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Structural Plasticity in a Remodeled 
Protein-Protein Interface 

Shane Atwell, Mark Ultsch, Abraham M. De Vos, 
James A. Wells* 

Remodeling of the interface between human growth hormone (hGH) and the extracellular 
domain of its receptor was studied by deleting a critical tryptophan residue (at position 
104) in the receptor, creating a large cavity, and selecting a pentamutant of hGH by phage 
display that fills the cavity and largely restores binding affinity. A 2.1 A resolution x-ray 
structure of the mutant complex showed that the receptor cavity was filled by selected 
hydrophobic mutations of hGH. Large structural rearrangements occurred in the inter
face at sites that were distant from the mutations. Such plasticity may be a means for 
protein-protein interfaces to adapt to mutations as they coevolve. 

1 rotein-protein interfaces are usually large 
and elaborate, consisting of 10 to 40 con
tact side chains, each of which interdigi-
tates with several others across the interface 
(1). The contact side chains are often pre
sented from discontinuous segments of each 
polypeptide chain. Given the complexities 
of these interactions, we wondered how a 
functionally disruptive mutation on one 
side of the interface could be complement-
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ed by mutations in its binding partner. This 
is a challenge that nature faces as protein 
complexes coevolve. 

We studied this problem by phage dis
play using the high-affinity interface be
tween hGH and the extracellular domain of 
its receptor (hGHbp), members of a cyto-
kine-receptor superfamily (2). The hor
mone and receptor initially form a tight 1:1 
complex (dissociation constant Kd = 0.3 
nM), and the x-ray structure of this com
plex is known to high resolution (3). There 
are about 30 contact side chains on each 
side of this interface, but alanine-scanning 
mutagenesis has shown that only a small set 
of primarily hydrophobic contacts at the 
center of the interface dominate affinity (4, 
5). This energetic "hot spot" on the recep-
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tor includes a tryptophan residue at position 
104 (W104) (6) that inserts into a groove 
in hGH (Fig. 1). When W104 is mutated to 
alanine ( W 104A), the binding affinity de- 
creases by a factor of >2500 (5). We iso- 
lated a variant of hGH that could bind to 
the mutant W104A-hGHbp and deter- 
mined the x-ray structure of the complex to 
see how the interface adapted. 

To isolate a mutant of hGH that could 
bind to W104A-hGHbp, we randomly mu- 
tated hGH at five residues (K168, D171, 
K172, T175, and F176) that pack against 
W104 (Fig. 1A). A pool of hGH mutants, 

Table 1. Crystallographic statistics for the com- 
plex between Al-hGH and W104A-hGHbp. The 
2.1 data were collected from flash-frozen crys- 
tals at Cornell High Energy Synchrotron Source 
(CHESS) with an Area Detector Systems Corpo- 
ration charge-coupled device detector positioned 
at 175 cm with the direct beam in the corner, and 
data were reduced with DENZO and SCALE- 
PACK (20). Solution of the structure was done by 
molecular replacement with coordinates from the 
2.6 A resolution 1 :1 complex structure (3). The 
initial refinement was done in X-PLOR (27) and 
completed by using maximum likelihood in the 
Refmac package of the CCP4 suite (22). No o 
cutoff was used. The final model includes the or- 
dered residues for A1 -hGH (residues 3 to 48, 51 
to 129, 136 to 148, and 155 to 191) in complex 
with W104A-hGHbp (residues 32 to 52,61 to 72, 
79 to 236). 

Data Value 

Source 
Space group 
Unit cell (a) 
Resolution (a) . . 
Rme,ge (%I* 
Completeness (%) 

Data collection 
CHESS, beam line F1 

P4,2,2 
a = b = 66.5, 

c = 231.7 
100 to 2.1 

5.7 
91.8 

133,933 
28,276 

4.7 
12 

Total reflections 
Unique reflections 
Redundancy 
Anisotropic 

correction (a2) 
Model refinement 

Resolution (a) 7 to 2.1 
Unique reflections 24,290 
rmsd in bonds (a)? 0.014 
rmsd in angles (deg.)? 2.0 
Average 6-factor for 27.7 

protein atoms (a2) 
rmsd in 6-factor of 2.6 

bonded atoms (a2)? 
R (%)$ 19.0 
Rm, (%lo 26.2 
Waters 382 

'R,,,,,, = zk,Il - .(l)l/zk, I, where I is the intensity of 
unique reflection hkl, and (I) is the average over symme- 
try-related observations of unique reflection hkl. tThe 
root-mean-square deviation (rmsd) in bond lengths and 
angles is the rmsd from the ideal stereochemical values. 
The rmsd in the 6-factor is the rmsd in the temperature 
factors between bonded atoms. SR = PIF,,, - 
F,,,I /ZFob,, where Fob, and F,,, are the observed and 
calculated structure factors, respectively. PR,, is R 
using a set of reflections sequestered before refinement. 

SCIENCE 

containing - lo7 independent sequences, 
was displayed on filamentous phagemid par- 
ticles (7) and selected for binding to immo- 
bilized W104A-hGHbp (8). After seven 
rounds of binding selection, clones were 
sequenced and screened for binding to 
W104A-hGHbp. The most frequently iso- 
lated clone, called A1-hGH, was the only 
one found to bind detectably to W104A- 
hGHbp in a screening assay (9). This vari- 
ant contained five mutations (K168R, 
D171T, K172Y, E174A, and F176Y). One 
of these, E174A, was not encoded by the 
mutagenic oligonucleotide. Such spurious 
mutations usually have a strong selective 
advantage (10). Three of the selected resi- 
dues (D171T, E174A, and F176Y) were 
similar to previously selected variants of 
hGH (D171S, E174S, and F176Y) that 
bound more tightly to wild-type hGHbp 
(11). 

The affinity for binding of the A1-hGH 
variant to W104A-hGHbp (12) was dra- 
matically improved by the five mutations 
(Kd = 14 nM), as compared with wild-type 
hGH binding to W104A-hGHbp (Kd 
>I000 nM). To identify the mutations in 
A1-hGH that most affected binding, we 
reverted each to their wild-type counterpart 
and measured their binding affinities to 
W104A-hGHbp (12). The arginine select- 
ed at position 168 and the tyrosine selected 
at position 176 made only minor contribu- 
tions to affinity: their reversion back to 
lysine and phenylalanine, respectively, only 
reduced affinity up to twofold from the A1 
varint (Kd = 33 nM and 21 nM, respective- 
ly). However, each of the other three se- 
lected mutations (D171T, K172Y, and 
E174A) caused 15 to >300-fold reductions 
in affinity when reverted to their wild-type 
residue (Kd > 5000 nM, 200 nM, and 400 
nM, respectively). A1-hGH bound much 

more weakly to the wild-type hGHbp (Kd > 
1 FM), showing it to be highly specific for 
the W104A-hGHbp mutant (9). 

To understand t he  structural basis for 
these functional effects, we determined the 
x-ray structure of the complex between Al- 
hGH and W104A-hGHbp (13). The crys- 
tals were isomorphous with the wild-typ? 
1: l  complex (3) and diffracted to 2.1 A 
(Table l ) ,  the highest resolution yet ob- 
tained for any hGH:hGHbp co~plex. The 
structure shows that the 150 A3 hole in 
W104A-hGHbp is filled by the phenolic 
group of the critical K172Y mutation of 
A1-hGH (Fig. 1B); in addition, the I103 
side chain in W104-hGHbp rotates around 
to place its isobutyl side chain in the cavity. 
This rotation allows a shift of the Dl26 side 
chain of W104A-hGHbp, which breaks a 
hydrogen bond to the main chain at posi- 
tion 104 to form a salt bridge with R43 (Fig. 
1B). The movement of Dl26 is probably 
coupled to the critical D171T change in 
A1-hGH, because retention of aspartate at 
position 171 would cause electrostatic re- 
pulsion at Dl26 of W104A-hGHbp (Fig. 
1). Indeed, the binding affinity of a T171A 
mutation is reduced twofold compared 
with A1-hGH (Kd = 27 nM), consistent 
with the preference for a neutral residue 
over Asp at position 171 for binding to 
W 104A-hGHbp. 

The E174A mutation in hGH induces 
another set of concerted changes (Fig. 1B). 
In the wild-type complex, El74 makes two 
hydrogen bonds: one to H18 of hGH and 
the other to N218 of hGHbp. When El74 
is mutated to Ala, H18 rotates to avoid 
clashing with N218, which allows the hor- 
mone and receptor to move closer together 
(Fig. 1B). The other two selected residues 
(K168R and F176Y) do not make new con- 
tacts with hGHbp, consistent with their 

Fig. 1. Residues in hGHbp (rendered in pink or orange sticks) that contact hGH (in blue space-filling 
rendition) in the 1 :1 wild-type complex (A) or the complex between AI-hGH and W104A-hGHbp (B). 
Local groups where hydrogen bonds are different between the complexes are shown as yellow dashed 
lines. 
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having little effect on binding when revert- 
ed back to their wild-type residues. 

Overall, the combination of mutations 
with  onf formational changes nearly fill the 
150 A3 cavity introduced by theo W104A 
mutation. A hole of about 20 A3 is left 
between Y 172 and Y 176 of the hormonc and 
I103 of hGHbp; a hole of about 40 A3 is 
created by the movement of the K168R side 
chain of hGH. These small cavities, which 
are not seen filled with ordered solvent, may 
be disruptive to affinity by analogy to desta- 
bilizing mutations in T4 lysozyme (14); these 
cavities may account for the reduced affinity 
of the complex of A1-hGH with W104A- 
hGHbp relative to the wild-type (Kd = 14 
nM compared with 0.3 nM, respectively). 

Remarkably, the local structural changes 
near the site of the W104A mutation in- 
duce substantial global changes that affect 
the entire interface. The five mutations 
allow the hormone to move closer to 
hGHbp in the vicinity of the Wj04A mu- 
tation, with the Ca of K168 1.1 A closer to 
the Ca of W104A. This movement is ac- 
companied by a 5' rotation of A1-hGH 
relative to the receptor. A1-hGH slides 
across the receptor, pivoting at a point near 
G168 of hGHbp. The global changes that 
radiate outward from the pivot point 
necessitate substantial rearrangement in 
both main-chain and side-chain contacts 
throughout the interface. Some of the 
main-chain and side-chain van der Waais 
and hydrogen-bonding groups that are 15 A 
from the epi~enter of these mutations move 
by up to 3 A relative to their neighbors in 
wild-type hGHbp (Fig. 2A). As a result, 
four hydrogen bonds are lost and three new 
ones are gained between unchanged atoms 
in the mutv t  complex (Fig. 3). For exam- 
ple, the 3 A salt bridge between K41 and 
El27 in the wild-type complex, which is 11 
A from the :-carbon of W104, has moved 
apart by 2.4 A in the mutant complex (Fig. 

Fig. 3. Two views (A and A 
B) of nonmutated contact 
residues that change salt 
bridge partners in the A1 - 

- 
hGH and W104A-hGHbp 
complex (right) relative to 
the wild-type complex 
(left). Hormone residues ~, 

are in blue, and receptor B 
residues are in pink, ex- 
cept for pition 104 i 
which is in orange. 

I 

3A). This gap is filled by two ordered wa- 
ters, one of which mediates interactions 
between this charged pair. The salt bridge 
in the wi1d;type complex between R64 and 
D164, 17 A from W104, is replaced by one 
between R64 and E44 in the mutant com- . . 
plex with commensurate changes in ordered 
waters (Fig. 3B). 

In contrast, large domain movements 
and detailed changes in the interface were 
not seen in another mutant complex in 
which three functionally inert residues in 
hGH (F25, Y42, and 446) were simulta- 
neouslv mutated to alanine ( 15). These mu- . . 
tations, which are near the periphery of the 
interface, induced only small movements 
near the sites of mutation (Fig. 2B); two 
hydrogen bonds were lost and none were 
eained. " 

The structures and binding regions for a 
number of hemato~oietic cvtokines and 
their receptors are now known (2, 16). One 
of the notable features is that althoueh the " 
same general regions of the hormone and 
receptor are involved in binding, the exact 
nature of the contacts is very different. For 
example, W104 of hGHbp is conserved in 
only a few of the cytokine receptors, partic- 

ularly the prolactin receptor, which shares 
30% sequence identity with hGHbp and 
also binds hGH. Interestingly, the structure 
of the complex between hGH and the pro- 
lactin receptor also shows substantial differ- 
ences in domain orientation compared with 
hGHbp (1 6). 

These studies reveal how large, func- 
tional changes can be rescued by a limited 
number of mutations. The mutations were 
accommodated by remarkably large move- 
ments in unaltered side-chain and main- 
chain contacts throughout the interface. 
Structural changes induced by mutations 
have been seen in x-ray structures of sin- 
gle-domain proteins; for example, when 
core residues were mutated (1 7) or when 
surface residues were inserted or deleted in 
a helices of T4 lysozyme (18) or staphy- 
lococcal nuclease (1 9). Here, it is striking 
that such large changes are observed over 
a large interface in a bimolecular protein 
complex, requiring coordinated changes in 
both components, and that they involve 
very specific interactions such as hydrogen 
bonds and salt bridges. These results sug- 
gest that structural plasticity is nascent in 
protein-protein interfaces and provides a 

Fig. 2. Space-filling mod 
els showing movements 
in contact residues for 
A1-hGH in complex with 
W104A-hGHbp (A) and 
F25A, Y42A, Q46A-hGH 
in complex with hGHbp (B) 
compared with the wild- 
type complex. hGHbp is 
shown on the left and the 
hormone on the right. All 
contact residues are col- 
ored such that those that 
were mutated are in white, 
and those that moved re1 
ative to the wild-type corn 
plex by 0, 1, 2, and 3 A 
are shown in a sliding scale 
from purple to red to orange 
taking each atom that is in 

to yellow, respectively. Changes were calculated by and calculating the average change in distance to all atoms across the interface 
I the interface of the wild-type or mutant complex that are within 5 A 
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mechanism for mutations to be accommo- 
dated during the  coevolution of high-af- 
finity binding partners. 
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A Low-Barrier Hydrogen Bond in the Catalytic 
Triad of Serine Proteases? 
Theory Versus Experiment 

Elissa L. Ash, James L. Sudmeier, Edward C. De Fabo, 
William W. Bachovchin* 

Cleland and Kreevoy recently advanced the ~dea that a special type of hydrogen bond 
(H-bond), termed a low-barrier hydrogen bond (LBHB), may account for the "missing" 
transition state stabilization underlying the catalytic power of many enzymes, and Frey 
etal. have proposed that the H-bond between aspartic acid 102 and histidine 57 in the 
catalytic triad of serine proteases is an example of a catalytically important LBHB. 
Experimental facts are here considered regarding the aspartic acid-histidine and cis- 
urocanic H-bonds that are inconsistent with fundamental tenets of the LBHB hypothesis. 
The inconsistencies between theory and experiment in these paradigm systems cast 
doubt on the existence of LBHBs, as currently defined, within enzyme active sites. 

T h e  H-bond inherently involves the  shar- 
ing of hydrogen atoms to varying extents 
with other atoms (1 ) .  This sharing is often 
depicted as a chemical equilibration or res- 
onance hybridization of structures such as 1 
and 2 (Eq. 1).  Proton sharing can also be 
depicted as a lengthening of the  A-H bond 
of the  donor, 1, as if the  proton were in a n  
intermediate stage of transfer to  B (2) .  In  
conventional H-bonds the  H atom is asso- 
ciated more with one  heteroatom than the  
other. 

LBHBs are distinguished from conven- 

tional H-bonds by equal proton sharing be- 
tween the  heteroatoms. LBHBs can be dou- 
ble-welled, depicted as 1 and 2 contributing 
equally to the  system; or single-welled, de- 
picted as a single structure with the proton 
residing a t  a point equidistant between A 
and B, as in  3 (Eq. 1). 

LBHBs were first observed in the gas 
phase (1,  3), where evidence for their exis- 
tence and strength is persuasive. Schowen 
first proposed that LBHBs may exist within 
the protected interior of proteins (4). Pro- 
motion of this idea by Cleland and Kreevoy 
(5) and Frey et al. (6) has led to its substan- 
tial (7), though not  universal (8), accep- 
tance. Physicochemical parameters used to 
identih LBHBs include (i)  extretne low-field 
'H nuclear magnetic resonance (NbIR) 
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