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ABSTRACT. The evolutionary rate of proteins involved in obligate protgmotein interactions is slower

and the degree of coevolution higher than that for nonobligate prepeotein interactions. The coevolution

of the proteins involved in certain nonobligate interactions is, however, essential to cell survival. To gain
insight into the coevolution of one such nonobligate protein pair, the cytosolic ribonuclease inhibitor (RI)
proteins and secretory pancreatic-type ribonucleases from Bow tauruy and humankomo sapiens

were produced ifEscherichia coliand purified, and their physicochemical properties were analyzed. The
two intraspecies complexes were found to be extremely tight (bd<ire 0.69 fM; humanKy = 0.34

fM). Human RI binds to its cognate ribonuclease (RNase 1) with 100-fold greater affinity than to the
bovine homologue (RNase A). In contrast, bovine Rl binds to RNase 1 and RNase A with nearly equal
affinity. This broader specificity is consistent with there being more pancreatic-type ribonucleases in cows
(20) than humans (13). Human RI (32 cysteine residues) also has 4-fold less resistance to oxidation by
hydrogen peroxide than does bovine RI (29 cysteine residues). This decreased oxidative stability of human
RI, which is caused largely by Cys74, implies a larger role for human Rl as an antioxidant. The
conformational and oxidative stabilities of both RIs increase upon complex formation with ribonucleases.
Thus, RI has evolved to maintain its inhibition of invading ribonucleases, even when confronted with
extreme environmental stress. That role appears to take precedence over its role in mediating oxidative
damage.

The discovery of extensive proteiprotein interaction (RIY) and secretory pancreatic-type ribonucleases, as failure
networks has informed investigations of protein evolution to inhibit the enzymatic activity of an invading ribonuclease
(1—3). For example, the rate of evolution within a protein ~ can lead to cell deathl@—15).
protein interaction network has been found to depend on the The ribonuclease A superfamily is composed of homo-
number of binding partners, the concentration of each protein,logues of bovine pancreatic ribonuclease (RNas&2) (124
and the evolutionary age of the proteing—(0). These residues; EC 3.1.27.5), which are found only in vertebrates
relationships extend to subclasses of interactions, as obligatd16—20). The superfamily has expanded rapidBA(22),
protein—protein interactions, which are defined as interac- With only three members in fishDianio rerio) (23) and
tions necessary for the stability of an individual proteia)( chicken Gallus gallug (21, 24) but 20 and 13 members in
evolve at a slower rate, and show a greater degree of¢OW (BOs taurug (22) and human Klomo sapiens (21),
coevolution than do nonobligate interactions, which are _respectlvely. The lethal enzymatic activity of ribonucleases
interactions between proteins that can remain stable inde-'S modul_ated by RIsa5, 26), which .b'nds. to Som?.members
pendently 7). Nonetheless, the coevolution of certain non- of the ribonuclease A supe_rfamlly with afﬁnmes n .the
obligate protein-protein interactions, such as particular femtomolar ranged7, 28). Rl is able to exert this affinity

. A . using its large concave surface ar@8<30), even though
receptgr—llgand and _enzymelnhlbltor interactions, can pe the sequence identity among superfamily members3%
essential for cell survivall(l). To understand the coevolution

; ) : X (26, 28). RI evolved rapidly by exon duplication around the
of such a nonobligate pair, we have investigated the compleXime of ribonuclease expansiodl], suggesting coevolution

formed between the cytosolic ribonuclease inhibitor protein of the protein families, but this direct relationship has not
been demonstrated conclusiveRgy.
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bovine RI (bRI; 456 residues). In contrast, human RI (hRI; from a bovine brain cDNA library (BioChain Institute,
460 residues) is known to bind to ribonucleases from such Hayward, CA). The PCR product was inserted into plasmid
evolutionary distant organisms as fish, chickens, and cowspCR4-TOPO (Invitrogen, Carlshad, CA), and sequence
(23, 24, 29, 30). Yet, we demonstrated recently that the analysis was performed to ensure proper amplification.
affinity of hRI for RNase A is significantly lower than that RI Production and PurificationThe cDNA encoding bRI
for human pancreatic ribonuclease (RNase 1; 128 residues)was inserted into plasmid pET22b) for protein production.
suggesting a coevolution of affinity between RI and its A plasmid that encodes hRR8, 33) was used to create
species-specific ribonuclease2s). cysteine-residue variants of hRI using the Quikchange site-
Here, we report on the heterologous production, purifica- directed mutagenesis kit (Stratagene, La Jolla, CA). Both
tion, and characterization of bRI. We find that bRI forms a wild-type RI proteins and variants of hRI were produced and
highly stable complex with both RNase A and RNase 1. We purified by using the procedure described previoug$, (
also find that bRl is stabilized to both thermal and oxidative 34).
stress upon ribonuclease binding. These and other observa- Ribonuclease Production, Purification, and Labeling.
tions provide insight into the molecular evolution and RNase 1, RNase A, and their free cysteine residue variants
biological imperatives of an extraordinary nonobligate were purified from inclusion bodies using the oxidative

protein—protein interaction. folding procedure described previous®8( 33). Plasmids
containing DNA encoding wild-type RNase 1 and RNase A
EXPERIMENTAL PROCEDURES were used to create variants with a free cysteine residue at

position 19 P8, 35) using the Quikchange site-directed
mutagenesis kit (Stratagene, La Jolla, CA). Position 19 was
i leotides f ! d . chosen as the attachment site, because attachment of fluor-
DNA oligonucleotides for PCR, sequencing, and mutagenesisggeent groups at this position does not have a detectable effect
were from Integrated DNA Technologies (Coralville, IA). 4, the ribonucleolytic activity or Ri-affinity of the resulting
Protein purification columns were from GE Healthcare |, .i-0is p5, 36). Variants of RNase 1 and RNase A with a
(Piscataway, NJ). MES buffer (Sigma Chemical, St. Louis, e cysteine were initially protected by reaction with's,5
MO) was purified by aniorrexchange chromatography t0 o his(2-nitrobenzoic acid)2g, 35, 37). Immediately
remove trace amounts of oligomeric vinylsulfonic ac@}  pefore fluorophore attachment, protected variants were
Restriction and PCR enzymes were from Eromega (Mad'son'deprotected by using a 3-fold molar excess of dithiothreitol
WI). All other chemicals were of commercial grade or better (DTT) and desalted by chromatography using a PD-10

and were used without further purification. desalting column (Amersham Biosciences, Piscataway, NJ).
Terrific broth (TB) contained (in 1.00 L) tryptone (12 9),  peprotected ribonuclease variants were reacted fe8 4
yeast extract (24 g), glycerol (4 mL), kRO, (2.31 9), and 4t 25°C with a 10-fold molar excess of Z-diethylfluo-
KZHPQ4 (12:54 g). Phosphate-buffered saline (PBS), pH 7.4, yescein-5-iodoacetamide, which was synthesized as described
contained (in 1.00 L) NaCl (8.0 g), KCI (2.0 g), bPO;: previously @8). Diethylfluorescein-labeled ribonucleases
7H,0 (1.15 g), KHPQ, (2.0 g), and Nah(0.10 g). were purified by chromatography using a HiTrap SP FF
Circular dichroism (CD) data were collected with a model column.
62A DS CD spectrometer (Aviv, Lakewood, NJ) equipped  Dissociation Rate.The dissociation rates of the RI
with a temperature controller. The molecular mass of each riponuclease complexes were determined by using a proce-
Rl and ribonuclease was determined by matrix-assisted laseidure described previousl2®). Briefly, diethylfluorescein-
desorption/ionizatiortime-of-flight (MALDI —TOF) mass  |abeled ribonuclease (100 nM) in PBS containing tris(2-
spectrometry using a Voyager-DE-PRO Biospectrometry carboxyethyl)phosphine (0.10 mM) and bovine serum albumin
Workstation (Applied Biosystems, Foster City, CA). CD and (BSA, 0.10 mg/mL; Sigma Chemical) was added to a 96-
MALDI —TOF mass spectrometry experiments were per- well microtiter plate, and the initial fluorescence was
formed at the campus Biophysics Instrumentation Facility. measured. Rl was then added at equimolar concentrations
The fluorescence intensity in microtiter plates was recorded (100 nM) and incubated with a labeled ribonuclease at
in a Perkin-Elmer EnVision 2100 plate reader equipped with 25 °C for 5 min. A 50-fold molar excess of human
an FITC filter set (excitation: 485 nm with a 14-nm angiogenin (5uM) (purified as described previousi\39))
bandwidth; emission: 535 nm with a 25-nm bandwidth; was added to scavenge dissociated RI, and the change in
dichroic mirror cutoff: 505 nm) in the campus W. M. Keck  fluorescence was measured at various time points. To ensure
Center for Chemical Genomics. that the stability of the proteins was maintained over the
RI cDNA Cloning and Protein Preparatiofihe sequence  extended duration of the experiment, additional data points
of bRI was identified by its hypothetical annotation in the were monitored under the same conditions, only without the
GenBank database (http://www.ncbi.nlm.nih.gov/Genbank/ addition of angiogenin. Data are the meahSE) of six
index.html). bRI (gi:78369509) was labeled @06 taurus replicates standardized for the mean fluorescence of six
similar to ribonuclease inhibitor”. Its amino acid sequence replicates of a rhodamine 110 standard (10 nM) and
had 74% identity to that of hRI (Figure S-128). DNA normalized for the fluorescence before RI additieg)(and
primers 5-CTTTTCATATGAAGCTGGACATCCAGTGT- for the maximum fluorescence change of the fully dissociated
GAGCAGCTCAGCG-3and B-CTTTTTAAGCTTTCAG- hRI‘-RNase A complex. Fluorescence data were fitted to
GAGATGATCCGCAGGCCAGGCTTGCTCTC3vere de- eq 1 with the program GraphPad Prism 4.02 (GraphPad
signed to amplify the cDNA encoding bRI and to incorporate Software, San Diego, CA) to determine the dissociation rate
Ndd and Hindlll restriction sites at the '5and 3 ends, (kg), whereinFg is the fluorescence before the addition of
respectively. cDNA encoding bRI was amplified by PCR angiogenin, andr. is the fluorescence before RI addition.

General. Escherichia coliBL21(DE3) cells and the
plasmid pET22bt) were from Novagen (Madison, WI).




Intraspecies Regulation of Ribonucleolytic Activity Biochemistry, Vol. 46, No. 45, 200713133

Initial fluorescence data<(4 h) were not included in the with a heated lid (Bio-Rad Laboratories). After 30 min,
analysis of RIRNase 1 complexes, as they showed a rapid Buffer A (10 uL) was added to Rfibonuclease complex
burst in fluorescence similar to that observed in previous and ribonuclease wells, RNase 1 (@0of a 5uM solution)
dissociation rate determination®7( 28). Initial fluores- was added to hRI wells, and RNase A (D of a 5 uM
cence data were, however, included in the analysis of thesolution) was added to bRI wells. Plates were incubated for
RI-RNase A complexes, as the fluorescence change for theiran additional 5 min in the thermocycler at 3, and an

dissociation was greater than the initial burst. aliquot (8uL) from each well was then added to PBS (392
uL, Invitrogen, Grand Island, NY) containing BSA (0.10 mg/
F=F,+ (F, —Fp(1— Ca) @) mL) and DTT (5 mM). To quantitate the fluorescence change

upon RI-binding, an aliquot (10@L) from the PBS dilution

Conformation and Conformational StabilitgD spectros-  was transferred to a 96-well black nonbinding surface
copy was used to assess the secondary structural conformapolystyrene plate (Corning, Corning, NY). Data were con-
tion of RI-ribonuclease complexed®. Complexes between  verted to the fraction of Rl oxidized by normalizing for the
RI (25 uM) and ribonuclease (2&M) were formed by  fluorescence of the unbound complex and were fitted to
incubation in PBS containing DTT (2 mM) at 2& for 30 eq 2 to determine 1§ values. The fluorescence intensity of
min. A slight molar excess of ribonuclease was added to diethylfluorescein-labeled ribonucleases remained constant
ensure that all Rl molecules were complexed with ribonu- over the range of kD, concentrations used in the assay,
clease. The CD signal contributed by the excess ribonucleaséndicating that any change observed was not due to an effect
was then masked by the higher CD signal from RI. of H2O; on the fluorophore or free ribonuclease.
Additionally, free ribonuclease (28M) and free RI (25uM) 100%
were prepared for CD measurement using conditions identical = °
to those used to prepare ‘Rbonuclease complexes. CD 1 4 101°9(Cso[Hz02)"

spectra were acquired from 260 to 205 nm in 1-nm ) ) )
increments at 23C, and the background CD spectrum of ~ S€quence and Phylogenetic AnalySiequence alignments

PBS containing DTT (2 mM) was subtracted from each of Rl and ribonuclease (Figure 1 and Figures-Ssi3) were

spectrum. CD spectra are shown as the mean residue-weigh€rformed with the program Clustal ). Cladograms of
ellipticity at each wavelengtha(). RI and ribonuclease were made with the program MegAlign

CD spectroscopy was also used to evaluate the confor-In the Lasergene software package (DNASTAR, Madison,
mational stability of the Rtibonuclease complexe4(). The WI). Bootstrap values were calculated by using 2000
preparation of free R, free ribonuclease, anefiBonuclease ~ 'ePlicates and values40 are reported. Accession codes for
complexes was the same as for CD spectra determinationR! séquences used for alignment aB®s taurus (gi:
Protein solutions were heated from 25 to 76 in 2-°C 78369509)Rattus noregicus(gi: 77416905)Mus musculus
increments. The change in molar ellipticity at 222 nm was (91 78099143) Gallus gallus(gi: 57529989) Sus scrofa
measured after a 2-min equilibration at each temperature.(9i: 1942101)Pan troglodyteggi: 38503347), an¢Homo
CD data at 222 nm were fitted to a two-state model with the SaPiens(gi: 71042211). Accession codes for ribonuclease
program GraphPad Prism 4.02 to determine the values ofS€gquences used for alignment a8es taurusbrain (gi:

T (42, 43). 2780692_3)B_os taurusseminal (gi: 32_44126_37)305 taurus

Oxidative Stability.The stability of Rl and Rtibonuclease ~ Pancreatic (gi: 4842907 1RRattus noregicus(gi: 71361661),
complexes to oxidation by hydrogen peroxide:Qh) was Mus musculgssgn 133221),Gallus gallus(gll: 45383972),
assessed by using a method similar to that describedSUS scrofagi: 133225),Pan troglodyteggi: 38503271),
previously @4), except that the decrease in the fluorescence HOMO sapienggi: 71042210).
of diethylfluorescein-labeled ribonuclease upon RI-binding RESULTS
was used to quantitate binding instead of indirectly following
RI-binding through measurement of ribonucleolytic activity ~ With their large concave surface areas, the structural family
(36, 38). Immediately prior to assaying oxidative stability, of leucine-rich repeats (LRRs), for which Rl is the prototype,
purified Rl was dialyzed for 16 h at 4C against 20 mM is well-suited to recognize diverse ligands (Figure 146)(
HEPES-HCI buffer, pH 7.6, containing KCI (50 mM) and  Accordingly, Rl has served as a structural model for pretein
DTT (200uM), such that the final concentration of DTT in  protein recognitionZ6). Multiple biological roles have been
the HO, reactions was<50 uM. Fresh HO, (30% v/v, assigned to RI, including protecting cells from rogue
Fisher Scientific, Fair Lawn, NJ, or Sigma Chemical) was ribonucleases and scavenging free radic2ls 26, 47, 48).
diluted to 2% v/v in 20 mM HEPESHCI buffer, pH 7.6, The latter activity is attributed to the 282 free cysteine
containing KCI (50 mM) (Buffer A). The KD, solution (2% residues found in RI, whose oxidation leads to irreversible
v/v) was then serially diluted (10 solutions of 56:100) with inactivation of the protein44, 49).

Buffer A (final range= 1-0.003% v/v BO,). Complexes The amino acid sequences of RIs from multiple organisms
were formed between RI (1M) and ribonuclease (10M) (Figure S-2) have been reported, and some of these proteins
in Buffer A and incubated for 15 min at Z& prior to HO, have been characterizesl—54). In 1980, bRI was isolated
treatment. Free Rl and ribonuclease were treated identicallyand found to inhibit ribonucleolytic activity50). Its amino

with the same volume of Buffer A. #, dilutions (5uL) acid sequence and biochemical characteristics were, however,
and RI, ribonuclease, or Ribonuclease complex (&L of not reported 47, 50). The amino acid sequence of bRI

a 10uM solution) were added jointly to a 96-well PCR plate (Figure 1B) was annotated in the GenBank registryBss"
(Bio-Rad Laboratories, Hercules, CA). Plates were heatedtaurussimilar to ribonuclease inhibitor” (gi:78369509). The
at 37°C for 30 min in a PTC-100 thermal cycler equipped sequence of bRI was 74% identical to hRI (Figure S-1) and

(2)
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Ficure 1: Structure and sequence of RI. (A) Ribbon diagram of the hRI (gre&gse 1 (purple) complex (chains Y and Z from PDB
accession code 1Z7XP8). Images were made with the program PyMOL (DeLano Scientific, South San Francisco, CA). (B) Sequence
alignment of the protein sequences of bRI and hRI. Conserved amino acids are shown with black boxes and contact<@9dlips (
within the hRFRNase 1 complex are shaded yellow (chains Y and Z from PDB accession code By XAlignments were performed

with the program Clustal W4E). Consensus sequences for A-Type and B-Type repeats of Rl-like LRRs were adapted f&@in ref

had the consensus A-Type and B-Type repeating architectureobserved increase in fluorescence as theiliinuclease
of RIs (Figure 1B) 26). bRI contains 29 of the 32 cysteine
residues in hRI and was able to be produced and purified determined by fitting the resulting data to eq 1 are listed in
by a procedure identical to that used for h®8,(34), yielding

5 mg of bRI per liter ofE. coli culture. bRI, hRI, and their
complexes with RNase A and RNase 1 were then analyzeda ty, (= In 2/kg) of 14 h, which is nearly identical to the
to reveal environmental factors that influence complex- value determined previously (13 h279). All of the other

stability and thereby modulate the regulation of ribonucle- RI-ribonuclease complexes were50% dissociated after

olytic activity.

Dissociation Rate for RRibonuclease Complexéhe Rk
ribonuclease complex is one of the tightest known biological for bRI'‘RNase A, 78 days for bRRNase 1, and 68 days
interactions 27, 28, 55). The association rate constant for
complex formation between RI and ribonucleases is close hRI-angiogenin complext{, = 60 days) 27). The clustering
to the diffusion limit (18 M~ s71) (27, 28, 56), due to the
strong electrostatic nature of the interacti@,(57). Yet,
the dissociation rate constants of the fffllase 1 and hRI
RNase A complexes differ significantly, owing to differences reached at approximately 3 months (Table 27)(
in the hydrogen bonds and van der Waals contacts made By assuming that all of the complexes have association
between hRI and the two ribonucleas@s)(

The dissociation rate constants for the complexes of bRI dissociation constantK) of the complexes can be esti-
and hRI with RNase A and RNase 1 were determined by mated. TheKy values for the bRRNase A, bRiIRNase 1,
using a competition assay described previougly 28). The

complex dissociates is shown in Figure 2, andkhealues

Table 1. Only the hRRNase A complex dissociated com-
pletely over the length of the experiment (Figure 2A) with

15 days (Figure 2). Theiky values were within 2-fold
of each other (Table 1), and theiy, values (34 days

for hRI‘-RNase 1) were within 2-fold of that for the
of the kg values of the most stable Ribonuclease com-

plexes suggests that an upper limit for the half-lives of the
dissociation rate of an Ribonuclease complex has been

rate constants close to the diffusion linf], the equilibrium

and hRIRNase 1 complexes are all in the range of 6:30
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A

Fraction RNase A Unbound

Fraction RNase 1 Unbound

Time (days)

Ficure 2: Dissociation of Riribonuclease complexes. The release
of diethylfluorescein-labeled ribonuclease (100 nM) from RI (100
nM) was followed over time after the addition of a 50-fold molar
excess of angiogenin (@M) (open symbols) or after the addition

of PBS (closed symbols). Data points are the meh8H) of six
separate measurements and are normalized for both the averag
fluorescence of rhodamine 110 (10 nM) and the fluorescence of
unbound RNase A from hRRNase A. The initial fluorescence of
unbound ribonuclease was used as the end-point for complete
ribonuclease releas®§). (A) Dissociation of bRIRNase A @)

and hRtRNase A Q). (B) Dissociation of bRIRNase 1 [) and
hRI-RNase 1 ).

0.69 fM, whereas the hRRNase A complex has at least
50-fold lower stability (35 fM) (Table 1). Overall, both bRI
and hRI are tight inhibitors of ribonucleases, but bRI binds
more tightly to both human and bovine ribonucleases.
Conformation and Conformational Stabilitroteins are
stabilized upon binding to small-molecule ligan&8{61)
or with other proteins §2, 63). The magnitude of the
stabilization is often related directly to the affinity of the
protein for the ligand §9, 61, 64). To determine whether
the conformational stability of bRl and hRI increases upon
complex formation and whether this increase correlates with
complex-stability, the conformational stability of each- Rl
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—7600 degcnr-dmolt; Figures 3A and 3C). Hence, changes
in ellipticity report largely on changes to the conformation
of RI.

The stability of the Riribonuclease complexes as a
function of temperature is shown in Figures 3B and 3D. The
midpoints of each transition curvd{) were obtained by
fitting the data to a two-state model and are listed in
Table 1. Unbound hRIT, = 54 °C) is slightly more stable
than is unbound bRITy, = 51 °C), but bRI gains more
stability upon forming a complex with either ribonuclease.
TheT,, values of both Rls increase byl10 °C upon complex
formation with ribonuclease. The hfRNase A complex was
the least stable of the four complexes, in accord with it
having the largest dissociation rate constant (Figure 2).

Oxidative Stability.With its 29—32 free cysteine residues
and abundance in the cytosol, Rl serves to mediate oxidative
damage 48). Rl scavenges reactive oxygen species such as
superoxide anion, hydroxyl radical, and singlet oxygen with
ICso values below 1Qig/mL, making it a powerful antioxi-
dant @7). To investigate the oxidative stability of bRI and
hRI and to determine how complex formation affects their
oxidative stability, the vulnerability of both Rls to oxidation
by H,O, was tested38, 44).

The binding curves obtained after incubating bRI, hRI,
or RIl-ribonuclease complexes with,8, are shown in
Figure 4, and the 16 values are listed in Table 1. The
oxidative stability of hRI (IGo = 0.017% v/iv HO,) was
elose to that measured previously by evaluating the inhibition
of ribonucleolytic activity by hRI (0.007% v/v ¥D, (44)).

The oxidative stability of bRI (29 cysteine residues; Figure
1B) was, however, 4-fold higher than that of hRI (32 cysteine
residues). bRI has both of the adjacent cysteine pairs that
were shown to be important to the oxidative resistance of
hRI (44). Yet, native bRI has oxidative stability similar to
that of previously characterized oxidation-resistant variants
of hRI (Table 2) 44).

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

ribonuclease complex was determined by CD spectroscopyfrom PDB accession code 1Z7X with the program POPS

(Figure 3) @0, 61, 65).

The far-UV CD spectra of free RI, free ribonuclease, and
RI-ribonuclease complexes are depicted in Figures 3A and
3C. bRI and hRI have similar CD spectra, with minima at
222 nm being indicative of similar secondary structure and
three-dimensional architecturé5). When complexed with
a ribonuclease, the maxima of the CD spectra for hRI and
bRI shift to 225 nm. Complexes between Rl and ribonuclease
were formed with a slight molar excess of ribonuclease
(28 uM) to RI (25 uM) to ensure complete complex
formation by RI and to allow accurate determination of the
conformational stability of RI. The ellipticity of RI, which
has a repeating-helix, s-strand architecture (Figure 1A),
overwhelms the ellipticity of the ribonucleases (e.g., bRI:
[61.,,, .,= —14 000 degcn?-dmol!; RNase A: Plazz nm=

(66). Both Cys74 and Cys408 in hRI were replaced with
the corresponding residues in bRI, C74L, and C408G, and
the oxidative stabilities of the resulting variants are shown
in Figure 4C. C408G hRI appears to be more sensitive to
oxidation, as its stability curve shows a steeper transition to
the oxidized form. In the three-dimensional structure of the
hRI-RNase 1 complex28), Cys408 forms molecular contacts
with Asn67 of RNase 1. As oxidative stability is measured
in relation to RI-binding, substitution of Cys408 with a
glycine residue could weaken the affinity for RNase 1,
making hRI more susceptible to rapid oxidation. Yet, C408G
hRI (ICso = (0.023 + 0.002)% v/v HO,) still has near
identical oxidative stability to wild-type hRI, whereas C74L
hRI (ICso = (0.043+ 0.005)% v/v HO,) has 2.5-fold higher
oxidative stability than wild-type hRI, putting its stability
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Table 1: Biochemical Parameters for bRI, hRI, andRbonuclease Complexes

ke (1077 s71)2 K (fM)® T (°C)° ICso (% VIV HO5)?
bRI — — 51.3+0.1 0.071+ 0.010
bRI-RNase A 2.36+ 0.05 0.69 68.6 0.3 0.30+ 0.004
bRI-RNase 1 1.0% 0.07 0.30 68.0£ 0.2 0.029+ 0.008
hRI — - 54.1+ 0.1 0.017+ 0.004
hRI-RNase A 119t 2 35 64.24 0.1 0.042+ 0.016
hRI-RNase 1 1.1% 0.05 0.34 66.6: 0.2 0.028+ 0.004

aValues ofkq (=SE) were determined by following the release of diethylfluorescein-labeled ribonuclease fromrriberiRkclease complex
over time and fitting the resulting data to eq”Nalues ofK4 (=SE) were calculated using the relationsKip= ky/k, and thek, value for hRI+
RNase A 27). ¢Values of T, (=SE) were determined by CD spectroscopy in PBS containing DTT (2 fiMalues of 1Go (+SE) are for the
oxidative stability to HO, and were calculated with eq 2.

A e B

o

1.0

=25°C
&

0.5

[6lr
(103 deg-cmz-dmol'1)

|
-
o

Fraction Unfolded

=25°C

[6lr
(103 deg-cmz-dmol'1)

Fraction Unfolded

L 2 |
210 220 230 240 250 260

Wavelength (nm) T(°C)

Ficure 3: Conformation and conformational stability of -Rbonuclease complexes. (A and C) Far-UV CD spectra of RI, ribonuclease,
and RFribonuclease complexes (281 Rl and 28uM ribonuclease in PBS containing DTT (2 mM)). (B and D) Thermal denaturation of
RI, ribonuclease, and Ribonuclease complexes (284 Rl and 28uM ribonuclease in PBS containing DTT (2 mM)). Molar ellipticity

at 222 nm was monitored after a 2-min equilibration at each temperature. Data were fitted to a two-state model to determine Wglues for
(Table 1) @2, 43). Panels A and B depict data for RNase A){bRI [d), bRIFRNase A 4), and bR{RNase 1 M); panels C and D depict

data for RNase 1<§), hRI (O), hRIFRNase 1 #), and hRiRNase A @®).

within 2-fold of that of bRI (Table 1). Thus, the existence (Table 1). Overall, the oxidative stability of Ribonuclease
of a cysteine residue at position 74 in hRI is responsible for complexes seem to mirror their conformational stability.
the additional sensitivity of hRI to oxidation and could

represent an adaptive substitution that diminishes RI con-DISCUSSION

centration at a lower cytosolic reduction potential. . . o ]

Upon complex formation with RNase A, bRI gains an Unregulatgd ribonucleolytic activity is potentially damag-
additional 4-fold in oxidative stability and remains stably N to essential cellular processd2,(13, 15, 70). To protect
bound to RNase A at up to 0.30% vAs®h (0.13 M H:05), themselves, cells hav_e e\_/olved RaS( 26, 31). RI might
again underscoring the extraordinary stability of the Rl have coevolved with its ribonuclease ligan@6,(31), as
ribonuclease complex. Surprisingly, complex formation with Mammalian Rls do not bind to ribonuclease homologues
RNase 1 elicits a 2-fold decrease in the oxidative stability from frogs (71, 72) and hRI has 100-fold higher affinity for
of bRI. This decrease could be due to changes in the briNuman RNase 1 than for bovine RNase 28) This
structure upon RNase 1 binding, as seen upon RNase Ar_elat|0nsh|p is pot d_e_f|n|t|ve, hqwever_, as t_vvo of three new
binding to porcine RIZ29), allowing better access to reactive ribonucleases identified from fisib@nio rerio) are bound
sulfhydryl groups. Additionally, RNase 1, being more by hRI 23).
cationic than RNase A6(/), could preferentially shift the The structural basis of the possible coevolution of ribo-
pK, of nearby cysteine residue8q), thereby favoring the  nucleases and RI (Figure 1A) has been elucidated at
transition from the thiol (RSH) to the more reactive thiolate atomic resolution for four RNase A superfamily members:
(RSY) form (68, 69) and facilitating disulfide bond formation =~ RNase A, angiogenin (RNase 5), eosinophil-derived neuro-
(44). hRI, in contrast, has slightly increased oxidative stability toxin (RNase 2), and RNase 28—30, 73, 74). The structural
upon complex formation with either RNase A or RNase 1 contacts within the hRRNase 1 complex (PDB accession
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A [ Table 2: Conservation of Ribonuclease-Contact Residues i Rls

1.0 human  chimp cow pig mouse rat chicken
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Fraction Oxidized
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w0zA4s 0%0pZnZZMms N PmMmMsSsY90x00
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ng<
P TR

Fraction Oxidized

aContact residues in the hfNase 1 complex are from PDB

0.0 accession code 1Z7X (chains Y and 2B8). RI residues from other
Ll Ll Lol organisms are from the alignment in Figure S-2.
0.01 0.1 1
[Hy0,] (% viv) produced inE. coli and purified along with their cognate

FiGure 4: Stability to hydrogen peroxide oxidation {8%) of RI ”bonUCI?aneS' . . .

and Reribonuclease complexes. The decrease in fluorescence The binding of proteins to small ligands can increase the
intensity of diethylfluorescein-labeled ribonuclease upon binding thermal stability of the protein through the influence of the
to Rl was used to measure the oxidative stability of free Rl and |igand on the unfolding equilibrium of the proteifg 59,

RI-ribonuclease complexe8, 38, 44). The complex formed by ; ; .
RI (10 xM) and ribonuclease (1@M) was incubated in serial 61, 64). The increase in thermal stabilithT,) can be related

dilutions of HO; buffered in 20 mM HEPESHCI buffer, pH 7.6, directly to the binding affinity Kq) of ligands for the protein
containing KCI (50 mM) and DTT£50 M) for 30 min at 37°C. (75) but only when the association rate and binding enthalpy
Data points are the meas-6E) of three independent experiments  of the ligands are constan4). These same principles of
and were normalized for the maximum fluorescence of the unbound thermal stabilization can also be applied to proteiatein

ribonuclease. Data were fitted to eq 2 to determine values of : o
ICso (Table 1). Panel A depicts data for bRT), bRI-RNase A complexes§2, 63). Both Rl and ribonuclease are stabilized

(a), and bRIRNase 1 W); panel B depicts data for hRIO), upon formation of a Rfibonuclease complex (Table 1). All
hRI-RNase 1 #), and hRIRNase A ®); panel C depicts data for ~ of the complexes between bRI or hRI and ribonuclease have
hRI (O), C74L hRI (v), and C408G hRIY). ATy >10°C from free RI, with the bRRNase A complex

having the largest change at-1¥8 °C. This AT, value is
code 1Z7X) were extracted and the conservation of thesesimilar to that for barstar upon complex formation with
Rl residues are compared in Table 28 If Rl and barnase AT, = 20 °C (63)), its cognate ribonuclease. Like
ribonuclease have coevolved, contact residues are likely tothe binding of vertebrate ribonucleases by RI, the binding
be conserved between RI proteins. For example, bRI andof barnase by barstar is essential to cell surviva).(Thus,
chicken RI have amino acid sequence identities to hRI of all known essential ribonuclease inhibitaibonuclease
74 and 49%, respectively (Figure S-1), but for contact interactions have T, value in the range of 1620 °C.
residues, the sequence identities to hRI are 93 and 61%, For RIribonuclease complexedT,, should serve as a
respectively (Table 2). The greater conservation of contact good indicator of binding affinity@4, 75), as the association
residues is consistent with the existence of selective pressuregates and binding enthalpies for RNase 1 and RNase A should
that maintains the high affinity of RI for ribonucleases. Also, be nearly identical48). The dissociation rate constants and
a phylogenetic tree of these RI proteins from diverse AT, for Rl-ribonuclease complexes do indeed correlate, as
organisms (Figure 5A) has an architecture and rate of the hRIRNase A complex has the fastest dissociation rate
evolution similar to that of the phylogenetic tree of ribonu- and the lowesAT,, (10 °C), and as both bRiibonuclease
cleases from the same organisms (Figure 52)-64). To complexes have identicél values andAT,, values (Table
gain insight into the coevolution of affinity of this femto- 1). This direct relationship between binding affinity and
molar protein-protein complex and to address whether an thermal stability suggests that the thermal stability of RI
evolutionary imperative exists for species-specific regulation ribonuclease complexes could be used in future studies to
of ribonucleolytic activity, Rl from cow and human were estimate their binding affinities.
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A

100] human (Homo sapiens)

L chimp (Pan troglodytes)

99 porcine (Sus scrofa)
—|: bovine (Bos taurus)
P

010 100 mouse (Mus musculus)

rat (Rattus norvegicus)

chicken (Gallus gallus)

human (Homo sapiens)
chimp (Pan troglodytes)

porcine (Sus scrofa)
bovine pancreas (Bos taurus)

bovine seminal (Bos taurus)

bovine brain (Bos taurus)
— 74 mouse (Mus musculus)

rat (Rattus novegicus)

chicken (Gallus gallus)

Ficure 5: Phylogenetic tree of RIs (A) and ribonucleases (B) from various organisms. Cladograms of Rl and ribonuclease were made with
the program MegAlign from the Lasergene software package (DNASTAR, Madison, WI). Bootstrap values were calculated using 2000
replicates, and values40 are reported. The bar indicates the distance for 0.10 substitutions per site. GenBank accession codes for Rl and
ribonuclease sequences are listed in the experimental procedures, and sequence alignments are shown in Figures S-2 and S-3.

Besides acting as an intracellular sentry, Rl appears to playthan hRI (Figure 4). Cows have more ribonucleases22y) (
another biological role. The natural abundance of cysteine than do humans (124)), including three with high similarity
residues is 1.7%7(7). In contrast, 6-7% of the residues in  to RNase 1 from three different tissues (Figure 5B).
known RIs are cysteine. The 282 cysteine residues of Rl Accordingly, bRI might need to maintain broader specificity
homeostasis by scavenging free radicalg @8, 78). The  pjgjogical role of RNase A is to digest dietary RNA in a
ensuing oxidation of the cysteine residues to half-cystines ., stomachg0), but new biological roles for RNase 1 in
Iegds to the rapid degradation of Rl in the Cé{BX‘. In vertebrates seem to be evolving, as bursts of gene duplication
prlma'ges, RI seems to haye evolved Qfeater s'ensmv.lty to and gene deactivation are observedCarnivora (81). hRI
oxidation through the addition of a specific cysteine residue, might be evolving new biological roles along with RNase 1
Cys74 (Figure 4C), whose conversion to leucine increases . - i

and adding new levels of cellular regulation through its

the oxidative stability of hRI by 2.5-fold. This increased o L : .
sensitivity of hRI to oxidation could facilitate greater sensitivity to oxidative stress. Addressing these evolutionary

regulation of the cellular concentration of hRI through guestions will require the purification and identification of
modulation of the cellular redox environment and thus permit Rl proteins from additional organisms and performing
more sensitive control over ribonuclease biology. analyses similar to those performed for ribonucleadés (
Upon formation of a complex with an intraspecies ribo- 18, 21, 22, 82).

nUClease, the oxidative Stab|l|ty of Rl increases (Table 1 and ConclusionsThe Comp|exes between RI and ribonucleases
Figure 4), compromising its ability to compensate for geryve as an ideal model system to investigate the coevolution
OX|dat|ve_stress. Ap_parently,_the twq bI.0|0-gI.C-a| rgles o_f Rl of an essentially permanent proteiprotein complex. To

are functionally distinct, but its role in |_nh|b|t|ng. mvadmg. rotect cells from damaging ribonucleolytic activity, the RI
r|b'onu'cleases appears o supersede its roIelln medlatln ibonuclease complex remains intact even when confronted
oxidative damage, as even under extreme oxidative stressoy severe thermal or oxidative stress. Yet, hRI shows

e.g., 0.13 M HO; for the bRtRNase A complex), it remains . _ o
E)ognd to ribonuczleases. Other cellular bion?olec):ules can servencreased sensitivity to oxidation (largely due to Cys74) than

to regulate the cellular redox environmenig), but no other does bRI'_ suggesting greater feg,“'a“on of the cellular
cellular inhibitors of ribonucleases are knowe), Conse- concentration of hRI through modulation of the cellular redox

quently, RI needs to maintain its high affinity for ribonu- €nvironment. hRI also displays greater variation in binding

cleases so as to protect cellular RNA, even under severely@ffinity for ribonucleases, as it binds RNase 1 with signifi-

oxidizing conditions {2, 13, 15). cantly higher affinity than RNase A, whereas bRI maintains
The kinetic inhibition of ribonucleases by RI is essen- broader specificity, binding both ribonucleases with high

tially permanent, as both bRI and hRI bind RNase A and affinity.

RNase 1 withKy values that are below 35 fM and withy,

values for the complexes (except the HRWase A complex)  ACKNOWLEDGMENT

that extend beyond 5 weeks (Table 1). Interestingly, bRI does

not show the same species-specific affinity preference of hRI  We are grateful to D. R. McCaslin for assistance with CD

(28). Rather, bRI maintains broader specificity for ribonu- spectroscopy, and to T. J. Rutkoski and G.A. Ellis for

cleases (Table 1 and Figure 2) and greater oxidative stabilityassistance with RI purification.
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SUPPORTING INFORMATION AVAILABLE

Sequence identities for Rls and ribonucleases shown in
Figure 5 (Figure S-1), multiple sequence alignment of RIs
for Figure 5A (Figure S-2), and multiple sequence alignment
of ribonucleases for Figure 5B (Figure S-3). This material
is available free of charge via the Internet at http:/
pubs.acs.org
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