66), and exposure to ionizing
radiation (128). Thus, RI in human erythrocytes, as well as nucleated cells,
could be a determinant of cellular lifespan or simply a marker of aging.

VII. Conclusions

RI possesses remarkable affinity for pancreatic-type ribonucleases, despite
their limited sequence identity. The resulting noncovalent complexes are some
of the tightest known in biology. Details of the molecular interactions
within RI-ribonuclease complexes have been elucidated from structural and
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biochemical investigations. Moreover, RI is known to be a sentry, protecting
mammalian cells against invading ribonucleases, which abound in extracellular
fluids. Still, many questions remain regarding the biological activity of RI: Why
have its K; values evolved to be so low? What is the significance of the oxidation
sensitivity of RI? Does the RI-ribonuclease complex itself have a biological
role? In addition, the potential of the unique tertiary structure of RI to serve as
a scaffold for the design of new receptors is virtually unexplored but seemingly
limitless. Accordingly, future research will likely be directed at elucidating the
biological significance of the remarkable biochemical properties of RI, and
developing RI as a scaffold for protein engineering. We look forward to
learning the results of this effort.
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