4. R. Nieuwenhuys, J. Comp. Neurol. 145, 165 (1972);
M. Ronan, ibid. 281, 54 (1989); G. P. Swain, J. A.
Snedeker, J. Ayers, M. E. Selzer, ibid. 336, 194
(1993); L. Brodin et al., Arch. ltal. Biol. 126, 317
(1988); S. Kasicki, S. Grillner, Y. Ohta, R. Dubuc, L.
Brodin, Brain Res. 484, 203 (1989).

5. R. Dubuc, F. Bongianni, Y. Ohta, S. Grillner,
J. Comp. Neurol. 327, 260 (1993).

6. G. Viana Di Prisco et al., Brain Res. 695, 76 (1995).

7. G. N. Orlovsky, T. G. Deliagina, P. Wallén, Exp. Brain
Res. 90,479 (1992); T. G. Deliagina etal., J. Exp. Biol.
198, 2581 (1995); T. G. Deliagina, S. Grilner, G. N.
Orlovsky, F. Ullén, Exp. Brain Res. 95, 421 (1993); 1. C.
Zompa and R. Dubuc, Brain Res. 718, 221 (1996).

8. Lampreys carry different skin receptors, including
presumed mechanoreceptors called neuromasts,
Merkel cells, and free nerve endings [for a review, see
R. C. Lethbridge-and |. C. Potter, in The Biology of
Lampreys, M. W, Hardisty and |. C. Potter, Eds.
(Academic Press, New York, 1982), vol. 3, pp. 377-
449; and C. M. Rovainen, in The Biology of Lam-
preys, M. W. Hardisty and |. C. Potter, Eds. (Aca-
demic Press, New York, 1982), pp. 1-136]. The main
neural pathways that convey stimulation originating
at the skin to the central nervous system are the
dorsal roots of the spinal cord and the trigeminal
nerves. Afferent fibers of the dorsal roots in lampreys
have their cell bodies either within the spinal cord
(dorsal cells) or in dorsal root ganglia. Anatomical and
electrophysiological studies have shown that dorsal
column afferent fibers carrying somatosensory infor-
mation from the body ascend to the brainstem of
lampreys (5, 20). Dorsal column fibers project di-
synaptically via a brainstem relay to RS neurons.
Trigeminal sensory afferents carrying cutaneous in-
puts from the head region travel also within the lateral
part of the rhombencephalon [H. Koyama, R.
Kishida, R. C. Goris, T. Kusunoki, J. Comp. Neurol.
264, 437 (1987)]. Stimulation of the ipsi- or contralat-
eral trigeminal nerve produces a mixed excitatory-
inhibitory synaptic response in RS neurons (6) (W. O.
Wickelgren, J. Physiol. (London) 270, 89 (1977);
C. M. Rovainen, J. Neurophysiol. 30, 1000 (1967)].
Upon mechanical stimulation of the skin, we ob-
served mostly excitatory PSPs (n = 57) and rarely
predominant inhibitory PSPs (n = 3). Cutaneous in-
puts to RS neurons have also been described in cats
[T. Drew, T. Cabana, S. Rossignol, Exp. Brain Res.
111, 153 (1996); B. W. Peterson and L. P. Felpel,
Brain Res. 27, 373 (1971); M. Shimamura and |.
Kogure, ibid, 230, 27 (1983)].

9. J. T. Buchanan, L. Brodin, N. Dale, S. Grillner, Brain
Res. 408, 321 (1987); Y. Ohtaand S. Grillner, J. Neu-
rophysiol. 62, 1079 (1989).

10. Experiments (n = 28) were performed on larval and
young adult lampreys (Petromyzon marinus) anes-
thetized with tricaine methanesulfonate (100 mg/li-
ter; Aldrich). All surgical and experimental proce-
dures conformed to the Canadian Medical Research
Council (MRC) guidelines and were approved by the
University Animal Care and Use Committee. The an-
imal was completely transected below the gill. The
brain and rostral segments of the spinal cord were
dissected with the notochord and underlying crani-
um. The preparation was pinned down at the bottom
of a recording chamber. Perfusion with oxygenated
cold Ringer’s solution (pH = 7.4) was maintained
throughout the experiment. All brain tissue rostral to
the diencephalon was removed, making the prepa-
ration a decerebrate one. The skin covering the
snout was kept for mechanical stimulation with a
glass rod (diameter, 0.5 mm) attached to a strain
gauge. The stimulation was performed either manu-
ally or by a computer-controlled step motor. The
trigeminal nerves were exposed for electrical stimu-
lation with glass-coated tungsten microelectrodes (2
to 4 megohm). RS cells were impaled with sharp
glass micropipettes filled with 4 M potassium acetate
(100 megohm). Local application of drugs was done
with a Picospritzer.

11. The semi-intact preparation (7 = 11) was similar, but
the caudal two-thirds of the body was left freely mov-
ing behind the dissected brainstem and rostral spinal
cord. Teflon-coated stainless steel microwires (50
wm in diameter) were inserted into the muscle for

www.sciencemag.org * SCIENCE » VOL. 278 « 7 NOVEMBER 1997

EMG recording.

12. Trigeminal inputs to RS neurons in lampreys are me-
diated by excitatory and inhibitory amino acids (6,
20).

13. Consistent with this observation, we recently record-
ed NMDA-induced plateau potentials, which are re-
sistant to tetrodotoxin, in RS neurons.

14. Reticulospinal neurons were retrogradely labeled in
vitro for 24 to 48 hours by placement of Calcium
Green-Dextran (10,000 MW; Molecular Probes) on
the rostral end of the sectioned spinal cord at the 1-2
segment level. Labeled cells were imaged on a Nikon
epifluorescent microscope and recorded with an in-
tensified charge-coupled device camera at a rate of
one to two images per second. Calcium responses
are expressed as relative changes in fluorescence
(AF/F %). M. J. O’'Donovan, S. Ho, G. Sholomenko,
W. Yee, J. Neurosci. Methods 46, 91 (1993); A. D,
McClellan, D. McPherson, M. J. O’'Donovan, Brain
Res. 663, 81 (1994); D. A. Nelson and L. C. Katz,
Neuron 15, 23 (1995); D. M. O’'Malley, Y.-H. Kao,
J. R. Fetcho, Neuron 17, 1145 (1996).

15. S. B. Nelson and M. Sur, Curr. Opin. Neurobiol. 2,
484 (1992); T. E. Salt, Nature 322, 263 (1986); P.
Wallén and S. Grillner, J. Neurosci. 7, 2745 (1987).

16. L. Brodinand S. Grillner, Brain Res. 360, 139 (1985);
S. Grillner, P. Wallén, L. Brodin, A. Lansner, Annu.
Rev. Neurosci. 14, 169 (1991); J. R. Cazalets, V.
Sqalli-Houssaini, F. Clarac, J. Physiol. 455, 187
(1992); A. Hagevik and A. D. McClellan, Brain Res.
636, 147 (1994); K. L. Milner and G. J. Mogenson,
Brain Res. 452, 273 (1988); J. R. Douglas, B. R.
Noga, X. Dai, L. M. Jordan, J. Neurosci. 13, 990
(1993); K. T. Sillar and A. J. Simmers, Eur. J. Mor-
phol. 32, 185 (1994).

17. The command neuron concept was first introduced
by C. A. G. Wiersma and K. lkeda [J. Exp. Biol. 12,
509 (1964)] to describe, in the crayfish central ner-
vous system, interneurons that elicited swimmeret
movements when stimulated. Many command neu-
rons have been described in invertebrates that trig-
ger or modulate various motor behaviors, including
locomotion. The particularity of these neurons is that
generally the stimulation of a single cell is able to
trigger a well-defined motor behavior. R. F. Bower-
man and J. L. Larimer, Comp. Biochem. Physiol. 54,
1 (1976); W. J. Davis, in /dentified Neurons and Be-
havior of Arthropods, G. Hoyle, Ed. (Plenum, New
York, 1876), pp. 293-305; R. Gillette, M. P. Kovac,
W. J. Davis, Science 199, 798 (1978); |. Kupfermann
and K. R. Weiss, Behav. Brain. Sci. 1, 3 (1978).

18. W. N. Frost and P. S. Katz, Proc. Natl. Acad. Sci.
U.S.A. 93,422 (1996).

19. R. C. Eaton, R. D. Domenico, J. Nissanov, Brain
Behav. Evol. 37, 272 (1991); H. Hirschfeld, J. Vestib.
Res. 7, 265 (1997).

20. R. Dubuc, F. Bongianni, Y. Ohta, S. Girillner,
J. Comp. Neurol. 327, 251 (1993).

21. Supported by a Group Grant from the Medical Re-
search Counclil of Canada, the Fonds de la Recher-
che en Santé du Québec, and the Fonds pour la
Formation des Chercheurs et I'Aide & la Recherche
(Québec). We thank E. Clément, S. Dupuis, S. Lep-
age, and D. Veilleux for technical assistance and S.
Rossignol and J.-C. Lacaille for helpful comments on
the manuscript. R.R. is an Alfred P. Sloan Founda-
tion Fellow and an MRC Scholar. E.P. is a fellow of
the Ministére de I'Education du Québec.

21 July 1997; accepted 24 September 1997

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 extraceilular
domain of its receptor was studied by deleting a critical tryptophan residue (at position
104) inthe 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.

Protein-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 K; = 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 (W104A), 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 A1-hGH and W104A-hGHbp. The
2.1 A 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 ¢
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, 61t0 72,
79 to 236).

Data Value
Data colfection

Source CHESS, beam line F1
Space group P42.2
Unit cell (&) a=b =665

. c=2317
Resolution (A) 100to 2.1
Rinerge (%) 5.7
Completeness (%) 91.8
Total reflections 133,933
Uniqgue reflections 28,276
Redundancy 4.7
Anisotropic 12

correction (A?)

. Model refinement
Resolution (A) 7t02.1
Unique reflections 24,290
rmsd in bonds (A}t 0.014

rmsd in angles (deg.)t 2.0

Average B-factor for 27.7
protein atoms (A?)

rmsd in B-factor of 2.6
bonded atoms (A2)+

R (%)% 19.0

Rioo (%) 262

Waters 382

*Rrerge = 2l = {D1/% 1. where | is the intensity of

unique reflection hk/, and (/) is the average over symme-
try-related observations of unique reflection hk/. tThe
root-mean-square deviation {rmsd) in bond lengths and
angles is the rmsd from the ideal stereochemical values.
The rmsd in the B-factor is the rmsd in the temperature
factors between bonded atoms. iR = SIF,, -
Frmcl/SF_os where F_,_ and F_, . are the observed and
calculated structure factors, respectively.  §R; . is R
using a set of reflections sequestered before refinement.
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containing ~107 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
(K, = 14 nM), as compared with wild-type
hGH binding to WI104A-hGHbp (K,
>1000 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 Al
varint (K; = 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 (K, > 5000 nM, 200 nM, and 400
nM, respectively). A1-hGH bound much

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

To understand the 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-type
1:1 complex (3) and diffracted to 2.1 A
(Table 1), the highest resolution yet ob-
tained for any hGH:hGHbp complex. The
structure shows that the 150 A® hole in
W104A-hGHbp is filled by the phenolic
group of the critical K172Y mutation of
A1-hGH (Fig. 1B); in addition, the 1103
side chain in W104-hGHbp rotates around
to place its isobutyl side chain in the cavity.
This rotation allows a shift of the D126 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 D126 is probably
coupled to the critical D171T change in
A1-hGH, because retention of aspartate at
position 171 would cause electrostatic re-
pulsion at D126 of W104A-hGHbp (Fig.
1). Indeed, the binding affinity of a TI71A
mutation is reduced twofold compared
with A1-hGH (K; = 27 nM), consistent
with the preference for a neutral residue
over Asp at position 171 for binding to
W104A-hGHbp.

The E174A mutation in hGH induces
another set of concerted changes (Fig. 1B).
In the wild-type complex, E174 makes two
hydrogen bonds: one to H18 of hGH and
the other to N218 of hGHbp. When E174
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

U
R43

&/

N218

Fig. 1. Residues in hGHbp (rendered in pink or orange sticks) that contact hGH (in blue space-filing
rendition) in the 1:1 wild-type complex (A) or the complex between A1-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 conformational changes nearly fill the
150 A’ cavity introduced by the W104A
mutation. A hole of about 20 A’ is left
between Y172 and Y176 of the hormone and
1103 of hGHbp; a hole of about 40 A® 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 Al-hGH with W104A-
hGHbp relative to the wild-type (K; = 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 W104A 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 Al-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 Waals
and hydrogen-bonding groups that are 15 A
from the epicenter 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 mutant complex (Fig. 3). For exam-
ple, the 3 A salt bridge between K41 and
E127 in the wild-type complex, which is 11
A from the a-carbon of W104, has moved
apart by 2.4 A in the mutant complex (Fig.

Fig. 2. Space-filing 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. Al
contact residues are col-
ored such that those that
were mutated are in white,
and those that moved rel-
ative to the wild-type com-
plex by 0, 1, 2, and 3 A
are shown in a sliding scale

from purple to red to orange to yellow, respectively. Changes were calculated by
taking each atom that is in the interface of the wild-type or mutant complex
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Fig. 3. Two views (A and
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
residues are in pink, ex-
cept for positon 104
which is in orange.

3A). This gap is filled by two ordered wa-
ters, one of which mediates interactions
between this charged pair. The salt bridge
in the wild-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 Q46) were simulta-
neously 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
gained.

The structures and binding regions for a
number of hematopoietic cytokines and
their receptors are now known (2, 16). One
of the notable features is that although 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-

that are within 5 A.

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 (16).

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 (17) or when
surface residues were inserted or deleted in
a helices of T4 lysozyme (18) or staphy-
lococcal nuclease (19). 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

and calculating the average change in distance to all atoms across the interface
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mechanism for mutations to be accommo-
dated during the coevolution of high-af-
finity binding partners.

REFERENCES AND NOTES

1. J. Janin and C. Chothia, J. Biol. Chem. 265, 16027
(1990); S. Jones and J. Thornton, Proc. Natl. Acad.
Sci. U.S.A. 93, 13 (1996).

2. J. A Wells and A. M. De Vos, Annu. Rev. Biochem.
65, 609 (1996).

3. A. M. De Vos, M. Ultsch, A. A. Kossiakoff, Science-

255, 306 (1992); M. Sundstrom et al., J. Biol. Chem.
271, 32197 (1996). The wild-type complex coordi-
nates used in our study are from a 1:1 complex
between G120R:hGH and hGHbp determined at 2.6
A resolution (T. Clackson, M. Ultsch, J. Wells, A. M.
De Vos, in preparation).

4, B. C. Cunningham and J. A. Wells, Science 244,
1081 (1989); J. Mol. Biol, 234, 554 (1993).

5. S. H. Bass, M. G. Mulkerrin, J. A. Wells, Proc. Natl.
Acad. Sci. U.S.A. 88, 4498 (1991); T. Clackson and
J. A. Wells, Science 267, 383 (1995).

6. The single letter abbreviations for amino acid resi-
dues are as follows: A, Alg; G, Cys; D, Asp; E, Glu; F,
Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N,
Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W,
Trp; and Y, Tyr. Mutants are identified by the wild-
type residue, followed by its position, and the mutant
residue. Multiple mutants are indicated by a series of
single mutants separated by commas.

7. The library was constructed by site-directed mu-
tagenesis [T. A. Kunkel, K. Bebenek, J. McClary,
Methods Enzymol. 204, 125 (1991)] by substituting
NNS(N=A,G,C,orT; S = GorC)for the codon to
be randomized. The library that randomized hGH at
codons 168, 171, 172, 175, and 176 was made by
mutagenizing the plasmid pH0753 with the oligonu-
cleotide 5'-CTG CTC TAC TGC TTC AGG NNS GAC
ATG NNS NNS GTC GAG NNS NNS CTT CGAATC
GTG CAG TGC CGC TCT-3'. The initial library size
was 2 X 107. The plasmid pH0753 was derived from
phGHam-g3 [H. B. Lowman, S. H. Bass, N. Simp-
son, J. A. Wells, Biochemistry 30, 10832 (1991)] by
mutation of the base at position 419 from C to G in
order to eliminate an Xba | restriction site.

8. Phage displaying mutants of hGH were selected for
binding to W104A-hGHbp immobilized on an immu-
noscrb plate (at a concentration of 50 pg/mi) by
incubating overnight at 4°C in phosphate-buffered
saline solution. Sorting against W104A-hGHbp was
continued for seven rounds before individual phage-
mids were sequenced (9).

9. S. Atwell and J. Wells, in preparation.

10. B. C. Cunningham, D. L. Lowe, B. Li, B. D. Bennett,
J. A. Wells, EMBO J. 13, 2508 (1994); B. Li et al.,
Science 270, 1657 (1995).

11. H. B. Lowman and J. A. Wells, J. Mol. Biol. 234, 564
(1993).

12. A1-hGH and the single-site revertants were con-
structed by mutagenizing pB0720, a G120R-hGH
expression plasmid (7). These were expressed as
soluble proteins [C. N. Chang, M. Rey, B. Bochner,
H. Heyneker, G. Gray, Gene 55, 189 (1987)] in the
strain 34B8, a nonsuppressor strain of £scherichia
coli. Each mutant was isolated from a 50-ml culture
in 250-ml shake flasks by pelleting the cells and
freezing them at ~20°C overnight. Cells were thawed
and osmotically shocked in 10 mM tris (pH 8.0). The
concentration of hormone was determined by den-
sitometry of Coomassie blue-stained gels (4). Initial
characterization of binding was measured on a BIA-
core instrument by coupling W104A-hGHbp through
lysine residues to 2500 resonance units [(4); B.
Johnsson, 8. Lofas, G. Lindquist, Anal. Biochem.
198, 268 (1991)]. Radioimmunoassay was per-
formed for binding of hGH variants to hGHbp or
W104A-hGHbp as described [S. A. Spencer et al.,
J. Biol. Chem. 263, 7862 (1988)]. In the case of
wild-type hGHbp, '?%I-labeled hGH was used as
competitor; for W104A-hGHbp, an affinity-optimized
variant of hGH (77) labeled with 25| was used. This
variant bound with an affinity of 1.6 (x0.7) nM to

1128

W104A-hGHbp. Standard errors in the K, measure-
ments ranged from =30 to =50% of the value indi-
cated in the text and were higher near the detection
limits of the assay (~1 wM).

13. We purified A1-hGH and W104A-hGHbp from an £.
coli fermentation culture using ion exchange and hy-
drophobic interaction columns. The two proteins
were combined and purified as a complex on a gel
filtration column. Crystals were induced by streak
seeding with crystals of the F25A, Y42A, Q46A-
hGH:hGHbp complex (75) (~5 mg/ml) in 50 mM
bis-tris (pH 6.5) and 17 to 20% saturated ammonium
sulfate. Crystals were frozen in liquid nitrogen for
data collection.

14, A. E. Ericksson et al., Science 255, 178 (1992); A. E.
Ericksson, W. A. Baase, B. W. Matthews, J. Mol.
Biol. 229, 747 (1993).

15. K. H. Pearce, M. H. Ultsch, R. F. Kelley, A. M. De
Vos, J. A. Wells, Biochemistry 35, 10300 (1996).

16. W. Somers, M. Ultsch, A. M. De Vos, A. A. Kossia-
koff, Nature 372, 478 (1994); M. R. Walter et al., ibid.
376, 230 (1995); O. Livnah et al., Science 273, 464
(1996).

17. F. M. Richards and W. A. Lim, Q. Rev. Biophys. 26,
423 (1994).

18. I. R. Vetter et al., Protein Sci. 5, 2399 (1996).

19. L. J. Keefe, J. Sondek, D. Shortle, E. E. Lattman,
Proc. Natl. Acad. Sci. U.S.A. 90, 3275 (1993).

20. Z. Otwinowski, in Data Collection and Processing, L.
Sawyer, N. Isaacs, S. Bailey, Eds. (SERC Daresbury
Laboratory, Warrington, UK, 1993), p. 56-62.

21, A. T. Brunger, J. Kurlyan, M. Karplus, Science 235,
458 (1987).

22. G. Murshudov, A. Vagin, E. Dodson, Acta Crystal-
fogr. D 53, 240 (1997).

23. S.A. was supported in part by a NIH Biotechnology
Training Grant. We thank the oligonucleotide synthe-
sis and fermentation groups at Genentech; T. Clack-
son for providing samples of hGHbp and W104A-
hGHbp; M. Randal and T. Kossiakoff for help with
x-ray data collection; and W. DeLano for help with
intermolecular distance calculations. X-ray coordi-
nates have been deposited in the Protein Data Bank
with access number 1AXI.

20 March 1997; accepted 19 September 1997

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 idea 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
et al. 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.

The H-bond inherently involves the shar-
ing of hydrogen atoms to varying extents
with other atoms (I). 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 an
intermediate stage of transfer to B (2). In
conventional H-bonds the H atom is asso-
ciated more with one heteroatom than the
other.

A-H...:B A:.+H-B

AeesHeee B (1)
1 2 3

LBHBs are distinguished from conven-

E. L. Ash, J. L. Sudmeier, W. W. Bachovchin, Depart-
ment of Biochemistry, Tufts University School of Medi-
cine, Boston, MA 02111, USA.

E. C. De Fabo, Department of Dermatology, George
Washington University School of Medicine, Washington,
DC 20037, USA.

*To whom correspondence should be addressed.

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 at 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 dl. (6) has led to its substan-
tial (7), though not universal (8), accep-
tance. Physicochemical parameters used to
identify LBHBs include (i) extreme low-field
"H nuclear magnetic resonance (NMR)
chemical shifts [8 > 16 parts per million
(ppm)]; (ii) deuterium isotope effects on
low-field 'H resonances; (iii) low (<1.0)
isotopic fractionation factors; and (iv) deu-
terium isotope effects on infrared and Raman
frequencies (I)—the most unambiguous of

SCIENCE e VOL. 278 » 7 NOVEMBER 1997 » www.sciencermag.org



