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Abstract

We have used molecular replacement to determine
the structures of two antibody:antigen complexes,
HyHEL-5 Fab:lysozyme and HyHEL-10 Fab:ly-
sozyme by orienting and locating the C.:Cyl dom-
ains, Fv and lysozyme. We used the model of
McPC603 as our probe for the C;:Cyl domains and
Fv. In the case of HyHEL-5 Fab:lysozyme, there
were two closely related crystal forms and the top
peak in the rotation function was correct in five out
of six cases (two crystals and three probes). The top
peak in the Crowther—Blow translation function was
also correct in five out of six cases. We used the
program BRUTE [Fujinaga & Read (1987). J. Appl.
Cryst. 20, 517-521] to put together the three pieces
and thereby solve the relative origin problem in
space group P2,. In the case of HyHEL-10 Fab:ly-
sozyme the top peak in the rotation function was
correct for the Fv and lysozyme, but even with an
appropriate model (the C;:Cyl domains of HyHEL-
5) it was no better than the seventh peak (72% of the
top peak) for C,:Cyl. In the Crowther-Blow trans-
lation function, the top peaks were correct on two of
three Harker sections for the Fv domains and
lysozyme. The Crowther—Blow translation function
was unable to locate Cp:Cyl, when using McPC603
CL:Cyl as the probe; however, when HyHEL-5
Cp:Cyl was used, the top peak in all three sections
was correct.

* Current address: Squibb Institute for Medical Research, PO
Box 4000, Princeton, NJ 08543-4000, USA.

Introduction

Molecular replacement can be used to determine the
location of a known structure in an unknown crystal.
This use of molecular replacement was first demon-
strated at low resolution by the determination of seal
myoglobin using the structure of sperm-whale myo-
globin (Tollin, 1969) and at intermediate resolution
by the determination of carboxypeptidase B using
the structure of carboxypeptidase A (Schmid,
Lattman & Herriott, 1974; Schmid & Herriott, 1976).
Since that time molecular replacement has become a
routine technique for determining the structure of
closely related macromolecules or the same macro-
molecule in a different unit cell. Several workers have
used models which account for only part of the
macromolecule in the crystal, e.g. the use of Strep-
tomyces griseus protease B in the determination of
the SGPB-ovomucoid inhibitor complex (Fujinaga,
Read, Sielecki, Ardelt, Laskowski & James, 1982)
and the use of trypsin in the determination of a
trypsinogen—Kazal-type inhibitor complex (Bolog-
nesi et al., 1982).

More recently, Cygler, Boodhoo, Lee & Anderson
(1987) and Cygler & Anderson (1988a,b) have used
the C,:Cyl domains and the Fv (V V) domains of
the McPC603 Fab (Satow, Cohen, Padlan & Davies,
1986) to independently determine the location of
these two pieces of structure for an unknown Fab,
HED10. Building on this result we have determined
the structures of two different antibody:antigen com-
plexes, HyHEL-5 Fab:lysozyme and HyHEL-10
Fab:lysozyme. We determined the orientation and
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location of three substructures, the C;:Cyl domains,
the Fv domains and lysozyme. We demonstrate that
we are able to locate by molecular replacement a
substructure (lysozyme) that accounts for only 23%
of the entire structure. We report here our experi-
ences with the molecular replacement structure deter-
mination of HyHEL-5 Fab:lysozyme and HyHEL-10
Fab:lysozyme.

The monoclonal antibodies HyHEL-5 and
HyHEL-10 (Smith-Gill, Wilson, Potter, Prager,
Feldmann & Mainhart, 1982) bind to different parts
of the surface of lysozyme (Davies, Sheriff & Padlan,
1988). The structure of the HyHEL-5 Fab:lysozyme
complex in one crystal form has been published with
R=0245 and r.m.s. deviation from ideal bond
lengths of 0-012 A (Sheriff er al., 1987). These coor-
dinates have been deposited in the Protein Data
Bank (Bernstein et al., 1977) (Reference: 2HFL).
Since that time the model of HYHEL-5 Fab:lysozyme
in this crystal form has been refined to R = 0-199 and
the model of the HyHEL-5 Fab:lysozyme in a second
closely related crystal form has been refined to R =
0-198 (Sheriff et al., unpublished results). Coordi-
nates for these latter two models and data from
crystals of the complexes will be deposited in the
Protein Data Bank upon submission of a manuscript
summarizing the results of these refinements. The
structure of the HyHEL-10 Fab:lysozyme complex
has been published with R =0-24 and r.m.s. devia-
tion from ideal bond lengths of 0-011 A (Padlan,
Silverton, Sheriff, Cohen, Smith-Gill & Davies,
1989). The coordinates and structure factors for the
HyHEL-10 Fab:lysozyme complex have been depos-
ited in the Protein Data Bank (Reference: 3HFM
and R3HFMSF, respectively).

Materials and methods
Crystallization and data collection

HyHEL-5 Fab:lysozyme complex was crystallized
as described by Sheriff er al. (1987). Crystals of the
HyHEL-5 Fab:lysozyme complex grow with
differing b-cell axis lengths, ranging unpredictably
between 65 and 75 A, with symmetry consistent with
space group P2,. Two sets of data were collected: (1)
from a crystal with cell dimensions of a =549, b =
652, c=786A and B =102-4° (2) from a crystal
with cell dimensions of @ = 54-8, b=74-8, c =790 A
and B = 101-8° (Sheriff et al., 1987).

HyHEL-10 Fab:lysozyme complex was crystallized
and crystals were grown larger by repeated macro-
seeding as described by Silverton, Padlan, Davies,
Smith-Gill & Potter (1984). The crystals exhibit the
symmetry of space iroup P2,2,2, witha=5747,b =
118-73, ¢ = 137-68 A and one Fab:lysozyme complex
per symmetric unit. Data were collected for HyHEL-

419

10 Fab:lysozyme complex as described by Padlan et
al. (1989).

Molecular-replacement programs

We used a predecessor to the MERLOT package
of programs assembled by Fitzgerald (1988), which
included the fast-rotation function of Crowther
(1972), the rotation function of Lattman & Love
(1970), which uses a finely sampled transform of the
model and avoids the need for integration radii, and
the translation function of Crowther & Blow (1967).
In addition we used the program BRUTE (Fujinaga
& Read, 1987). We made minor modifications to
BRUTE to run it on our Numerix NMX-432 array
processor rather than the Floating Point Systems
array processor for which it was originally written.
We also modified the output of BRUTE so that it
wrote correlation-coefficient and R-value map files
compatible with the MAPOUT program in the
MERLOT program package (Fitzgerald, 1988).

Probes

Following the procedure of Cygler & Anderson
(1988a,b), independent rotation and translation
searches were performed using probes for the
lysozyme, Fv and C:Cy1 portions of the structures.
We used the model of McPC603 (Satow ez al., 1986)
which we oriented so that the axis of the hinge
between Fv and C,:Cyl was parallel to the z axis.
This allowed us to observe most of the difference in
the elbow directly in the y rotation-function angle
(Cygler & Anderson, 1988a), since the y angle is the
first applied to the rotating body.

HyHEL-5 Fab:lysozyme

We used two probes from McPC603 (Protein Data
Bank File Reference IMCP) Fab, C;:Cyl and Fv.
We removed the following residues from the model
of Vi: 27C-31 and 91-95; and Vy: 30-31, 52B-54,
61-64, 96-100I and 101 [the numbering is that of
Kabat, Wu, Reid-Miller, Perry & Gottesman (1987)].
We also used tetragonal lysozyme deposited by
Diamond (1974) in the Protein Data Bank (Refer-
ence: 2LYZ).

For calculation of structure factors used to gener-
ate harmonic coefficients for the fast-rotation func-
tion, Fv and C:Cyl were placed in boxes 74 x 111
x 82 A, which was chosen so as to encompass the
maximum dimensions of the entire Fab, plus the
maximum radius of integration tested (27 A) plus
1 A. Later tests with smaller boxes for Fv and
CL:Cyl, yielded nearly indentical results, although a
shoulder on the first peak, which was ‘picked” as a
peak at 84% of the height of the first peak, appeared
in rotation-function maps with Cp:Cyl and
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HyHEL-5 Fab:lysozyme complex long b-cell axis
data. Lysozyme was placed in a box 66 x 61 x 72 A,
which was chosen by the above criteria for the
fast-rotation function harmonic coefficient calcula-
tion. For calculation of a finely sampled transform
for the rotation function of Lattman & Love (1970)
and for the Lattman implementation of the
Crowther-Blow translation function, C;:Cyl and Fv
were placed in boxes of 150 A in each dimension,
and lysozyme was placed in a box 130 A in each
dimension. We used an overall B factor of 17 A2 for
all structure-factor calculations.

HyHFEL-10 Fab:lysozyme

The probe used for the search for lysozyme was
that deposited by Diamond (1974) in the Protein
Data Bank (Reference: 6LYZ). Various molecules
were used as probes for the Fab portion of the
complex; these include the Fv and C;:Cyxl modules
of McPC603 Fab (Protein Data Bank File Reference
IMCP), J539 (1FBJ), NEW (3FAB), KOL (1FB4)
and, later, the C.:Cyl of HyHEL-5 (2HFL). Of
these, only the Fv of McPC603 and the C;:Cyl of
HyHEL-5 gave good results. In addition, a modified
Fv was obtained from McPC603 Fv by excising the
appropriate number of residues from the hypervari-
able loops based on the known sequence differences
between McPC603 and HyHEL-10 (McPC603 is
longer by three residues in H2, six in H3 and six in
L1). This ‘pruned” McPC603 Fv proved useful by
confirming the results obtained with the unmodified
McPC603 Fv. To generate harmonic coefficients for
the Crowther fast-rotation function, the probe mol-
ecule was placed in a box with dimensions equal to
that of the probe plus the radius of integration plus
1A in each direction. Various combinations of
reflection data, resolution and radius of integation
were tried; a radius of integration of 27 A and
reflections between 10-0 and 4-5 A spacings having F
=50, and F=(F) gave good results. For the
Lattman—Love rotation search and for the Lattman
implementation of the Crowther-Blow translation
function, the probe molecules were placed in boxes
of 150 A in each dimension. An overall B factor of
15 A% was used in all structure-factor calculations.

Structure determination of
HyHEL-S:lysozyme complex

We used the fast-rotation function (Crowther, 1972)
to determine the angles needed to rotate the probes
so that they generated the structure of HyHEL-5.
The results are summarized in Table 1 for 24 A
integration radius and all of the data from 10 to 4 A
spacings. We obtained similar results to those listed
in Table 1 with a 27 A integration radius and data

TWO ANTIBODY:ANTIGEN COMPLEXES

Table 1. Results of the fast-rotation function using
C.:Cyl, Fv and lysozyme probes with HyHEL-5
Fab:lysozyme complex data

Data used to calculate harmonic coefficients were from 104 A spacings. No
origin removal was performed. Radius of integration was 24 A.

Peak Peak height
Probe rank a () B () v () R.m.s.* % max.
(a) Long b-cell axis data
C:Cul 1 105 73 142 56 100+
2 101 83 103 41 73
Fv 1 104 74 173 a6 100+
2 105 105 125 37 81
3 13 103 164 37 81
Lysozyme 1 105 66 204 49 100
2 108 90 300 43 86t
3 23 125 55 41 82
(b) Short b-cell axis data
C:Cul | 108 74 148 55 100t
2 86 60 149 41 74
Fv 1 105 75 171 40 100%
2 45 30 255 39 97
Lysozyme 1 108 88 303 43 100%
2 153 80 270 40 92

* R.m.s. is the root-mean-square deviation from the mean.
T Correct peak.

from 10 to 4-5 A spacings. The results show that in a
case with good data the correct peak was the first
peak in five out of six cases (three probes and two
data sets). In the sixth case, that of lysozyme and the
long b-cell axis data set, the correct peak was the
second peak. This latter result was unchanged by
changing to a 27 A radius of integration or selecting
data that were greater than 20,. A peak correspond-
ing to the first peak with the long b-cell axis data did
appear in a list of the peaks for the short b-cell axis
data, but it was 12th highest at 83% of the maximum
and an r.m.s. of 3-6.

The success of determining the correct translation
is highly dependent on how accurate the rotation
angles are. We used the rotation function of Lattman
& Love (1970) to ‘refine’ the rotation angles. We
used seven steps in each angle around the angle
determined by the Crowther fast-rotation function
and, successively, used 4, 2 and 1° increments. The
results of this procedure are noted in Table 2.

To improve our confidence in the results we used
the Crowther—Blow translation function and the pro-
gram BRUTE to determine the translation of the
individual pieces. The results are summarized in
Table 2. With the exception of Fv and lysozyme
(rotation peak 2) with the long b-cell axis data, the
results were discouraging because there was little
correlation between the techniques. However, analy-
sis of the results following the structure determina-
tion showed that the Crowther-Blow translation
function yielded the correct answer in five out of six
cases and the second peak was correct in the sixth
case. The correlation coefficient in BRUTE was cor-
rect in two out of six cases and the third peak was
correct in a third case. The R value in BRUTE was
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Table 2. Results of Crowther—Blow translation function and program BRUTE using C,:Cyl, Fv and lysozyme
probes with HyHEL-5 Fab:lysozyme complex data

For the Crowther—Blow translation-function data from 104 A spacings were used with no origin removal. The translation function was sampled every 0-02
of a unit-cell edge, i.e. approximately every 1-1 A along u and every 1-6 A along w. For BRUTE, data from 54 A spacings were used. The correlation

coefficient and R value were sampled every 1 A in both directions.

Program BRUTE

Rotation Peak Translation function Correlation coefficient R value

Probe angles (°)  rank x* z* R.m.s.f % max. x* z*  Value R.m.s.t % max. x* z*  Value R.m.s.t % max.

(a) Long b-cell axis data

CpL:Cyl 104, 73, 143 1 019 038 37 1001 0-39 032 0156 42 100 0-02 032 0-5304 31 100
2 045 045 36 99 013 0-09 0-1435 32 9% 0-36 008  0-5310 30 100

Fv 103, 73, 172 1 0-29 0-31 53 1003 0-28 0-31 0-1517 44 1001 0-29 030 0-5342 34 1001
2 0-04 0-34 34 64 0-25 023 01398 37 92 0-17 034 0-5353 31 100

Lysozyme 108, 90, 302§ 1 042 0-29 55 1001 0-42 029  0-1381 4-6 1003 0-43 030 0-5242 43 1001
2 0-30 0-09 33 61 0-04 0-32 01137 32 82 041 048  0-5279 35 99

(b) Short b-cell axis data

Cu:Cyl 106, 75, 151 1 007 041 35 1001 016 009 0-1426 3.5 100 0-10 011 0-5245 3-8 100
2 0-25 0-02 30 86 0-49 001 01387 33 97 0-06 040  0-5286 31 99%
3 0-48 0-02 28 81 0-06 040 0-1345 31 941 0-36 0-48  0-5304 2-8 99

Fv 103, 74, 171 1 0-16 0-34 36 1001 0-46 0-07  0-1539 31 100 0-47 008  0-5285 35 100
2 0-50 0-41 32 90 0-29 017 01511 30 98 0-09 0-50  0-5290 33 100

Lysozyme 108, 90, 302 1 013 034 33 100 0-46 0-38 0-1363 32 100 005 026  0-5353 32 1001
2 0-05 0-26 30 901 0-29 031 01339 31 98 0-39 049  0-5354 32 100
3 0-05 0-04 29 89 021 015 01304 29 96 0-19 046  0-5373 29 100

* Fractions of a unit-cell edge.
T R.m.s. is the root-mean-square deviation from the mean.

1 Correct peak.

§ Second peak in rotation function list; see Table 1(a).

correct in three out of six cases and was the second
peak in a fourth case. However, the R value provided
little discrimination between the first and second
peaks. On the other hand the translation function
provided considerable discrimination in four of the
five cases in which it was correct, but it also provided
good discrimination in the case in which it was
incorrect. The correlation coefficient provided good
discrimination in the two cases when it was correct,
but it also provided good discrimination in a case
when it was incorrect.

Following this stage we used BRUTE to rotate the
probes in successively 2 and 1° increments around
the orientation determined by the rotation function.
From this we found a match between the translation
predicted by the correlation coefficient and the trans-
lation function for Fv with short b-axis data. In no
other case did this procedure bring the first peak of
either the correlation coefficient or the R value into
agreement with the Crowther-Blow translation func-
tion. However, as noted in Table 3 we did use the
improved orientations obtained for the probes by
this procedure.

In space group P2,, the origin is not defined along
the y axis, so with three probes we had a relative
origin problem similar to that which exists for multi-
ple isomorphous replacement in space groups where
the origin is not defined in at least one direction. To
piece together our structure we used BRUTE, which
has the facility to hold a probe stationary, while
moving another probe to determine the best corre-
lation coefficient and R value.

We started with the long b-cell axis data and held
the Fv probe stationary while we separately investi-
gated the behavior of the lysozyme and C;:Cyl
probes. The results are summarized in Table 3(a)(i).
In both cases the correlation coefficient and R value
were far above the second peak and were correct
(relative to Table 2 the result for C,:Cyl is an origin
shift to x, z=0, 1/2). At this point we had
determined the structure for the long b-cell axis, but
to see the effect of two stationary probes, we held Fv
and lysozyme stationary and moved C,:Cyl. This
result is summarized in Table 3(a)(ii).

With the short b-cell axis data we did not recog-
nize the correlation for lysozyme between the second
Crowther—Blow translation function peak and the
BRUTE R-value first peak until after the structure
was determined. Instead we used the result for Fv
that upon ‘refining’ the rotation the BRUTE cor-
relation coefficient corresponded to the Crowther—
Blow translation function peak. We held the Fv
probe stationary while we moved the C.:Cyl and
lysozyme probes, Table 3(b)(i). The correlation coef-
ficient clearly distinguished between the first and
second peaks in both cases and the first peak was
correct. Although the R-value peak was correct for
the C,:Cyl probe, the fourth peak was the correct
one for lysozyme. Relative to the results in Table 2,
Cr:Cyl shows an origin shift of x, z=0, 1/2 and
lysozyme shows an origin shift of x, z = 1/2, 0. Again
at this stage we had determined the structure, but we
examined the effect of holding two probes stationary,
Fv and C.:Cyl in this case, and moving the third
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Table 3. Results of program BRUTE holding one or two probes stationary while moving another probe with
HyHEL-5 Fab:lysozyme complex data

Data from 5-4 A spacings were used. The correlation coefficient and R value were sampled every 1 A in x, y and z.

Moving Rotation Peak Correlation coefficient R value

probes angles (°) rank  x* y* z* Value R.ms.t % max. x* y* z* Value Rms. % max.

(@) Long b-cell axis data

(i) Stationary probe: Fv; 101:3, 73-2, 171:0; x*=0-28, yp*=0-00, z*=03Il

Cp:Cyl 104, 73, 143 1 020 0-88 0-88 0-2599 72 100t 0-19 0-88 0-88 0-5030 61 1003
2 074 0-44 073 0-2057 44 79 0-05 094 0-80 0-5130 45 98

Lysozyme 108-0, 88-1, 301-4 1 042 0-59 029 0-2588 78 1003 0-42 0-59 0-29 0-4858 91 1003
2 0-54 0-50 0-46 0-2041 46 9 0-39 092 0-14 0-5098 44 95

(ii) Stationary probes: Fv; 101-3, 73-2, 171-0°, x*=0-28, y*=0-00, z*=0-31

Lysozyme; 108-0, 88-1, 301-4°; x* =042, y*=059, z*=029

CL:Cyl 104, 73, 143 1 019 0-88 0-88 0-3468 82 100} 0-19 0-88 0-88 04692 87 1003
2 0-46 0-11 0-62 0-2906 51 84 0-68 011 0-08 04900 49 96

(b) Short b-cell axis data

(i) Stationary probe: Fv; 1054, 76-4, 169-5°; x*=0-16, y*=0-00, z*=034

Cp:Cyl 106, 75, 151 1 0-06 0-89 0-90 0-2402 53 1003 0-06 0-89 0-90 0-5114 47 1003
2 0-88 0-32 0-48 0-2296 46 96 0-33 098 0-51 0-5135 44 100

Lysozyme 108-0, 88-1, 301-4 1 0-55 063 026 02312 4-8 1003 0-29 030 031 0-5174 43 100
2 0-08 0-28 0-55 0-2179 42 94 0-22 0-41 043 05176 42 100
3 039 0-44 0-48 0-2166 42 94 0-89 002 063 0-5177 42 100
4 0-17 0-29 0-58 0-2132 40 92 0-55 0-63 026 0-5184 41 1003

(i) Stationary probes: V| + Vy; 105-4, 76-4, 169-5°; x* =0-16, y* =000, z*=0-34

CL + Cyl; 106:0, 75-0, 151:0°  x* = 006, y* =0-89, z*=0-90

Lysozyme 108-0, 88-1, 301-4 1 0-55 063 026 0-3235 66 1003 0-54 063 0-26 04958 51 1003

2 0-30 0-06 0-31 0-2779 41 86 0-86 0-26 0-55 0-4967 37 100

* Fractions of a unit-cell edge.
T R.m.s. is the root-mean-square deviation from the mean.

1 Correct peak.

probe, lysozyme. The results are shown in Table
3(b)(ii), where the first peak for both the correlation
coefficient and R value are correct, but there is much
better discrimination by the correlation coefficient.

Structure determination of
HyHEL-10:lysozyme complex

The results of the Crowther search are summarized
in Table 4. The orientation angles obtained by the
Crowther search were further refined using the
Lattman-Love procedure; the refined values were
then used as input into the translation function. The
correctness of each solution was assessed on the basis
of packing considerations, closeness of the angles in
the case of the Fv and C;:Cyl modules, and the
existence of an internally consistent set of vectors
from three Harker sections in the translation search.
The search for lysozyme was straightforward. The
highest peak in the rotation function (Table 4) was
refined to angles of 172-58, 61-84 and 33-87°. Using
these values, the translation search yielded an intern-
ally consistent set of vectors as shown in Table 5.
The Crowther search for the Fv and C;:Cyl por-
tions of the structure yielded conflicting results with
the different probes used. The peaks that were
common to the various search results did not give
good translation-function solutions, nor did they
pack well in the unit cell. The highest peak from the
search with McPC603 Fv, although confirmed by the

Table 4. Results of the fast-rotation function using
C1:Cyl, Fv and lysosyme probes with HyHEL-10
Fab:lysozyme complex data

Data used to calculate harmonic coefficients were from 10-4-5 A spacings.
No origin removal was performed. Radius of integration was 27 A.

Peak Peak height
Probe rank a (°) B () v (°) R.m.s. % max.
Lysozyme 1 170-00 65-00 35-00 41 100-0%
2 82:50 3500 145-00 35 86:0
McPC603 Fv 1 52:03 6344  321'11 40 100-01
2 86-19 61-46 19-90 4-0 99-3
‘Pruned’ 1 51-94 6344 32113 42 100-0%
McPC603 Fv 2 111:31 69:38 11-17 40 94-7
HyHEL-5 1 115-00 60-00 45-00 43 100-0
Cp:Cyl : : : : : :
7 52-50 60-00  305-00 31 72-3%

* R.mss. is the root-mean-square deviation from the mean.
1 Correct peak.

results with the ‘pruned” McPC603 Fv, was only
marginally higher than the next peak (Table 4).
Nevertheless, this peak, which refined to 127-55,
244-27, 319-65° (having chosen, from packing con-
siderations, the equivalent orientation: 180 — a, 8 +
180, ), when used in the translation search, gave the
sets of peaks shown in Table 6.

No satisfactory solution was found in the search
for Cp:Cyl using the corresponding module from the
known Fab stuctures McPC603, J539, NEW, or
KOL. An exhaustive search using the McPC603
C.:Cyl around the Fv rotation-function solution
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Table 5. Results of Crowther—Blow translation func-
tion with lysozyme with HyHEL-10 Fab:lysozyme
complex data
Data from 8-4 A spacings were used with no origin removal. The transla-

tion function was sampled every 1/72 of a unit-cell edge, i.e. approximately
0-8 A along u, 1-6 A along v and 1-9 A along w.

Orientation: 172-58, 61-84, 33-87°

Harker  Peak Peak height
section rank x* 5 z* R.m.s.} % max.
z=1/2 1 02916 01111 0-5000 45 100-0%
2 0-6042  0-3194  0-5000 31 680
y=12 1 0-2917  0-5000  0-4862 52 100-0f
2 0-0486  0-5000  0-4375 35 677
x=1/2 1 0-5000  0-2848  0-4931 66 100-0
2 0-5000  0-2570  0-4931 63 950
3 0-5000 01112 04862 4.7 71-2%
4 0-5000 03056  0-0070 4-0 599

* Fractions of a unit-cell.
+ R.m.s. is the root-mean-square deviation from the mean.
1 Correct peak.

Table 6. Results of Crowther—Blow translation func-
tion with McPC603 Fv with HyHEL10 Fab:lysozyme
complex data
Data from 84 A spacings were used with no origin removal. The transla-

tion function was sampled every 1/72 of a unit-cell edge, i.e. approximately
0-8 A along u, 1-6 A along v and 1-9 A along w.

Orientation: 127-55, 244-27, 319-65°

Harker Peak Peak height
section rank x* y* z* R.m.s.f % max.
z=1/12 1 0-3680 0-2362 0-5000 48 100-0f
2 04167 0-2362 0-5000 45 93-8
y=112 1 0-3681 0-5000 0-3750 55 100-0%
2 0-1042 0-5000 0-4792 37 67-6
x=1/2 1 0-5000 0-2639 0-0208 47 100-0
2 0-5000 0-2362 0-4445 41 872
3 0-5000 0-2570 0-4584 40 855
4 0-5000 0-2362 0-3750 39 82:2%
5 0-5000 0-2014 0-4653 38 814

* Fractions of a unit-cell edge.
+ R.m.s. is the root-mean-square deviation from the mean.
1 Correct peak.

yielded a probable orientation of 127-82, 239-59,
306-91° for this part of the structure. These angles,
however, did not give a satisfactory translation-
function solution. After the HyHEL-5 Fab:lysozyme
complex structure was determined by molecular
replacement [see above and Sheriff et al. (1987)] its
CL:Cyl module was used as a probe in the searches.
The peak in the Crowther search that turned out to
be correct (Table 4) was only the seventh highest; the
orientation angles refined to 128-54, 240-10, 308-38°,
which are essentially those found above for
McPC603 C;:Cyl. The translation search using the
HyHEL-5 C.:Cyl, on the other hand, yielded a
solution as shown in Table 7(a).

The inability of McPC603 C,:Cyl to give a satis-
factory translation function solution is puzzling in
view of the closeness of the orientation angles found
for this module and for that of HyHEL-5 which gave
an internally consistent set of vectors. The C;’s of
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Table 7. Results of Crowther-Blow translation func-
tion with HyHEL-5 C;:Cyl with HyHEL-10 Fab:ly-
sozyme complex data
Data from 84 A spacings were used with no origin removal. The transla-

tion function was sampled every 1/72 of a unit-cell edge, i.e. approximately
0-8 A along u, 1-6 A along v and 149 A along w.

Harker  Peak Peak height
section rank x* » z* R.m.s.t % max.
(a) Orientation: 128-54, 240-10, 308-38°
z=1/2 1 0-1250 0-4514 0-5000 48 100-0¢
2 03194 0-2500 0-5000 34 n7
y=12 1 01250 0-5000 0-2292 60 100-0f
2 0-4445 0-5000 00278 33 554
x=1/12 1 0-5000 0-4514 02292 43 100-0%
2 0-5000 0-2848 04514 43 99-8
(b) Orientation: 127-82, 239-59, 306-91°
z=1/2 1 0-1250 04514 0-5000 4-8 100-0}
2 0-3680 01736 0-5000 34 709
y=12 1 0-1250 0-5000 0-2292 62 100-0f
2 02292 0-5000 0-0972 32 524
x=1/2 1 0-5000 0-2848 04514 47 100-0
2 0-5000 04514 02292 44 92-7¢
3 0-5000 0-2708 0-0000 35 742

* Fractions of a unit-cell edge.
t R.m.s. is the root-mean-square deviation from the mean.
1 Correct peak.

McPC603, HyHEL-5 and HyHEL-10 have the same
sequence and probably the same structure. However,
the Cy1’s of HYHEL-5 and HyHEL-10 are the same,
but differ from that of McPC603. Using HyHEL-5
CL:Cyl, but with the orientation angles for
McPC603 C.:Cyl (127-82, 239-59, 306-91°), the
translation search gave the vectors shown in Table
7(b). The peaks corresponding to the correct solu-
tion are essentially the same as those shown in Table
7(a). However, when McPC603 C,:Cyl was used
with the orientation angles for HyHEL-5 (128-54,
240-10, 308-38°), no translation-function solution
was obvious.

An Fab:lysozyme complex was assembled from
lysozyme, McPC603 Fv and HyHEL-5 C :Cyl,
using FRODO (Jones, 1978) to choose visually from
among the various symmetry-related possibilities the
one that was most plausible. Many possibilities exist
since for each component module of the complex (1)
there are four rotational possibilities, (2) for every
translation-function solution, x, x+1/2 is also a
solution (similarly for y and z), and (3) there are four
equivalent positions of the space group. The criteria
used in choosing a plausible composite structure
were (1) that the Fv and the C;:Cyl modules be so
disposed as to result in a reasonable Fab structure,
(2) that there be close contact without undue inter-
penetration, between the Fv and the lysozyme, and
(3) that the resulting crystal packing be reasonable.
One composite structure was chosen and this had
reasonable intermolecular and crystal contacts. The
orientation and position of the various components
of the assembled complex were then refined with
CORELS (Sussman, 1985) allowing the V, Vy, Cy
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and Cyl domains, and lysozyme to move indepen-
dently. The CORELS refinement was performed in
three steps: first with 10-0-8-:0 A data (518 reflec-
tions), then with 10-0-7-0 A data (1017 reflections),
and finally with 10-0-6-0 A data (1893 reflections),
using only the reflections with F = 5o . At the end of
this refinement, the R value was 0-47 and the corre-
lation coefficient was 0-40.

At this point the Fv was modified to conform to
the HyHEL-10 sequence. Residues common to
HyHEL-10 and McPC603 were retained; those that
were different were replaced by Ala. Further, nine
residues were excised from the L1 of McPC603, six
from H2, eight from H3, two from the V,—C, switch
region, and three from the Vy—Cyl switch. The
structure was then subjected to restrained least-
squares refinement with PROLSQ (Hendrickson &
Konnert, 1980; Hendrickson, 1985; Cohen, 1986) to
an R value of 0-40 for the 12 501 reflections between
10-0 and 3-0 A spacings with F= 30 The fit of the
structure to a 2F, — F, map was then examined using
FRODO (Jones, 1978). It turned out that the orienta-
tion chosen for lysozyme was wrong, while those for
the Fab modules were correct. The Fab portion of
the complex fitted the electron density very well;
density was present for most of the side chains
omitted during refinement and for the segments
excised from the model. The fit of lysozyme to
density, on the other hand, was sporadic. CORELS
was therefore run on all four orientational possibili-
ties, combined with two translational choices that
gave reasonable intermolecular contacts. Seven of
these possibilities gave R values ranging from 0-46 to
0-50; one gave an R value of 0-41. This last possibil-
ity was subjected to PROLSQ refinement, which very
quickly resulted in an R value of 0-33; the fit of this
model to a 2F, — F, map was now very good for all
portions of the structure. Alternating rounds of
PROLSQ refinement and model rebuilding resulted
in a final R value of 0-24 with good geometry
(Padlan er al., 1989).

Discussion

We have shown that we can determine by molecular-
replacement methods the structures of antibody:
antigen complexes by orientating and locating three
independent parts — Fv, C.:Cyl and lysozyme.
Although Fv and C.:Cyl each contain about 40% of
the structure, lysozyme contains only 23% of the
structure. Nevertheless we were able to orient and
locate lysozyme as easily as the larger fragments.
This is undoubtedly due to the a-helices present in
lysozyme, because experiments to test the limits of
the method with just Fab’s showed that a single
domain (basically an antiparallel B-sheet structure)
was an insufficient model (see also Cygler &

TWO ANTIBODY:ANTIGEN COMPLEXES

Anderson, 1988a). We have presented a fairly easy
case, HyHEL-5 Fab:lysozyme, and one that was
quite difficult, HyHEL-10 Fab:lysozyme. The ease of
determination of the HyHEL-5 Fab:lysozyme struc-
ture was in part due to the two data sets from closely
related crystal forms. Comparison of the rotation-
function angles for lysozyme suggested that the
second peak was the correct one for the long b-axis
crystal. This was a great aid when determining the
translation function for lysozyme in this crystal
form. HyHEL-10 Fab:lysozyme proved difficult
because the model for C;:Cyl for the translation
function had to be nearly identical and until the
coordinates for HyHEL-5 Fab were available there
was no appropriate model. The greater difficulty in
analyzing the crystal structure of the HyHEL-10
complex may simply stem from the fact that the
intensity data for this complex are of lesser quality
[the R value relating symmetry-related reflections,
Ryymm, Was 0:066 (Padlan et al., 1989)] compared to
those for the HyHEL-5 complex (Ryymm = 0-044)
(Sheriff et al., 1987).

To help orient the Fv and C:Cyl domains, we
found that prior orientation of the elbow bend so
that the axis was parallel to the z axis was useful in
the case of HyHEL-5 Fab:lysozyme. When this is
done nearly all of the difference in elbow bend shows
up in the y rotation-function angle and the a and B
angles are nearly identical (Table 1). This made it
easy to choose the correct peak in the case of the
short b-axis form data and the Fv probe, where there
was not much discrimination between the first and
second peaks. Moreover, this information provided
us with early estimates of the elbow bend in the two
crystal forms: 164° for the long b-axis form and 156°
for the short b-axis form [these numbers were
obtained by taking the elbow bend for McPC603
(Satow er al., 1986) and adding the difference
between the y rotation-function angles for C;:Cyl
and Fv — Table 1]. These early estimates have with-
stood the test of refinement and are essentially
unchanged at 162 and 154°, respectively, and the
difference in the elbow-bend angles also confirmed
our belief that the principal difference between the
protein structures in the two crystal forms was the
elbow-bend angle.

We found that the Crowther-Blow translation
function worked very well. When we began this work
we were under the impression that the Crowther-
Blow translation function often failed for lack of
sufficiently accurate rotation-function angles. While
we would agree with that general assessment, we
found that we were able to obtain accurate enough
rotation-function angles, probably as a result of our
use of the Lattman rotation function and in one case
program BRUTE to ‘refine’ the angles generated by
the Crowther fast-rotation function. With HyHEL-5
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Fab:lysozyme, the Crowther—Blow translation func-
tion correctly determined the location in the xz plane
in five out of six cases and in the sixth case, the
second highest peak was correct. With HyHEL-10 in
two cases (lysozyme and Fv) the top peak was
correct on two of the Harker sections with excellent
to moderate discrimination and either the third (lyso-
zyme) or fifth (Fv) peak was correct on the third
Harker section. The same section (x = 1/2) was poor
in both cases and this might have been a result of
inadequate sampling, which was 1/72 of a cell edge
or the equivalent of 1-6 and 1-9 A, along the two
longest cell edges. In the case of C.:Cyl, the
Crowther-Blow translation function correctly
determined the location on all three Harker sections,
although the discrimination was quite poor on the x
= 1/2 section. In this third case the proper model for
C.:Cyl was crucially important for the translation
function. On the other hand, rotation-function
angles which were slightly different had very little
effect on the translation function (Table 7).

The correlation coefficient and R value as calcu-
lated by BRUTE with the resolution range we used
were considerably less accurate in determining the
location of the fragments of the HyHEL-5
Fab:lysozyme complex. The correlation coefficient
often provided good discrimination between peaks,
but was correct only in the best two cases for the
Crowther-Blow translation function. The R value
provided very little discrimination compared to the
correlation coefficient, but did a slightly better job of
finding the correct result. On the other hand,
BRUTE provided a way to piece together the various
fragments. In these cases the correlation coefficient
provided good to excellent discrimination and was
correct in all six cases tried (see Table 3). The R
value was correct in the three cases tried with the
long b-axis form data providing excellent discrimina-
tion on the basis of the r.m.s. deviation from the
mean, but only moderate discrimination on the basis
of the percent of the maximum value. However, with
the short b-axis form data, the R value provided
poor discimination and in one case the fourth peak
was the correct peak. Cygler & Desrochers (1989)
have shown that BRUTE works considerably better
when a wider resolution range than 54 A is used.
However, this increases the computation time con-
siderably.

We were able to orient and locate a rather small
substructure, lysozyme, which was only 23% of the
complete structure. We believe that a-helices that
were oriented in a nonparallel manner provided the
key to this result. Cygler & Anderson (19884) and S.
Sheriff (unpublished results) found it very difficult to
properly orient a single antibody domain, which
contains no a-helices, when using the rotation func-
tion on data from an Fab where a single domain
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represents about 25% of the structure. Given our
results it should be possible to locate an even smaller
substructure as long as it has a higher helical content
than lysozyme.

We thank Paula Fitzgerald, Mirek Cygler and
Masao Fujinaga for helpful discussions.
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