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We have modified RNase inhibitor (RI) protein so that it no longer
detectably binds pancreatic RNases but retains near-native affinity
for human angiogenin (ANG). The Ki value for RNase A is increased
by a factor of >108, from 36 fM to >4 �M, and the selectivity factor
for ANG is now >109. This dramatic change was achieved by
remodeling the human RI loop segment Cys-408–Leu-409–Gly-410,
which makes minor interactions with pancreatic RNase but does
not contact ANG. The modifications selected were designed to
sterically hinder docking of the undesired ligand. Three of the
variants tested (C408W, G410W, and C408W�G410W) bind RNase A
with almost the same avidity as WT RI. However, combination of
the 408�410 double Trp replacement with deletion of the inter-
vening residue, Leu-409, was sufficient to abolish inhibition of
RNase A and human pancreatic RNase. The Ki value for ANG with
the deletion variant is 1.1 fM, only 2-fold higher than with WT RI.
This variant may have potential utility both as an anticancer drug
targeting ANG and as a tool for the investigation of the biological
function of ANG. More generally, these findings demonstrate that
a protein–protein interaction can be effectively and specifically
disrupted by redesigning an interface region that makes no major
energetic contribution to complex stability. This finding, in turn,
may have implications for the development of small molecules that
modulate protein–protein interactions.

Most biological processes critically depend on accurate
recognition of proteins by other proteins. Recognition is

often highly selective, involving the binding of a single predom-
inant partner by a particular protein surface or domain. How-
ever, in many cases, an individual domain must have the capacity
to recognize multiple structurally related ligands to fulfill its
function. This type of promiscuity can be based on recognition
of a common short motif, as for the phosphorylated substrates
bound by F-box proteins (1, 2) and Cbl (3). Alternatively, binding
can involve extended regions of homologous proteins, as for the
interactions of various hormones with different receptors (4),
Cdk2 with cyclins (5), and cytosolic RNase inhibitor (RI) with
members of the mammalian pancreatic RNase superfamily (see
refs. 6 and 7 for reviews).

The RI-RNase system represents a particularly remarkable
example of natural protein engineering. The affinity of human
RI (hRI), a 50-kDa leucine-rich repeat protein, for its most avid
ligand, the 14.1-kDa blood vessel-inducing RNase angiogenin
(ANG), is among the highest on record for any protein–protein
interaction [Ki � 0.5–0.7 fM (8, 9)]. Although nonorthologous
ligands of RI share no more than �35% sequence identify with
ANG, they all bind with Ki values that are still in the femtomolar
range (7, 8, 10–12). This broad specificity may reflect the role of
RI as a sentry to protect cells from all of the pancreatic RNase
superfamily enzymes that inadvertently enter into the cytosol
(13, 14).

In principle, RI might have achieved its relaxed selectivity
during evolution by recognizing primarily those ligand elements
that are highly conserved. However, the crystal structures of the
complexes of porcine RI (pRI) with bovine pancreatic RNase A
(15, 16) [Ki � 59 fM (10)] and hRI with human ANG (17) reveal
that only seven contact residues on ANG and RNase A (of 24 in
each case) are structurally analogous. Thus, although the two

ligands dock similarly onto the RI ‘‘horseshoe’’ (18) (Fig. 1A),
occupying the central cavity and contacting the upper face of the
horseshoe in the C-terminal region, the number of interactions
that correspond is small. Mutational studies have shown that
both interfaces do contain a common ‘‘hot spot’’ (19) that
provides a substantial portion of the binding energy, comprised
of residues 434–438 and 460 on RI (hRI numbering) and the
enzymatic active site of the ligand (20, 21). However, even here
many of the specific contacts in the two complexes differ and,
most strikingly, the hot spots exhibit opposite types of cooper-
ativity (21). A recent mutational analysis of the complex of hRI
with human eosinophil-derived neurotoxin (EDN, also known as
RNase 2) shows even greater divergence in the structural basis
for tight binding of this ligand (22).

The broad specificity of RI limits its potential use as an
anticancer drug targeting ANG and as a tool for the investigation
of ANG function. Monoclonal antibodies and an antisense
oligonucleotide against ANG have proved to be highly effective
against several types of cancer in athymic mice (23, 24), and
clinical studies have shown an association between ANG and
cancer (e.g., refs. 25 and 26). RI itself has been used successfully
against tumors in mice (27, 28), but is largely impractical as a
drug for humans because of the relatively high concentrations of
endogenous nontarget ligands. [The sensitivity of hRI to oxida-
tion is another limitation, but can likely be surmounted by
replacing free cysteine residues (29, 30).]

Here, we have engineered hRI to selectively reduce its affinity
for pancreatic RNase, the major RNase present in human plasma
and many organs (31). Our approach was to introduce modifi-
cations that would impede RNase A docking. The hRI region
selected for mutation was a four-residue loop segment (408–
411) that contacts RNase A but not ANG and lies adjacent to the
energetic hot spot (Fig. 1 A). Remarkably, remodeling of this
segment eliminated all detectable binding by pancreatic RNase
but had little effect on affinity for ANG.

Experimental Procedures
Materials. WT hRI, human ANG, and ANG variants were
produced in Escherichia coli as described (20, 32, 33). Recom-
binant EDN and human pancreatic RNase (both produced in E.
coli) were provided by K. R. Acharya (University of Bath, Bath,
U.K.) and A. Russo (University of Naples, Caserta, Italy),
respectively. Oligonucleotides and fluorogenic substrates were
from Integrated DNA Technologies (Coralville, IA). Sources of
other materials and procedures for quantification of RNase A,
ANG, and WT hRI are described in refs. 21 and 22. Concen-
trations of hRI variants were determined by titration with RNase
A or EDN. EDN was quantified by titration with WT hRI (22).

Abbreviations: RI, RNase inhibitor; hRI, human RI; pRI, porcine RI; ANG, angiogenin; EDN,
eosinophil-derived neurotoxin; FAM, 6-carboxyfluorescein; mA, 2�-O-methyl-riboad-
enosine; rU, ribouridine; Dabcyl, 4-(4-dimethylaminophenylazo)benzoic acid.
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Site-Directed Mutagenesis. Mutated forms of the expression plas-
mid pTRP-PRI (32) were generated by overlap extension PCR
as described (21). Sequencing confirmed the presence of the
intended mutations and the absence of any spurious changes.

Expression Plasmids for hRI Fusion Proteins. Expression plasmids for
WT and variant hRI were digested with BstXI, which cleaves at
a single site near the start codon. The cleaved plasmids were
treated with calf intestinal phosphatase (New England Biolabs),
purified with a PCR Purification Kit from Qiagen (Chatsworth,
CA), and then ligated with a synthetic oligonucleotide duplex
(5�-pGGCCATCATCATCATCATCATAGCAGCGGCA-
TCGAAGGTCGTACGAGC-3� and 5�-pGTACGACCTTCG-
ATGCCGCTGCTATGATGATGATGATGATGGCCGCTC-
3�); the resultant plasmid encodes hRI with the sequence GHH-
HHHHSSGIEGRT [(His)6-pep] inserted between Met-(-1) and
Ser-1 and contains a new BsiWI cleavage site for screening.

Production of Variant Proteins. C408W, G410W, and C408W�
G410W hRI were produced in E. coli strain W3110, purified to
homogeneity, and stored as described (34). (His)6-pep-hRI
fusion proteins were produced in E. coli Rosetta strain (Nova-
gen) cells grown at 20–22°C. The bacteria were harvested 6–7 h
after induction, frozen at �20°C, thawed, and resuspended at
4°C in BugBuster reagent (Novagen; 20–25 ml per liter of
culture) containing 15 mM 2-mercaptoethanol. The mixture was
then sonicated and ultracentrifuged as in the earlier procedure.
The supernatant was applied to a column of Ni-nitrilotriacetic
acid agarose (Novagen; 2-ml per liter of culture) that had been
equilibrated with 50 mM sodium phosphate, 10 mM imidazole,
300 mM NaCl, pH 8.0, containing 15% (vol�vol) glycerol, and 15
mM 2-mercaptoethanol, at 4°C. The column was washed with 25
vol of the same buffer supplemented with an additional 10 mM
imidazole, and elution was achieved by increasing the imidazole
concentration to 250 mM. Fractions that contained inhibitory
activity were supplemented with 5 mM DTT, diluted 5-fold with
10 mM Mes, 1 mM EDTA, 0.1% PEG 8000, 5 mM DTT, pH 6.0,
and loaded onto a Mono Q column (HR 5�5; Amersham
Pharmacia) that had been equilibrated in the same buffer. A
30-min linear gradient of 0–500 mM NaCl was then applied at
a flow rate of 0.8 ml�min at ambient temperature. Partially
purified inhibitor eluted at 23 min and was rechromatographed
by the same method. This procedure yielded preparations that
were �95% pure (as judged by SDS�PAGE), which were then
dialyzed, concentrated, and stored as in the earlier procedure.
The fusion proteins retained full activity after storage for at least
6 weeks.

Kinetics. Inhibition assays and measurements of kinetic param-
eters for RI complexes were performed in 0.1 M Mes-NaOH, 0.1
M NaCl, pH 6.0, with 10 �g�ml BSA at 25°C, unless stated
otherwise. The activity of (His)6-pep-C408W��L409�G410W
hRI during purification was monitored in assays measuring
RNase A-, T80A�Q117A-ANG-, and recombinant EDN-
catalyzed cleavage of FAM-(mA)2rU(mA)2-Dabcyl (for RNase
A and EDN) or FAM-(mA)2rC(mA)2-Dabcyl (for T80A�
Q117A-ANG), where FAM is 6-carboxyfluorescein, mA is 2�-
O-methyl-riboadenosine, rC is ribocytidine, rU is ribouridine,
and Dabcyl is 4-(4-dimethylaminophenylazo)benzoic acid. The
increase in fluorescence emission upon cleavage of substrate was
measured as described (22, 35). The concentrations of RNase A,
T80A�Q117A-ANG, and EDN were 150 pM, 2.5 nM, and 440
pM, respectively, and the corresponding substrate concentra-
tions were 25, 100, and 25 nM. For (His)6-pep-WT hRI and the
remaining hRI variants, inhibitory activity during purification
was monitored only with RNase A (1.5 nM) in 20 mM Hepes-
NaOH, 120 mM KCl, pH 7.2. In all cases, enzyme and inhibitor
were preincubated for 5–10 min before addition of substrate.

Ki values for ANG–RI complexes cannot be determined from
inhibition plots owing to the extreme tightness of binding and are
calculated instead from the rate constants for dissociation and
association (kd and ka, respectively). Although Ki values for some
RNase A and EDN complexes can be measured directly, we used
kd and ka values whenever feasible because they provide addi-
tional mechanistic information. Values of kd for ANG, RNase A,
and EDN complexes were determined by following the appear-
ance of free ligand after addition of a large molar excess of a
scavenger for free inhibitor (8). Free ligand was quantified
chromatographically [for ANG (20)] or by activity [RNase A (8)
and EDN (22)]. Values of ka for RNase A and EDN complexes
were determined by monitoring the onset of inhibition (22). The
concentrations of enzyme, inhibitor, and substrate [FAM-
(mA)2rU(mA)2-Dabcyl] were 2–6 pM, 50–100 pM, and 100 nM,
respectively. Values of ka for ANG complexes were derived from
those for EDN by adding inhibitor (final concentration 4.4 nM)
to a mixture of ANG (4–6 nM) and EDN (5 nM), and measuring

Fig. 1. (A) The crystal structure of pRI in its complex with RNase A (16),
showing the �-carbon trace, the side chains of the 28 residues that contact
RNase A, and all main-chain atoms of contact residues 408–411. Hot spot
residues whose replacement decreased the binding free energy by �2.5
kcal�mol (20) are shown in red, the 408–411 segment is in blue, and other
contact residues are in green. (B) Region of the pRI–RNase A crystal structure
containing the 408–411 segment of pRI (standard colors) and residues 66–69
of RNase A (red), with hydrogen bonds indicated by broken lines. ANG
residues 66–69 (blue) from the hRI–ANG complex (17) are superimposed.
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the partitioning of inhibitor between the two ligands in an initial
rate assay with UpA (110 �M) as substrate; see refs. 11 and 36
for additional methodological details.

Ki values for all inhibitor complexes except for those of the
pancreatic RNases with (His)6-pep-C408W��L409�G410W
hRI were calculated from kd and ka (Ki � kd�ka). Inhibition of
RNase A by (His)6-pep-C408W��L409�G410W hRI was as-
sessed in assays monitoring complete cleavage of FAM-
(mA)2rU(mA)2-Dabcyl (25 nM) or CpG (60 �M) (21) by 150 pM
and 20 nM enzyme, respectively; the concentrations of variant
used were 15 nM [with FAM-(mA)2rU(mA)2-Dabcyl] and 186–
700 nM (with CpG). Inhibition of human pancreatic RNase (50
nM) was assessed with the CpG assay. Standard errors were
calculated as described (21).

Irreversible Thermal Inactivation. Aliquots of inhibitor (28 nM)
were incubated in assay buffer supplemented with 8 mM DTTred

and 100 �g�ml BSA for 15 min at a series of temperatures from
40°C to 65°C (every 2°–3°). After 10 min of cooling on ice,
inhibitor activity was measured in an assay for EDN-catalyzed
cleavage of FAM-(mA)2rU(mA)2-Dabcyl (1 nM natural EDN,
0.5 nM total inhibitor, 25 nM substrate).

Modeling of RI Variants. 3D structures of hRI variants were
modeled from the crystal structures of free pRI, pRI in its
complex with RNase A, and hRI bound to human ANG [Protein
Data Bank ID codes 1BNH (16), 1DFJ (16), and 1A4Y (17),
respectively] at the SWISS-MODEL server [http:��swissmodel.
expasy.org (37)]. The pRI complex was used for predicting the
effects of the hRI mutations on RNase A binding because the RI
horseshoe opens to different extents to accommodate the two
ligands, and RNase A does not dock properly to the structure of
hRI from the ANG complex. Apart from the difference in cavity
size, the backbone structures of RI in the two complexes are
nearly indistinguishable. The sequences of pRI and hRI are 77%
identical, and �50% of the replacements are conservative.

Results
Design of RI Variants with Increased Selectivity for ANG over RNase
A. In the crystal structures of the pRI–RNase A (16) and
hRI–ANG (17) complexes, the 404–411 ��� loop of RI forms
multiple contacts with RNase A (Table 1), but none with ANG
(Fig. 1B). The RNase A residues involved are part of a disulfide
loop that is not present in ANG. The portion of the RI–RNase
A interface that contains these loops lies adjacent to the
energetic hot spot identified by mutagenesis (Fig. 1A) (20).

We sought to impede binding of RNase A to hRI by altering
the 408–410 segment of the 404–411 loop to generate an
obstruction. Two different approaches were applied. In one,
residues 408 and 410 were replaced by Trp either singly or
together. The �-carbons of both Trps were expected to be
directed toward the ligand, and in energy-minimized models of
the C408W, G410W, and C408W�G410W variants the indole

groups occupy positions that would clash with RNase A. At the
same time, we considered it possible that the backbone of the RI
loop and the side chains of RI and RNase A might have sufficient
flexibility so that a conflict could be averted. Therefore, in our
second approach, we designed an additional variant in which the
loop would be more constrained: residues 408 and 410 were
again substituted by Trp, but in addition, the intervening residue
(Leu-409) was deleted. The rationale was that the deletion might
diminish any slack in the loop and thereby force the Trp-Trp
segment farther out toward the space occupied by RNase A in
the WT complex. Modeling of this variant (designated C408W�
�L409�G410W) supports this hypothesis, as discussed in detail
below.

Kinetic Characterization of C408W, G410W, and C408W�G410W hRI.
The C408W, G410W, and C408W�G410W variants were pro-
duced in E. coli and purified by standard methods, which use
RNase A affinity chromatography as the final step. Yields were
similar to that for WT, and only minor increases in Ki were
observed (Table 2).

Production of C408W��L409�G410W hRI with the Standard Recombi-
nant System. RNase A affinity chromatography of extracts from
bacteria expressing C408W��L409�G410W hRI yielded no
RNase A-inhibitory activity, suggesting that binding of the
variant was drastically weakened or that an insufficient amount
of inhibitor had been produced. To distinguish between these
possibilities, we loaded the material that had not been retained
on the RNase A column onto a column of K40G-ANG-
Sepharose. [The ANG variant was used because binding of WT
hRI to WT ANG is too tight to allow elution under nondena-
turing conditions; the affinities of K40G-ANG and WT RNase
A for WT hRI are similar (21).] No protein was obtained under
the standard conditions used for inhibitor elution. To determine
whether any inhibitor had remained bound to either column, the
resins were boiled in SDS�PAGE sample buffer, and the eluates
were analyzed by Western blotting with polyclonal anti-hRI. The
K40G-ANG resin yielded a band at the same molecular weight
as hRI (corresponding to �1 �g per liter of culture), whereas the
RNase A resin did not. These observations suggested that
C408W��L409�G410W hRI has the intended functional prop-
erties (low affinity for RNase A, high affinity for ANG), but that
a different production and purification system would be required
to obtain adequate amounts of protein for characterization.

Development of an Expression System for (His)6-pep-hRI Fusion Pro-
teins. To provide a simple method for inhibitor purification that
is not based on activity, we inserted into the hRI cDNA a
sequence encoding (His)6-pep, a 15-aa peptide that contains a
hexahistidine segment for isolation by nickel-chelate chroma-
tography. The peptide is attached to the N terminus of the
protein, which extends away from the ‘‘bottom’’ face of the
horseshoe (Fig. 1 A), i.e., the face opposite from that where
ligands bind; the extension also contains a factor Xa recognition
site so that the peptide could be removed if it were found to
hinder ligand binding. An additional change was the use of a

Table 1. Contacts between RI segment 408–411 and RNase A in
the crystal structure of the complex

RI residue Contacts on RNase A

C408 K66: HB (S� -O, 2.8 Å), VDW (S� -C, 3.7 Å)
N67: VDW (O-C�, 3.9 Å)

V409 N67: HB (O-N�2, 3.1 Å), VDW (O-C�, 3.6 Å; O-C�, 3.8 Å)
G410 N67: VDW (C�-N�2, 3.8 Å)
D407 Q69: VDW (N-O�1, 3.6 Å; C�-O�1, 3.9 Å)

Hydrogen bond (HB) and van der Waals (VDW) contacts in the pRI-RNase A
complex (16), listed with the RI atom first and RNase A atom second. Residue
numbering is that for hRI. Residue 409 is a leucine in hRI.

Table 2. Kinetic constants for the complexes of RNase A and hRI
variants C408W, G410W, and C408W�G410W

hRI kd, 10�5 s�1 ka, 108 M�1�s�1 Ki, fM Ki,var�Ki,WT

WT* 1.2 � 0.1 2.8 � 0.1 43 � 7
C408W 0.59 � 0.03 1.07 � 0.03 55 � 3 1.3
G410W 0.57 � 0.02 0.96 � 0.02 59 � 2 1.4
C408W�G410W 0.63 � 0.02 0.73 � 0.02 86 � 4 2.0

*Values for WT hRI are from ref. 9.
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bacterial strain that has supplemental tRNAs for improved
efficiency of translation. When this system was used for the WT
fusion protein, the yield of inhibitory activity from the Ni-
nitrilotriacetic acid column was equivalent to �500 �g of hRI
per liter, i.e., �2-fold higher than with the standard system. The
protein was only �10% pure at this stage, but became homo-
geneous after Mono Q chromatography. The Ki values for the
complexes of the fusion protein with the three ligands tested
were similar or identical to those determined previously for hRI,
i.e., 36 vs. 43 fM with RNase A, 0.5 vs. 0.5 fM with ANG, and
4.4 vs. 2.7 fM with EDN (9, 22).

Production of (His)6-pep-C408W��L409�G410W hRI. When bacteria
expressing (His)6-pep-C408W��L409�G410W were grown at
the standard temperature of 37°C, the yields were only 2.5–5
�g�liter of culture, as judged by Western blotting. However,
yields increased to 50 �g�liter when the temperature was low-
ered to 20–22°C after induction. Addition of up to 20 �l of the
Ni-nitrilotriacetic acid eluate had no effect on the activity of
RNase A (at 150 pM in a volume of 2 ml), whereas 10 �l was
sufficient to abolish the activity of the ANG variant T80A�
Q117A (at 2.5 nM) (Fig. 2). [WT ANG was not used in these
assays because its activity is extremely weak; T80A�Q117A is
�100-fold more active (33) and its affinity for hRI is similar to
that of WT.] The inhibitor preparation obtained after Mono Q
chromatography was again �95% pure.

Kinetic Characterization of (His)6-pep-C408W��L409�G410W hRI.
Concentrations of deletion variant as high as 0.7 �M failed to
inhibit RNase A detectably. Because replicate determinations of
reaction velocity in the presence and absence of inhibitor showed
�5% variation, we estimate that an amount of inhibition as low
as 20% could have been measured reliably. Therefore, the lower
limit in the Ki value for (His)6-pep-C408W��L409�G410W with
RNase A is 4 �M, representing an increase of at least 8 orders
of magnitude with respect to the WT fusion protein (Table 3).
The variant (again at up to 0.7 �M) also did not affect the activity
of human pancreatic RNase. In contrast, its affinity for ANG is
nearly the same as that of WT: kd values are indistinguishable
(Fig. 3), whereas the ka value for the variant is �2-fold lower
(Table 3). Binding to EDN also remains extremely tight, with Ki
in this case increased by a factor of 3.3, reflecting changes in both
kd and ka (Table 3 and Fig. 3).

Irreversible Thermal Denaturation of WT and C408W��L409�G410W
hRI Fusion Proteins. Profiles for the irreversible loss of inhibitory
activity at elevated temperatures were determined to assess the

effect of the loop remodeling on structural integrity and stability.
The WT fusion protein retained full potency up to 52°C and then
lost essentially all activity as the temperature was raised to 59°C,
with the midpoint at 55°C. For the deletion variant, the transition
was lowered only slightly (midpoint 52°C).

Discussion
In principle, three general approaches can be used to modulate
protein–protein interactions so as to improve ligand selectivity:
(i) introduction of new interactions that are specific for the target
ligand; (ii) elimination of interactions that are specific for the
undesired ligand(s); and (iii) introduction of mismatches (steric,
charge, or hydrophilicity) with respect to the nontarget ligand.
For conversion of RI from a broadly specific RNase inhibitor
to one that is highly selective for ANG, the first of these
strategies is not feasible. The ka values of the hRI complexes, a
major determinant of RI distribution among its ligands in vivo,
are all close to the theoretical upper limit for a protein–protein
complex (see ref. 38). Moreover, the kd value for the ANG
complex is already so small (t1/2 � 2–3 months) that any
appreciable decrease would be extremely challenging to measure
experimentally.

The second strategy has been used to design variants of human
growth hormone (hGH) that bind specifically to either the hGH
or the prolactin receptor (39). Each of the shifts in binding
preference (factors of 34,000 and 150 toward the hGH and
prolactin receptors, respectively) was achieved by truncation of
two side chains that only participate in recognition by the
nontarget receptor. Although this approach was successful for
hGH, mutational studies on hRI complexes (9, 20, 21) have
revealed no promising avenues for applying it to this system. The
only single-site mutations in hRI shown to increase the Ki for
RNase A by more than a factor of 20 are those involving the
434–437�460 hot spot (where increases range from 84- to
23,000-fold). The impacts on ANG binding are for the most part
less dramatic, but none are negligible. Moreover, the combined
effects of mutations on affinity for RNase A are subadditive,
whereas with ANG they are superadditive. Thus, for example,
the losses in affinity for RNase A and ANG with Y434A�Y437A
are similar although the effects of the individual 434 and 437
replacements on ANG binding are 93-and 20-fold smaller than
on that of RNase A. These opposite types of cooperativities are
widely operative in the two complexes (9) and would probably
undermine any attempts to develop substantial differential
effects by accumulating large sets of mutations.

Fig. 2. Effects of (His)6-pep-C408W��L409�G410W hRI preparation from
Ni-nitrilotriacetic acid column on the enzymatic activities of T80A�Q117A-
ANG (Œ) and RNase A (F). The volumes of eluate indicated were taken from a
total of 1.2 ml that contained the majority of the variant from 1 liter of
bacterial culture.

Fig. 3. Dissociation of the complexes of WT and C408W��L409�G410W hRI
fusion proteins with ANG (F and Œ, respectively) and EDN (� and ■ , respec-
tively). Data were normalized with respect to the amount of dissociation at the
first time point (3–10% of the total). Lines are fits of the data to a single-
exponential decay.
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Examination of the 3D structures of the pRI–RNase A and
hRI–ANG complexes reveals some ways in which the third
strategy, the introduction of ligand-specific clashes, might be
implemented. Three RI residues (Lys-320, Glu-401, and Arg-
457) form salt links with RNase A residues (Glu-86, Arg-39, and
Asp-38, respectively) that are not conserved in ANG, and we
initially considered the possibility that the creation of charge
mismatches at these positions would hinder RNase A binding.
However, testing of the E401R hRI showed there was no
significant loss in affinity for RNase A (unpublished results). In
addition, D38R-RNase A was reported to retain high sensitivity
to RI (40). As an alternative, we sought to identify interface
regions where enlargement of RI might produce a steric clash
with RNase A, but not with ANG. Raines and coworkers (40)
have shown that substitution of an Arg for Gly-88 of RNase A,
which forms close contacts with Trp-261 and Trp-263 of RI,
increases Ki by nearly 4 orders of magnitude. Enlargement of the
RI side of this interface region is problematic because most of
the RI residues that approach Gly-88 or its neighbors on the
RNase A already bear large side chains (Trp, Glu, Lys) and
participate in fixed secondary structures. Moreover, ANG forms
even more extensive contacts with this region of RI than does
RNase A, and any modifications that interfere with RNase A
binding would probably diminish affinity for ANG as well.

Our analysis identified only one RI region, the 404–411 ���
loop, that seems to possess the requisite characteristics to serve
as a target for successful steric restriction of ligand selectivity
(Fig. 1B). Residues 408–411 pack against the 66–69 segment of
RNase A (Table 1), whereas the closest point of approach with
ANG is 7.8 Å. Three of the loop modifications that we designed
were simple replacements of small residues (Cys-408 and Gly-
410, both singly and together) by bulky tryptophans. In all cases,
the Ki for RNase A was increased by �2-fold. Interestingly,
association of these variants was 2- to 3-fold slower than for WT,
suggesting that the Trps might present an initial impediment that
is resolvable through minor conformational adjustments.

In designing the fourth RI loop variant, we aimed to introduce
a more constrained obstruction. Addition of residues to the loop
was rejected because it seemed likely that this would increase the
number of conformational options available. Instead, we re-
tained the two tryptophans, but deleted the intervening residue
to tighten up the loop. Homology modeling and energy mini-
mization of the C408W��L409�G410W variant predicted that
the deletion would not perturb the structural elements that
anchor the ends of the loop, and that the modified loop would
clash severely with RNase A (Fig. 4). In the superposition with
the pRI–RNase A crystal structure, the 406–408 main chain
extends 4–5 Å farther out toward the ligand than does 406–409
of WT hRI. The indole group of Trp-408 overlaps all four
backbone atoms of RNase A Asn-67 and lies too close to
main-chain atoms of Lys-66 and Gly-68 and the side chain of
Asn-67; the C�, C�, and O atoms of Trp-408 and NH of Trp-409
also bump against the Asn-67 side chain. Trp-409 occupies a
position similar to that of Val�Leu-409 (pRI�hRI), which forms

part of the hydrophobic core of the inhibitor. If the backbone of
this loop is now relatively well fixed, then RNase A can only dock
onto the inhibitor if the conformation of the RNase A segment
66–68 changes dramatically. Although these RNase A residues
are on a loop, their backbone structure is highly constrained by
hydrogen bonds between �2 (61–64) and �3 (70–74) and be-
tween Cys-65 O and Asn-67 NH.

Consistent with the modeling predictions, RNase A was not
inhibited to any measurable extent by C408W��L409�G410W
hRI, whereas ANG (which is �4 Å from the variant in the
modeled complex) binds with affinity similar to that of WT. The
increase in Ki for the RNase A complex is, minimally, 8 orders
of magnitude, corresponding to a loss of �60% of the 18.3
kcal�mol binding energy of the WT complex. The resultant
selectivity factor for ANG vs. RNase A is �3 	 109 (compared
to �60 for WT hRI). We are not aware of any precedent for such
an enormous shift in specificity achieved through protein engi-
neering, whether by rational approaches or random selection
methods. Stoop and Craik (41) have recently increased the
selectivity of the serine protease inhibitor ecotin for plasma
kallikrein by factors as high as 4 	 105 through partial random-
ization of residues on the four surface loops that contact the
protease.

A detailed understanding of the inability of C408W��L409�
G410W hRI to bind RNase A must await the determination of
the 3D structure of this variant. One theoretical alternative to the
steric obstruction hypothesis presented here would be that
the RI–RNase A interactions (Table 1) that are disrupted by
the loop remodeling contribute a large fraction of the binding

Fig. 4. Model of C408W��V409�G410W pRI (green) superimposed onto the
crystal structure of RNase A (purple) in the pRI–RNase A complex (16).

Table 3. Kinetic constants for the complexes of (His)6-pep-hRI fusion proteins with RNase A, ANG, and EDN

Enzyme hRI kd, s�1 ka, M�1�s�1 Ki, M Ki,var�Ki,WT ��G, kcal�mol

RNase A WT* (8.0 � 0.3) 	 10�6 (2.2 � 0.1) 	 108 (3.6 � 0.2) 	 10�14

RNase A C408W��L409�G410W — — �4 	 10�6 �100,000,000 �10.9
ANG WT (8.1 � 1.7) 	 10�8 (1.5 � 0.1) 	 108 (5.4 � 1.2) 	 10�16

ANG C408W��L409�G410W (8.7 � 1.1) 	 10�8 (7.6 � 0.2) 	 107 (1.1 � 0.2) 	 10�15 2.0 0.3 � 0.1
EDN WT (6.9 � 0.3) 	 10�7 (1.5 � 0.1) 	 108 (4.6 � 0.4) 	 10�15

EDN C408W��L409�G410W (1.1 � 0.1) 	 10�6 (7.2 � 0.1) 	 107 (1.5 � 0.1) 	 10�14 3.3 0.7 � 0.1

Natural EDN was used.
*The preparation of WT hRI fusion protein used for these measurements was obtained from bacteria grown at the same temperature as the variant.
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energy. Several pieces of direct and indirect evidence, taken
together, rule this out: (i) neither of the hydrogen bonds is
energetically important, as demonstrated here [and previously
(20)] for the Cys-408–Lys-66 interaction and inferred for the
Val(Leu)-409–Asn-67 interaction from the high B factor of the
Asn-67 group involved (see ref. 17); (ii) this part of the interface
accounts for �10% of the total solvent-accessible surface area
buried in the complex (and most of the atoms buried are polar);
and (iii) the interactions of other interface regions adequately
account for the total binding energy of the complex (9). Al-
though the present model of the variant structure provides a
satisfactory explanation for the experimental findings, other
plausible models can be envisioned. Indeed, when the free pRI
structure, rather than pRI from the RNase A complex, is used
as the starting point for modeling, Trp-408 again clashes badly
with RNase A but Trp-409 extends toward the ligand rather than
into the interior of RI.

Like RNase A, human pancreatic RNase [Ki � 200 fM for WT
hRI (12)] is not inhibited detectably by C408W��L409�G410W
hRI. Thus, all physiologically relevant binding to the most
prevalent human RNase has been eliminated. The only other
human RNase that might compete effectively with ANG for WT
RI in blood and various tissues is EDN, but here the effect of
remodeling was small, and the preference factor for ANG
increased only from 8.5 to 14 (Table 3). The region of (free)
EDN analogous to the RNase A loop that approaches RI
residues 408–411 adopts a similar shape (42), despite a low
degree of sequence conservation. Thus, the high avidity of EDN
for the hRI deletion variant suggests that the precise ways in
which EDN and RNase A dock to RI may differ. This suggestion
is consistent with mutagenesis results showing that the 434–
437�460 region of hRI is less important for binding EDN than

the other two ligands (22). Additional mutational and structural
studies may reveal ways in which EDN binding can be curtailed
without weakening that of ANG, either by eliminating unique
contacts or creating another steric hindrance.

The findings reported here may have more general implica-
tions for the modulation of protein–protein interactions by
protein engineering or the design or selection of small molecule
effectors. We have demonstrated that an extremely large change
in affinity and selectivity can be achieved by modifying an
interface region that contributes little to complex stability. This
strategy may be effective for diminishing avidity in other cases
where attention has hitherto focused primarily on energetic hot
spots. For proteins that have broad ligand specificity based on
recognition of short common motifs such as phosphodegrons (2,
3), it may also provide a means to restrict specificity by remod-
eling outlying regions that have distinct spatial relationships with
various ligands.‡ Finally, our results raise the possibility that
steric interference with protein–protein interactions can also be
achieved by targeting small molecules to nonhotspot regions.

‡In a recent report (43), the selectivity of the protease inhibitor eglin for furin versus PC7
was enhanced by a factor of �80 through optimization of ‘‘adventitious’’ contacts outside
the core interface region that involves similar active site residues on the two proteases. The
mutations of potential contact residues on the inhibitor were random, and it is unclear to
what extent, if any, the improvement reflects steric hindrance of nontarget ligand
binding.
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