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Abstract

Ribonuclease inhibitor (RI) is a conserved protein of the mammalian cytosol. RI binds with high
affinity to diverse secretory ribonucleases (RNases) and inhibits their enzymatic activity.
Although secretory RNases are found in all vertebrates, the existence of a non-mammalian RI has
been uncertain. Here, we report on the identification and characterization of Rl homologs from
chicken and anole lizard. These proteins bind to RNases from multiple species, but exhibit much
greater affinity for their coghate RNases than for mammalian RNases. To reveal the basis for this
differential affinity, we determined the crystal structure of mouse, bovine, and chicken RI-RNase
complexes to a resolution of 2.20, 2.21, and 1.92 A, respectively. A combination of structural,
computational, and bioinformatic analyses enabled the identification of two residues that appear to
contribute to the differential affinity for RNases. We also found marked differences in oxidative
instability between mammalian and non-mammalian RIs, indicating evolution toward greater
oxygen-sensitivity in RIs from mammalian species. Taken together, our results illuminate the
structural and functional evolution of RI, along with its dynamic role in vertebrate biology.
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Introduction

Understanding the sequence—structure—function relationships of proteins, as well as how
evolution has guided and shaped these relationships, is a central aim of biology. A protein
that is especially worthy of study—due to its unique structure, fascinating biology, and
emerging evolution—is ribonuclease inhibitor (RI).

R1 is a highly conserved, 50-kDa protein present in the cytosol of all mammalian cells. Its
name originates from its ability to inhibit the ribonucleolytic activity of a large variety of
secretory ribonucleases (RNases) [1]. The structure of RI is composed entirely of leucine-
rich repeats (LRR), a domain specifically associated with protein—protein and protein-ligand
interactions [2]. Crystal structures of both free [3] and RNase-bound [4-7] RI have yielded a
wealth of information about the LRR fold and its interaction with ligands. Beyond its unique
shape, RI also possesses a large number of conserved cysteine residues, which must be
reduced to maintain form and function [8,9]. Indeed, oxidation of even a single cysteine
leads to a cooperative “all-or-none” cascade of disulfide-bond formation, resulting in the
complete inactivation of RI [10]. Tellingly, treatment of cultured cells with oxidants is
sufficient to cause the rapid disappearance of RI [8].

Despite vast knowledge about its structure, the biological function of RI remains enigmatic.
Based on its extremely tight affinity for diverse secretory RNases[11], RI could serve to
regulate the localization and function of RNases /7 vivo. Engineering RNases to evade Rl
binding imbues them with latent cytotoxicity for human cells [12], and overproduction of RI
makes cells less susceptible to cytotoxic RNases[13]. Recent studies indicate that Rl might
dynamically regulate the function of the secretory RNases angiogenin [14,15] and RNase 7
[16].

In addition to controlling the activity of RNases, RI could play a role in maintaining
intracellular redox homeostasis. The cytosolic localization of RI, coupled with its many free
cysteine residues, suggests that RI might scavenge reactive oxygen species (ROS)[17-19].
ROSen compass a variety of highly reactive chemical species including superoxide anion,
hydroxyl radical, and hydrogen peroxide [20]. The role of ROS and oxidative stress in
ageing, cancer, and other diseases is now well known [21]. Knockdown of Rl in various
human cell lines leads to enhanced susceptibility to oxidant-induced DNA damage [18].
Similarly, overproduction of RI can protect cells against the effects of oxidative stress[22].
In vivo, oxidation of RI has been linked to the progression of pancreatitis [23], as well as to
the effectiveness of certain cancer treatments [24]. Intriguingly, RI is present in red blood
cells, which contain neither a nucleus nor an RNA. RI might play a role in protecting red
blood cells from oxidative-stress-related ageing and turnover[25,26].

An overarching mystery in RI biology has been its apparent absence from non-mammalian
species. Secretory ribonucleases are known to be present in all vertebrates [27,28].
Inhibition of ribonucleolytic activity had been detected in cellular lysates from non-
mammalian hosts [29]. However, the source of this inhibition was never characterized, and
no non-mammalian Rl homologs have been isolated.
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We have identified and characterized homologous RIs from two non-mammalian species:
chicken and anole lizard. Our efforts provide much insight into the evolution of RI structure
and function, as well as on its biological role. We show pronounced differences in
oxidation-sensitivity across homologs, suggesting a dynamic evolutionary shift between
mammals and non-mammals. Our observation that RI occurs in a wide range of animals
indicates an essential role for this protein.

Production of Rl from mouse, chicken, and anole

Prior to our work, the presence of a homologous ribonuclease inhibitor (RI) in a non-
mammalian species had never been confirmed. We located genes encoding avian and reptile
homologs of RI, and we produced these proteins heterologously in Escherichia coli. In
addition, we produced the mouse homolog of RI, which had never been characterized. To
enable comparisons, we also produced the previously characterized human RI and bovine RI
[30]. All Rl homologs have similar molecular mass, unusually high cysteine and leucine
content, and a strong overall anionic charge (Table 1). Mammalian Rl homologs have
relatively high aminoacid sequence identity and similarity. Avian and reptilian Rl homologs
are more similar to each other than to any of the mammalian RIs (Table S3). Our initial
characterization determined that Rl from each species bound tightly to its cognate
ribonuclease in a 1:1 ratio and completely inhibited ribonucleolytic activity (Fig. S1la and
S1h).

Contrasts between intra- and inter-species RI-RNase binding affinity

To quantify the stability of both endogenous RI-RNase complexes and inter-species
complexes, we used binding assays that employ a fluorescently labeled RNase (Fig. 1).
From these data, we determined equilibrium dissociation constants for each RNase paired
with each RI in our study (Fig. 1c; Table S2). We found that each endogenous RI-RNase
complex was extremely tight (Ky < 1 fM). Indeed, these RI-RNase interactions are the
tightest known amongst biomolecules. In addition, mammalian RIs bind tightly to
mammalian RNases, and avian and reptilian RIs bind tightly to avian and reptilian RNases.
Interestingly, complexes formed between evolutionarily distant classes (/.e., mammalia
versus aves or reptilia) were ~7—-8 orders of magnitude weaker than endogenous complexes
(Fig. 1c; Table S2). Surprisingly, none of the Rls in our study exhibited detectable binding
to RNases from either frog or fish.

Increased thermostability of Rl complexes correlates to binding strength

We next determined if differences in the affinity of Rl for an RNase correlated to differences
in the thermostability of an RI-RNase complex. To do so, we measured the thermal
denaturation of RI in both an unbound state and an RNase-bound state. For each species, the
thermostability of RI increased dramatically (>21 °C) when bound to its cognate RNase
(Fig. 2a and 2b). We also determined the shift in 7, for each Rl bound to every RNase in
our study. We found that changes in RI thermostability upon RNase binding correlated well
with the measured Kj for that RNase (Fig. 2c). Similarly, there was no change in RI
thermostability when incubated with either frog or fish RNase.
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Structural characterization of endogenous RI:-RNase complexes

Intrigued by the large differences in binding affinity between mammals and non-mammals,
we sought structural explanations to account for the change in Ky. Accordingly, we
determined high-resolution crystal structures for three complexes: mouse RI-mouse RNase,
bovine RI-bovine RNase, and chicken RI-chicken RNase (Table 2; Fig. 3). We were unable
to generate diffraction-quality crystals for the anole RI-anole RNase complex.

In general, the structures of the RI homologs bear striking resesmblance to each other and to
the previously characterized structures of human and porcine RI (Fig. 3) [3,5]. The
structures are repetitive and symmetrical, and they have a vast surface area that is largely
concave. The conserved LRR units are arranged in a horseshoe shape, and correspond to
structural units consisting of a B-strand and an a-helix. Each Rl molecule binds to its
cognate ribonuclease in a similar position and orientation.

Analyses of binding interface regions highlight key differences across classes

Beyond the outward similarities of each RI-RNase complex, we probed for subtle
differences at the interface region between the two bound proteins. We found each interface
to contain a similarly large amount of buried surface area (Table 2). The number and
character of interface residues were similar across the complexes, with the exception of that
in the chicken complex, which has more non-polar residues and fewer uncharged residues
than do the mammalian complexes (Table 2). Shape complementarity (S;) calculations
appeared to correlate with buried surface area and followed a general trend, with the human
interface having the greatest complementarity, followed by mouse, bovine, and chicken. The
human complex has the greatest number of both hydrogen bonds and non-bonded
interactions, whereas the chicken complex has the fewest. As a comparison, we also
analyzed the inter-species porcine RI-bovine RNase complex [4]. Interestingly, this non-
endogenous complex displays less buried surface area, the lowest S; value, and fewer
hydrogen bonds and non-bonded interactions than do any of the endogenous complexes
(Table 2).

Upon mapping the interface residues of each complex onto protein sequence alignments, we
discovered that the interface residues contributed by both Rls and RNases were conserved
across homologs (Fig. 4 and Fig. S2). We analyzed each RI-RNase interface for the presence
of predicted “hot spots”—residues predicted to have a large contribution to binding energy
[31,32]. We found two hotspot regions in chicken RI that are particularly divergent from
those in mammalian RIs: Arg321 and Tyr407 (human RI nomenclature) (Fig. 5). Analysis of
these regions at the atomic level indicated that Arg321 and Tyr407 might play a role in the
differential RI binding described above. These two residues were highly conserved across 9
non-mammalian species, but were completely absent from 15 mammalian species (Fig. 5a).
Arg321 in chicken RI forms a hydrogen bond with the main-chain oxygen of Leu86 in
chicken RNase (human RNase nomenclature). Due to the replacement of Arg321 with a
lysine residue in mammalian Rls, this interaction is lost. In addition, the side chain of
Lys321, which is conserved in human, cow, and mouse RI, could sterically hinder the
binding of chicken RNase (Fig. 5b). Similar to Arg321, Tyr407 in chicken RI forms a
hydrogen bond to the main-chain oxygen of Leu43 of its cognate RNase, an interaction that
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is not observed in the cow and mouse RI-RNase structures. The larger Tyr residue, which is
conserved in non-mammalian RIs, could lead to a significant steric clash in a cow
RI-chicken RNase or mouse RI-chicken RNase complex (Fig. 5b). Thus, these two
substitutions result in the loss of two direct RI-RNase interactions in the chicken complexes
and generate potential steric clashes during the formation of non-endogenous RI-RNase
complexes. Interestingly, these two residues are present in anole Rl as well.

RI-RNase complexes are differentially sensitive to oxidation

Upon oxidation, R1 undergoes rapid unfolding and inactivation, subsequently releasing
bound ribonuclease [1]. To determine the oxidation-sensitivity of each Rl complex, we
assessed the ability of hydrogen peroxide to disrupt RI-RNase complexes using two distinct
assays. Upon measuring the dissociation of a fluorescently labeled RNase, we found that
human RI was the most sensitive to oxidation, with H,O, ICsq values 7-, 13-, 46-, and 56-
fold lower than mouse, bovine, chicken, or anole RI, respectively (Fig. 6a). Oxidation of
each endogenous RI-RNase complex yielded a catalytically active RNase. Upon measuring
the release of fully active RNase, we found that human RI was again most sensitive to
oxidation, with H,O, 1Cs5q values 10-, 12-, 147-, and 213-fold lower than mouse, bovine,
chicken, or anole RI, respectively (Fig. 6b).

Cysteine solvation correlates to Rl oxidation-sensitivity

To explain the extreme differences in oxidation-sensitivity measured for Rl homologs, we
calculated the solvent-exposed surface area of each cysteine residue in human, mouse,
bovine, and chicken RI. We found that human RI contained the highest overall cysteine
solvent accessibility, followed by mouse, bovine, and chicken RI (Fig. 7a). Next, we
empirically measured the amount of reactive thiol content for each RI protein using an assay
based on the reduction of dithionitrobenzoic acid. Our experimental results matched closely
with the computational data: human RI had the highest reactive thiol content, followed by
mouse, cow, chicken, and anole RI (Fig. 7b).

Finally, we mapped the relative solvent accessibility of the cysteine residues for each RI
homolog (Fig. 7c). We determined that there were four cysteines with the highest overall
solvent-exposed surface area: Cys12, Cys96, Cys220, and Cys409. Of these four cysteines,
human RI contains all four, mouse RI contains three, bovine RI contains three, chicken RI
contains one, and anole RI contains zero (Fig. 4 and 6¢). We expanded our analysis to
include 15 mammalian and 9 non-mammalian Rl homologs. We determined that although
all mammalian Rl homologs possessed at least three highly solvated cysteine residues, non-
mammalian Rl homologs only contained one or none (Fig. 8).

Discussion

Secretory ribonucleases have been characterized from every class of vertebrate [33,34].
Typically, these proteins have high, non-specific activity against RNA substrates, circulate
freely in extracellular fluids, and can enter cells spontaneously [35,36]. A potent, cytosolic
inhibitor for such RNases is critical. Indeed, mammalian ribonuclease inhibitor (RI) was
discovered and characterized over 50 years ago [37,38]. Still, multiple early studies
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proclaimed the total absence of RI in avian and reptilian tissues (for reviews, see refs.
[29,39]). Our data nullify this proclamation, as we have identified RIs from both chicken
and anole lizard. We find many similarities between these proteins and their more
characterized mammalian counterparts, along with key differences.

Importantly, we determined that non-mammalian ribonuclease inhibitors bind their cognate
ribonucleases with tight affinity, similar to that of mammalian inhibitors. This observation
implies that a critical role for non-mammalian Rls—Ilike mammalian Rls— is to regulate the
biological activity of secretory ribonucleases. Further evidence for this hypothesis is the
apparent co-evolution of RIs from different species to bind to their endogenous RNases. We
find that proteins bind as tightly or tighter to their cognate partner than to any inter-species
partner (regardless of p/or overall charge), suggesting the presence of subtle changes in the
binding interface to promote better molecular recognition.

Our observation that avian and reptilian RI binds ~108-fold more weakly to mammalian
RNases (and vice versa) has other implications. These data explain the previous difficulties
in detecting and purifying non-mammalian RIs, which do not bind tightly to the bovine
RNase used in early detection assays and affinity chromatography. Whereas nanomolar
binding affinities are seemingly tight, in the RI-RNase system they are not especially
relevant. For example, mammalian RNases engineered to evade mammalian Rl possess
nanomolar affinity for RI but are highly toxic to human cells[11]. For many of these
cytotoxic variants, substituting a single interface residue results in enormous decreases in
affinity for RI [12,40].

Accounting for the specific changes that have led to the diversity between species, as well as
demonstrating co-evolution between intraspecies binding partners, is difficult. The similarity
of the various RI-RNase binding interfaces suggests that the changes driving the divergent
binding are subtle. This notion corresponds well with the hypothesis of interface “hot spots”,
or the small subset of residues that are predicted to account for most of the binding affinity
between two proteins [31,41]. Tellingly, detailed dissection of the binding interface between
human RI and human angiogenin revealed that, although the binding affinity relied upon
relatively few key contacts, multiple residues function cooperatively, suggesting a
complicated landscape and highlighting the difficultly of assigning the sources of binding
energy rigorously [42]. Still, as difficult as they are to study, co-evolutionary changes in
protein—protein interactions do occur, and are an important driver of speciation [43,44].

Surprisingly, we were unable to detect binding between fish or frog RNase and any of the RI
molecules in our study. An exhaustive search of amphibian and fish genomes did not yield
any viable RI-homolog candidates. RI could be quite divergent in these classes. Fish and
frog RNases share a low level of sequence identity and similarity to other secretory RNases
(Table S4). Early studies in bullfrogs indicated the presence of a cytosolic protein that could
inhibit the activity of bullfrog RNase (but not bovine RNase), and was sensitive to thiol-
reactive agents. The estimated size of the complex between this molecule and RNase was,
however, ~130-140 kDa, which is much larger than the ~65 kDa size noted for mammalian
R1-RNase complexes [37,45,46]. This dissimilarity could reflect intrinsic differences in the
amphibian RI homolog, such as in molecular mass or binding stoichiometry. Methods such
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as affinity chromatography using frog or fish RNase could be necessary to identify these
more divergent Rl homologs.

The apparent evolving oxidation-sensitivity of mammalian RI homologs implies the
emergence of new functionality. Indeed, RI has been identified as a potential keystone in the
maintenance of cellular redox homeostasis [18,22]. The ability of oxidized RI to release
functional, active ribonuclease is particularly fascinating. Potentially, the intracellular redox
state could serve as a trigger to release a caged ribonuclease. Previous studies have shown
that partially oxidized RI can allow partial RNase activity [47]. Thus, cells might have a
“redox switch” that regulates RNases. Under oxidative stress, the manifestation of
ribonucleolytic activity could induce apoptosis. This hypothesis has important implications,
given the well-characterized association of oxidative stress with ageing, cancer, and other
diseases.

In conclusion, we have confirmed the existence of avian and reptile homologs of RI that
display characteristics unique from mammalian homologs. Our discovery that non-
mammalian RIs exhibit extremely tight binding to their endogenous RNases but remarkably
lower sensitivity to oxidation suggests that the primary role of non-mammalian Rl is to
regulate the biological activities of secretory ribonucleases. Intriguingly, these data also
imply that mammalian RIs have not only retained and even improved upon their avid RNase
binding, but also evolved greater sensitivity to oxidation. This redox reactivity might be
driving new biological roles—such as scavenging intracellular free radicals—or might be
adding complexity to existing roles, such as triggering the release of active RNases as a
cellular stress-response mechanism. Further /n vivo characterizations are necessary to
continue probing the dynamic biology of RI.

Materials and Methods

Materials and Instrumentation

E. coliBL21(DE3) cells and the plasmid pET22b(+) were from EMD Millipore. 6-FAM-
dArU(dA),-6-TAMRA, a fluorogenic ribonuclease substrate, as well as DNA
oligonucleotides for PCR, sequencing, and mutagenesis were from Integrated DNA
Technologies. Protein purification columns were from GE Healthcare. Costar 96-well NBS
microtiter plates were from Corning Life Sciences. Restriction and PCR enzymes were from
Promega. All other chemicals were of commercial grade or better and were used without
further purification.

The molecular mass of each RI and ribonuclease was determined by matrix-assisted laser
desorption/ionization-time-of-flight (MALDI-TOF) mass spectrometry using a VVoyager-
DE-PRO Biospectrometry Workstation (Applied Biosystems). MALDI-TOF mass
spectrometry experiments were performed at the campus Biophysics Instrumentation
Facility. All fluorescence and absorbance measurements were made using a Tecan M1000
fluorimeter plate reader, unless stated otherwise. All data were fit and analyzed using the
graphing software package Prism 5 (GraphPad), unless stated otherwise.

J Mol Biol. Author manuscript; available in PMC 2014 November 04.
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RI cDNA cloning and protein purification

Human RI[5] and bovine RI[30] constructs were inserted previously into the pET22b
expression vector for tagless expression in BL21(DE3) £. coli. The gene encoding mouse Rl
(Gene ID: 107702) was amplified from Musmusculus liver cDNA and inserted in the
PET22b vector. The sequences of chicken RI (Gene ID: 423111) and anole RI (Gene ID:
100553617) were identified by their hypothetical annotation in the GenBank database. The
genes encoding chicken RI and anole RI were amplified from Gallus gallus liver cDNA and
Anolis carolinensis liver cDNA (Reptile Rapture, Madison, WI1), respectively, and inserted
into pET22b with an N-terminal, protease-cleavable 6x His tag. All primers used for cloning
are listed in Table S1.

Human, bovine, and mouse RIs were purified via RNase A-affinity chromatography and
ion—exchange chromatography as described previously [5,30]. Chicken RI and anole RI
were produced as described previously [30], with the following modifications. In lieu of
RNase A-affinity chromatography, chicken and anole RIs were purified over a nickel
column and eluted over a linear gradient of imidazole. They were then purified again over
an anion—exchange column to yield nearly pure protein. The N-terminal 6x His purification
tag was cleaved by incubation with TEV (fobacco étch virus) protease [48], yielding native
RI proteins with a single N-terminal glycine residue. Molecular masses of RI proteins were
confirmed by MALDI-TOF mass spectrometry. Protein concentration was determined by
using a Bradford assay kit (Pierce) with bovine serum albumin as a standard.

Ribonuclease cDNA cloning and protein purification

Human RNase 1[30], bovine RNase A[30] and frog RNase (Ranapipiens)[49] constructs
were inserted previously into the pET22b expression vector for tagless expression in
BL21(DE3) £. coli. The gene encoding mouse RNase 1 (Gene ID: 19752) was amplified
from M.musculus pancreas cDNA and inserted into pET22b. The gene encoding chicken
RNase A-1[50] (Gene ID: 396194) was amplified from G.gallus liver cDNA and inserted
into pET22b. The novel anole RNase used in this study, referred to as “anole RNase 1”, was
identified by BLAST analysis using human RNase 1 as an input. This RNase was the most
evolutionarily similar to human RNase 1 from all returned BLAST hits, as determined by
phylogram analysis (data not shown), and possessed the identifier “LOC100555482
ribonuclease-like”. The gene encoding anole RNase 1 (Gene ID: 100555482) was amplified
from Anoliscarolinensis liver cDNA and inserted into pET22b. The gene encoding zebrafish
RNase 3/4[51,52] (Gene I1D: 100101462) was amplified from Danio rerio cDNA and
inserted into pET22b. The program Signal P was used to predict and exclude peptide leader
sequences for all proteins. All primers used for cloning are listed in Table S1.

To enable site-specific fluorescent labeling of ribonucleases, we introduced cysteine
residues by site-directed mutagenesis into loop regions that are distal to both the enzymic
active site and the RI-binding interface. The ensuing variants were P19C human RNase 1,
S19C mouse RNase 1, A19C bovine RNase 1, T17C chicken RNase A-1, S20C anole RNase
1, A14C zebrafish RNase 3/4, and S61C frog RNase. RNases were purified from inclusion
bodies by using cation-exchange chromatography, and free-cysteine variants were labeled
with diethylfluorescein (DEFIA)[53] as described previously [30,54,55]. Molecular masses
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of RNase conjugates were confirmed by MALDI-TOF mass spectrometry. Protein
concentration was determined by using a bicinchoninic acid (BCA) assay kit (Pierce) with
wild-type RNase A as the standard.

Dissociation rate of RI-RNase complexes

For the tightest-binding R1-RNase complexes (Ky < 10715 M), the dissociation rate constant
(kg)was determined by following the release of diethylfluorescein (DEFIA)-labeled
ribonuclease from the RI-RNase complex over time, as described previously [54]. Briefly,
Rl and a DEFIA-labeled RNase were mixed in equimolar ratios, and the resulting solution
was incubated at 25°C for 5 min. A 50-fold molar excess of human RNase 1 was added to
scavenge dissociated RI. Complex dissociation was measured by monitoring the increasing
fluorescence of dissociated RNase over time (=60 days). A value of Ky for each complex
was determined as described previously [54]. These values represent the mean from at least
three independent experiments.

For weaker-binding complexes (Ky = 10~2 M), an RI-saturation binding assay was used, as
described previously [56]. Briefly, fluorescence spectroscopy was used to monitor the
binding of an RI to a DEFIA-labeled ribonuclease, availing the decrease in fluorescence
upon binding to RI. Data were normalized to unbound DEFIA-RNase and fitted with
nonlinear regression analysis to obtain a value of Ky for each complex. These values are the
mean from at least three independent experiments.

Determination of T, values

Thermal unfolding of RIs (unbound and bound to an RNase) was monitored in the presence
of a fluorescent dye by using differential scanning fluorimetry (DSF). DSF was performed
using a Vii A 7 Real-Time PCR machine (Applied Biosystems) as previously
described[57,58]. Briefly, a solution of protein (10 pg) was placed in the wells of a
MicroAmp optical 96-well plate, and SYPRO Orange dye (Sigma Chemical) was added to a
final dilution of 1:333 in relation to the stock solution of the manufacturer. The temperature
was increased from 20 to 96°C at 1°C/min in steps of 1°C. Fluorescence intensity was
measured at 578 nm, and the resulting data were analyzed with Protein Thermal Shift
software (Applied Biosystems). A solution with no protein was used for background
correction. Values of 7, were calculated from curves of ofluorescence/o 7and are the mean
from three independent experiments.

Purification of RI-RNase complexes

Mouse, bovine, and chicken RI-RNase complexes were purified for crystallization as
described previously [5]. Briefly, purified RNase (~50 mg/ml) and RI (~10 mg/ml) were
mixed at a 1.2:1.0 molar ratio, and this solution was incubated at 25 °C for 20 min to allow
for complex formation. The solution was then purified using anion-exchange
chromatography to remove any unbound RNase. Purified complex was dialyzed for 16 h at 4
°C against 20 mM Hepes—NaOH buffer (pH 7.5) containing DTT (10 mM) and glycerol (2%
v/v), and was concentrated to ~10 mg/ml. Aliquots were flash frozen and stored at —80 °C.
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Crystallization of RI:-RNase complexes

All RI-RNase complexes were screened for initial crystallization conditions using a
Mosquito nanoliter liquid handling robot (TTP LabTech), and the resulting crystals were
optimized using the hanging-drop vapor diffusion method at 20 °C. Crystals for bovine
RI-RNase were observed in the PACT premier HT screen (Molecular Dimensions) and grew
to maximum size within a week[59]. Optimized bovine RI-RNase crystals that were used for
structure determination were grown by mixing 1 pL of protein solution with 1 pL of 25%
wi/v polyethylene glycol (PEG) 1500 and 100mM malic acid/MES/Tris (MMT) buffer(pH
4.0). Initial chicken RI-RNase crystals were observed in the PEGRx HT screen (Hampton
Research) and grew to maximum size within 24 h.

Crystals used to determine the chicken RI-RNase structure were grown by mixing 1 pL of
protein solution with 1 pL of 21% w/v PEG 1500 and 100mM sodium citrate buffer (pH
3.5). Mouse RI-RNase crystals were observed in the Index HT screen (Hampton research)
and were optimized further. The crystals that were used to determine the mouse RI-RNase
structure were grown by mixing 1 L of protein solution with 1 uL of 25% w/v PEG 3350
and 100 mM sodium citrate buffer (pH 3.5). All RI-RNase crystals were frozen directly in
liquid N, before data collection. The bovine, chicken, and mouse crystals were
cryoprotected by the addition of ethylene glycol to 15%, 15%, and 20% v/v, respectively, to
the solutions described above.

Structure Determination of RI-RNase complexes

Diffraction images for bovine RI-RNase, chicken RI-RNase, and mouse RI-RNase were
collected at the Life Sciences Collaborative Access Team 21-ID-G, 21-ID-G, and 21-ID-D
beamlines, respectively, at the Advanced Photon Source, Argonne National Laboratory. All
the RI-RNase structures presented here were solved by molecular replacement with
Phaser[60]using PDB entries 1dfj [61], 1z7x [5], and 1z7x as a starting model for bovine,
chicken, and mouse, respectively. All RI-RNase structures were completed with altering
rounds of model building in Coot[62] and refinement in Phenix[63]. Model quality was
assessed with Molprobity[64] before deposition to the PDB. Structural images were
generated with PyMOL (The PyMOL Molecular Graphics System, Version 1.5.0.4
Schradinger, LLC). Data collection, refinement, and model statistics are presented in Table
3. All structures used in this study were analyzed with the program PDBsum[65] to identify
intermolecular hydrogen bonds and van der Waals contacts. PDBsum uses the algorithm
HBPLUS[66] to identify hydrogen bonds (rx..x<3.3 A). Structures were also analyzed using
the Knowledge-based FADE and Contacts (KFC2) server [32,67].

Oxidation sensitivity of RI:RNase complexes

The sensitivity of RI-RNase complexes to oxidation by hydrogen peroxide (H2O2) was
assessed by following the release of DEFIA-labeled ribonuclease upon RI dissociation, as
previously described [30]. Briefly, fresh H,O, (30% v/v, Fisher Scientific) was diluted
serially in reaction buffer (20 mM HEPES-HCI buffer, pH 7.0, containing 50 mMKCI) to
produce a final range of 30-0.001% v/v H,0,. Desalted RI (100 nM) and ribonuclease (100
nM) were combined in 50 pL of reaction buffer across a 96-well plate and incubated for 20
min at 25 °C to allow for complex formation. Initial fluorescent readings were taken, and 50
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pL of H,0, serial dilutions was added to each well containing the RI-RNase complex. Plates
were incubated at 37 °C for 1 h, and final fluorescent readings were taken. Data were
normalized to control wells containing only labeled RNase at each H,O, concentration and
fitted using nonlinear regression to generate H,O, 1C5q values for complex dissociation.
Values represent the mean from at least three independent experiments.

The release of active ribonuclease from the RI-RNase complex in response to H,O»
treatment was measured by assessing the ability of ribonucleases to cleave a fluorogenic
RNA substrate, as described previously [68]. Briefly, RIs and RNases were incubated in
equimolar ratios (50 nM for human, mouse, bovine, and chicken; 500 nM for anole) in 50
uL of reaction buffer and allowed to form RI-RNase complexes. Initial fluorescent readings
were recorded, and 50 pL of H,O, serial dilutions (see above) was added to each well
containing a RI-RNase complex. Plates were incubated at 37 °C for 1 h, and final fluorescent
readings were recorded. Data were normalized to control wells containing only labeled
RNase at each H,O5 concentration and fitted with nonlinear regression analysis to generate
values of ICgq for complex dissociation. These values represent the mean from at least three
independent experiments.

Quantification of RI thiol groups and cysteine solvent-exposed surface area

Accessible protein sulfhydryl groups were quantified by UV spectroscopy using Ellman’s
Reagent (Pierce) according to the manufacturer’s protocol. Briefly, 10uM RI was eluted
from PD-10 columns (GE Healthcare) to remove all traces of reducing agents. A 250-pL
aliquot of desalted RI (10 M) was added to 2.5 mL of reaction buffer (0.10 M sodium
phosphate buffer, pH 8.0, containing 1 mM ethylenediaminetetraacetic acid) and 50 pL of
Ellman’s Reagent solution (4mg/mL in reaction buffer). The resulting solutions were
incubated for 15 min at 25 °C, and their absorbance was recorded at 412 nm and converted
to absolute values using A-acetylcysteine as the standard (0-0.1 mM). Samples were
analyzed in triplicate and values represent the mean from three independent experiments.

The solvent-accessible surface area of cysteine residues in RI crystal structures was
calculated with PyMOL[69].

Construction of a RI phylogenetic tree

Annotated RI protein sequences were obtained from the National Center for Biotechnology
Information (NCBI) database. Only 100% complete sequences were used for analysis. Rl
protein sequence alignments were made using MUSCLE[70] with manual adjustments. A
maximum-likelihood phylogenetic tree was generated in MEGAAS.2[71] using the Jones—
Taylor-Thornton (JTT)[72] substitution model and 1000 bootstrap replicates. Non-
uniformity of evolutionary rates was modeled using a discrete Gamma distribution [73],
assuming for the presence of invariable sites. Bootstrap values >50 are reported.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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showing inter-species RI-RNase complex formation with increasing concentration of RI.
Data were fitted to derive Ky values for each RI-RNase pair. (¢) Heat map of the Kj values

for 35 RI-RNase complexes. Red indicates lower Ky values; green indicates higher Ky

values.
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Effect of bound RNase on the thermostability of RI. (a) Temperature-dependence of the
fluorescence of SYPRO Orange dye at 578 nm in the presence of RI alone and in the
presence of RI plus an RNase. (a) Thermal denaturation curves. (b) Derivatives of the data
in panel (a). Values of 7, are listed in Table 1. (¢) Heat map summarizing the change in the
thermostability of RI conferred upon its binding various RNases. Numbers represent A 7p,

from the unbound to the bound state.
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Fig. 3.
Crystal structures of homologous RI:RNase complexes. (a) Mouse RI with mouse RNase 1

(PDB entry 3tsr). (b) Bovine RI with bovine RNase 1 (PDB entry 4peq). (c) Chicken RI
with chicken RNase A-1 (PDB entry 4per).
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predicted “hotspots” for binding affinity [32]. Gray coils represent a-helices, and black

arrows represent p-sheets.
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(a)

(b)

Fig. 5.

Evolution of residues at the interface of mammalian and non-mammalian RI-RNase
complexes. (a)Two sections of amino-acid sequence alignment for homologous mammalian
and non-mammalian RIs. Black boxes highlight residues conserved in non-mammalian RIs
that are absent from mammalian homologs. (b) Two sections of tertiary structural alignment
of the mouse (green), bovine (blue), and chicken (purple) RI-RNase complexes to illustrate
the affect of amino-acid substitutions at position 321 and 407 of RI. The hydrogen bond of
Arg321 in chicken RI with the main-chain oxygen of Leu86 in chicken RNase is not present
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in mammalian RI-RNase complexes, which contain a lysine residue at this position in RI.

Lys321 (dotted surfaces) of cow and mouse RI could clash with bound chicken RNase

(purple transparent surface). The hydrogen bond of Tyr407 in chicken RI with the main-

J Mol Biol. Author manuscript; available in PMC 2014 November 04.

chain oxygen of Leu43 in chicken RNase is not present in mammalian RI-RNase complexes,
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which contain an asparagine residue at this position in RI. Tyr407 (dotted surface) of
chicken RI could clash with bound bovine RNase (blue transparent surface).

J Mol Biol. Author manuscript; available in PMC 2014 November 04.
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Complex ICy, (% vivH,0,)  IC, (% vivH,0,)

Human 0.059 +0.005  0.015+0.003
Mouse 0.43 +£0.04 0.15 +£0.07
Bovine 0.76 £ 0.05 0.18 £ 0.07
Chicken 27+05 22+02
Anole 3.3+x04 3.2+03

Comparison of the oxidation sensitivity of homologous RI-RNase complexes. (a) The
dissociation of fluorescently-labeled RNases upon treatment of RI:RNase complexes with
increasing concentrations of H,O,. (b) The release of active ribonucleases from RI-RNase
complexes upon treatment with increasing concentrations of H,0,. (¢) HoO5 1Csq values
derived from the data in panels (a) and (b).

J Mol Biol. Author manuscript; available in PMC 2014 November 04.
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Comparison of cysteine residues of homologous RIs. (a) Combined solvent-exposed surface
area for cysteine residues, as calculated from crystal structures with PyMOL. (b)
Quantitation of solvent-exposed thiol groups in recombinant proteins, based on reaction with
dithionitrobenzoic acid. (c) Relative solvent accessibility calculations for each cysteine

residue in human, mouse, bovine, and chicken Rls.
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Evolution of solvated cysteine residues in homologous Rls. A phylogenetic tree depicts the
evolutionary relationship among homologous RIs, and colored circles indicate the presence
of each of the four most highly solvated cysteine residues (Fig. 7c). Bootstrap values >50 are

shown.
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Summary of crystal parameters, data collection, and refinement statistics. Values in parentheses are for the

highest-resolution shell.

Mouse RI-Mouse RNase

Bovine RI-Bovine RNase

Chicken RI-Chicken RNase

Crystal parameters

Space group P2, 1222 P212,2;
a=72.40 a=117.79 a=52.66
b=12534 b=123.55 b=284.54

Unit-cell parameters (A)
c=123.06 ¢=179.30 c=121.66
B=94.72°

Data collection statistics

Wavelength (A) 0.9794 0.97857 0.97857

Resolution range (A) 50.00-2.20 (2.25-2.20) 50.00-2.21 (2.25-2.21) 50.00-1.82 (1.85-1.82)

Completeness (%) 97.9 (88.2) 100.0 (99.4) 99.4 (99.8)

Roerge” 0.145 (0.478) 0.084 (0.747) 0.134 (0.687)

Redundancy 4.2 (2.6) 7.2 (5.6) 4.0 (3.7)

Mean // sigma (/) 9.9 (2.1) 22.72 (2.31) 9.16 (1.69)

Refinement and model statistics

Resolution range (A) 34.38-2.20 49.24-2.21 39.83-1.92

No. of reflections (work / test) 102210/ 1897 57584 /1930 39152 / 2064

Rys® 0.183 (0.234) 0.176 (0.218) 0.207 (0.234)

Rfree” 0.233 (0.338) 0.226 (0.298) 0.254 (0.263)

RMSD bonds (A) 0.003 0.008 0.009

RMSD angles (°) 0.679 1.192 1.158

Average B-factor (A2) 255 205 30.7

No. of protein atoms 17650 8698 4404

No. of waters 882 562 233

Ramachandran plot (%)

Favorable 97.20 97.65 96.83

Allowed 2.80 2.35 3.17

Disallowed 0.00 0.00 0.00

PDB ID

3tsr 4peq 4per

Rmerge=ZhZj| I{H) = <Kh)>| 1 Zp2jl{H), where (/) is the intensity of an individual measurement of the reflection and <//)> is the mean

intensity of the reflection.

§Rcryst22/ﬂ|":0bs| = |Fcalcll / 24| Fobsl, where Fops and Fcalc are the observed and calculated structure-factor amplitudes, respectively.

”Rfree was calculated as Rgryst using randomly selected unique reflections that were omitted from the structure refinement.
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