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ABSTRACT. Alanine-scanning mutagenesis, X-ray crystallography, and double mutant cycles were used to
characterize the interface between the anti-hen egg white lysozyme (HEL) antibody HyHEL-63 and HEL.
Eleven HEL residues in contact with HyHEL-63 in the crystal structure of the antigetibody complex,

and 10 HyHEL-63 residues in contact with HEL, were individually truncated to alanine in order to determine
their relative contributions to complex stabilization. The residues of HEL (Tyr20, Lys96, and Lys97)
most important for binding HYHEL-63XGmutant — AGuild type > 3.0 kcal/mol) form a contiguous patch

at the center of the surface contacted by the antibody. Hot spot residues of the antildg@dy>( 2.0
kcal/mol) are organized in two clusters that juxtapose hot spot residues of HEL, resulting in energetic
complementarity across the interface. All energetically critical residues are centrally located, shielded
from solvent by peripheral residues that contribute significantly less to the binding free energy. Although
HEL hot spot residues Lys96 and Lys97 make similar interactions with antibody in the HyHEL-63/HEL
complex, alanine substitution of Lys96 results in a nearly 100-fold greater reduction in affinity than the
corresponding mutation in Lys97. To understand the basis for this marked difference, we determined the
crystal structures of the HyHEL-63/HEL Lys96Ala and HyHEL-63/HEL Lys97Ala complexes to 1.80
and 1.85 A resolution, respectively. Whereas conformational changes in the proteins and differences in
the solvent networks at the mutation sites appear too small to explain the observed affinity difference,
superposition of free HEL in different crystal forms onto bound HEL in the wild type and mutant HyHEL -
63/HEL complexes reveals that the side-chain conformation of Lys96 is very similar in the various
structures, but that the Lys97 side chain displays considerable flexibility. Accordingly, a greater entropic
penalty may be associated with quenching the mobility of the Lys97 than the Lys96 side chain upon
complex formation, reducing binding. To further dissect the energetics of specific interactions in the
HyHEL-63/HEL interface, double mutant cycles were constructed to measure the coupling of 13 amino
acid pairs, 11 of which are in direct contact in the crystal structure. A large coupling energy, 3.0 kcal/
mol, was found between HEL residue Lys97 and HyHEL-63 residu&sg32, which form a buried salt
bridge surrounded by polar residues of the antigen. Thus, in contrast to protein folding where buried salt
bridges are generally destabilizing, salt bridges in proeteimtein interfaces, whose residual composition

is more hydrophilic than that of protein interiors, may contribute significantly to complex stabilization.

The ability of proteins to form specific, stable complexes complexes) have revealed that most share a relatively large
with other proteins is fundamental to most cellular processes,(>900 A?) and planar buried surface area composed of
including signal transduction, vesicle transport, and cyto- closely packed atoms, similar to protein corés 7). This
skeletal remodeling. X-ray crystallographic studies of diverse shape complementarity is usually accompanied by a high

protein—protein complexes (e.g., proteag@otease inhibitor,  gegree of chemical complementarity. Hydrophobic patches
antigen-antibody, hormonehormone receptor, G-protein o the surface of one protein pack against hydrophobic

Thi . red by NIH Grant GM5280 patches on the surface of the other protein, atoms of polar
IS WOrK was supporte Yy ran . . . .

* Atomic coordinates have been deposited in the Protein Data Bank Character interact with atoms of opposite charge across the
as entries INBY and 1NBZ. interface, and proton donors and acceptors form hydrogen

*To whom correspondence should be addressed. Tel.: 301-738-ponds. Protruding side chains of one surface fit into de-
6243. FAX: 301-738-6255. E-mail: mariuzza@carb.nist.gov.

s University of Maryland Biotechnology Institute. pre_ssions of-the other, and-numerous van der Waals inter-
' Frederick Cancer Research and Development Center. actions are interspersed with hydrogen bonds and an oc-

10.1021/bi020589+ CCC: $25.00 © 2003 American Chemical Society
Published on Web 12/17/2002




12 Biochemistry, Vol. 42, No. 1, 2003 Li et al.

casional salt bridge. Overall, protetprotein interfaces are  can be accurately measured under equilibrium binding
quite polar and tend to reflect the residual composition of conditions using surface plasmon resonance (SPR) methods
protein surfaces, rather than protein cores, although they arg(13). Therefore, it should be possible to interpret the results
somewhat enriched in hydrophobic residugés2?). Small, of site-directed mutagenesis experiments in the HyHEL-63/
but significant, conformational changes are generally ob- HEL system in terms of the three-dimensional structures of
served between free and bound proteins, and this flexibility the corresponding mutant complexes.

appears to increase with the amount of buried surface area To assess the apparent contribution of individual residues
in the protein complex2). to complex formation, we systematically truncated the side
In contrast to the wealth of structural information on chains of contact residues on both HyHEL-63 and HEL to
protein—protein interfaces, the available data on the ther- alanine and compared the affinities of the wild type and
modynamics of the association reactions are far more limited mutant complexes. We find that nearly all the contact
and are largely based on detailed mutagenesis and bindingesidues tested (18 of 21) contribute at least 1.0 kcal/mol to
studies of relatively few complexe4)( These studies have the binding free energy. In common with most protein
shown that functional epitopes assigned by mutagenesis argyrotein complexesi7), energetically critical residues of
usually, though not always7{-10), much more restricted  HyHEL-63 and HEL are located at the center of the interface,
than structural epitopes defined by X-ray crystallograghy ( surrounded by peripheral residues that contribute significantly
5, 6, 11). That is, replacement of only a small subset of |ess to complex stabilization. The two most energetically
contact residues (“hot spots”) often destabilizes pretein  dominant HEL residues, Lys9&\AG = 6.1 kcal/mol) and
protein complexes dramatically, while substitutions of most ys97 (3.5 kcal/mol), form buried hydrogen bonds (Lys96)
other interface residues, including many which appear to or a salt bridge (Lys97) in the wild-type complex. To explain
form highly favorable interactions, result in little or no loss  the greater apparent contribution to binding of Lys96 than
of affinity. In other cases, however, the binding free energy Lys97, we determined the crystal structures of the corre-
arises from the accumulation of many productive interactions sponding alanine-substituted complexes to high resolution.
distributed over substantial portions of the interfage 10, To further map the HyHEL-63/HEL interface, coupling
12). Indeed, a predictive understanding of protepmotein energies between specific residue pairs were measured using
interactions has not been achieved and there is currently nodouble mutant cycles. Although the results were broadly
method to reliably identify hot spot residues in complex consistent with expectations from structural analysis, we also
structures based on patterns of shape, hydrophobicity orencountered significant exceptions. Possible reasons for
charge §, 6). A major difficulty is that interaction energies  differences between actual and expected coupling energies
vary considerably, even for the same type of interaction, for certain residue pairs are discussed in terms of the three-
resulting in often poor correlations between structural data dimensional structure of the HyHEL-63/HEL complex.
and energies deduced from mutagenesis. In addition, the rela-
tive contributions of surface complementarity, hydrophobic- EXPERIMENTAL PROCEDURES
ity, and hydrogen bonding to complex stabilization remain
to be established. It is therefore evident that additional struc-  Cloning and Mutagenesis of the HyHEL-63 Fabhe
ture—function studies are required to progress from purely isolation of cDNAs for the L and H chains of anti-HEL
anatomical descriptions of proteiprotein interfaces (iden- ~ antibody HyHEL-63 has been describetB) DNA frag-
tity of contact residues, amount of buried surface areas, num-ments encoding the Vand G domains of the L chain and
ber of hydrogen bonds and van der Waals interactions, etc.)the iy and Gi1 domains of the H chain were generated by
to a detailed understanding of how these structural featuresPCR and cloned downstream of thelBleader sequence of
translate to the affinity and specificity of binding reactions. €xpression vector pET-26b] (Novagen, Madison, WI). The
Antigen—antibody complexes provide useful models for Vector was restricted witMsd-Sal and Msd-Hindlll for
analyzing the thermodynamics of proteiprotein association ~ independent insertion of the @ and MiCul chains,
reactions 1, 2, 7). We recently determined the crystal respectively. The pET-26#(-VCi1 construct was digested
structure of the antigen-binding fragment (Fab) of the anti- With Xbd, treated with Klenow large fragment (New England
hen egg white lysozyme (HEL) antibody HyHEL-63 com- Biolabs, Beverly, MA) to generate blunt ends, and then
plexed with HEL to 2.0 A resolution, as well as structure of restricted withNot. The resulting fragment, containing the
the unbound antibody in two crystal forms, to 1.8 and 2.1 A PelBleader and WCii1, was cloned into pET-268(-V. C,,
resolution (3). The Fab HyHEL-63/HEL complex is highly ~ Which had been previously digested wiial, treated with
suited for detailed structurefunction studies of protein Klenow large fragment, and restricted witod. In the final
protein recognition by mutational analysis: not only are the PET-26D€F)-VL.C/VCil construct, the L and H chain genes
structures of both free and bound HyHEL-63 and HEL &€ each fused to pelBleader and controlled by the same
known to high resolution, but mutants of the antibody and T7 Promoter. The YCii1 gene also includes a sequence from
antigen can be readily produced in bacteria and yeast,th® PET-26b) vector encoding a C-terminal Hisag for

respectively. Furthermore, the affinities of mutant complexes affinity purification. Site-directed mutagenesis of Fab Hy-
HEL-63 was carried out by overlap PCR.

1 Abbreviations: HEL, hen egg white lysozyme; PBS, phosphate-
buffered saline; LB, LuriaBertani medium; SPR, surface plasmon

Production of Fab HyHEL-63 and Mutants by Secretion
or in Vitro Folding. For protein expression, the pET-26b-

resonance; RU, resonance units; Fab, antigen-binding fragment; L chain,(+)_VLCL/\/HCH1 plasmid was transformed inEscherichia

light chain; H chain, heavy chain; V region, variable region; C region,
constant region; V, light chain variable region; ¥, heavy chain
variable region; CDR, complementarity-determining region; FR, frame-
work region.

coli strain BL21(D3) (Novagen). Precultures (3 mL) were
grown at 37°C overnight in Luria-Bertani (LB) medium
containing 5Qug/mL kanamycin. These precultures were then
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used to inoculate 500 mL LB with the same antibiotic
concentration. The bacteria were grown at 25 to an
absorbance of 0:60.8 at 600 nm, and isopropys-p-

thiogalactoside was added to a final concentration of 0.4 mM.

After overnight incubation at 28C, the supernatant was

separated from cells by centrifigation, concentrated using an ce|l dimensions(A)

Amicon RA2000 concentrator (Millipore, Bedford, MA), and
buffer exchanged into 50 mM Tris-HCIl, pH 8.0. The
supernatant was applied to a -NNTA affinity column
(QIAGEN, Valencia, CA) preequilibrated with the same
buffer. The column was washed with 20 mM imidazole, 50
mM Tris—HCI, pH 8.0, and eluted with 50 mM imidazole,
50 mM Tris—HCI, pH 8.0. Fractions containing recombinant
Fab HyHEL-63 were pooled, concentrated, and further
purified by gel filtration on a Superdex S-200 FPLC column

(Pharmacia, Uppsala, Sweden) to eliminate aggregates before
surface plasmon resonance analysis (see below). Mutants of

Fab HyHEL-63 were prepared similarly.

Wild-type Fab HyHEL-63 used for cocrystallization with
HEL mutants Lys96gAla (HEL K96A) and Lys97gAla (HEL
K97A) was produced by in vitro folding of the ¢, and
VuCul chains, produced ii. coli as inclusion bodies, as
described previously1@). Correctly folded protein was
purified using an HEL affinity column, followed by anion
exchange chromatography with a MonoQ FPLC column
(Pharmacia).

Production of HEL Mutants Mutants of HEL were
produced as secreted proteins using an Invitrogaria
Expression Kit (San Diego, CA). A cDNA sequence encod-

ing the wild-type protein fused to the leader sequence of

o-mating factor was cloned into plasmid pPic9 aXtzdl/
Notl fragment (L4). Mutagenesis was carried out by overlap
PCR. For protein production, yeast from a single colony
transformed with this plasmid was grown in 25 mL BMGY
medium at 28-30 °C. After the culture reached an absor-
bance of 1.8-6.0 at 600 nm, the cells were harvested by
centrifugation at 150§ the pellets were suspended in
BMMY medium to an absorbance of 1.0 prior to induction.
Methanol was added to the culture every 24 h to a final
concentration of 0.5% (v/v) to maintain induction. After 96
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Table 1: Data Collection and Refinement Statistics for HyHEL-63/
HEL Complexes

HyHEL-63/HEL K96A HyHEL-63/HEL K97A

Data Collection

space group P4,2,2 P4,2,2
a=b=90.9, a=Db=90.9,
c=151.9 c=151.2
temperature (K) 100 100
resolution limit (A) 1.80 1.85
mosaicity (A) 0.3 0.4
Rmerge (%0)° 5.9 (42.2% 5.4 (36.6}
unique reflections 114 251 53 340
total observations 430 270 472 861
completeness (%) 99.9 (160) 97.3 (93.2%)
Refinement
Riree 24.2 24.5
ryst 20.1 18.5
protein
residues 553 553
averageB (A?) 21.4 21.7
water
molecules 743 608
averageB (A?) 36.1 35.7
rms deviations
bonds (A) 0.017 0.006
angles (deg) 0.024 0.022

aValues in parentheses correspond to the highest resolution shell:
HyHEL-63/HEL K96A (1.86-1.80 A); HyHEL-63/HEL K97A (1.92-
1.85 A).P Ryerge= |l — OOVI L) wherel is the observed intensity
and(lis the average intensity of multiple observations of symmetry-
related reflectionst A portion of the overall reflections was set aside
for Ryee calculations: HyHEL-63/HEL K96A (9.7%); HyHEL-63/HEL
K97A (9.6%).

temperature in hanging drops from mixtures containing
equimolar amounts of antibody and antigen at 10 mg/mL
concentrations. The crystallization conditions were similar
to those for the wild-type Fab HyHEL-63/HEL complex
(13): 15% (w/v) PEG 4000, 0.1 M ammonium acetate, and
0.05 M sodium acetate, pH 4.6. The mutant complexes
crystallized isomorphously with the wild-type in space group
P4,2,2 with one complex molecule per asymmetric unit
(Table 1). X-ray diffraction data were measured at 100 K
on beamline 19-IDA = 0.978 A) of the Advanced Photon

h, the culture was harvested by centrifugation. The super-Source (Argonne National Laboratory) using an ADSC

natant was dialyzed overnight against 0.1 M ammonium
acetate, pH 9.0, and loaded a 3 mLCM-Sepharose Fast
Flow column (Pharmacia) previously equilibrated with the

Quantum-4 CCD detector. The crystals were transferred to
a cryoprotectant solution (mother liquor containing 25%
glycerol), prior to flash-cooling in a nitrogen stream. The

same buffer. The column was washed with 10 volumes of data were processed and scaled using DENZO/SCALEPACK

buffer and eluted with 0.5 M ammonium acetate, pH 9.0.
Further purification was carried out on a Mono S cation ex-
change FPLC column (Pharmacia) equilibrated with 50 mM
MES, pH 6.5, and developed with a linear NaCl gradient;
all HEL mutants eluted between 0.2 and 0.4 M NacCl.
Affinity MeasurementsThe interaction of soluble Fab
HyHEL-63 with immobilized HEL was measured by SPR
using a BlAcore 1000 biosensor (BIACORE, Piscataway,
NJ) as described3( 15, 16). The data were analyzed using
the BlAevaluation 2.1 software package (BIACORE). As-
sociation constantK{s) were determined from Scatchard

(17), followed by data reduction using programs from the
CCP4 suite 18). Data collection statistics are shown in
Table 1.

The structures of the Fab HyHEL-63/HEL K96A and Fab
HyHEL-63/HEL K97A complexes were solved by molecular
replacement methods using the program AMoR®),(with
the wild-type complex (PDB accession code 1DQNIP)(
as a search model. Crystallographic refinement was carried
out using X-PLOR3.120) and CNS0.4Z1), including rigid-
body refinement, iterative cycles of simulated annealing,
positional refinement, torsion angle refinement, and indi-

analysis, after correction for nonspecific binding, by measur- vidual temperature factoB] refinement interspersed with
ing the concentration of free reactants and complex at manual model fitting intara-weightedF,—F. and Z,—F
equilibrium. Standard deviations for two or more independent electron density maps using TURBE&RODO @2). Water

Ka determinations were typically20%.
CrystallographyThe Fab HyHEL-63/HEL K96A and Fab
HyHEL-63/HEL K97A complexes were crystallized at room

molecules were added at positions whereRheF. electron
density was greater than 2.and where reasonable hydrogen
bonds to protein atoms or other water molecules were



14 Biochemistry, Vol. 42, No. 1, 2003 Li et al.

A 2500 —
2000 —
1800 2200
1600 1900
1400
. 1600 |
5 1200 5
& 1000 &4 1300
I5) 15
2 800 - 2 1000 -|
[] o
2 600 | =9
7] B 700
& 400 ] (a7
400
200
0 100
-200 t t f t f t f t i -200 t t t t f t t t 1
50 60 70 80 9 100 110 120 130 140 150 160 100 140 180 220 260 300 340 380 420 460
Times (s) Times (s)
100 B 14.0 D
¢ 35 06 M-
00 K, =5.4x10°M-
KA=3.6X105 Ml 12,0 AT
8.0
~
—_
E 70 g 10.0
) =)
(a4 6.0 m.
z E
= 50 =
5 N
O 40 (<) 6.0
< o
8“ ]
& oo B o]
2.0
20
1.0
00 00
0 200 400 600 800 1000 1200 1400 1600 1800 2000 ! 0 500 10‘00 1500 20'00 2560
Req (RU) Req (RU)

Ficure 1: (A) Binding of Fab HyHEL-63 YN32A to immobilized wild-type HEL. The HyHEL-63 mutant was injected at 10 different
concentrations ranging from 0.2 to 7uM over a surface to which 1200 RU of wild-type HEL had been coupled. Buffer flow rates were

5 uL/min, and report points were taken 1 min after each injection. (B) Scatchard plot of the binding of Fab HyHEINB2A/to wild-

type HEL derived from the data depicted in panel A after correction for nonspecific binBigés the corrected equilibrium response at

a given concentratio@®. The plot is linear with a correlation coefficient of 0.98. The appakanis 3.6 x 10° M~1. The predicted maximum
binding capacity (4100 RU) indicates that about 59% of the immobilized wild-type HEL molecules are available for binding. (C) Binding
of Fab HyHEL-63 \(;D32A to immobilized HEL K97A. The HyHEL-63 mutant was injected at eight different concentrations ranging from
42 to 540 nM over a surface to which 1400 RU of the HEL mutant had been coupled. Report points were taken 3.5 min after each injection.
(D) Scatchard plot derived from the data in panel C after correction for nonspecific binding. The plot is linear with a correlation coefficient
of 0.98 and the appareitt, is 5.4 x 10° M~1. Approximately 56% of the immobilized HEL K97A is available for binding, as calculated
from the predicted maximum binding capacity (4800 RU).

possible. The final Fab HyHEL-63/HEL K96A structure, using a nickel chelate adsorbent. This was done to avoid
determined to 1.80 A resolution, has Bgys: of 19.7% and HEL affinity chromatography, since certain HyHEL-63

an Ryee Of 24.0%. For the Fab HyHEL-63/HEL K97A  mutants were expected to bind the antigen too weakly for
complex, the finaReystis 19.7% andRyec is 25.0% at 1.85 purification by this method. Surprisingly, most of the

A resolution. The Fab HyHEL-63/HEL K96A and Fab antibody was found in the culture supernatant, rather than
HyHEL-63/HEL K97A models include 743 and 608 water the periplasmic space, indicating leakage from the periplas-
molecules, respectively. Refinement statistics are summarizednic compartment due to membrane damage or cell lysis, as

in Table 1. occasionally observed for secreted antibod84 6, 23, 24).
In our previous crystallographic study of the Fab HyHEL-
RESULTS AND DISCUSSION 63/HEL complex, we had expressed the wild-type Fab by
Production of Recombinant Fab HyHEL-6Because of  in vitro folding of the L C, and \,Cy1 chains, produced as
its nonreducing environment, the periplasmic spade. abli bacterial inclusion bodied.g). Since secreted Fab HyHEL-

has been used for the expression of heterologous proteins63 did not crystallize with HEL under wild-type conditions,
such as antibodie$(23, 24) and T-cell receptors25, 26), perhaps due to the presence of a flexiblegtégy, the Fab
that contain disulfide bonds. To direct secretion of Fab used for crystallizing complexes with HEL mutants was
HyHEL-63 into the periplasmic space, the natural signal produced by in vitro folding. Importantly, the affinities of
sequences of its L and H chains were replaced with that of the secreted and in vitro folded forms of HyHEL-63 for HEL
pectate lyase fror&rwinia carotaora (23, 24). Six histidine- ~ were indistinguishable (data not shown).

encoding triplets were grafted onto thet8rminus of the Measurement of Association Constants for the Binding of
VuCul gene to permit purification of the recombinant protein HyHEL-63 to HEL The affinities of wild-type and mutant
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HYHEL-63 Fab fragments for W”dft_yp.e HE_L or HEL_ Table 2: Association Constants and Relative Free-Energy Changes
mutants were determined under equilibrium binding condi- for Single and Double Mutant Complextes

t?ons with a BlAcore biosensor. _Typic_all_y, analyte concentra- HYHEL-63 Ka (M) AAG
tions ranging from 1/10 the dissociation constali)(to wt HEL (3.6+ 0.1) x 1C° (kcal/mol)
10Kp were used; higher concentrations were required to Section A
approach saturation for the lower affinity interactions. Surface  wt Y20A (1.4+0.2) x 10° 3.3
plasmon resonance profiles for equilibrium binding of  wt R21A (4.3£0.4) x 18; 13
HyHEL-63 mutant \\N32A mutant to immobilized wild- wt W62A (1.0£01)x 1 0.8
e HEL, It of HyMEL-03 mutant NDA2A 1o HEL W1 WeSA - (37409 10 3
ype HEL, and of HyHEL-63 mutant \D32A to wt L75A 3.1+ 0.2) x 107 15
mutant K97A, are shown in Figure 1 (panels A and C, wt T89A (8.7+ 2.3) x 107 0.8
respectively). The corresponding Scatchard plots, after cor- wt N93A (1.2+0.3)x 1¢° 0.6
recting for nonspecific binding, are shown in Figure 1 (panels Wt KI6A (1.1+0.3) x 10° 6.1
q he Dl i q wt K97A 9.4+ 1.0)x 10 35
B and D). The plots were linear, and apparéns were wt S100A (9.7+ 0.5) x 107 08
calculated as the slopes of the straight lin&s; = 3.6 x wt D101A (4.0+ 0.8) x 107 1.3
10° M~t and 5.4x 10°f M~! for the HYyHEL-63 \{ N32A/ Section B
HEL and HyHEL-63 \,D32A/HEL K97A interactions, VLN31A wt (1.2+£0.1) x 107 2.0
respectively. The predicted maximum specific binding, V.N32A wt (3.6+0.2)x 12 4.1
calculated from the-intercept assuming a linear relationship xgggﬁ wt (3.9:£0.2)x 1 a 2.7
. L wt (32+0.1)x 10 1.4
between the mass of bound protein and the measured v, yoea wt (5.34 0.1) x 107 1.1
resonance units (RUR6), indicated that approximately 60% VuD32A wt (1.2+£0.2) x 107 2.0
of the immobilized HEL molecules were available for x%ggﬁ WE g%i 88X 18: g-g
- . . I H W . .8) x .
b!nd!ng in both cases. The aﬁl_n|t|es measurgd py equilibrium ViY53A Wt (491 07)x 107 12
binding were very reproducible, and deviations between v,w9sA wit (8.7+ 1.2) x 10¢ 4.9
different runs on the same chip were generally smaller than Section C
those between different chips. The errors KEp were V.N32A K96A (2.0+0.2) x 10¢ 5.8
consistently less than 20%, which translates into errors on V.S91A R21A (1.7+01)x 1¢° 3.2
AAG (AGmutant — AGuiid wpe) and AAGyy (the interaction stgéﬁ gzzfﬁ ((g'gi gggi 182 gg
energy between residue pairs from double mutant cycle YtY%A S100A (7.7+0.3) x 107 09
analysis) of less tha#t0.4 and+0.7 kcal/mol, respectively. Y4D32A K97A (5.44£0.4) x 10/ 25
Thus, the binding of closely related mutant proteins may be x%ggﬁ wgéﬁ Eg-éi g-gg x 18; %g
. : . - . " ) 0) x .
cqmpared with a relatively high degree of precision using ViYB3A L7EA (4.6+ 0.5)x 107 12
this BIAcore method. ViY53A D101A  (3.640.5)x 10P 2.7
Mapping the Energetics of the HyHEL-63/HEL Interface. ~ VAW98A S100A (4.2£0.8) x 10° 5.3
Residues in the interface between HyHEL-63 and HEL were  VHW98A K97A (4.7 1.0) < 10° 6.6
y VHWO8A Y20A (6.4+ 0.7) x 10* 5.1

subjected to alanine-scanning mutagenesis in order to — - _
a Affinity measurements were carried out by BIAcore as described

determlne their relative contributions to the free energy of in Experimental Procedures. Wt refers to wild-type protein. Differences
association. In the crystal structure of the Fab HyHEL-63/ i, free energy changes are calculated as the difference between the

HEL complex (3), 19 HyHEL-63 residues from all six  AGs of the mutant wild-type reaction&AG = AGmuant— AGuiid—type)-

complementarity-determining regions (CDRS) of the anti- Sections A and B show affinities anNAGs for single mutants of

body, aml 1 H chain framework region residue, contact 20 HyHEL-63 and HEL, respectively. Sections C shows values for the
T - . " double mutants.

HEL residues from three discontinuous polypeptide segments

of the antigen. We individually mutated to alanine 11 HEL  on the antibody side of the interface, 10 HyHEL-63
residues in contact with HyHEL-63, excluding 2 glycine resjdues (5 from V and 5 from \;) in contact with HEL
residues (16 and 102) and residues contacting the antibodyyere mutated to alanine. The affinities of these mutants for
only through backbone atoms (14, 15, 18, 19, and 98). The wjld-type HEL are shown in Table 2, section B. Overall,
binding affinities of these HEL mutants for wild-type mutations in the H chain disrupt binding more than those in
HyHEL-63 were measured by BIAcore add\Gs calculated  the L chain. Three H chain mutations, at positiofTyr33,
(Table 2, section A). The most destabilizing mutation was v/, Tyr50 and \(;Trp98, are associated WithAG values

at position Lys96 AAG = 6.1 kcal/mol). In the wild-type  exceeding 4.0 kcal/mol. The corresponding residues of
structure, this residue makes two hydrogen bonds W31 HyHEL-10 are also hot spots for HEL bindingQ). Two L

and M Asn32 (Lys9&eL NE—001 Vi Asn31 and Lys96e. chain mutations, at positions ¥sn32 and VTyr50, also
NZ—0d41 V Asn32). Alanine substitutions at HEL positions  significantly reduced binding, withAGs of 4.1 and 2.7 kcal/
Tyr20 and Lys97 also greatly reduced bindidg\G > 3.0 mol, respectively. Substitutions at the other five antibody
kcal/mol). Smaller, but significant, effects were observed for positions tested (M\sn31, \{ Ser91, \(Tyr96, VyAsp32, and
substitutions at positions Arg21, Trp63, Leu75, and Asp101 Vv Tyr53) had less effect (1:12.0 kcal/mol). In the HyHEL-
(1.0—-2.0 kcal/mol), while those at positions Trp62, Thr89, 10/HEL complex, mutation of the conserved Asn31
Asn93, and Serl00 had very little effect1.0 kcal/mol). residue results in a much greater affinity lo8\G = 5.2
These results are broadly consistent with those from akcal/mol), possibly reflecting the longer distance of the
mutational study of the anti-HEL antibody HyHEL-128g), conserved hydrogen bond to Lys@6 in the HyHEL-63/
which recognizes a similar epitope on HEL as HyHEL-63 HEL complex and the fewer number of van der Waals
(13, 29). contacts made with the antigeh3j.
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Ficure 2: Space-filling model of the surface of HyHEL-63 (left) in contact with HEL and of the surface of HEL (right) in contact with
HyHEL-63. The two proteins are oriented such that they can be docked by folding the page along a vertical axis between the components.
Residues are color-coded according to the loss of binding free energy upon alanine substitutior¢ keal/mol; yellow, 2-4 kcal/mol;

green, 2 kcal/mol; blue,<1 kcal/mol. In dark gray are contacting residues in the HyHEL-63/HEL interface that were not tested by
alanine-scanning mutagenesis. Msidues are labeled in white angl, vesidues in black.

Figure 2 shows the residues of HyHEL-63 and HEL in affinity upon replacement of yTyr50 by alanine may be
important in complex stabilization mapped onto the three- an indirect effect due to structural perturbations in the anti-
dimensional structure of each protein. The residues of HEL body combining site propagating from the mutation to neigh-
most important for binding HyHEL-63 (Tyr20, Lys96 and boring residues, in particularMyr58, VyTrp98, V. Trp94,
Lys97) form a contiguous patch located at the center of the and . Tyr96, which make numerous contacts with HEL. If
surface contacted by the antibody. The three hot spot residueso, VyTyr50 may not represent a true hot spot for HEL

(AAG > 2.0 kcal/mol) of the HyHEL-63 H chain (VTyr33,
VyTyr50 and \;Trp98) cluster together, as do the two hot
spot residues of the L chain (¥sn32 and VYTyr50),

binding; similar considerations may apply to certain hot spots
in other protein-protein interfaces identified by alanine-
scanning mutagenesi§)( Overall, however, these results

forming two energetically important patches on the antibody are in agreement with findings from other antigeantibody
surface. A comparison of the interacting surfaces in Figure systems 1, 7), and the growth hormone-growth hormone
2 reveals that hot spot residues on the HEL side of the receptor complex 11, 31—33), that energetically critical
interface generally correspond to hot spots on the HyHEL- residues tend to be self-complementary across interfaces.

63 side. For example, in the crystal structure of the complex

(13), hot spot residue Lys@# (AAG = 3.5 kcal/mol) makes
contact with hot spot residuesVyr33 (5.5 kcal/mol) and
VyTrp98 (4.9 kcal/moal). Similarly, hot spot residues Tyi20
(3.3 kcal/mol) and Lys9%, (6.1 kcal/mol) contact hot spot
residues YAsn32 (4.1 kcal/mol) and Myr50 (2.7 kcal/
mol). In addition, functionally less important residues of
HyHEL-63 and HEL tend to be juxtaposed in the antigen
antibody interface: WTyr53 (AAG = 1.2 kcal/mol) interacts
with HEL residues Trp63, Leu75 and Asp101 (220 kcal/
mol), while V. Tyr96 (1.1 kcal/mol) contacts HEL residues
Arg21 (1.3 kcal/mol) and Ser100 (0.8 kcal/mol). A significant
exception to this energetic complementarity igTyr50,

As noted for several other proteiprotein complexesl(
8, 11, 34), the change in solvent-accessible surface area of
individual HyHEL-63 or HEL residues upon complex
formation does not correlate well with their relative impor-
tance to binding. For example, yVyr53 and Arg2le.
contribute the most to the buried surface in the HyHEL-
63—HEL interface (111 A and 116 &, respectively), yet
are not hot spot residues (Table 2). A far more important
parameter in determining a particular residue’s contribution
to complex stabilization appears to be its location in the
interface (central versus peripheral), although the reasons for
this marked positional dependence are incompletely under-
stood (see Conclusions),(6). Thus, hot spot residues such

whose replacement by alanine results in a decrease in bindingas iy Tyr33 and \(;Trp98 of HyHEL-63, or Tyr20 and Lys96
free energy of 6.9 kcal/mol, the largest for any residue tested,of HEL, are located near the center of the interface, where

but which interacts with functionally far less important HEL

they are mostly shielded from bulk solvent{0% burial)

residues Arg21 and Serl100 (Table 2). One possible explana-by peripheral residues that contribute significantly less to

tion for this discrepancy is that the Vyr50 side chain

the binding free energy (Figure 2).

contacts Ser100 only through main-chain atoms, such that Structures of HEL Mutants K96A and K97A Complexed
the relative contribution of the HEL residue cannot be with HyHEL-63.In the wild-type HyHEL-63/HEL complex,
assessed by simple alanine substitution. In addition, the sidethe interacting surface of HyHEL-63 is mainly hydrophobic,

chain of V4 Tyr50 is mostly buried in the antibody combining

whereas hydrophilic residues predominate on the HEL side

site: the solvent-accessible surface area of this residue isof the interface 13). Of the three hot spot HEL residues we

only 24 A2, compared to 77 Afor VyTyr33, 153 & for
VuTyr53, and 100 Afor V1 Tyr58. Thus, the large decrease

identified, two (Lys96 and Lys97) are charged. In the crystal
structure, the aliphatic portion of the Lys@6 side chain
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Ficure 3: (A) Schematic representation of the wild-type Fab HyHEL-63/HEL complex in the vicinity of HEL residue Lys96. Hydrogen
bonding interactions are represented by thick dotted lines; van der Waals contacts are drawn as thin dotted lines. (B) Schematic showing
the same region in the HYyHEL-63/HEL K96A mutant complex. Wat A is a water molecule present in both wild-type and mutant structures;
Wat B is an additional water in the HyHEL-63/HEL K96A interface. (C) Schematic of the wild-type Fab HyHEL-63/HEL complex in the
vicinity of HEL residue Lys96. (D) Schematic showing the same region in the HyHEL-63/HEL K97A mutant complex. A water (Wat)
partially fills the cavity formed by truncation of the lysine side chain.

packs against the aromatic ring of Wr50, while the water molecules are stably incorporated in the interface at
charged N group is neutralized by hydrogen bonding to the the site of the mutations. In the HyHEL-63/HEL K96A
001 groups of VAsn31 and YAsn32 (Figure 3A). Simi- complex, the cavity created by the alanine substitution is
larly, the side chain of LysQ#,  intercalates between partially filled by a water molecule (WatB) that forms
aromatic residues Myr33 and \;Trp98, with the N; group hydrogen bonds which mimic ones made by Lyg96
neutralized by a salt bridge top¥sp32 (Figure 3C). The  (Figure 3B). In the wild-type structure, WatA, which is also
affinity of HEL K96A for HyHEL-63 (Ka =1.1x 10* M™% present in the mutant complex, forms hydrogen bonds with
is approximately 33 000-fold lower than that of wild-type His15g O, Lys96g. NE, and V Asn31 N2 (Figure 3A).
HEL (3.6 x 108 M1), while the affinity of HEL K97A (9.4 In the mutant, WatB fulfills the role of Lys9@, by hydrogen
x 10° M71) is only 380-fold lower (Table 2). bonding to {Asn31, \{ Asn32, and WatA. However, nearly
To understand how replacement of these two chargedall direct interactions between the Lysg6 side chain and
residues by alanine disrupts binding and why mutation of HyHEL-63 are lost when this residue is mutated to alanine,
Lys964. results in a nearly 100-fold greater reduction in including nine van der Waals contacts and two hydrogen
affinity than mutation of Lys9¢g., we determined the crystal bonds, which are not replaced by newly formed water-
structures of the HyHEL-63/HEL K96A and HyHEL-63/ mediated interactions. A similar situation exists for the
HEL K97A complexes to 1.80 and 1.85 A resolution, HyHEL-63/HEL K97A complex, where a water molecule
respectively. Omit maps in the region of the mutations are occupies only part of the cavity created by the side-chain
shown in Figure 4A,C. The root-mean-square (rms) devia- truncation, hydrogen bonding to¥sp32 Q)2 (Figure 3D).
tions in a-carbon positions between mutant and wild-type Nine van der Waals contacts and one salt bridge (Lys97
structures are only 0.27 A for HyHEL-63/HEL K96A and N¢—0062 VpAsp32) are lost in the mutant complex, none
0.34 A for HyHEL-63/HEL K97A, indicating that the  of which are restored by the sole additional water molecule
mutations do not significantly alter the overall structure of at the mutation site. For both complexes, the observed solvent
the complexes. Conformational changes in the proteins atrearrangements are clearly insufficient to compensate for the
the mutation sites are also small (Figure 4B,D). loss of direct protein-protein interactions at the mutation
The principal difference in the structure of the mutant sites, thereby contributing to the large reductions in binding
complexes is a rearrangement of solvent such that additionalaffinity relative to the wild-type complex. Moreover, differ-
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Ficure 4: (A) Simulated annealing omit electron density map in the vicinity of HEL residue Ala96 in the HyHEL-63/HEL K96A mutant
complex. The map was calculated using CNS@3,(where all atoms withi a 9 Aradius of Ala96_ were omitted from the calculation.
Contours are atd. (B) Superposition of the HyHEL-63/HEL K96A mutant complex (red) onto the wild-type structure (green). The view
is the same as in panel A. (C) Simulated annealing omit map in the region of HEL residue Ala97 in the HyHEL-63/HEL K97A mutant
complex. (D) Superposition of the HyHEL-63/HEL K97A mutant complex (red) onto the wild-type structure (green).

ences in the nature or extent of the solvent networks formed provided that the local environment is sufficiently polar to
in the mutant complexes (Figure 3B,D) appear too limited permit the formation of a stable water network to compensate
to explain the much greater effect on binding of alanine the loss of complementarity at the mutation site. For example,
substitution of Lys9ge. than Lys97%g. (Table 2). alanine substitution of D1.3 residugVpr52 has little effect
We had previously observed solvent rearrangements,on HEL binding, whereas ¥rp92 is a hot spot, even though
including the incorporation of additional interface waters, both tryptophans are near the periphery of the D1.3-HEL
in X-ray crystallographic studies of complexes between site- interface and make similar contributions to the buried surface
directed mutants of the anti-HEL antibody D1.3 and HEL in the complex 8). However, examination of the atomic
(16, 35, 36). In certain cases, the mutations were associatedinteractions made by these residues reveals thAtrp92
with only small reductions in affinity €10-fold), even packs against a more hydrophobic surface thairgh2,
though they resulted in the loss of a similar number of van precluding the formation of compensating water-mediated
der Waals and hydrogen bond interactions as in the HyHEL- interactions with HEL 86). We also fail to observe such
63/HEL K96A and HyHEL-63/HEL K97A complexed 6, interactions for residues at the center of interfaces, such as
35). In other cases, up to 1000-fold reductions in affinity Lys964g. and Lys9%g. in the HyHEL-63/HEL complex
were observed3b, 36). Even more drastic is the 33 000- (Figure 3B,D), which are buried in predominantly hydro-
fold loss of affinity measured in the present study for the phobic environments.
HyHEL-63/HEL K96A interaction. Thus, there appears to A possible explanation for the much greater apparent
be a very wide range in the extent to which solvent contribution to binding of Lys96:, (AAG = 6.1 kcal/mol)
rearrangements in a protetprotein interface can accom- than Lys97g_ (3.5 kcal/mol) may be found by comparing
modate mutations, which probably depends on the positionthe conformations of these residues in different crystal
of the mutation in the interface and on the nature of the local packing environments. Superposition of free HEL in three
environment. On the basis of the available crystal structurescrystal forms 89—41) onto bound HEL in the HyHEL-63/
(16, 35—38), we conclude that sites at the periphery of HEL complex (L3) shows that the side chain conformations
protein—protein interfaces, because of their accessibility, are of Lys96,e. are very similar in the four structures, whereas
particularly suited to the incorporation of new waters to the Lys97g. side chain displays considerable conformational
occupy cavities or channels created by side-chain truncationsvariability (Figure 5A). Thus, a significant entropic penalty
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A HEL K97 structure in the vicinity of the mutation. Such effects are
evident in the crystal structures of the HyHEL-63/HEL K96A

and HyHEL-63/HEL K97A complexes described above,

although they are of relatively moderate magnitude for both
mutants.

The method of double mutant cycles circumvents many
of the limitations of single mutant experiments and makes
it possible to estimate the effective interaction energy
between specific residues in a proteprotein complex
independently of interactions other than those between the
residues mutated in the cycké3—45). We have applied this
method of dissecting the energetics of pairwise interactions
in protein—protein interfaces to the HyHEL-63/HEL com-
plex. Thus, HYHEL-63 residue A and HEL residue B were
mutated (i.e., A— A’', B — B') separately and together to
construct the cycle:

B  HELN19

HyHEL-63(A)HEL(B’)— HyHEL-63(A’)HEL(B’)

T T

HEL D18

( HEL L17 HyHEL-63(A)HEL(B) — HyHEL-63(A’)HEL(B)

The coupling, or interaction, energy between residues A
and B AAGiy) is then given by

HEL H15
Ficure 5: (A) Conformational differences in HEL residues Lys96 AAG = — AAGpg_pg + AAGpg ppg T AAGpp_pp:
and Lys97. Complexed HEL (red) was superposed onto four crystal Q)

forms of free HEL (monoclinic, green; orthorhombic, cyan;

tetragonal, yellow; trigonal, blue). (B) Displacement of HEL |f AAG,, equals zero, the effects of the two mutations are
residues 1520 in the HyHEL-63/HEL K96A mutant complex (red) independent of each other and the two residues are not

d to the wild-t d HEL K97A mutant (bl - .
ggmggfes.o & wild-type (green) an mutant (blue) coupled. AAAG;y other than zero indicates that residues A

and B are coupled, either directly or indirectly, since the

may be associated with quenching the mobility of the flexible change in free energy for the association of the double mutant
Lys974e. side chain upon complex formation, which would complex is different from the sum of those for the two single
be unfavorable for binding. This penalty should be less for mutant complexes.
the Lys96e. side chain, whose conformation in the bound Double mutant cycles were constructed for 13 amino acid
state is nearly identical to those found in different crystal pairs in the HyHEL-63/HEL interface in order to map the
forms of the free antigerB0—41). Another factor contribut-  interaction energies at the contact surfaces between the
ing to the greater decrease in affinity upon mutation of proteins (Table 2, Section C). Of the 13 pairs tested, 11 have
Lys96.e. could be that this residue is more deeply buried in interacting side chains as judged from the crystal structure,
the HEL structure than Lys@#.: the solvent-accessible 1 does not form direct contacts but is in proximity (4.6 A),
surface area of Lys9g, is only 35 & compared to 102 A and 1 is far apart (8.3 A). Coupling energies were calculated
for Lys974eL. Alanine substitution of Lys9&, may therefore according to eq 1 and are given in Table 3. The interaction
result in rearrangements of neighboring HEL residues, between HyHEL-63 YAsn32 and Lys9Ge. has the largest
reducing interface complementarity at the mutation site. AAGi (4.4 kcal/mol), in agreement with results from single
Indeed, a comparison of the wild-type and mutant HyHEL- mutant experiments identifying these residues as hot spots
63/HEL structures reveals a small, but significant, displace- (Figure 2). The residues form a buried hydrogen bond
ment (up to 0.4 A) in the position of the peptide backbone (V Asn32 Q—NE Lys96.z) with good geometry in the
of HEL residues 1520 in the HEL K96A mutant complex,  crystal structure (Figure 3A). OUAAG;, value for this
relative to wild-type, that is not observed in the HEL K97A residue pair is consistent with studies showing that deletion
complex (Figure 5B). of hydrogen bonds involving charged-neutral pairs in the

Analysis of the HyHEL-63/HEL Interface Using Double interiors of proteins decreases their stability byS3kcal/
Mutant CyclesComparing the binding of a wild-type protein  mol (46). It also agrees remarkably well with a coupling
with that of a mutant in which a side chain has been truncated energy of 4.3 kcal/mol for a buried hydrogen bond formed
gives an apparent binding energy which is generally greaterby a charged-neutral pair in the D1.3/E5.2 idiotepe
than the incremental binding energy attributable to that side antiidiotope complexX(5).
chain @2), since interactions other than the interactions of  Buried salt bridges are generally believed to destabilize
interest are often disrupted, each of which may contribute folded proteins due to the high desolvation cost associated
to the energetics of associatioh3(-45). These secondary  with transferring charged side chains from the solvent to the
effects include possible conformational changes in the protein core 4, 47—49). In contrast to protein folding, it
proteins ranging from repositioning of side chains to move- has been postulated that salt bridges across a binding interface
ments in the backbone, as well as reorganizations in solventcan, in some cases, significantly stabilize protginotein
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Table 3: Coupling Energies between the Indicated Amino Acid
Pairs in the HyHEL-63/HEL Complex as Measured by Double
Mutant Cycled

number and type of side

Li et al.

of the interface (Figure 2), the loss of complementarity at
this solvent-accessible site may be compensated by local
rearrangements in solvent structure, including the incorpora-
tion of bound waters in place of the truncated side chains. If

AAGin chain-side chain interactions so, this suggests that the strength of van der Waals interac-
HyHEL-63 HEL (kcal/mol) lost in double mutant tions between protein atoms within the Wr53-Asp10Le.

VIN32 K96 4.4 1 buried hydrogen bond and 3van  residue pair is comparable to that between the protein atoms

der Waals contacts and water, such that the proteiprotein contacts make little
ViS91  R21  —0.5  nodirect contacts, 8.3 A apart or no net contribution to complex stabilization. At the other
V. S91 Y20 1.1 no direct contacts, 4.6 A apart AAG | f 3.1 kcal/ | d
V.Y96 R21 -11 1 hydrogen bond, partially buried extreme, a int Value o - Ce} mol was .measure
VLY96  S100 1.0  1vander Waals contact between V,Trp98 and Tyr2Qg., in which only a single van
VuD32 K97 3.0  1lsaltbridge and 2 vanderWaals  der Waals contact is lost in the double mutant (Table 3).

contacts Most likely, this large coupling energy is dominated by
VuY53 W62 0.7 1 van der Waals contact S . - .
VY53 W63 03 3van der Waals contacts hydrop_hoblc interactions  arising from thg burial of two
VhY53  L75 15 2 van der Waals contacts aromatic residues near the center of the interface, isolated
VhY53 D101 -0.2 12 van der Waals contacts from bulk solvent.
VW98 S100 0.4 2 van der Waals contacts . . -
VuWo8 K97 1.8 8 van der Waals contacts Resldues VTrp96 and Arg2ie d_lSp_Iay_ a negative
VLW98 Y20 3.1 1 van der Waals contact coupling energy of—1.1 kcal/mol, indicating that the

aCoupling energies are defined aSAGn = AAGpg—-as +

AAGpg—as — AAGpg—aw, Where A and B represent wild-type residues

interaction between them destabilizes the HyHEL-63/HEL
complex. Superposition of free HEL in three crystal forms

and A and B represent the mutated residues. Intermolecular contacts (39—41) onto bound HEL in the HyHEE63/HEL complex

were defined by atom pair distances (in A) less than or equal to the (13) reveals significant differences in the conformation the
following: C—C, 4.1; C-N, 3.8; C-0, 3.7; N-N, 3.4; N-O, 3.4;

0-0, 3.3.

Arg2l,e side chain (not shown). Thus, the entropic cost of
“freezing” this flexible side chain in the complex may exceed
the energy gained from formation of a long (3.3 A) hydrogen

complexes since, after binding, the charged groups may bebond that is partially exposed to solvent.

buried in an environment whose residual composition may  pguble mutant cycles were also constructed for two
be much more hydrophilic than the one after foldidgH0).
Indeed, the interaction between HyHEL-63,A5p32 and
Lys974eL, which form the only salt bridge in the complex,
has aAAGy; of 3.0 kcal/mol, consistent with the identifica-

tion of Lys97%e. as a hot spot residue by single mutant

residue pairs not involved in direct interactions in the crystal
structure: VYSer9tTyr204g. and M Ser91-Arg21e . While
AAGiy for the V Ser9tArg21ye pair (—0.5 kcal/mol) is
only slightly greater than experimental erravAGiy; for the
V Ser9tTyr204e pair (1.1 kcal/mol) equals or exceeds the

analysis (Table 2, section A). Although this salt bridge iS ¢ pling energies for 6 of the 11 residue pairs tested that
buried in _the interface, it is surrounded by several hydrophilic ¢5.m direct contacts across the binding interface (Table 3).
HEL residues (Asn77, Asn93, Lys96, Serl00, AsplOl), i may result from secondary interactions through adjacent

which may effectively “solvate” the charged groups forming residues, such as,¥sn32, that contact both \Ber91 and
the salt bridge, thereby increasing its net contribution to Tyr204e. in the complex.

complex stabilization. In agreement with this resAIGin;
values of similar magnitude have been measured for buriedcoNCLUSIONS
salt bridges in other proteirprotein, including antigen
antibody, complexes3Q, 34, 51). In each case, the salt bridge The HyHEL-63/HEL complex may be viewed in the
appears to be stabilized by a network of ionic or hydrogen context of other proteirprotein complexes that have been
bonding interactions involving adjacent interfacial polar similarly analyzed in order to draw some general conclusions
residues. By contrast, a similar analysis of buried salt bridgesconcerning the nature of hot spots and the interpretation of
in the complex between TEM{3-lactamase and its protein mutagenesis data. Bogan and Thathrfoted that hot spot
inhibitor, BLIP, yielded interaction energies of only-1.5 residues identified by alanine-scanning mutagenesis tend to
kcal/mol 62). These differences underscore the apparent cluster at the center of interfaces, as in the HyHEL-63/HEL
influence of local environment on the magnitude of coupling complex, although a number of exceptions have been
energies for even the same type of interaction. Recently, documentedq—10, 16). This observation led to the proposal
protein—protein interfaces have been described that are (the O-ring hypothesis) that occlusion of bulk solvent is, in
dominated by bridging salt links58, 54). The energetic  most cases, a necessary condition for residues to be in hot
contribution of salt bridges in such highly charged interfaces, spots (). According to this hypothesis, the O-ring formed
which are strikingly different from those of other protein by peripheral residues generates suitable dielectric and
protein complexes of known structure, remains to be evalu- solvation conditions for hot spots of interaction energy.
ated. Indeed, a lower effective dielectric, which may exist at the
No correlation is observed between number of van der center of proteir-protein interfaces compared to the periph-
Waals contacts and coupling energies for the residue pairsery, is believed to increase the strength of hydrogen bonds,

tested. For exampleAAG;, for the interaction between
VyTyr53 and Aspl0dg, is effectively zero 0.2 kcal/mol),
based on the experimental error of our measureme@ty
kcal/mol), despite the loss of 12 van der Waals contacts distinction between central and peripheral residues observed
(Table 3). Since both residues are located at the peripheryin mutagenesis studies simply indicates that side-chain atoms

while the effective hydrophobicity of central residues may
be significantly greater than that of peripheral ortels; £6).
However, the possibility also exists that the functional
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on the periphery are more easily replaced by water in a 5.

nondisruptive manner than atoms at the center of binding
interfaces §, 38). Consistent with this idea, X-ray crystal-
lographic analysis of HEL mutants in complex with antibody

D1.3, and of D1.3 mutants bound to HEL, have clearly 8.

shown that extensive water-mediated interactions at solvent-
accessible sites on the periphery may replace direct hydrogen
bonds with little or no loss of binding affinityl@, 35).
Moreover, we fail to observe such compensating interactions
at the center of the HyHEL-63/HEL interface, where bound
waters only partially occupy cavities created by side chain
truncations, replacing only a few of the direct protein

mutant cycles, where interactions between amino acids are
treated within their native context, represent an improved
method for dissecting binding energetie3{45). Impor-
tantly, HyHEL-63 and HEL residues identified as hot spots
by single mutant analysis were also found to make critical
interactions in double mutant cycles. However, it must be
noted that even interaction energies derived from double
mutant cycles may include, in addition to direct interaction
energies, indirect effects arising from neighboring residues,
conformational changes, and solvent rearrangemsatsT).
Recently, several more sophisticated approaches have been
described for probing hot spots and measuring interaction
energies in proteinprotein interfaces. Instead of only
analyzing individual interactions, Schreiber and colleagues

20

(52) examined binding units composed of the interacting 21.

residues and their neighbors to estimate the strength of
hydrogen bonds in the TEM-8-lactamase/BLIP interface.

A complex in which all side chains in the binding unit were
replaced by alanine was taken as a reference state to which
combinations of side chains were introduced. After using
double mutant cycles to determine interaction energies for
residue pairs in the absence of neighbors, the addition of
neighboring residues allowed the evaluation of their coopera-
tive effects on the interactions. We took advantage of the
relative accommodation of mutations of hot spot residue
V. Trp92 of D1.3 to estimate the magnitude of the hydro-
phobic effect in the D1.3/HEL interfac&®). By replacing

V Trp92 with residues bearing increasingly smaller side
chains and determining the crystal structures and thermo-
dynamic binding parameters for each of the resulting mutant

complexes, we demonstrated a correlation between binding 31-

free energy and apolar buried surface area that corresponds,,
to 21 cal/mol/&, in excellent agreement with transfer free

energy values for small hydrophobic solutes, but lower than 33.

the hydrophobic stabilization energy for protein folding. The
thermodynamic map of the HyHEL-63/HEL interface de-
scribed here provides the necessary framework for the
application of these, and relatesl3-60), methodologies to
this system to further our understanding of how structural
features contribute to the affinity and specificity of protein
protein association reactions.

37.
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