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Crystallization of Two Monoclonal Fab Fragments of Similar Amino-Acid Sequence
Bound to the Same Area of Horse Cytochrome ¢ and Interacting by Potentially
Distinct Mechanisms*t
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Abstract

The mouse monoclonal antibodies (mAb), 2E5.G10
and 1F5.Dl, are specific for horse cytochrome ¢ and
appear to bind the same epitope, since their heavy
(H) and light (L) chains are functionally inter-
changeable. Comparison of the amino-acid sequen-
ces suggests that slightly different interactions may
be involved in antigen recognition. In addition, the
H chains differ at only a few amino-acid residues
from the H chain of a rat cytochrome c-specific mAb
suggesting that specificity for one protein over
another may be determined by these amino-acid
differences. To address these possibilities, the three-
dimensional structures of the Fab portions of the
mAb bound to cytochrome ¢ are being determined
by X-ray diffraction analysis. Here we describe the
preparation and crystallization of the two complexes
with horse cytochrome ¢. The complex of the Fab
fragment of 2E5.G10 with horse cytochrome c¢
yielded crystals of X-ray diffraction quality under
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two sets of conditions; in both the space group was
P2,. The corresponding complex of 1F5.DI1 under
one of these conditions crystallized in the P2,2,2,
space group. Three-dimensional X-ray data for these
two complexes have been collected with nominal
resolutions of 2.86 and 2.48 A, respectively.

1. Introduction

The three-dimensional structures of several protein
Ag-Fab complexes have been determined by X-ray
crystallography (Amit, Mariuzza, Phillips & Poljak,
1986; Colman et al., 1987; Sheriff ez al., 1987; Padlan
et al., 1989; Tulip et al, 1989; Bentley, Boulot,
Riottot & Poljak, 1990). The characteristics of anti-
body binding observed in these studies are strikingly
similar, providing a generalized concept of the
chemical nature of native protein Ag-Ab interaction
(Davies, Sheriff & Padlan, 1988). This includes: (1) a
relatively large surface (750 A?) in which the antigen
residues are located; (2) contribution of one or more
amino-acid residues from each of the six CDR’s of the
Ab; (3) relatively minor changes in the conformation
of Ab and Ag, however significant enough to suggest
a degree of induced fit in some cases (Davies &
Padlan, 1992); and (4) major contributions of hydro-
gen bonding and van der Waals interactions to the
energy of binding.

While crystallographic studies of Ab-Ag com-
plexes to date have revolutionized our view of these
interactions, there are many questions that remain.
Of particular interest to us is the molecular basis for
Ab specificity, i.e. what is the physical and chemical
information within the structure of an Ab that
enables it to bind a particular protein Ag with high
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affinity, yet not even recognize a variant of the Ag
that differs by a single amino-acid residue in the
antigenic determinant. We are approaching this
problem by analyzing Ab recognition of natural and
recombinant variants of cytochrome ¢. mAb have
been prepared against several cytochromes ¢ and
those binding the same region have been compared
on the basis of their primary structures (Goshorn,
Retzel & Jemmerson, 1990). Although some diversity
in Ab structure was observed, several examples were
found where Ab to the same region on different
cytochromes ¢ were similar in the amino-acid
sequences of the H or L chain, differing only at a few
residues. This suggested that those few changes
encode the specificity for a particular cytochrome ¢
variant.

To examine directly whether this is the case and to
determine which residue changes in the Ab are
important for the variant specificity, the detailed
three-dimensional structures of the Ab-Ag com-
plexes are needed. Therefore, we attempted to pre-
pare crystals of cytochrome ¢ complexed to the Fab
of some of these Ab for use in X-ray diffraction
studies. Of the six complexes tried, crystals have been
obtained, varying in quality, from five of them. Here
we report on the crystallization of two of these
complexes (2E5.G10 Fab-horse cytochrome ¢ and
1F5.D1-horse cytochrome ¢). The H and L chains
of these Ab are functionally interchangeable
(Jemmerson, Mueller & Flaa, 1993) indicating that
they bind the same site on horse cytochrome ¢ and
when examined for binding a panel of cytochrome ¢
variants, they show similar fine specificities
(Jemmerson & Johnson, 1991). While the L chains
differ by only five amino-acid residues, the H chains
differ by 15 in the variable (V) region, eleven of these
within the CDR. Comparison of 2E5.G10 and
1F5.D1 to a third mAb specific for a different
cytochrome ¢ (rat) suggests that HI and/or H3 are
important in determining the specificity and that, in
particular, an aspartic acid residue in the horse
cytochrome c-specific Ab could be important, per-
haps in forming a salt bridge with a lysine in the Ag,
which is known to be critical for binding (Jemmerson
et al., 1993). Interestingly, the aspartic acid residues
thought to be involved in this interaction are at
different residue positions in both H1 and H3 of
1F5.D1 and 2ES5.G10. Thus, although these two
mAb bind the same site they may do so in shghtly
different ways.

2. Experimental
Cytochrome c purification

Horse cytochrome ¢ was purchased from Sigma
Chemical Co. (St Louis, MO). The protein (250 mg)

was dialyzed against 65 mM sodium phosphate
pH 7.5 and chromatographed on a 1.5 50cm
column of CM-Sephadex (Pharmacia, Piscataway,
NJ) in the same buffer. After 4d all of the
deamidated forms had passed through the column,
polymeric cytochrome ¢ detected at the top of the
column was removed and the native cytochrome ¢
was then eluted from the column with 2 M NaCl
dissolved in the running buffer. The purified cyto-
chrome ¢ (approximate yield 75%) was dialyzed
against PBS (136 mM sodium chloride, 2.7 mM
potassium chloride, 8 mM dibasic sodium phosphate
and 1.5mM monobasic potassium phosphate,
pH 7.2) and stored frozen.

mAb purification

The mAb were obtained as previously described
(Goshorn et al., 1990). Hybridomas secreting the
mAb were grown in the peritoneum of ten pristane-
primed BALB/c mice, yielding a total of approxi-
mately 50 ml ascites fluid. The mAb were precipi-
tated in cold 50% saturated ammonium sulfate,
centrifuged at 3500 g for 20 min and washed once.
The precipitates were dissolved in 5-10 ml 40 mM
sodium phosphate pH 8.0 and dialyzed against the
same buffer with several solution changes. The mAb
were purified by chromatography through 30 ml
DEAE-Sephacel (Pharmacia) packed in a 50 ml
syringe and equilibrated in 40 mM sodium phos-
phate pH 8.0. Between 70 and 100 mg of each mAb
were obtained.

Fab preparation

The mAb were treated with papain to isolate the
Fab (Porter, 1959). The purified mAb were dialyzed
against 0.1 M potassium phosphate pH 7.2, contain-
ing 1.25mM 2-mercaptoethanol and 1.25mM
disodium ethylenediaminetetraacetate. Typically, the
mAb were treated with 2% (by weight) papain
(Sigma) for 2 h at 30 K and with 2% more enzyme
for an additional 4 h with continuous mixing. The
treatment was terminated by the addition of iodoace-
tamide to 4 mM. The digested material was dialyzed
against SmM potassium phosphate pH 8.0 and
chromatographed on 30 ml DEAE-Sephacel packed
in a 50 ml syringe. The Fab of the two mAb studied
eluted in the running buffer while the Fc remained
bound. The Fab were dialyzed against 20 mM
ethanolamine pH 9.5 and chromatographed on 30 ml
Q-Sepharose Fast Flow (Pharmacia) packed in a
50 ml syringe in the same buffer (Boulot er al., 1988).
Fab monomers, Fab dimers and any intact mAb
were separated by a linear gradient over 400 ml of
0-0.5 M potassium chloride in the chromatography
buffer. The Fab-containing fractions were pooled
and dialyzed against PBS.
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Fab—cytochrome ¢ complexes

The Fab were concentrated by centrifugation
using a Centriprep 10 concentrator (Amicon,
Beverly, MA). They were then incubated overnight
at 277K with 2-3-fold molar excess ferric horse
cytochrome c¢. The Fab—cytochrome ¢ complexes
were separated from free cytochrome ¢ by gel
filtration chromatography on a 1.5 x 50 cm column
of Sephadex G-100 in PBS. The complexes were
dialyzed against distilled water and concentrated to
10-15mg ml~' total protein using a Centricon 10
concentrator (Amicon) and stored at 277 K with
0.05% sodium azide. Purity of the Fab and Fab-
cytochrome ¢ complexes was assessed by SDS-
PAGE, disulfide-bonded polypeptides being reduced
with 2-mercaptoethanol (2.5%). The gels were
stained with Coomassie blue.

Crystal preparation

Crystals of the Fab—cytochrome ¢ complexes were
obtained in hanging drops by the vapor-diffusion
method. Briefly, 0.7 ml of the precipitating solution
was added to wells of a 24-well microtiter plate. The
wells were sealed using vacuum grease and a glass
coverslip from which was suspended 7 ul of one of
the Fab—cytochrome ¢ complexes (10-15 mgml™')
dissolved in 7 pl of the precipitating solution.
Initially, 50 different solutions varying in pH, salt
and precipitant (Crystal Screen, Hampton Research,
Riverside, CA) were screened for their ability to
facilitate crystal formation (Jancarik & Kim, 1991).
Further variations in pH, salt and precipitant con-
centration from the initial conditions which showed
evidence of crystal formation were then examined to
optimize the conditions.

Crystal diffraction studies

Crystallographic parameters of all crystal forms
discussed here were characterized by precession
photography. We used a Supper precession camera
mounted on a Diffractis 588 X-ray generator with a
1.5kW sealed Cu tube (Enraf-Nonius). Cu Ka
radiation was selected with a nickel filter, and data
were recorded on Kodak direct-exposure Scientific
Imaging Film (Charles Supper Company).

Three-dimensional X-ray data have been collected
on a Siemens/Xentronics multiwire area detector
(Durbin et al., 1986), mounted on a Huber four-
circle goniostat. The X-ray source was a Rigaku
RU200 rotating-anode generator, fitted with a
copper anode, and operated at 5 kW. Cu Ka radia-
tion was selected with a graphite monochromator.
Diffraction data were reduced with the XENGEN
program package (Howard er al., 1987). For three-
dimensional data collection from monoclinic crys-

tals, we collected 900 data frames, each 0.2° of
crystal rotation about the crystallographic ¢ axis, 250
data frames of rotation about the b axis, and merged
them. Each data frame required 180s of X-ray
exposure time, and the detector was swung 10° away
from the direct X-ray beam. For the orthorhombic
P2,2,2, crystal form, 500 data frames were recorded
by rotating about one orientation, 250 frames at an
orientation orthogonal to the others, and these data
were merged. Each frame required 120 s exposure
time. The detector was swung 15° from the direct
X-ray beam.

3. Results
Preparation of cytochrome c~Fab complexes

The method described by Boulot er al. (1988)
provided the basis for mAb purification and Fab
preparation. However, instead of HPLC, classical
chromatography methods were employed. The mAb
were purified by ion-exchange chromatography and
not Ag affinity chromatography to avoid the
possibility of denaturing the mAb during their
elution from Ag-coated beads. The mAb were not
entirely pure after passage through DEAE-Sephadex;
however, any contaminants were removed during the
preparation and purification of Fab. We found that
ion-exchange chromatography on Q-Sepharose Fast
Flow of the Fc-cleared papain digest of the mAb
sometimes allowed for the isolation of Fab mono-
mers, Fab dimers and intact IgG. This is most
apparent with IgGl which is not as sensitive to
papain digestion as other IgG isotypes. In Fig. 1(a),
chromatography of a partial papain digest of the
mAb 2E5.G10 (IgGl,«) is shown. For this experi-
ment the mAb was treated with 1.5% (by weight)
papain for 6 h at 310 K. Three fractions of IgG-
related materials were obtained. From SDS-PAGE
of reduced and non-reduced fractions (Fig. 15) they
were identified as follows: A, Fab monomer; B, Fab
dimer; and C, IgG.

By increasing the papain concentration to 4% in
the digestion of 2ES5.G10 IgG, the intact IgG
(fraction C) was eliminated, but Fab dimer remained
in amounts approximately equal to that of the Fab
monomer. Apparently for IgGl, papain can cleave
on either side of the inter-heavy-chain disulfide
bonds. Cleavage on the distal side results only in
dimer formation and cleavage on the proximal side,
in monomer. The mAb 1F5.D1 (IgG2a,«) was com-
pletely cleaved to Fab monomer.

Incubation of the purified Fab monomers with
excess horse cytochrome ¢ resulted in the formation
of equimolar complexes which were isolated by gel
filtration on Sephadex G-100. The molar ratio of
horse cytochrome ¢ to Fab was 0.96 for the complex
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monomer present after papain cleavage, we con-
sidered the possibility that any dimer present in a
Fab monomer preparation could affect crystalliza-
tion. However, addition of the complex of the Fab
dimer of 2E5.G10 bound to horse cytochrome ¢ to
the complex of Fab monomer—cytochrome ¢ did not
alter the time course of crystallization nor the visual
quality of the crystals. This was the case whether the
dimer represented as little as 0.1% of the total Fab
or as much as 10%.

Although 2E5.G10 and 1F5.D1 are similar in pri-
mary structure and, in complex with cytochrome c,
crystallize under similar conditions, there are noted
differences. The 2E5.G10 Fab complex crystallizes
within less than 2 weeks, quite reproducibly, while
the 1F5.D1 Fab complex requires 4 weeks or longer.
Furthermore, the crystal lattices are distinct. The
symmetry group for the 2E5.G10 Fab—cytochrome ¢
complex is P2, and for the 1F5.D1 Fab-—cytochrome
¢ complex is P2,2,2,. This is the same symmetry
group observed for crystals of the E8-horse cyto-
chrome ¢ complex that formed under similar condi-
tions (Mylvaganam et al., 1988).
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