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ABSTRACT. RNase inhibitor (RI) binds diverse proteins in the pancreatic RNase superfamily with extremely
high avidity. Previous studies showed that tight binding of RNase A and angiogenin (Ang) is achieved
primarily through interactions of hot spot residues in the 4880 C-terminal segment of RI with the
enzymatic active site; Asp435 of RI forms key hydrogen bonds with the catalytic lysine in both complexes,
whereas the other contacts are largely distinctive. Here we have investigated the structural basis for
recognition of a third ligand, eosinophil-derived neurotoxin (EDN), by single-site and multisite mutagenesis.
Surprisingly, Ala replacement of Asp435 decreases affinity for EDN only by 14-fold, as compared to the
several hundred-fold decreases with RNase A and Ang, and individual mutations of three other hot spot
residues-Tyr434, Tyr437, and Serd6thave essentially no effect. Ala substitutions of nine additional
residues, selected by examining a computational model of tHeDR complex, also have no marked
impact. Overall, the losses in affinity for the single-residue variants examined account for26% of

the free energy of binding for the complex. However, multisite mutagenesis of RI reveals strong
superadditivity of mutational effects, indicating that part of this shortfall reflects negative cooperativity.
Replacement of Tyr434 together with Asp435 or Tyr437 incre&séy 540- and 290-fold, respectively.
Thus, the C-terminal region of RI again plays an important role in ligand recognition, although probably
smaller than for binding RNase A and Ang. Simultaneous substitutions of three neighboring tryptophans
(261, 263, and 318) on RI attenuate affinity even more dramatically (by 4900-fold), indicating that the
interactions of this RI region also contribute a considerable amount of the binding energy for the EDN
complex. These findings highlight the potential importance of cooperativity in propgotein interactions

and the consequent limitations of single-site mutagenesis for assessing interface energetics.

RNase inhibitor (R is a 50-kDa cytosolic leucine-rich  RNases, including the proangiogenesis factor angiogenin
repeat (LRR) protein that binds thel4-kDa members of  (Ang) (8, 9).
the mammalian pancreatic RNase superfamily with extra-  From the standpoint of molecular recognition, the rela-
ordinary avidity (for reviews, see ref3-5). The RNase tively small range of dissociation constants that have been
targets of Rl normally reside in the extracellular space or measured for complexes of RI with natural ligands 0.5
are sequestered into organelles, but _small amounts may gaipoo fM with four nonorthologous RNase types, réfand
entry to the cytosol and would be highly toxic were it not 10-19) is remarkable. The sequence identities among these
for the presence of this potent inhibit®, (7). RI may also  RNases are only~25-40% (see refl3), and only nine
regulate the unusual blOlOglcal activities exhibited by several accessible residues are Comp|ete|y conserved or conserva-
tively replaced {, 14—18). In principle, the broad specificity
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Ficure 1: Crystal structure of hRI in its complex with Ang1),
showing thea-carbon backbone, along with the side chain atoms

Teufel et al.

various combinations of hRI residues were replaced. These
findings indicate that the C-terminal region of hRI is again
important for ligand recognition, although its interactions
with EDN are clearly different from those with RNase A
and Ang. The effects of multisite mutagenesis also identify
a Trp-rich region at the 1012 o’clock position of the RI
horseshoe as a major contributor to binding affinity.

EXPERIMENTAL PROCEDURES

Materials Human Ang, wild-type hRI, and the hRI
variants W261A, W263A, W318A, W261A/W263A/W318A
(3W), K320A, Y434A, D435A, Y437A, Y434A/D4A35A,
Y434A/Y437A, and des(460) were produceddscherichia
coli as described previously,(22, 31, 32). Human EDN
was purified from urine33). The RNase substrate 6-FAM
mAmMArCmAmA~Dabcyl was obtained from Integrated
DNA Technologies (Coralville, 1A) (6-FAM is 6-carboxy-
fluorescein, mA is 20-methyl-riboadenosine, rC is ribocy-
tidine, and Dabcyl is 4-(4-dimethylaminophenylazo)benzoic
acid). Sources of other materials and procedures for quan-

of residues that contact Ang and/or RNase A [as inferred from the tification of Ang, RNase A, and hRI are described by Chen

crystal structure of the complex of pRI with RNase 29( 20)].

Residues that contact only Ang, only RNase A, or both ligands are
shown in green, blue, and red, respectively. The figure was drawn

with Molscript (59).

and Shapiro22) or in the references therein. EDN stocks
were quantified by titration with hRI in an assay measuring
the initial rate of cleavage of UpA (see belovd4y.

Site-Directed Mutagenesis and Production of Variant

complexes, the ligand active site makes abundant interactiongProteins Fragments of hRI cDNA containing the desired

with the S/a loop 434-440 and Ser460 (human RI (hRI)
numbering) that account for a large fraction of the binding
energy @, 22, 23). Although most of the intermolecular

mutations were generated by overlap extension PEERas
described 23). The final PCR products were digested with
Stul and either BstX | (R63A and D121A) or EcoR | (S405A,

contacts in this region of the two complexes are not the same,D411A, and E443A) and ligated into pTR#PRI that had
one energetically important feature is shared: hydrogen been cleaved by the same enzymes. Sequencing confirmed

bonds between the catalytic lysine of the ligand (Lys41 of
RNase A, Lys40 of Ang) and Asp435 of RI. These
observations suggest that the 43%60 region of Rl may be
a universal hot spot2d) for binding all ligands, with the
interactions of Asp435 and the fully conserved catalytic Lys

the presence of the intended mutation and the absence of
any spurious changes. Variant proteins were producé&d in
coli, purified to homogeneity (as judged by SBBAGE),

and stored as described previousdp)(

Kinetics (A) AssaysAll kinetic experiments were per-

serving as a key anchoring point and contacts with more formed in 0.1 M Mes-NaOH (pH 6.0) containing 0.1 M NaCl

variable active site residues providing much of the additional
binding energy Z1, 23). The remainder would then derive
from largely unique interactions of residues lining the RI
cavity outside this region with nonactive-site ligand com-
ponents.

Here we have performed a mutational analysis of the
complex of hRI with a third ligand, human eosinophil-derived
neurotoxin (EDN) Ki ~ 1 fM, ref 11). EDN, also known as
RNase 2, is a major component of eosinophil granu®&s (
and is distributed widely in human body fluids and tissues
(11, 26—28). Our study was undertaken in part to test the
mechanistic hypothesis for RI's broad specificity outlined

at 25°C. This buffer was passed through a C18 Sep-Pak
cartridge (Waters) and a 0.4&ilter to remove adventitious
RNases and insoluble materials and was degassed im-
mediately prior to use. Assay mixtures were supplemented
with 10 ug/mL of BSA, and incubation mixtures for
dissociation measurements were supplemented with:g00

mL BSA and 1 mM EDTA. RNase A, EDN, and inhibitor
stocks were diluted in water containing 120/mL BSA,
inhibitor dilutions also contained 5 mM DTT and 6:1 mM
EDTA.

(B) Dissociation Rate Constant®Rate constants for
dissociation K4 values) of EDNinhibitor complexes were

in the preceding paragraph but also to aid in the design of determined by a modification of published procedurgs (

Ang- and EDN-specific derivatives of hRI for use as
anticancer agents8( 29) and as drugs for treatment of
hypereosinophilic syndrome3(@), respectively. Surprisingly,
Ala replacement of hRI Asp435 was found to produce only

10, 11). In this method, a scavenger for free inhibitor is added
to the complex, and the appearance of free EDN is followed
by assaying for enzymatic activity. The initial mixture of
EDN (100 nM) and inhibitor (156200 nM) was incubated

a modest decrease in affinity, and other single-residue for 20 min at 25°C prior to addition of scavenger (Ang, 5
changes in the C-terminal segment of RI that dramatically «M final concentration). For some variants, additional

impaired binding of RNase A and/or Ang had little effect.

Individual replacements of nine residues outside this region,

selected by examining a computational model of the hRl_EDN
complex, also failed to influence affinity appreciably.

incubations were performed as described below. Aliquots
(50uL) were taken periodically for up to 9 days and assayed
for activity toward UpA (100uM); initial velocities were

measured spectrophotometrically. The activity of Ang in this

However, substantial losses in avidity were observed whenassay is undetectable. Control incubations showed that free
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EDN retains full RNase activity for 14 days and that no  Fits were performed with SigmaPlot 2000. Edghs value
significant amount of EDN is released from the complex in for the multi-residue variants was measured in duplicate, and
the absence of scavenger for at least 9 days. values for all other variants were measured at least in
As was observed previously for other RI complex@s (  triplicate. The dependence &f,s on [I] for wild-type hRI
10, 11), dissociation was biphasic, with release of-HB% was linear at the concentrations used, indicating that
of the ligand during the first several minutes, followed by a represents the true second-order rate constant for association
much slower dissociation of the remainder. This biphasic if complex formation occurs in a single step, or that it
process may reflect heterogeneity in the inhibitor, the ligand, corresponds t&/K; if binding follows a two-step mechanism
or both (L1); for example, it is possible that the inhibitor as with Ang and RNase AK{ is the equilibrium constant
preparations contained some partially oxidized protein with for the initial loose complex El, ank is the rate constant
decreased affinity for the ligand. Data for the slower phase for conversion of El to the final tight complexB4, 39).
(9—14 points per complex) were fitted to a single-exponential With D435A-, Y434A/D435A-, and Y434A/Y437A-hRI,
decay process with SigmaPlot 2000 (SPSS). For wild-type which bind less rapidly than wild-type hRI, [I] was increased
hRI and all variants except for Y434A and D435A, the 50- to 160, 200, and 100 pM, respectively. With K320A-hRI,
fold molar excess of Ang over EDN in the standard which binds faster than wild-type hRI, the EDN concentration
dissociation experiments was judged to be adequate towas doubled to increase the magnitude of fluorescence
capture essentially all of the free inhibitor: wild-type hRI change.
binds Ang severalfold more tightly than EDN; variants (D) K; Values and Binding Free Energieall inhibition
W261A, W263A, W318A, K320A, Y437A, and des(460) constants except for those of the 3W, Y434A/D435A, and
were demonstrated previously to retain extremely high Y434A/Y437A complexes were calculated frokg and ky
affinity for Ang (2, 23); the new variants involve replace- (K; = kg/ky); this method is valid for both the single-step
ments of residues outside the hRhg interface R1). and the two-step association mechanisms described above.
Replacements of Tyr434 and Asp435 by Ala increse  TheK; values for the multi-residue variants were determined
values for Ang by 256 350-fold 2) and have much smaller  fluorimetrically from the dependence of initial velocity
effects on binding of EDN. Therefork, values for Y434A- on [I] as described previousl28). The EDN concentrations
and D435A-hRI were calculated from additional data were 3 pM (3W) or 2 pM (Y434A/D435A and Y434A/
collected with a higher molar excesses of Ang; for Y434A, Y437A), and substrate was 100 nM.
the concentrations of EDN_ and inhibitor were reduced by A values for complex formation were calculated-eRT
5-fold and that of Ang was increased by 2-fold, whereas for InK;, and changes in binding free energyXG) associated
D435A, the EDN and inhibitor concentrations were decreased ith amino acid substitutions were calculated-aRT In-
by 3.3-fold, and Ang was unchanged. (Kiwt/Kivar), where wt and var refer to wild-type and variant
(C) Association Rate ConstantRate constants for  phR| AAAG values for multiple-residue variants are the sum
complex association were determined by monitoring the of AAG values for the single-residue variants minusA2eG
onset of inhibition in an assay that measures EDN- yajye measured for the multiple-residue variant. Standard
ca;al)l/:eéj (fbl\eaxagDe gf t|he@élu§%)g,imc substrate 6-FAM  grrors were calculated as described previougB).(
mAMArCmAmA~Dabeyl (36, 37). Assay mixtures con- Modeling of RIEDN Complex StructuresThe 1.6 A-
tained 100 nM substrate, 3 PM‘EDN’ and 80 pM |nh|b|tor resolution crystal structure of EDN (PDB code 1HI2, 1&j
except where ngted otherwise; the Cleavage. reaction was, oq superimposed onto RNase A and Ang in the crystal
|n|t|§1ted by addition of enzyme and_was moTtored with a structures of the complexes of porcine RI (pRI) with RNase
;’IOb'ﬁ \Q’Z%”'nsrﬁeXU':r:‘ég:"t'\r’]'gxéir:g!?g?eteié@dg;%f "M Aand hRI with Ang (PDB codes 2BNH, rdf0 and 1811,
sznt])s_trate was )c.onsumed thereb I Ienguzi tha(t) doecreeases irefZL respectively) with the program SHRQ). These initial
h f ol I | ﬂy | gf f EDN fodels were subjected to energy minimization by two
the rate of cleavage solely reflect loss of free EDN as o an methods, both implemented with the program CNS
inhibitor binds. Because of the large molar excess of inhibitor (41): (i) conjugate gradient minimization (200 cycles) with

over EDN, the concentration of free inhibitor, [l], did not ., experimental energy terms and (i) simulated annealing/
change significantly during the assay, and association could olecular dynamics as described by Rice anchger @2)

be treated as a first-order process. Control assays reveale h ; ; ;
. . : e models obtained by the two procedures did not differ
that the complete cleavage reaction (with 100 pM EDN) in appreciably. An hREDN model described previousigT),

the absence of inhibitor is first-order, indicating that the which was generated with a different program using an earlier

substrate concentration _used is well bel&w In all cases . EDN crystal structure, is similar to those generated here.
except for the assays with 3W-hRI, association resulted in

>99% inhibition, and the apparent second-order rate constantRegyL TS

for associationks, was calculated akpd[l], where Kqps is

the rate constant obtained by fitting the progress curve to Interactions of Y434A, D435A-, Y437A-, and des-
the equationF; = Fy + c(1 — e™»d); Fo and F; are the (460)-hRI with EDN.Earlier studies showed that individual
fluorescence values measured at time zero and time replacements of hRI Tyr434, Asp435, and Tyr437 by Ala
respectively, and is an instrument and substrate-related and deletion of the hRI C-terminal residue Ser460 substan-
constant. For 3W, the progress curve was fitted to the tially decrease affinity for RNase A, and in two cases (Tyr434
equationFy = Fo + vdt + (v — vs)(1 — e *bd)/Kops Wherew; and Asp435), for Ang as well( 22). Therefore, we began
and vs are the reaction velocitiesAF per second) at the  our analysis of the hREDN complex by measuring the
beginning of the assay and after association is complete,effects of these mutations on affinity for EDN. TKevalue
respectively. This equation is adapted from that of GG&.( for the complex of wild-type hRI with EDN from human
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Table 1: Kinetic Constants for the Complexes of EDN with hRI Variants Y434A, D435A, Y437A, and De%(460)
AAGgpy® AAGgnase £ AAGang'

hRI ki(stx 1077) ti° (days)  ka(M~tstx 10°) Ki (fM) Ki var Kiwt® (kcal/mol) (kcal/mol) (kcal/mol)
wild type 4.0+ 0.6 20.1 1.48+ 0.02 2.7+ 0.4
Y434A 7.6+ 0.6 10.6 1.55t 0.02 4.9+ 04 1.8 0.4+ 0.1 5.9 3.3
D435A 16+ 2 5.0 0.444+0.01 36+t 5 14 1.5+ 0.1 3.6 35
Y437A 4.6+ 0.7 17.6 1.36+ 0.01 3.4+ 0.5 1.3 0.1+0.1 2.6 0.8
des(460) 3404 21.9 1.20+ 0.03 3.1+ 0.4 1.1 0.1£0.1 35 1.3

aKinetic parameters were measured as described in Experimental Procddiaéisife for dissociation of the complex.K; for variant RI
divided by that for wild-type RI9 AAG values are the difference in binding free energies for the wild-type and variant complexes, calculated from
the equatiolAAG = —RT In(K;w/Kivar). ¢ AAG measured for complex of hRI variant with RNase &).( AAG measured for complex of hRI
variant with Ang @).
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Ficure 2: Dissociation of the complexes of EDN with hRI variants assays for EDN-catalyzed cleavage of the fluorogenic substrate
Y434A, D435A, Y437A, and des(460). Data are plotted as 6-FAM-mAmMArCmAmA-Dabcyl in the presence of wild type and
[EDN]g/[EDN]g o vs time for wild-type and variant hRIs, where  variant hRIs, with the reaction initiated by addition of EDN to a
[EDN]g: and [EDNE, are the concentrations of bound EDN at mixture of substrate and inhibitor. The lines drawn are the best fits
timet and at the first time point{5 min), respectively. The lines  of the data to a single-exponential rise to maximum: D435A (short
drawn are the best fits of the data to a single-exponential decay: dashes), des(460) (dastot—dash), Y437A (dots), wild-type
(from top to bottom) des(460) (open square, long dashes), wild (continuous), and Y434A (long dashes).
type (filled circle, continuous), Y437A (filled triangle, short dashes),
Y434A (open circle, dots), and D435A (open triangle, dadbt—
dot). As noted in Experimental Procedures, the dissociation of all for the complexes with RNase A and Ang were 470- and

co{nﬁ)'te.xes was bifél;s;c, a”_%stomer\'leN&’Vi‘g r2e|2eals4ed pgogg/the%o-fold, respectively. Thi; value for the Y434A complex
initial time point: 10% for wild-type Rl and 12, 22, 14, an 0 i : : o
for YA34A, D435A, Y437A, and des(460), respectively. was only 1.8-fold higher than with wild-type EDN, as

compared to the 23 000- and 250-fold increases observed

for the RNase A and Ang complexes. Replacement of Tyr437
placenta was determined previously to be 0.9 fM){ this by Ala and deletion of Ser460 produced no significant
value was calculated from the individual rate constants for changes in affinity for EDN.
dissociation and association. Here we have used a similar Modeling of the REDN Complex.The complex of RI
approach, except that an improved method for measiging with EDN was modeled to investigate the structural basis
values has been developed. As before, complex dissociatiorfor the effects of the 434, 435, 437, and 460 mutations, as
was monitored by the appearance of free EDN after addition well as to identify other potential interface residues on RI
of a scavenger for free inhibitor (Figure 2). Values fqr for study. Initial models were generated by superimposing
were obtained directly from the rate of onset of inhibition the crystal structure of EDN onto those of Ang in the
of EDN's RNase activity at extremely low enzyme and hRI-Ang complex and RNase A in the pfRNase A
inhibitor concentrations (Figure 3) rather than indirectly as complex. Both structures were used as targets for super-
in the earlier study. Th&; andk, values measured for the  position because the Rl backbones in the two complexes
wild-type complex were 4.6 107 stand 1.5x 10° M~ do not align well 1). The backbone differences, which
s1, respectively, yielding & value of 2.7 fM. The~3- reflect the larger opening of the RI horseshoe in the RNase
fold difference between this value and that reported earlier A complex, appear to be dictated by the ligand, and we
may stem from minor changes in incubation conditions or cannot predict which (if either) structure corresponds to that
from differences in the N-glycosylation stat&3| of the urine adopted when EDN is bound. The particular species of RI
EDN used here and EDN from placenta. used in these complexes is probably not an important

All four of the mutations in the C-terminal region of hRI  consideration: hRI and pRI share 77% sequence identity

had a much smaller impact on binding of EDN than on that (44, 45), including nearly all residues that contact Ang or
of RNase A and Ang (Table 1). The largest increas&in RNase A R0, 21), and their affinities for RNase A are
measured for the D435A complex, was 14-fold, reflecting a indistinguishable 10, 39).
4-fold more rapid dissociation (Figure 2) and a 3.4-fold  In both superimposition models, well over half of the
slower association (Figure 3). The correspond{nocreases  intermolecular contacts involve the 43460 segment of RI.
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Table 2: Kinetic Constants for the Complexes of EDN with hRI Variants Containing Replacements Outside-t48 74360 Regioh

hRI ki (st x 1077) ty (days) ka(M~1s71 x 10°) Ki (fM) Kivar Kiwt® AAGH (kcal/mol)

wild type 4.0+ 0.6 20.1 1.48t 0.02 2.7+ 0.4

R63A 25+ 04 32.6 1.59t 0.02 1.6+ 0.3 0.6 -0.3+0.1
D121A 3.3+ 05 24.3 1.19% 0.02 2.8+ 0.5 1.0 0.0£0.1
W261A 4.6+ 0.4 17.3 1.23t 0.02 3.8+ 0.4 1.4 0.2+ 0.1
W263A 14.1+ 0.6 5.7 1.22+ 0.04 12+ 1 4.3 0.9+ 0.1
W318A 43+ 1 1.9 1.33£ 0.02 32+ 1 12.0 1.5£0.1
K320A 3.1+ 04 25.5 2.7Gt 0.06 1.2+ 0.1 0.4 -0.5+0.1
S405A 2.9+ 05 28.0 2.06t 0.11 1.4+ 0.2 0.5 —-0.4+0.1
D411A 2.1+ 0.3 38.0 0.96+ 0.02 2.2+ 0.3 0.8 —0.1+£0.1
E443A 25+ 04 31.7 0.85+ 0.01 3.0+£04 1.1 0.1+£0.1

aKinetic parameters were determined as described in Experimental Proceétdadilife for dissociation of the complex.K; for variant RI
divided by that for wild-type RI¢ AAG values are the difference in binding free energies for the wild-type and variant complexes, calculated from
the equatiolAAG = —RT In(Ki wt/Kiyar)-

Asp435 of RI is positioned to hydrogen bond with the
catalytic lysine (Lys38). Residues Tyr434, Tyr437, and
Ser460 are also close to EDN, and many of the side-chain
atoms in fact clash in one or both of the models: Tyr434
with GIn34 and Arg36, Tyr437 with Arg68 and His129, and
Ser460 with the N-terminal two residues. When these models
were subjected to energy minimization, the conflicts were
alleviated by the repositioning of both the Rl and the EDN
residues involved; in some instances the movements were
large. After these rearrangements, Rl Tyr434, Tyr437, and
Ser460 all remain within contact distance of EDN. Interest-
ingly, the interaction of Rl Asp435 with Lys38 of EDN is
lost upon energy minimization.

Four additional residues from the C-terminal segment of
RI—Val432, Trp438, Glu443, and lle4590rm contacts with
EDN in the models. Of these, Glu443 forms the interactions
that would seem most likely to contribute significant binding
energy: hydrogen bonds with“Nf Lys1 and N* of Trp7. based on modeling. The-carbon backbone of hRI in its complex
Outside this region, the 885 loop of EDN forms numerous  with Ang (21) is shown, along with the side chains of putative
van der Waals contacts with Trps 261, 263, and 318, and acontact residues outside the 43437/460 region in the modeled
neighboring residue, Lys320, lies within hydrogen bonding RI-EDN complex. The figure was drawn with Swiss-Pdb Viewer
distance from Asn39. Several hydrogen bonds outside the@"d POVRAY (http:/www.povray.org).

C-terminal and Trp-rich regions were also noted, including: variants were often more dramatic than would be anticipated
(i) three between the side chain of Rl Arg63 and EDN if the residues replaced function independently (i.e., the
residues GIn28, Ser94 and Asn95; (ii) one between RI energetic effects of the mutations were superadditive, refs
Aspl21 and EDN Arg97; (iii) one between Rl Ser405 and 22 and23). The possibility that this might also be the case
EDN Arg36; and (iv) one between RI Asp411l and EDN for the EDN complex was investigated with the hRI Y434A/
Arg68. D435A, Y434/Y437A, and W261A/W263A/W318A (3W)

Effects of Single-Residue hRI Substitutions Outside thevariants.

434—437/460 RegionThe roles of hRI residues Arg63, The method we used to measufe values for single-
Aspl21, Trp261, Trp263, Trp318, Lys320, Ser405, Asp411, residue variants seemed unlikely to be successful for Y434A/
and Glu443 (Figure 4), all of which feature prominently in  D435A and Y434A/Y437A because Ang binds these variants
the interface in the REDN model complexes, were inves- much less tightly than wild-type hRI (by 100 000- and
tigated by single-site mutagenesis. The largest changes wer&4 000-fold, respectively) and would probably be an inef-
measured with W263A and W318A (4- and 12-fold increases fective scavenger for the dissociation experiments. Therefore,
in K;, respectively); the primary effect in both cases was on we tested the possibility that tH& values for these EDN

ka (Figure 5, Table 2). None of the other replacements complexes might be high enough so that they could be
increased; significantly, and some (Arg63, Lys320, and determined directly from the dependencewvgfon [I]. For
Ser405 to Ala) even resulted in tighter binding. For R63A, this method to yield accurat€ values, the amount of time
this improvement reflects primarily slower dissociation, EDN and inhibitor are preincubated prior to addition of
whereas for the other two botky and k, were affected. substrate must be sufficient for complex association to
Dissociation of the D411A and E443A complexes was also approach completion. Measurements of thevalues for
somewhat slower than for wild-type, but in these instances Y434A/D435A and Y434A/Y437A (Table 3) indicated that
association was also slower, so that there was no net effec2 h preincubations would be adequate for initial tests with

Ficure 4: Positions of hRI residues selected for mutational study

on K.
Interactions of Multi-Residue hRI Variants with EDiRor
the hRFANg complex, the losses in affinity for multi-residue

[I] = 10 pM. Inhibition in these assays was incomplete for
both variants, despite the 5-fold molar excess of inhibitor
over EDN, suggesting that determinationkgfvalues by this
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Table 3: Kinetic Constants for Complexes of EDN with Multi-Residue hRI Varfants

hRI ke (st x 1079) ka(M~ts™1 x 10°) Ki (pM) Kivarl Kiwi® AAGH (kcal/mol) AAAGE (kcal/mol)
3w 143+ 12 1.06+ 0.06 13+ 1 4900 5.0+ 0.1 —254+0.2
Y434A/D435A 6.1+ 1.3 0.42+ 0.1 1.5+ 0.3 540 3.4 0.2 —1.84+0.2
Y434AIY437A 5.8+ 2.0 0.73+ 0.03 0.8+£0.3 290 3.3:0.2 —2.8+£0.2

aKinetic parameters were determined as described in Experimental ProceédDadsulated from the measured values kgrand K;. € K; for
variant RI divided by that for wild-type RE AAG values are the difference in binding free energies for the wild-type and variant complexes,
calculated from the equatiohAG = —RTIn(K;w/Kivar). ¢ AAAG values are the sum &AG values for single-residue variants (from Tables 1 and
2) minus theAAG value for the multi-residue variant.

o
-]
=
=]
w
<
o
=
a
w,
0.0 ' : : : ® 10 20 3 40 s 60
0 50 100 150 200
TIME (hours) [3W-hRI] (pM)

Ficure 5. Dissociation of complexes of EDN with (listed from  FIGURE 6: Inhibition of EDN by 3W. Data are plotted as vs [I],

top to bottom, black symbols and lines unless indicated otherwise) with conditions as described in Experimental Procedures. The curve

D411A (filled circles, long dashes), R63A (open circles, dots), fit was calculated with an equation for tight-binding inhibition

E443A (filled triangles, continuous), S405A (gray filled triangles, (23, 60).

continuous gray), D121A (filed squares, short dashes), K320A

(gray filled squares, gray dots), wild-type hRI (filled diamonds, DISCUSSION

dash-dot), W261A (open diamonds, dastiot—dot), W263A (open

inverted triangles, short dashes), and W318A (filled inverted = The complexes of RI with its most avid ligands (Ang,

iangles, soninuous), poted a5 in Figure 2 The exerts of EDN, and RNase 4% = 0.7-4 M, fefs¢, 10, and1d are

complex , 16, - : L -

17, 1p2, 13, 13, 16, 12, F1)7, and 23%, respectiveFI)y (see Experimentalamong the tlghteSt. protetprotein interactions on record.’

Procedures). to our knowledge rivaled only by the complexes of colicin
E9 with its immunity protein Im9 (0.09 fM at low ionic
strength, re#6), TIMP-2 with gelatinase A (0.6 M, re47),

method would be feasible. Additional assays were then and ecotin with chymotrypsin (4 fM, ref8). In achieving

conducted with 1530 pM inhibitor. TheK; values obtained  the high affinity of RI for multiple targets, nature had to

were 1.5 pM (Y434A/D435A) and 0.8 pM (Y434A/Y437A).  solve a molecular recognition problem opposite from that

These are 540- and 290-fold higher, respectively, than for most commonly faced. For the vast majority of proteins that

the wild-type complex and 21- and 120-fold, respectively, strongly associate with other proteins, proper functioning

beyond those expected if the mutational effects were requires that the correct binding partner can be effectively

independent and additive. The magnitudes of these superdistinguished from numerous structural homologues (e.g., ref

additivities AAAG values) are 1.8 kcal/mol (Y434A/  49) (i.e., tight binding and stringent selectivity must co-

D435A) and 2.8 kcal/mol (Y434A/Y437A). For the 434/435 e\/0|ve)_ For the RFRNase system, however, a key require_

variant, the superadditivity reflects only the dissociation ment during the evolution of high affinity binding has been

process Ky values are calculated a§ timesk, Table 3). o maintain very relaxed selectivity, so that the inhibitor can
For the 434/437 variant, however, effects on biefandky protect cells from all of the pancreatic RNase superfamily
are superadditive. enzymes it might encounter. This is not a straightforward

The increase il for the complex of Ang with 3W (6300-  task. The RNases themselves have evolved to carry out
fold; ref 23) is not as large as with Y434A/D435A and  widely divergent functions9) and contain few potential
Y434A/Y437A, and we therefore attempted to deterniine  points of attachment that are well-conserved througHs)t (
for the EDN complex by the standard method. Although Ang |ndeed, the enzymatic active site itself, which is the actual
was an efficient scavenger, dissociation was too rapid for functional target of R, is structurally invariant only at its
accurate measurement. Tkevalue was estimated to bel catalytic center, the Psubsite?

x 1073 s7%, suggesting tha; is well into the range that can How has nature solved this problem? Previous studies have
be determined from a plot af, vs [I]. From the measured  provided a fairly clear, albeit still incomplete, picture of how
kavalue, 1.1x 10® M~ s7%, preincubations of 20 min were

calculated to be sufficient to reach steady-statef@ssays 2 The active sites of RNase A and its homologues contain multiple
at the 3W concentrations to be used (Figure 6). Khe  subsites R B,, and R for binding the phosphate, nucleobase, and ribose
value obtained was 13 pM. This value is almost 5000-fold components of RNA substrates, respectivaly The core subsites are

AL i P, where phosphodiester bond cleavage occugswBich binds the
above that for the wild-type complex and signifies a large pyrimidine whose associated ribose contributes it®x3/gen to the

degree of superadditivity of mutational effect8XAG = phosphate in P and B, which binds the base of the nucleotide that
—2.5 kcal/mol). provides the 50xygen to the scissile bond.
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- RNase A complex by 1 kcal/mol, versus three for the Ang
1 complex. Other parts of the interfaces, containing less
concentrated groups of contact residues, appear to provide
only a small portion of the binding energ23 31).

Another important difference between the HRNase A
and the hRIAng complexes concerns the functional con-
nectivities between various interface components. The sum
of AAG values for all single-residue replacements on hRI
in the RNase A complex vastly exceeti& for the complex.
Thus, the combined effects of the mutations is subadditive,

B
T

L]

AAG (kcal/mole)

(=]
f———

< g g3 g g g 2 sign_al?ng the presence of positive cooperativ?t_y. _So far,
§ § é S ¥ 383 multisite mutagenesis has revealed three specific instances
3 of strong subadditivityZ2, 23). In contrast, the sum &AAG

Y434A/D435A
Y434A/Y43TA

values for replacements in the Ang complex is well below
. , . AG (i.e., the mutational effects are superadditve, signaling

Ficure 7. Comparison ofAAG values for single and multisite . . :

replacements in hRI complexes with EDN (black bars), RNase A negative cooperativity). Numerous examples of this were

(Open bars)' and Ang (gray bars)_ The values for RNase A and found by examination Of Complexes that Cont-ained two or
Ang complexes are from earlier studie® 22, 23). three hRI and/or Ang mutation2?, 23). Taking these

) o cooperativities into account, it was conclud@g)(that about

Rl recognizes two of its ligands, Ang and RNase & € two-thirds of the binding energy for the Ang complex derives

0.7 and 44 fM, respectively, refs0 and 34). The crystal  from interactions of the C-terminal hRI and the enzymatic

structures of the pRRNase A (9, 20) and hRtAng (21) active site, with most of the remainder provided by the

complexes reveal large interfaces (Figure 1), containing 26  interactions of four hRI Trps (261, 263, 318, and 375) and
28 residues on RI and 24 on each ligand. Although nearly the 8415 loop of Ang. The RNase A complex contains the

two-thirds of the contact residues on RI are the same in the ggme primary hot spot, although as noted its detailed
two complexes, only a relatively small number of the specific functioning differs considerably, and in this case the remain-
interactions correspond. This suggests either that the fewder of the binding energy seems to be distributed among
shared interactions are energetically dominant or that tight many interactions outside the hot spot.

binding to RNase A and Ang is achieved through largely  |n jight of these findings, it seemed likely that RI might
different contacts. The resullts_of extensive mutatlonal_studlesachie\,e tight binding of all of its ligands largely through
(2, 22, 23, 31, 51-54) examining most of the hRI residues  interactions of its C-terminal region with the enzymatic active
that contact RNase A and Ang, as well as many residues onsjte. The catalytic Lys appeared to be an especially good
the ligands, support the latter mechanism. _ candidate for a universal anchoring residue. Its side chain
Individual replacements or deletions of four hRI residues aqopts similar positions in all ligands whose structures have
(Tyr434, Asp435, Tyr437, and Ser460) that contact the active peen determined.( 14, 16, 18, 55-57) and might be expected
site of RNase A producAAG values of 2.6-5.9 kcal/mol. o form strong hydrogen bonds with Rl Asp435 in all cases.
Although all of these mutations also diminish affinity for R| displays considerable adaptability in forming additional
Ang, the effect is comparable only for the substitution of tjght interactions with the variable regions of the active sites
Asp435 by Ala (Table 1, Figure 7P). Asp435 forms two — of RNase A and Ang beyond;Pand it seemed likely that
hydrogen bonds with the critical catalytic residue Lys40 in thjs would extend to recognition of other ligands as well.
the hRtAng crystal structure and is thought to form  contrary to this hypothesis, we find that Ala substitutions
analogous interactions in the RNase A compl28, @1)°. of hRI residues Tyr434, Asp435, and Tyr437, and deletion
The contacts of Tyr434, Tyr437, and Ser460 with RNase A 4t Ser460 have no major effect on affinity for EDN (Table
and Ang correspond less well. In the Ang complex, another 7 Figure 7). Even the replacement of Asp435 produces a
residue from this region of RI, Trp438 (main-chain O), forms AAG value of only 1.5 kcal/mol, less than half of that
energetically important hydrogen bonds with the site measured with RNase A and Ang. The disparities for the
residue Arg5 81); these interactions_ are not replicated in  gther variants (which givAAG values=<0.4 kcal/mol) are
the RNase A complex, where Arg5 is substituted by Ala.  eyen larger. Modeling of the REDN complex suggests some
hRI also makes numerous contacts with B#f5 100p  possible reasons for the small magnitudes of the changes
of RNase A and Ang (residues 863 and 84-93, respec-  produced by 434, 437, and 460 mutations. The hydrogen
tively) far from the enzymatic active site. The structure of pond of Asp435 with Lys38 seen in the initial superposition
this loop is quite different in the two protgins. Consequently, models is no longer present after energy minimization,
although many of the same hRI residues are contactedreflecting a~1 A shift in the position of the 435 carboxylate.
(those in the 206375 segment; Figure 1), there is no This movement may be a consequence of the need to resolve
correspondence between the interactions formed, and thesryctural clashes involving other residues, and it is conceiv-
effects of most single-site replacements differ grea2(y).( able that it also occurs during formation of the actual
Seven substitutions decrease the binding energy for thecomplex. Much of the energy contributed by Tyr434 to
binding of RNase A and Ang appears to derive from the
¥ These interactions are not observed in the-BRlase A crystal hydrophobic burial of this residue against the ligand,
structure, where a sulfate ion from the crystallization medium binds including the alkyl portion of Lys40/41. In the energy-
the corresponding lysine of RNase A. However, they most likely occur =" "™,
under the conditions of the kinetic determinations, where no sulfate is Minimized RFEDN model complexes, access of Tyr434 to
present 2). this precise region is impeded by GIn34 (which has no
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structural analogue in RNase A or Ang). TheRDN models ends of the RI horseshoe in the two models might differ
also suggest that Tyr437 of Rl is not well-positioned to form appreciably from that in the actual complex; this opening
strong interactions, as it does with the Burine binding appears to be highly ligand-depende2f), (21) and probably
subsite in RNase A20). For Ser460, the models reveal no would not have been adjusted adequately during energy
contacts comparable to the hydrogen bonds with Lys7 andminimization. (Despite this malleability, a model of the
His8 in the RNase A and Ang complexes, respectively. RI-Ang complex generated by similar procedures from the

The RFEDN models identified nine hRI residues outside RNase A complex crystal structure predicted reasonably
this region as potentially important contacts for EDN. well how the proteins fit together, ref0.) Compositional
Nonetheless, individual replacements of only two of these differences between the recombinant EDN whose crystal
residues (Trp263 and Trp318) diminished affinity signifi- structure was used for modeling and the natural protein used
cantly, and in neither case was the decrease lakges(= in our study must also be considered. (i) The recombinant
0.9 and 1.5 kcal/mol, respectively) (Table 2). The effects of material is extended at its N-terminus by a Met residue,
four of the replacements (Trp261, Trp263, Trp318, and which intrudes into the contact region in the models.
Lys320 to Ala) on binding to RNase A and Ang were (i) Natural EDN, unlike the recombinant protein, is N-
measured previousl\28) (Figure 7). In all but one instance  glycosylated at five sites4@), two of which (Asn65 and
(Trp318 to Ala), AAG values were much larger for the Asn84) are not far from the contact surface in the models.
RNase A than the EDN complex. In contrast, the changes (iii) In natural EDN, Trp7 is C-mannosylated). This
for the Ang complex were indistinguishable from those with residue is in close proximity to RI in the models, and an
EDN. Despite this, the specific interactions with the two added mannose group would clash with the main chain of
ligands must be entirely different because the contacts for Glu440.
these hRI residues on Ang, which lie on h2/31 andS4/ A more complete understanding of the physical basis for
/5 loops, are not conserved in EDN. high-affinity binding of EDN by RI will require the deter-

The sum of the (positiveAAG values for the 13 single-  mination of a three-dimensional structure for the complex
residue hRI mutations investigated here (Tables 1 and 2) isas well as additional mutational studies, including a comple-
only 4.8 kcal/mol (i.e., 24% of the binding energy for the mentary analysis of the effects of replacements in EDN. As
wild-type hRFEDN complex). Our findings with multi-  the investigations of the Rl complexes with RNase A, Ang,
residue hRI variants (Table 3) indicate that some of this and now EDN have made clear, it will be particularly
shortfall is due to negative cooperativity. TRAG values important to dissect cooperative features of the interface.
for replacements of Tyr434 together with either Asp435 or Indeed, it seems likely that the detailed functioning of
Tyr437 (3.3 and 3.7 kcal/mol, respectively) are well beyond protein—protein complexes in general cannot be delineated
the sums for the individual mutations (Tables 1 andA\G without focusing attention on this underappreciated aspect.
for the combination of W261A, W263A, and W318A is even
larger (5.0 kcal/mol) and again greatly exceeds the sum for ACKNOWLEDGMENT
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