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Abstract 

The mouse monoclonal antibodies (mAb), 2E5.G10 
and 1F5.D1, are specific for horse cytochrome c 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 c are being determined 
by X-ray diffraction analysis. Here we describe the 
preparation and crystallization of the two complexes 
with horse cytochrome c. 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.D1 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. 

I. 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 et 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 2) 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 c. mAb have 
been prepared against several cytochromes c 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 c 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 c 
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 c 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 c and 
IF5.Dl-horse cytochrome c). 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 c and 
when examined for binding a panel of cytochrome c 
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 
IF5.D1 to a third mAb specific for a different 
cytochrome c (rat) suggests that H1 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.DI and 2E5.G10. Thus, although these two 
mAb bind the same site they may do so in slightly 
different ways. 

2. Experimental 

Cytochrome c purification 

Horse cytochrome c 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 x 50cm 
column of CM-Sephadex (Pharmacia, Piscataway, 
N J) in the same buffer. After 4d  all of the 
deamidated forms had passed through the column, 
polymeric cytochrome c detected at the top of the 
column was removed and the native cytochrome c 
was then eluted from the column with 2 M NaCI 
dissolved in the running buffer. The purified cyto- 
chrome c (approximate yield 75%) was dialyzed 
against PBS (136mM sodium chloride, 2 .7mM 
potassium chloride, 8 mM dibasic sodium phosphate 
and 1.5 mM 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 50ml 
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 1.25 mM 2-mercaptoethanol and 1.25 mM 
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 5 mM 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 2 0 m M  
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 et al., 1988). 
Fab monomers, Fab dimers and any intact mAb 
were separated by a linear gradient over 400 ml of 
04).5 M potassium chloride in the chromatography 
buffer. The Fab-containing fractions were pooled 
and dialyzed against PBS. 
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Fab--cytochrome c complexes 

The Fab were concentrated by centrifugation 
using a Centriprep 10 concentrator (Amicon, 
Beverly, MA). They were then incubated overnight 
at 277 K with 2-3-fold molar excess ferric horse 
cytochrome c. The Fab-cytochrome c complexes 
were separated from free cytochrome c by gel 
filtration chromatography on a 1.5 × 50 cm column 
of Sephadex G-100 in PBS. The complexes were 
dialyzed against distilled water and concentrated to 
10-15mgml -i  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 c 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 c 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 ~1 of one of 
the Fab-cytochrome c complexes (10-15 mgml  -j) 
dissolved in 7 Ix l 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). C u K a  
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 et 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 c axis, 250 
data frames of rotation about the b axis, and merged 
them. Each data frame required 180 s of X-ray 
exposure time, and the detector was swung 10 ° away 
from the direct X-ray beam. For the orthorhombic 
P2~2t21 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 et 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 IgG1 which is not as sensitive to 
papain digestion as other IgG isotypes. In Fig. l(a), 
chromatography of a partial papain digest of the 
mAb 2E5.G10 (IgGl,x) 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. lb) 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 2E5.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 IgG1, 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,x) was com- 
pletely cleaved to Fab monomer. 

Incubation of the purified Fab monomers with 
excess horse cytochrome c resulted in the formation 
of equimolar complexes which were isolated by gel 
filtration on Sephadex G-100. The molar ratio of 
horse cytochrome c to Fab was 0.96 for the complex 
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with 2E5.G10 Fab and 1.0 for the complex with 
1F5.D1. These ratios were calculated using a milli- 
molar extinction coefficient of 75 at 280 nm for the 
Fab, and extinction coefficients of 106.1 m M  at 
410 nm and 23.2 at 280 nm for cytochrome c in the 
ferric state. Slight variations from a molar ratio of 
1.0 in the complexes may reflect differences between 
the actual extinction coefficients for the Fab and that 
which was assumed in the calculations. 

sets of conditions, listed in Table 1, yielded crystals 
of sufficient size and quality for diffraction study. 
For the 1F5.D1 Fab-cytochrome c complex, one of 
these conditions was also productive (condition II). 
Photographs of crystals of the 2E5 Fab-cytochrome 
c complex are shown in Fig. 2(a). Crystals of the 2E5 
Fab-cytochrome c complex, grown under condition 
II (Table 1) exhibited similar morphology. Crystals 

Crystallization of horse cytochrome c-Fab complexes 

Crystals of differing size and shape were observed 
for both complexes under a variety of conditions. 
For the 2E5.G10 Fab~ytochrome c complex, two 
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Fig. l. Chromatography of papain-cleaved mAb 2E5.G10 on 

Q-Sepharose Fast Flow (a) and identification of the peaks by 
SDS-PAGE (b). Peak A is Fab monomer; peak B is Fab dimer; 
and peak C is IgG. 

(b) 
Fig. 2. Crystals of the complex of 2E5.G10 Fab with horse 

cytochrome c formed in 0.1 M sodium cacodylate pH 6.5, 20% 
PEG 3350 and 0.2 M ammonium acetate (a), and of the com- 
plex of 1F5.D1 Fab with horse cytochrome c formed in 0.1 M 
sodium cacodylate pH 6.5, 20% PEG 3350 (b). The crystals 
shown in (a) are described in Table 1 (crystallization condition 
I). Their largest dimension is 0.4 mm. Each hexahedron in (b) is 
0.5 mm long. 
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Table 1. Summary of preliminary X-ray study of crystals of two Fabs complexed with horse cytochrome c 

Matthews number, I'm, and 
Space group and No. of molecules in unit volume, lip .... occupied by 

Complex Crystallization conditions lattice parameters (A, °) cell and per asymmetric unit protein in crystal (%) 
2 E 5 . G 1 0 - c y t o c h r o m e  c I P2~ 

0.2 M NH4 ace ta te  a = 97.7 4 2.4 
0.1 M N a  cacodyla te  b = 78.8 
p H  6.5 c = 83.6 2 51 
2 0 %  P E G  3350 a = 2' = 90 , /~  = 113 

2E5 .Gl0 - - cy toch rome  c II As  above  As  a b o v e  As  a b o v e  
0.1 M N a  cacodyla te  
p H  6.5 
20% P E G  3350 

1 F 5 . D l - c y t o c h r o m e  c II P2t2t21 
a = 81.0 4 2.48 
b = 110.1 
c = 74.5 1 50 

a = f l = 2 , = 9 0  

of the 1F5 Fab-cytochrome c complex grown under 
condition II (Table 1) appeared as elongated hexa- 
hedrons (0.5 long and 0.2 mm diameter) (Fig. 2b). 

To demonstrate that the crystals of these com- 
plexes contained both cytochrome c and Fab, several 
crystals were dissolved in 1.0% SDS, reduced with 
2-mercaptoethanol and electrophoresed in SDS- 
PAGE using 12.5% acrylamide gels. From the 
results (Fig. 3), it is clear that all crystals of both 
complexes contain Fab (two chains) and cytochrome 
c (Mr = 12.5 kDa). 

To examine whether contamination of the Fab 
monomer--cytochrome c complex with Fab dimer- 

A B 

• . 5 5  k D a  

• " 2 2  k D a  

......... : 

• . 12.5 kOa 

Fig. 3. Identification of proteins present in the crystals of the 
2E5.G10 Fab-horse cytochrome c complex (lane A) and the 
1F5.Dl-horse cytochrome c complex (lane B) by SDS-PAGE. 
The gel was run under reducing conditions. 

cytochrome c complex might affect crystal for- 
mation, 2E5.G10 Fab monomer-cytochrome c was 
incubated with 0.1, 1 or 10% 2E5.G10 Fab dimer- 
cytochrome c. The mixed solutions were subjected to 
the same conditions which yielded diffractable crys- 
tals of 2E5.G10 Fab monomer-cytochrome c. Within 
1 week, crystals similar in appearance formed, 
whether 2E5.G10 Fab dimer-cytochrome c were 
present or not even in concentrations as high as 10% 
(results not shown). 

Characterization of the crystals and X-ray data 
collection 

Fig. 4(a) shows the (Okl) zone of crystal form I of 
the 2E5.G10-cytochrome c complex (Table 1). This 
crystal form exhibited 2/m diffraction symmetry and 
k = 2n systematic absences on the (0k0) line, so it 
belongs t 9 space group P21, with a = 97.7, b = 78.8, 
c = 83.6 A and /3 = 113 °. With two complete Fab-  
cytochrome c complexes in its asymmetric unit, the 
Matthews number Vm (Matthews, 1968) would be 
2.4 A 3 D a -  1, a reasonable value. This corresponds to 
a packing of molecules in the crystal of 51% protein 
and 49% solvent. Crystals of the same complex 
grown from 0.1 M sodium cacodylate pH 6.5, 
20% (w/v) PEG 3350 (condition II, Table 1), proved 
to be isomorphous with this monoclinic crystal form. 

Crystals of the 1F5.D1 Fab-cytochrome c com- 
plex exhibited mmm diffraction symmetry and the 
odd integer indices of all its principal axes were 
systematically absent, so this crystal form could be 
assigned to space group P212121. Its lattice dimen- 
sions are a =81.01, b = 110.13, c = 74.54 A. Fig. 4(b) 
shows the (Okl) zone of this crystal form. With one 
molecular complex per asymmetric unit, this crystal 

3 1 form has a Vm of 2.47 A D a -  . The results of our 
crystal characterizations described above are sum- 
marized in Table 1. 



RONALD JEMMERSON et al. 69 

The P2~ crystals of the 2E5.G10 Fab-cytochrome 
c complex, obtained either in the presence or the 
absence of salt, and the P2~2~21 crystals of the 
1F5.D1 Fab-cytochrome c complex, were stable in 
the X-ray beam and suitable for three-dimensional 
data collection. Full three-dimensional data were 

(a) 

~ ~ * ~i.,~.~%~:~:~:~?::::i :: . . . . . .  

. . . .  ~, :~ ~ . ;:. ::::::::::::::::::::::::: ~: ~ ~, . 

(o) 

F i g .  4 .  X - r a y  p h o t o g r a p h s  o f  Okl z o n e s  f o r  ( a )  m o n o c l i n i c  c r y s t a l s  

o f  2 E 5 . G 1 0  F a b - h o r s e  c y t o c h r o m e  c c o m p l e x  g r o w n  f r o m  

0.2 M ammonium acetate, 0.1 M sodium cacodylate pH 6.5, 
20% (w/v) PEG 3350, and (b) orthorhombic crystals of 1F5.D1 
Fab-horse cytochrome c crystals grown from 0.1 M sodium 
cacodylate pH 6.5, 20% PEG 3350. The crystal-to-film distance 
was 75 mm, precession angle/x = 15 ° and exposure time 12 h. 

Table 2. Summary of crystallographic data sets for 
complexes of  Fab 1F5.D1 and 2E5.G10 with horse 

cytochrome c 

No. of 
Resolution unique Completeness Rsym* 

Complex (A) reflections of data (%) (I/cr) (%) 
2E5.GI0 2.86 23 605 All data: 90.8 11.3 9.3 

with horse At 2.86 A: 99.8 
cytochrome c 

IF5.D1 2.48 20 393 All data: 86.0 14.3 6.7 
with horse At 2.63 A: 95.6 
cytochrome c 

* R , y m  = Z l l o b s  - -  Iavg[/Zlavg. 

collected and processed from a single crystal for each 
complex. The final statistics for data collection are 
summarized in Table 2. 

4. Discussion 

The antigenic specificities of the two mAb 2E5.G10 
and 1F5.D1 whose Fabs we have crystallized in 
complex with horse cytochrome c, are similar to each 
other and to that of a third mAb, ES, which was also 
elicited against horse cytochrome c (Carbone & 
Paterson, 1985). This mAb is similar to 2E5.G10 and 
1F5.D1 in the amino-acid sequences of both H and L 
chains and its Fab has been crystallized in complex 
with horse cytochrome c (Mylvaganam, Paterson, 
Kaiser, Bowdish & Getzoff, 1991). None of these 
three mAb are clonally related and only 2E5.G10 
and 1F5.D1 were obtained from the same mouse. 
These three mAb provide the opportunity to examine 
functional differences among mAb binding the same 
region on a protein antigen. 

The Fab-Ag complexes described in this report are 
two of the six complexes that we have attempted to 
crystallize. We have, in fact, obtained crystals of 
varying quality for five complexes. However, to date 
only the crystals of the complexes of 2E5.G10 and 
1F5.D1 with horse cytochrome c have been 
determined to be of the quality to collect X-ray 
diffraction data. Variation of the conditions for 
crystallization may lead to higher quality crystals for 
the other complexes. From what has been published 
regarding the crystallization of Ab-Ag complexes, it 
appears that no more than 1 in 20 Fab fragments 
have been crystallizable (Boulot et al., 1988). We 
have not yet attempted to crystallize our Fab free 
from cytochrome c. It is possible that complexation 
with cytochr0me c may facilitate the crystallization 
process. It is also possible that the method of Fab 
preparation and purification we employed removed 
any impurities that could have interfered with the 
crystallization of Fab in other laboratories. Since for 
several IgG1 we have found both Fab dimer and 
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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 c to 
the complex of Fab monomer-cytochrome c 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.DI 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 IF5.D1 Fab complex requires 4 weeks or longer. 
Furthermore, the crystal lattices are distinct. The 
symmetry group for the 2E5.GI0 Fab-cytochrome c 
complex is P21 and for the 1F5.D1 Fab-cytochrome 
c complex is P212121. This is the same symmetry 
group observed for crystals of the E8-horse cyto- 
chrome c complex that formed under similar condi- 
tions (Mylvaganam et al. ,  1988). 

The authors are grateful to Dr Karl W. Volz of the 
Department of Microbiology and Immunology, The 
University of Illinois at Chicago, for kindly provid- 
ing the X-ray facility used for precession 
characterization studies of these crystal forms, and to 
Drs William Gleason and Leonard Banaszak, Uni- 
versity of Minnesota, for their advice, assistance and 
encouragement during the early phase of this work. 
The photographic assistance of Tim Leonard and 
secretarial support of Jan Smith and Carmen 
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