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ABSTRACT The HyHEL-5 antibody has
more than a thousandfold lower affinity for
bobwhite quail lysozyme (BWQL) than for hen
egg-white lysozyme (HEL). Four sequence dif-
ferences exist between BWQL and HEL, of
which only one is involved in the interface with
the Fab. The structure of bobwhite quail
lysozyme has been determined in the uncom-
plexed state in two different crystal forms and
in the complexed state with HyHEL-5, an anti-
hen egg-white lysozyme Fab. Similar backbone
conformations are observed in the three mole-
cules of the two crystal forms of uncomplexed
BWQL, although they show considerable vari-
ability in side-chain conformation. A relatively
mobile segment in uncomplexed BWQL is ob-
served to be part of the HyHEL-5 epitope. No
major backbone conformational differences
are observed in the lysozyme upon complex for-
mation, but side-chain conformational differ-
ences are seen in surface residues that are in-
volved in the interface with the antibody. The
hydrogen bonding in the interface between
BWQL and HyHEL-5 is similar to that in pre-
viously determined lysozyme-HyHEL-5 com-
plexes. © 1996 Wiley-Liss, Inc.
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INTRODUCTION

The structures of several antibodies in complex
with protein antigens have been determined, and
some common features of antibody-protein interac-
tions are beginning to emerge.’®' Antiprotein an-
tibodies have large combining sites, and do not show
the pronounced grooves often observed in antipep-
tide or antihapten antibodies. The antibody-antigen
combining surfaces show good shape complementa-
rity with only a few water molecules buried in the
interface.'?-*422:23 The specificity and binding affin-
ity appear to be dominated by the interactions of a
few residues,'”2* although 20 or more residues from
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the antibody and protein may be buried in the in-
terface.?®

In antibody-antigen complexes, neither antibody
nor antigen shows major structural changes upon
complex formation, although small conformational
changes in both molecules have been observed.
Changes in the antibody upon complex formation
include side-chain rotations® and displacements of
Vy relative to Vi,,® while changes in the protein an-
tigen are mainly in regions with flexible surface
loops.23

One of the earliest protein-antibody complexes ex-
amined was that of hen egg-white lysozyme (HEL)
complexed with the HyHEL-5 Fab fragment.??' The
HyHEL-5 antibody was made by immunization with
HEL, but binds to other avian lysozymes with vary-
ing affinities.?® In particular, it binds to bobwhite
quail lysozyme (BWQL) with a Kp~10"7 M, more
than a thousandfold lower affinity than to HEL
(Kp~10~1* M). BWQL has four sequence differences
from HEL, of which only one, Arg 68y*—Lys, is di-
rectly involved in the interface between the Fab and
lysozyme. The other three differences, Thr
40y—Ser, Ile 55¢—Val, and Ser 91,—Thr, are not
exposed to bulk solvent or to the antigen-antibody
interface. It was initially presumed that the Arg
68y—Lys (R68K) change was entirely responsible
for the difference in affinity, and the structure of the

*The subscript L refers to Fab light chain residues, H to Fab
heavy chain residues, and Y to lysozyme residues. The Fab
residues are numbered according to Kabat numbering.2’
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Fig. 1. RIBBONS?® drawing of the bobwhite quail lysozyme—HyHEL-5 Fab complex. The Fab
is in blue and the lysozyme in brown. Sequence differences between BWQL and HEL (residues 40,
55, 68, 91) are shown as spheres and are labeled.

HyHEL-5-R68K-HEL complex was examined for
structural changes that might be responsible.’”
However, binding studies have shown that the
R68K lysozyme and BWQL have a small (2-fold) dif-
ference in binding affinity to the HyHEL-5 Fab (S.
Smith-Gill, unpublished observations).

We have determined the structure of uncomplexed
BWQL in two different crystal forms, as well as its
complex with the HyHEL-5 Fab (Fig.1). The mono-
clinic crystal form of uncomplexed BWQL has two
molecules in the asymmetric unit, and, along with
the hexagonal form, provides a basis for determin-
ing the structural changes that have taken place on
complex formation. The complex structure has also
been compared with the HyHEL-5-HEL complex
and the HyHEL-5-R68K-HEL complex.

METHODS
Bobwhite Quail Lysozyme

A stock solution of BWQL was prepared by dis-
solving protein in distilled water at a concentration
of 125.5 mg/ml. Seed crystals were grown by hang-
ing drop vapor diffusion methods with a 10-pl drop
containing 5 mM sodium acetate, pH 4.0, 45 mg/ml
BWQL, 0.625 mM formamide, and 6% (w/v) sodium
nitrate, and a well containing 1 ml 10 mM sodium
acetate, pH 4.0, 1.25 mM formamide, and 12% (w/v)
sodium nitrate. After 3 to 7 days at room tempera-
ture (22°C), crystals grew as small to moderate
plates. These crystals were transferred to 200-ul so-
lutions containing 20 mM sodium acetate, pH 4.0,
12.6 mg/ml protein, 5% (w/v) sodium nitrate, 1 mM
formamide, and enlarged to ~0.3 x ~0.12 x ~0.02
mm. Crystals were mounted in thin-walled glass
capillaries (Charles Supper Co., Natick, MA) for
data collection on a FAST area detector system. The
crystals diffracted to 1.9 A and had symmetry con-

sistent with space group P2; with cell constants of ¢
=280A4;b =626A;c =60.7A; B = 91.6°. Data
were processed with the program MADNES.?® Sta-
tistics for the data are shown in Table I.

A second crystal form was grown from a 10 mg/ml
protein solution, 164 mM cacodylate buffer at pH
6.0, 1 mM formamide, 45.5% sodium nitrate (added
as solid salt without stirring). Crystals grew as hex-
agonal rods, and the biggest crystals were ~0.15 x
0.15 x 1.3 mm. These crystals diffracted to 2.0 A,
and the space group of this crystal form is P6,22, a
= b = 89.2 A; ¢ = 61.7 A. Data for this hexagonal
form of BWQL were collected from a single crystal
on a Siemens X-1000 area detector and processed
with the program XENGEN.3° Statistics for the
data are shown in Table 1.

The monoclinic form of BWQL was determined by
using the deposited monoclinic lysozyme coordinates
(1ILYM) from the Protein Data Bank (PDB),3!:32
which were subsequently modified by superimpos-
ing the structure of tetragonal lysozyme (6LYZ)
on each of the two monomers in the asymmetric unit
as a starting model for refinement. The structure
of hexagonal BWQL was determined by molecular
replacement from entry 6LYZ using programs
MERLOT®*? and BRUTE.?* The structures were re-
fined by using programs X-PLOR35 and TNT.3¢ Side
chains with sequence differences were initially mod-
eled as Ala, with the correct sequence built into dif-
ference density maps. The final refinement statistics
are presented in Table II. The monoclinic BWQL
form binds three nitrate ions, determined by the
presence of well-defined trigonal planar density in
the difference maps. Solvent atoms were added as
long as their refined B factors remained below 60
A2, The maximum allowed B factor for protein at-
oms was 80 A2 An overall anisotropic B factor was
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TABLE I. Data Collection Statistics

HyHEL-5-BWQL Monoclinic Hexagonal

complex BWQL BWQL
Resolution limit 26 A 194 204
Detector Siemens FAST Siemens
No. of observed reflections 30,801 43,399 49,907
No. of unique reflections 15,950 14,910 9,288
<Ifo> n/d 49.7 29.4
R-sym 0.074 0.0367 0.0565
Completeness 80.8% 85.0% 92.9%
Molecules/asymmetric unit 1 2 1

used in scaling F,, to F,,. in both cases. The Ram-
achandran plots®” for the monoclinic and hexagonal
forms are shown in Figure 2A,B. Coordinates for the
monoclinic (entry code 1DDK) and hexagonal crys-
tal forms (entry code 1DKJ) are available from the
Protein Data Bank.

HyHEL-5-BWQL Complex

Bobwhite quail lysozyme was purified from bob-
white quail eggs (Stevenson Game Bird Farm, P.O.
Box 426, Riverside, TX 77367) according to the pro-
cedure described by Arnheim and colleagues.*® Fi-
nal purity of BWQL was assessed by using silver-
stained SDS-PAGE. BWQL was stored at 4°C in the
presence of 0.02-0.05% sodium azide. It was further
verified that the purified protein bore the character-
istic BWQL mutations as shown by electrospray ion-
ization mass spectroscopy (performed by Gregory
Rahn, Oneida Research Services, Whitesboro, NY
13492). The mass of HEL was found to be 14302.7
(the mass calculated based on the mRNA sequence
is 14305.14) and that of BWQL to be 14261.33 (the
mass calculated based on the mRNA sequence of
HEL and the sequence of BWQL is 14263.10). Most
importantly, the calculated and experimental mass
difference between HEL and BWQL is 42.04 and
41.38, respectively, which are in close agreement,
considering the experimental error in the mass de-
termination. HyHEL-5 Fab was prepared as de-
seribed by Chacko and coworkers.!?

The protein solution for crystallization consisted
of 1.5 pl each of 9.1 mg/ml Fab and 3.8 mg/ml bob-
white quail lysozyme. Crystals were grown by vapor
diffusion against a well solution of 14% polyethylene
glycol (PEG) 4000, 0.1 M imidazole pH 7.0, 0.007%
spermine. The crystals were macroseeded to in-
crease the crystal size. Data were collected from a
single crystal of size 0.15 X 0.15 x 0.25 mm at room
temperature on a Siemens area detector. The data
were processed using XDS.! The crystals were iso-
morphous with the native HyHEL-5-HEL complex
as well as the HyHEL-5-R68K-HEL crystals. The
space group was P2, and the unit cell parameters a

=5504 b="T414¢c=1795A4A, B = 102.1°
Statistics for the data are presented in Table I.

The R value between the HyHEL-5-HEL ob-
served structure factors and the HyHEL-5-BWQL
observed structure factors was 25.4 for unweighted
F’s, and 19.1 when the statistics were weighted by
1/62. A preliminary difference map between the two
was examined around the sites where the sequences
differ, and the observations are listed in Table III.

The structure was refined by energy minimization
in XPLOR?®® using the parameters of Engh and Hu-
ber*? with electrostatic charges turned off. The ini-
tial model used was that of the HyHEL-5-HEL com-
plex.” Residues that differed in the HEL and
BWQL sequences were deleted in their entirety from
the structure before refinement. The deleted resi-
dues were built back into the model from the differ-
ence Fourier and the 2|[Fo|—|Fc|| maps using the pro-
gram Q.*3** The structure was further refined with
alternating rounds of positional refinement and
model building until the R value was 23.2%.

The program MAPMAN** was used to pick signif-
icant peaks in the ||Fo|—|Fc|| map (10 — 2.5 A) that
might be attributed to water molecules. All peaks at
a height greater than 3.0 o were marked as water
molecules. The data were further refined through
positional and overall B factor refinement. The
|Fo|—|Fc|| and 2||Fo|—|Fc|| maps were then displayed,
and water molecules were preserved if they had
2|[Fo|—|F¢|| density greater than 1o, made hydrogen
bonds (<3.4 A) to a suitable protein atom, and had B
factors less than 50 A2, Table II shows the final sta-
tistics for the refined structure (PDB entry code
1BQL).*® The Ramachandran plot for the structure
is shown in Figure 2C. Surfaces were calculated us-
ing program MS*® with a probe radius of 1.7 A.

RESULTS AND DISCUSSION

Comparison of bobwhite quail lysozyme with the
refined structure of tetragonal hen egg-white
lysozyme (PDB entry 1LSE)*" reveals only limited
structural changes (see Fig. 3). Three of the four
sequence differences (T408S, I55V, S91T) correspond
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to side chains that are buried within the molecule.
These conservative mutations yield a decrease in
side-chain volume of only 27 A® (one methylene
group). The changes in sequence do not cause any
backbone rearrangement around those locations: for
example, the root-mean-square (RMS) deviation of
125 backbone atoms within 10 A of I55V Ca is 0.33
A for the hexagonal form and 0.29 and 0.4 A for the
two molecules of the monoclinic form. Similar re-
sults are observed around T40S and S91T. The re-
maining difference, R68K, is in a solvent-exposed
surface position, and is partially disordered in at
least some of the BWQL structures. The only signif-
icant conformational change observed is a rotation
of the side chain of Phe 3 about the x1 dihedral by
- about 20°. The side chain of Phe 3 moves toward the
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T
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CBs of T40S and 155V (which are 4-5 A away) as
the local atomic volume is decreased in BWQL rel-
ative to HEL. This change is consistently observed
in all three uncomplexed BWQL molecules when
compared with tetragonal HEL, triclinic HEL (PDB

180

135

() 4

45

entry 2LZT),*® and monoclinic HEL (PDB entry
1LYS).*+®

Large backbone differences between the three
molecules of uncomplexed BWQL and tetragonal
HEL (see Fig. 3) are observed near the C terminus of
the chain, and at 25Y-26Y where the peptide plane
of tetragonal HEL is flipped relative to BWQL, tri-
clinic HEL, and monoclinic HEL. The remaining re-
gions of large deviation between BWQL and HEL
backbones occur in the loops around residues 45 and
70, which are part of the HyHEL-5 epitope. These
loops, along with the loop around Gly 102y have
‘ been identified as very flexible in free and com-
plexed lysozyme structures®****° and have rela-
tively high main-chain B factors in the current
BWQL structures. The largest discernible differ-

ences between BWQL and HEL are comparable to
the differences between different copies of BWQL in
the monoclinic and hexagonal crystal forms (RMS
differences of 0.6—0.7 A). The four nitrate ions ob-
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served in the monoclinic form are located near Arg
122, in molecule 1, and Arg 122, Trp 63y, and Ser
81y in molecule 2.

The bobwhite quail lysozyme does not undergo
any major backbone conformational changes upon
complex formation with the HyHEL-5 antibody. Fig-
ure 4 shows the comparison of BWQL in the complex
with the three molecules of uncomplexed BWQL.
Apart from the mobile regions at the N and C ter-
minii of the lysozyme chain, large backbone differ-

Fig. 2. Ramachandran plot of ¢-4 angles for (A) monoclinic
BWQL, molecules 1 and 2, (B) hexagonal BWQL, and (C) HyHEL-
5~-BWQL compiex. The regions are shaded according to
PROCHECK?®® with the most favored regions being darkest and
the disallowed regions lightest. Glycine residues are shown as

3
ui)

a5

*hi (degrees)

triangles. Residues in generously allowed and disallowed regions
are labeled. No appreciable difference in the quality of the plot for
molecules 1 and 2 of monoclinic BWQL was observed.

135 180



FREE ANTIBODY-BOUND BOBWHITE QUAIL LYSOZYME

TABLE II. Refinement Statistics

59

HyHEL-5-

BWQL Monoclinic Hexagonal

complex BWQL BwWQL
Resolution limits 8-2.6 6-1.9 6-2.0
Sigma cutoff on F's 2.0 1.0 1.0
No. of reflections 14,290 14,283 8,539
Overall anisotropic AB factors Bll = —45 B1l = -19

B22 = 40 B22 = -1.9
n/d B33 = 0.6 B33 = 3.9
B13 = 1.6 B12 = 0.8
(all others 0.0) (all others 0.0)

R value 19.1% 15.7% 17.7%
R-free®® 29.1% n/d n/d
No. of protein atoms 4240 1996 998
No. of water molecules 81 154 62
No. of hetero atoms — 16 —
RMSD bond lengths 0.009 0.012 0.012
RMSD bond angles 1.9 1.6 1.6
RMSD dihedrals 27 25 24
RMSD impropers 1.7 21 21
RMSD B for bonded atoms 45 2.5 24

TABLE III. Initial (Foyyprr s ueL-FOrynEL-5-BWwqr) Map Features at Mutation Sites

Residue HEL BWQL Map Feature at This Position

40 Thr Ser 2.2 o negative density peak near one arm of Thr

55 Ile Val No features above 2.0 o

68 Arg Lys 5.0 o negative density peak on the terminal nitrogens
of the Arg

91 Ser Thr 4.5 o positive density peak near CB of Ser

ences are seen around residues 45,—48y, 71,72y,
and 102y, which are flexible loops in the uncom-
plexed BWQL and HEL structures. The four posi-
tions in which BWQL and HEL differ were exam-
ined in the three molecules of uncomplexed BWQL
and the three HyHEL-5-lysozyme complexes (i.e.,
HyHEL-5-BWQL, HyHEL-5-HEL, and HyHEL-5—
R68K-HEL,?! and are discussed below.

Residue 40y is a Thr in the HEL and a Ser in
BWQL, whose side chain points away from the in-
terface in all the uncomplexed and complexed struc-
tures. The Ser in BWQL essentially follows the con-
formation of the Oyl of the Thr in HEL. Residue
55y, a Val in BWQL, has a similar conformation in
the three molecules of uncomplexed BWQL. This
residue is modeled as a different rotamer in the
HyHEL-5-BWQL complex, but at the resolution of
the complex structure, it could possibly be modeled
in either rotamer. Residue 91y has a similar confor-
mation in all the structures, with the Oyl in Thr of
the HEL complexes following the Oy of the Ser in
the uncomplexed BWQL and the HyHEL-5-BWQL
complex.

Residue 68y is particularly interesting, since it
has been shown to be an important determinant of

specificity and binding affinity along with Arg
45,.°%53 In the HyHEL-5-HEL complex, Arg 45y
and 68y form a ridge on the lysozyme that spatially
complements a cleft in the Fab, and most of the in-
teractions between the Fab and lysozyme are made
by these two arginines. Residue 68y is a Lys in
BWQL, and is the only sequence difference between
HEL and BWQL that is involved in the antibody-
antigen interface. Figure 5 shows the different con-
formations adopted by residues 45y and 68 in the
two crystal forms of BWQL and the three HyHEL-
5-lysozyme complexes. It can be seen that the side
chains are very mobile in the uncomplexed BWQL
molecules, but have quite similar conformations in
the Fab-lysozyme complexes. In the complex with
BWQL, Lys 68y does not appear to be disordered as
was observed in the HyHEL-5-R68K-HEL complex,
but has a single conformation whose terminal nitro-
gen lies approximately between the two disordered
nitrogen positions in the R68K-HEL complex. How-
ever, as in that complex, a new water molecule is
bound in place of the terminal nitrogens of the
equivalent arginine in HEL providing a water-me-
diated hydrogen bond between the Lys 68 and Glu
504.
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Fig.3. Comparison of the tetragonal HEL*” (PDB entry 1LSE) with uncomplexed bobwhite quail
lysozyme (a) monoclinic form, molecule 1; (b) monoclinic form, molecule 2; and (¢) hexagonal form.
The RMS difference between backbone atoms (bold lines) and side-chain atoms (dotted lines) is
shown for each residue. Ca, N, C, and O atoms were included in the backbone calculations.
Residues 40, 55, 68, and 91 appear to have zero RMS differences due to the sequence differences

between BWQL and HEL in those positions.

Water Molecules in the Complex

Of the 81 bound water molecules in the refined
model for the HyHEL-5-BWQL complex, two water
molecules (Wat 62, Wat 70) make bridging contacts
between the Fab (heavy chain) and lysozyme. Wat
62 is bound in the position of the guanidinium group
of the equivalent Arg 68y in HEL, and is also ob-
served in the HyHEL-5-R68K-HEL complex. It is
fully buried in the center of the interface, and forms
hydrogen bonds to Glu 50y, Asn 58 of the Fab as
well as to Thr 51 and Lys 68 of BWQL. The second
“bridging” water, Wat 70, makes hydrogen bonds to
the Oy of Ser 56y and Ovl of Thr 43y, and is fully
buried near the edge of the interface.

Four waters (Wat 29, Wat 32, Wat 45, and Wat 66)
make “bridging” hydrogen bonds between the light
and heavy chains of the Fab. Two of these (Wat 32,
Wat 45) are buried near the Fab-BWQL interface
but make hydrogen bonds only to Fab residues. A
third, Wat 29, mediates a hydrogen bond between
backbone oxygens of Pro 1254 of the CH1 domain
and Ala 119, of the CL domain, and is exposed to

bulk solvent. Wat 66, which is conserved in all three
HyHEL-5-lysozyme complex structures, is periph-
eral to the interface and hydrogen bonds to the back-
bone oxygens of Arg 93; and Tyr 59.

One additional highly conserved water molecule
(Wat 55) is the only one that is seen in the other two
complexes as well as in triclinic HEL (PDB refer-
ence 2LZT)*® and tetragonal HEL (PDB reference
1LSE),*” and all three molecules of uncomplexed
BWQL. It is internal to the lysozyme, buried just
below the lysozyme epitope near residue 68y. This
water is hydrogen-bonded to the Ne of Arg 68y in
HEL, but is unable to make the same bond in BWQL
where the residue is a Lys. In spite of its location
near the Arg/Lys 68+ position, this water is unlikely
to play a direct part in stabilizing the complex, as it
makes the same hydrogen bonds in uncomplexed
and complexed BWQL. Analysis of the refined struc-
ture of HyHEL-5:HEL?! also indicates that this wa-
ter is not involved in the formation of the complex
with HEL,

As in the HyHEL-5-HEL complex, the shape com-
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Fig. 4. RMS differences per residue between BWQL in complex and uncomplexed BWQL in the
(a) monoclinic form, molecule 1; (b) monoclinic form, molecule 2; and (¢) hexagonal form for
backbone atoms (bold lines) and side-chain atoms (dotted lines). The RMS backbone difference
from BWQL in complex was 0.6 A and 0.7 A, respectively, for the two molecules of the monoclinic
form, and 0.4 A for the hexagonal form. Bars below the plots indicate residues that are partially or

fully buried in complex formation.

plementarity between antigen and antibody is good,
as evidenced by the fact that there are only two wa-
ter molecules buried in the interface. Apart from the
cavities in which we have modeled waters 62 and 70,
no additional cavities are observed in the interface
that are large enough to hold a water molecule. The
resolution of this structure precludes location of fur-
ther water molecules on the edge of the interface
which may mediate antibody-antigen interaction.
An extensive cavity between the V; and Vg do-
mains is observed of approximately the same vol-
ume as that in the HyHEL-5-HEL complex,?! and
three of the four waters in this cavity match those
seen in that complex.

Comparison With Other
HyHEL-5-Lysozyme Complexes

Three segments of BWQL make up the epitope
with HyHEL-5, as in the HyHEL-5-HEL com-
plex.2?! The Fab residues involved in complex for-

mation are the same, with the addition of Gly 534,
which contributes less than 3 A? to the interface in
the HyHEL-5-BWQL complex. The BWQL surface
area in the interface of this complex is 740 A2,
which, given the coordinate uncertainty in both
structures, compares well to the 750 A2 in the
HyHEL-5-HEL complex. Figure 6 shows the results
of the coordinate comparison between the complexes
of HyHEL-5 with BWQL, HEL and the R68K-HEL.
The RMS differences between the complexes are
similar (0.3 A for the HyHEL-5-HEL complex and
0.4 A for the HyHEL-5-R68K-HEL complex), but
more residues have large backbone and side-chain
differences from the HyHEL-5-R68K-HEL complex.
Of the three complexes, the high-resolution data
was the weakest for the HyHEL-5-R68K-HEL com-
plex, and several surface residues in that structure
had poor electron density.

In the comparison with the native HyHEL-5-
HEL complex, the four residues with backbone dif-
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BWQL-Hy5 complex
HEL-Hy5 complex

Monoeclinic BWQL maol 1
Monoclinic BWQL mol 2
R68K HEL-Hy5 complex Hexagonal BWQL

Fig. 5. Conformations adopted by residues (a) 45, and (b) 68, in the structures described.
Residue 45, is an Arg in all the structures. Residue 68, is an Arg in the HyHEL-5-HEL complex,
and a Lys in all the other structures. In the HyHEL-5-R68K-HEL complex, the Lys has dual

conformation. Figure drawn with MOLSCRIPT.5*

ferences greater than three standard deviations
above the RMS difference of 0.3 A were Glu 132y,
Thr 704, Gly 22y, and Leu 129y. All four residues
are surface residues on the far side of the molecules
from the interface region. Side-chain residues show-
ing differences greater than three standard devia-
tions above the RMS difference (0.6 A) are Cys 6y
and Leu 129y. Both residues are surface residues,
and the latter is the terminal residue of the lyso-

zyme chain. Although the Cys 6 has moved relative
to the HEL-Fab complex, the disulfide bond be-
tween that residue and Cys 127y is preserved with
almost no change in the bond distance, due to a
small compensating change in position of the Sy of
Cys 127. :

Similar results are observed with the comparison
to HyHEL-5-R68K-HEL complex. Only 12 residues
have backbone RMS differences greater than three
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Fig. 6. Comparison between HyHEL-5-BWQL complex and related complexes. The RMS
difference between backbone atoms (bold lines) and side-chain atoms (dotted lines) is shown for
each residue. (a): Comparison with HyHEL-5—HEL complex. RMS backbone difference was 0.3 A.
(b): Comparison with R68K HyHEL-5—R68K-HEL complex. RMS backbone difference was 0.4 A.

standard deviations above the RMS difference of 0.4
A. Of these, six residues are at the N or C terminus
of a polypeptide chain and are poorly ordered. Two
residues in the light chain, Arg 106;, and Asp 165;,
are surface residues with poor density in the com-
plex with R68K-HEL. Another residue, Glu 122y, is
a mobile surface residue with a high B factor in all
the complexes. The remaining residues are in the
Fab light chain, away from the antigen interface.
Side-chain residues with large conformational dif-
ferences are all surface residues with poor density
and high B factors in at least one of the two com-
plexes.

Table IV shows the possible hydrogen bonds be-
tween the Fab and the lysozyme in the complex. The
hydrogen-bonding pattern is very similar to that in
the previously determined complexes. As in the Hy-
HEL-5-R68K complex, Lys 68, makes water-medi-
ated hydrogen bonds to the Fab that replicate some
of the hydrogen bonds made by the equivalent Arg
in HEL. However, these water-mediated bonds are
fewer in number than in the R68K complex where
we see a dual conformation for the lysine, and no
direct hydrogen bonds are made by residue 68 to
the Fab. The resolution of these structures do not
permit hypotheses about the small difference in
binding affinity between R68K-HEL and BWQL for
the HyHEL-5 Fab.

Analysis of the hydrogen-bonding pattern in the
interface shows that fewer hydrogen bonds are made
in this complex as compared to the HyHEL-5-HEL
complex. Calculations of the energies of the water-
mediated bonds versus protein-protein hydrogen
bonds are beyond the scope of this paper. Never-

theless, HyHEL-5 Fab makes one or two fewer hy-
drogen bonds to BWQL than to HEL, which must
contribute to the decrease in affinity. Titration cal-
orimetry has shown that the association of HEL
with HyHEL-5 is enthalpically driven, while the en-
tropic contribution is unfavorable.’” Similar results
were obtained for the association of BWQL with Hy-
HEL-5; the over three orders of magnitude reduction
in affinity is due to approximately equal unfavor-
able changes in AH and AS compared to the HyHEL-
5-HEL association (K.A. Shick et al., unpublished
results). The hydrogen bonds observed in the anti-
body-antigen interface will make significant contri-
butions to the association enthalpy.

CONCLUSIONS

Before any of the crystallographic studies on Hy-
HEL-5-lysozyme complexes, epitope mapping using
avian species variants had identified the HyHEL-5
antibody epitope on hen egg-white lysozyme (HEL).
Bobwhite quail lysozyme (BWQL) binds a thousand-
fold less tightly to HyHEL-5 than does HEL. This
focused attention on residue 68 in the lysozyme, as
the Arg 68y-Lys is the only sequence difference be-
tween BWQL and HEL that is involved in the anti-
body-antigen interface. Three other sequence differ-
ences lie away from the interface region. To examine
the structural changes that are associated with this
change in affinity, we had earlier determined the
structure of the HyHEL-5-R68K-HEL complex, and
have now determined the structures of BWQL in two
uncomplexed crystal forms, also complexed with the
HyHEL-5 Fab.
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TABLE 1IV. A. Hydrogen Bonds Between Fab and
Lysozyme in Complex Structure

BWQL Distance
Fab atom atom (&)
Trp 91, O Arg 45y Nn2 3.1
Trp 91;, Arg 45y Nn2 3.6
(center of ring
Gly 92, 0 Arg 45y Ne 3.1
Gly 92, 0 Arg 45y Nn2 2.8
Arg 93; N Asn 46y O 3.3
Arg 93;, Ne Arg 454 O 2.8
Arg 93;, Nn2 Asn 44y 081 2.9
Arg 93;, Nq2 Arg 454 O 3.1
Arg 93, O Arg 45y Ne 31
Trp 334 Nel Tyr 53y On 31
Glu 504 O€2 Arg 45y Nnl 2.9
Ser 564 Oy Gln 41y O 2.6
Tyr 101z N Gly 67y O 2.8
B. Bonds Mediated by Water Molecules
Fab Water Lysozyme
Glu 505 Oe2 62 Lys 68y N¢
Asn 594 Nb2 Thr 51y Oy1
Ser 56 Oy 70 Thr 43y Ovy1

Although four sequence differences exist between
BWQL and HEL, only small differences are ob-
served between the unbound BWQL and HEL mol-
ecules. Three of the four sequence differences are
buried within the lysozyme molecule, and cause
only a small decrease in side-chain volume, while
the fourth, R68K, is a mobile surface-exposed side
chain with conformational variability in the three
BWQL molecules. The structural differences be-
tween BWQL and HEL are of the same order of mag-
nitude as those between the different molecules of
the uncomplexed BWQL. The most mobile part of
the molecule is the HyHEL-5 epitope.

Changes in the lysozyme upon complex formation
are localized to the side chains of residues in the
epitope region. Three of the residues with sequence
differences between HEL and BWQL have essen-
tially similar structures in the uncomplexed BWQL
molecules and the HyHEL-5-BWQL complex. The
fourth, R68K, the only one involved in the HyHEL-5
epitope, shows a large decrease in mobility upon
complex formation. The hydrogen bonding patterns
in the Fab—lysozyme interface show that there is a
net decrease in hydrogen bonding when Arg 68 is
replaced by a lysine, as was observed for the
HyHEL-5-R68K-HEL complex. In contrast to that
complex, no dual conformation was observed for the
lysine in the current structure. Two water molecules
are fully buried in the interface, and make bridging
hydrogen bonds to both the Fab and the lysozyme.
Although some studies have observed a small differ-
ence in the affinity of R68K-HEL and BWQL for the
HyHEL-5 Fab, the resolution of this complex does

not permit speculations about the structural causes
for this phenomenon.
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