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Abstract 

Activated Factor X releases F1.2, a 271-amino acid peptide, from the amino terminus of prothrombin during blood 
coagulation. A nine-amino acid peptide, C9 (DSDRAIEGR), corresponding to the carboxyl terminus of F1.2 was 
synthesized and used to produce a monoclonal antibody, TAI (KD 1.22 X I O p h  M) .  To model the TAI antibody, we 
entered the sequence information of the cloned TAI F, into the antibody modeling program, ABM, which combines 
homology methods, conformational search procedures, and energy screening and has proved to be a reliable and 
reproducible antibody modeling method. Using a novel protein fusion procedure, we expressed the C9 peptide fused to 
the carboxyl terminus of the PEN1 repressor protein from Bacillus lichenformis in Escherichia coli. We constructed 
fusion proteins containing alanine substitutions for each amino acid in the C9 epitope. Binding studies, using the C9 
alanine mutants and TA I ,  and spatial constraints predicted by the modeled TA 1 binding cleft enabled us to establish a 
plausible conformation for C9 complexed with TAI. Furthermore, based on binding results of conservative amino acid 
substitutions in C9 and mutations in the antibody, we were able to refine the complex model and identify antibody 
mutations that would improve binding affinity. 
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There have been several X-ray crystallographic studies of antigen- 
antibody complexes that have revealed much about interactions 
that occur  at the binding interface between antibodies and their 
antigens (for reviews, see Braden & Poljak, 1995; Searle et al., 
1995). These complexes can be separated into different groups 
based on the reactive antigens within the complexes. The antibody 
complexes studied include those with haptens or small chemical 
structures (Herron et al., 1989; Brunger et al., 1991), peptides 
(Stanfield et al., 1990; Rini et  al., 1992; Schulze-Gahmen et  al., 
1993), proteins (Amit et al., 1986; Braden et al., 1994), DNA 
(Herron  et al., 1991), and antibodies themselves in  idiotype- 
antiidiotype complexes (Bentley et al., 1990; Ban et al., 1994; 
Evans et al., 1994). Once contact residues are identified by X-ray 
crystallography, some studies further examine the binding inter- 
actions by creating point mutations in the antibody or antigen and 
assaying for  changes in affinity. Verdaguer et al. ( 1  995) utilized 
peptide epitopes with specific point mutations to identify key in- 
teracting residues and provided molecular interpretation for those 
interactions seen in the X-ray-resolved complex model. Another 
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group studying a hapten-antibody complex used molecular mod- 
eling to dock the hapten into the X-ray-resolved antibody struc- 
ture, then mutated key residues in the antibody to verify the docked 
model (Strong et al., 1991). 

Modeling procedures to predict structure for antibodies of known 
sequence but unknown structure have been developed using X-ray 
resolved antibodies entered in the Brookhaven database (Brucco- 
leri et al., 1988; Chothia et al., 1989; Rees et al., 1992). In two 
hapten-antibody studies that employed antibody modeling tech- 
niques, potential interacting residues within the antibody binding 
cleft were identified from the antibody model and verified by 
site-directed mutagenesis (Near  et al., 1993; Ruff-Jamison & Glen- 
ney, 1993). A protein-antibody study used a predicted antibody 
structure to dock a hen egg lysozyme epitope of a known structure 
and then mutated predicted antibody contact residues within the 
complex model and used the binding results to refine the model (de 
la Paz et al., 1986; Roberts et al., 1987). Other groups have used 
information about protein-protein recognition and the forces that 
drive complex formation to develop algorithms based on surface 
complementarity and energy scoring to predict antigen-antibody 
docking (Walls & Sternberg, 1992; Totrov & Abagyan, 1994). 
Although their methods used predicted or determined antibody 
structures as docking targets, they still assumed prior knowledge of 
the epitope conformation. 
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A  common  factor  exists in all these  modeling  studies: the anti- 
genic  determinants  were of known or easily  predictable  structures. 
either  haptens  (small  molecules with a limited  number of confor- 
mations) or peptide  epitopes from X-ray resolved crystallized pro- 
teins. To date.  no  studies  involving peptide-antibody complex 
determinations  have  attempted to model the complexed  structure 
of an antibody  and its peptide  epitope strictly through site-directed 
mutational analysis and computational  means. 

Here. we present our work in  which a nine-amino  acid  linear 
epitope. C9 (Degan et al.. 19x3). of unknown structure was folded 
and docked  into its modeled antibody. TA 1. using only computer 
modeling and binding  information from mutations  made in  either 
the epitope or the antibody. We introduced  scanning  alanine  mu- 
tations in  the C9 epitope using a novel protein fusion method (R. 
Tal. C.L. Casipit. V. Wittman. H.C. Wong. in  prep.). which in-  
volves  fusing the C9 peptide  to the carboxyl  terminus of the PEN1 
repressor protein from B~rci111r.s l i c~ l~c~r l~f i~rr~~i s  ( Wittman & Wong. 
19XX) and expressing it in E.schc~richicr c d i .  Using the binding 
information from these CY nlutations  along with the spatial con- 
straints of the modeled TA I binding cleft, we were able  to  establish 
a plausible model for  the C9-TAI complex. With binding infor- 
mation from further  mutations within C9 and TA I .  we refined the 
model and were  able  to identify specific  mutations in TAI that 
would improve affinity. 

Results 

Gcwc~rcrl chutrrcrc~ri.stics c m l  y r ~ n l i r ~  of' the rrtlrihocly 1norlc.1 

Based on the lengths of the light chain CDRs the TA I combining 
site topography can be described as  a  cavity or groove. which are 
characteristic of antibodies that bind haptens and peptides  (Wang 
et 211.. 1991). We  ran Procheck (Laskowski et 211.. 1993). which 
checks the stereochemical  quality of protein structures. on the final 
TAI antibody  model. The resulting  Ramachandran plot showed 
X 1.3% of the residues  to be in the most energetically favored 
regions with 3% (six residues) being in generously  allowed o r  
disallowed  regions. Three of these  aberrant  residues  are within 
heavy chain and three  are within light chain.  Chothia et a l .  (1989) 
found, through the alignment of structurally resolved antibodies. 
that CDRs can be grouped into canonical  classes based on  specific 
amino acids within the CDR loops that define  a  secondary  struc- 
ture. To determine i f  any of the six aberrant  residues  defined a 
canonical  class and thus played a pivotal role in determining the 
binding site  topography,  we  aligned the TA I sequence  to  those of 
the canonically  grouped  antibodies. We also examined the TAI 
model to  determine if these  residues  are positioned in or near the 
combining  site  where  docking with C9 could be significantly  af- 
fected. We found that one of the aberrant residues. Met56 in L2. 
was directly  adjacent  to Arg.55. a residue  forming  a key hydrogen 
bond with C9 in the proposed docking  model. The aberrant  residue 
could affect how Arg5.5  is placed and.  therefore, affect how C9 is 
docked in  this portion of the  cleft. All other  aberrant  residues were 
either in regions  distant from the combining  site or in a region 
where the amino acid  sequence was nearly identical to an X-ray 
resolved canonical loop. therefore having no  significant affect on 
the backbone CDR loop placement. S o .  although the Ramachan- 
dran plot statistics imply the antibody model is not of high quality. 
further  examination would indicate that most of the aberrant res- 
idues have no significant affect on the backbone  CDR  loop place- 
ment within the combining  site.  To ensure that no side  chains were 

penetrating the binding  site  surface. the minimized  antibody model 
was also checked for intra-molecular bumping. No significant bump- 
ing was revealed. However. it should be noted that these compu- 
tational analyses  indicate very little about the accuracy of the 
side-chain  positions.  Therefore,  we  cannot be completely  sure of 
the binding site topography. Nevertheless. because  there are no 
obvious problems with the CDR loop  backbones and the mini- 
mized structure shows no penetrating  side  chains in  the binding 
site surface. we  feel the antibody model is a  reasonable  structure 
for us to  attempt  to use as a docking  constraint. 

Alerr~ir~e .srrh.st i rrrr iorr .s  i r l  C9 (.fine epirope mrpping)  

Each of the positions in C9 were  substituted with alanine with the 
exception of Alas. which was replaced with Ser. The SDS elec- 
trophoresis and Western analysis  for the mutant purified PENLC9 
fusion proteins are shown in Figure 1. Competition EIA and BIA- 
core results  are presented in Table 1. The three  sets of binding 
assay  results  follow  similar  trends when relative binding is com- 
pared. The assays  demonstrate that when either Ile6. GIyX. or Arg9 
are  substituted with Ala. binding is  decreased or eliminated com- 
pared to wild type  C9. When Glu7 is substituted with Ala. binding 
is  increased  compared  to wild-type C9  or increased compared  to 
any of the other  mutations.  To  determine i f  the  carboxy  terminus 
interacts with the TAI binding cleft. we also performed competi- 
tion EIA on  a  chemically modified C9 peptide that contained a 
carboxy terminal amide group instead of a hydroxyl. This  chem- 
ically synthesized modification did not bind with TAI (data not 
shown).  These results indicated that the residues i n  the carboxy 
terminal half of CY. XXXXAIXGR. had the greatest influence in  
TAI binding.  Furthermore. Glu7 had to be positioned in  such a 
way that substitution of the side chain with the smaller, aliphatic 
one of Ala would make the binding interaction at the interface 
more  favorable. We used this information to dock the C9 epitope 
into the modeled TAI binding cleft. 

The irlitirrl crrlti~c'rl-crtlrihoc!\. con~plm model 

The initial modeled complex was consistent with the affinity re- 
sults from the  alanine-scanning  mutagenesis and was identical to 
the final refined model (see Figs. 2-7). with the following two 
exceptions. ( I )  Arg9 side  chain was more  linear and formed only 
one  hydrogen bond with Arg55 in L2. (2) The carboxyl  group at 
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Fig. 1. Purity and affinity t o  TAI of the PENI-C9 scanning n1;tnine mu- 
tants. A: SDS-PAGE  of  PENLC9 wild type nnd mumts;  I pg per lane. 
R: Wcrtcm analysis of PENLC9 wild type and mutants. 



Antibody afinity improvement  using modeling and mutagenesis 

Table 1. Relative binding data for the PENI-C9 proteins 

Mutation Competition EMa BIAcoreb 

Wild type 50 100 
D1A 64 51 
S2A 49 48 
D3A 39 51 
R4A  2 36 
A5S 4 34 
16A 8  9 
E7A 82 63 
G8A 11 45 
R9A  8 21 

AAAAAIAGR 74 105 
R9K 1  1 
R91 7 0.1 
E7Q 88  96 
E7D 46 58 
E7K 94 113 
16L  19 43 
16V 19 64 
A5G 13 34 
A5C  27  7 
R4K 43 

D1&3N 69 
D1W 14 
s 2 w  59 
D3W 44 
DIP  63 

aReported as percent inhibition of maximum  EL4 signal. 
bReported as  percent of relative response of  PENI-C9  wild type. 

the carboxy terminus formed a hydrogen bond with Tyr213 in  H3. 
Both of these characteristics of the initial model were consistent 
with the binding knockout observed when Arg9 was substituted 
with Ala  and when the carboxy terminus hydroxyl was replaced 
with an  amide group. 
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Fig. 3. C9-TAI  complex. C9 is shown  with  its a-carbon backbone  ren- 
dered as a  ribbon  and side chains as ball  and stick. The TAI  framework 
regions have been  removed. 

Refining  the complex model: Additional C9 mutations 
and  mutations in TAl 

The complexed model provided the information necessary to de- 
vise other mutations in C9 with which we could test the position- 
ing of the C9 residues and  derive how the key residues may interact 
at  the  C9/TA1 interface. Specifically, the residues we chose to test 
in C9  were Arg9 (possible side-chain hydrogen bond), Glu7 (side 
chain is positioned between L3 and Ll), Ile6 (side chain possibly 
excludes water), Ala5 (possible a-carbon backbone amine hydro- 
gen bond),  Arg4  (possible  side chain hydrogen bond), Asp3, S e d ,  
and Asp1 (side chains  are  free of any interaction with TAl). The 
SDS electrophoresis and Western Blot results for these residue 
substitutions are shown  in Figures 8 and 9. There  is a higher 
molecular weight protein (40 kDa) detected for a few of the  sam- 
ples in the Western Blot in  Figure 8B. We believe this to be dimer 
formed as a result of these particular mutations; we have also 
observed this attribute in  earlier purified samples of PEN1 that 

Fig. 2. Space-filling rendering  of  the C9 epitope docked into the TAI Fig. 4. l b o  hydrogen  bonds occur between  TA1 and Arg9 side chain in 
binding cleft. C9 is shown with  its a-carbon backbone (mauve) and side C9.  A  hydrogen  bond (1.12 A) occurs between  Arg55 in  TAI L2 and  an 
chains:  carbon (green), oxygen (red), nitrogen (blue), and  hydrogen (white). amine group  in the Arg9 side chain. A second hydrogen  bond (2.45 A) 
The TAl antibody  is  shown  with its framework  regions (cyan), light-chain occurs between  Tyr37 in TA1  L1  and the amide group in  the  Arg9 side 
CDR regions (yellow), and  heavy chain CDR  regions (orange). chain. The interacting residues in TAl are colored red. 
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Fig. 5. A  hydrogen  bond (1.36 A) occurs between Trp164  in TAl  H2 (red) Fig. 7. Mutated positions (red)  in  the TAl antibody. In the  light  chain, 
and  the  backbone  amine  at Ala5 in C9. Leu 30 in L1  (at  the top), Phe99 in  L3  (far left), His96 in L3  (center), 5 r 3 7  

in L1 (right center), and Arg55  in L2 (far  right). In the  heavy  chain,  Trp164 
in H2 (left), Tyr213  in  H3  (center),  and  Tyr218 in H3 (right). 

have  been stored for a  time.  Competition EIA and  BIAcore  results 
are presented  in  Table 1. The binding  results of the  mutations 
relative  to  each other compare  well  except in the case of the 
Ala5Cys  mutation. The Western  blot  and competition EIA results 
show  a  similar  trend for this  mutation  but  the  BIAcore  results 
indicate very  low binding. When  performing  the  Western  blot,  we 
found  that  the  Ala5Cys  mutation  band  could  only be detected when 
the blot  was  probed  in  the  presence  of 100 mM DTT.  Therefore, 
we believe  the  Cys  mutation  may  be  causing  disulfide  bonds  to 
form, blocking  the  epitope  from  binding  to  TA1  and  preventing 
detection by BIAcore. 

In addition  to  mutations in C9 we also  devised  mutations  within 
the TAl antibody  to  test  the  model’s  accuracy  and  improve  anti- 
body  affinity. We targeted  residues  that  were  predicted  from  the 
model  to  interact  with  C9 or to form the  binding site topography of 
TA1. These  residues  were  Arg55  in  L2  (possibly  hydrogen  bonded 
with  Arg9).  Tyr213  in  H3  (possibly  hydrogen  bonded  with  the 
carboxy  terminus),  Tyr37  in L1 (in  close  proximity  to  C9),  Trp164 
in  H2 (possibly  hydrogen  bonded  with AM), and  His96  in  L3 
(possibly  hydrogen  bonded  with  Arg4).  Leu30  in  L1,  Phe99 in L3, 
and  Tyr218  in H3 were  chosen  as  experimental  controls.  These 

3 

mutated  antibodies  were  assayed for binding to C9  using  BIAcore 
(Fig. 10). Arg55,  Tyr213, 5r37 ,  Trp164,  and  His96  appear  to 
contribute  to  the  binding site topography  because  when  substituted 
with  Ala to  produce  a  radical  change  in  side  chain  volume,  binding 
to C9  is  significantly  reduced.  The  binding  results for all  the TA1 
mutations  were  consistent  with  what  the  model  depicted  except for 
the vr37Phe and  Tyr213Phe  mutations,  in  which  side-chain  vol- 
ume is  maintained  while the potential  hydrogen  bonding  group is 
removed. We  did  not expect  the  lower  affinity  seen for Tyr37Phe 
because  this  residue  was  predicted  to  be  close  to  C9  but  have no 

I Fig. 8. purity and affinity to T A I  of the additional PE”C9 mutants. 
Fig. 6. A hydrogen bond (1.71 A) occurs between His96 in TA1 L3 (red) A: SDS-PAGE of P E N 4 9  mutants; 1 pg per lane. B Western analysis of 
and the k g 4  side chain  in C9.. PENI-C9  mutants. 
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Discussion 
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Fig. 9. Purity a n d  affinity t o  TA I of the additional PENI-C9  mutants. 
A: SDS-PAGE of PENI-C9 nwtonts: 1 pg per lane. R: Wcstcrn analysis o f  
PENI-C9 mutants. 

hydrogen bond interaction. We did expect a lower affinity for 
Tyr213Phe due to a predicted Tyr213 hydrogen bond  with the 
carboxy terminus. but found increased affinity. These results led us 
to refine the model. 

Firlal wfincwrlwt of thr rrrlti,qcr?-crrltiho(!\. co~nplex 

To refine the model to fit  the binding results. the C9 epitope 
needed to  be adjusted in such a way a s  to form a hydrogen bond 
with Tyr37 and to remove the hydrogen bond between Tyr213 
and the C9 carboxy terminus while still maintaining the other 
hydropen bonds and  the overall C9 a-carbon backbone confor- 
mation. To achieve this, the C9 epitope was translated approxi- 
mately 0 . 1  A along the  y-axis  toward  the  light chain. thus  breaking 
the  Tyr2  13-carboxy terminal hydrogen bond. The dihedral angles 
of the atom bonds along the  Arg9 side chain and a-carbon were 
modified and  when the side chain was adjusted to lie closer to 
the C9  a-carbon backbone. the Arg9 side chain formed a second 
hydrogen bond  with Tyr37. All other existing interactions re- 
mained essentially the same. The final refined complexed model 
is described below. 

Fig. 10. HIAcore (relative hintling) rcsults of TAl w i l d  typc and mutants. 

Relicrhility of thl~ C O I T I P ~ ~ . K  modrl 

Ideally. the way to test the accuracy ofa  modeled antigen-antibody 
complex is to analyze the atomic structure by X-ray crystallogra- 
phy. Instead, we attempted to use site-directed mutagenesis to test 
and refine the model. Specific mutations were made either in  the 
C9 peptide or in the binding interface of  the TAI antibody. These 
resulted in changes in affinity which correlated with the structure 
of the modeled antigen-antibody complex. 

The modeled C9 epitope was examined for conformity with 
general structural characteristics observed in other antigenic pep- 
tides of known structure. The C9 peptide does not appear to in- 
teract with the binding cleft as an extended linear structure. I t  must 
take on a structured p-turn form to fit  into the cleft, thus implying 
that this peptide may have a preference for a particular conforma- 
tion as is consistent with  many short antigenic peptide epitopes 
(for review, see Dyson & Wright. 1995). Also, the Ramachandran 
plot  of the C9 model structure that we propose shows that the 
residues fall within the energetically allowed regions, indicating 
the backbone geometry is of reasonable quality. Furthermore. there 
is no significant VDW violations within C9 or at  the binding 
interface with TAI. However, there is a space gap at the interface. 
between the H3-H2 loops of TAI and the middle of C9 (see 
Figs. 2. 3 ) .  A possible explanation for this is  that this area may  be 
closed off by  H3 during complex formation. 

The scanning alanine mutations and the combined alanine mu- 
tant (AAAAAIAGR) of the C9 peptide indicate that the A M .  Ile6, 
Gly8. and Arg9 residues are integral for C9 binding to TA I .  The 
affects of TA I antibody mutations Tyr37Phe and ArgSSLys indi- 
cate that Tyr37 and Arg55 in  the light chain are important for TAI 
binding to C9. These observations correlate with  the  final refined 
model  and are presented below in the context of other binding 
results to describe the positioning of each C9 residue and its in- 
teractions with the TAI binding cleft. 

Hydro<pen bond irrterrtctions Iwtween Arq9 side choitr i n  C9 
~ r r d  Tvr37 i r r  Ll m d  Ayp.55 it1 L2 ore irnportcrrrt in thc 
o\vrctll h i r l d i n ~ q  of TAI t o  C9 (see Fig. 4) 

This is supported by the affects of mutations in both  the C9 peptide 
and the TAI antibody. In C9, all mutations at the A g 9  position 
reduce binding. Even replacement with the most conservative amino 
acid, Lys,  which preserves side chain charge and  most  of  the 
volume. still nearly eliminates binding. The TA I antibody Tyr37Phe 
mutation results in a 50% reduction in affinity. and  Arg5SLys 
mutation results in a 70% reduction in affinity. Both mutations 
conserve overall volume but change chemical groups on the side 
chains that are predicted to participate in hydrogen bonding with 
ArgY. These residues fall within LI  and  L2 in positions, which are 
highly variable among structurally defined antibodies (Chothia 
et al.. 1989). Thus. the results imply that these residues are crucial 
for the specificity of TAI; they are not located at positions that 
define the canonical loop structure. but are instead located at  po- 
sitions that are highly variable and are occupied by amino acids 
that have hydrogen bond acceptor and donor groups (Jeffrey & 
Saenger. 1991 ). In addition to hydrogen bonding. a favorable elec- 
trostatic interaction could also occur between the  -NH group of the 
Arg9 side chain of C9 and  the aromatic ring face of Tyr37 (Creigh- 
ton, 1993). 
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Gly8 does not directly interact with the antibody 
but is integral for C9 recognition 

The Gly8Ala mutation in C9 results in a large reduction in binding. 
Spatial restrictions within the binding cleft may require the C9 
a-carbon backbone to take on a sharp bend at this position, re- 
quiring a dihedral angle that is only allowed by Gly (Schulz & 
Schirmer, 1979). Although the side chain of Ala is slightly larger 
than that of Gly, this mutation is not tolerated, implying that the 
binding cleft surrounding this position has a spatial constraint that 
will fit only the smaller side chain of  Gly. In the model, the binding 
cleft space occupied by Gly reflects these observations. 

Glu7 also does not directly interact with the antibody 

Depicted in the model, the Glu side chain lies in a crease running 
between L3  and  LI (see Figs. 2, 3). At this position the side chain 
lies outside of the spatial constraints of the cleft. This is consistent 
with the binding results for the peptides with changes at this po- 
sition. The Ala substitution decreases side chain volume and re- 
moves charge, the Gln substitution conserves side chain volume 
and neutralizes charge, and the Lys substitution increases side 
chain volume and changes charge. All result in unchanged binding, 
implying that radical volume changes or changes in charge  at this 
position are tolerated because of lack of surrounding spatial re- 
striction. The Asp mutation, which decreases side chain volume 
but conserves negative charge, results in decreased binding, im- 
plying that a possible charge repelling affect or bumping may be 
present  when  the side chain is constrained closer to the C9 backbone. 

11e6 may play a conformational role  in the C9 backbone 

The Ala substitution indicates Ile6 is one of the key positions. It is 
not likely the Ile side chain participates in a hydrogen bond be- 
cause it has an aliphatic side chain (Jeffrey & Saenger, 1991) but 
it is possible that this hydrophobic side chain serves to repel water 
from the interacting surfaces. However, if this were the only func- 
tion, one would expect to see  equivalent binding when this position 
was mutated to Leu, which conserves side chain volume, and 
decreased binding when mutated to Val, which decreases side chain 
volume. Western and BIAcore analysis results show the opposite; 
Val binds better than Leu. Comparison of the branching pattern of 
each of these aliphatic side chains shows that Val, which branches 
at the C, atom, more closely resembles the Ile side chain structure 
than Leu, which branches at the C y  atom. The Cp-branched side 
chain serves to stiffen the main chain more than the C y  side chain 
of Leu (Schulz & Schirmer, 1979). So the Ile side chain may act to 
hold the C9 backbone in the proper conformation. 

Ala5 side chain may also play u conformational role 
(see Fig. 5)  

The binding results for the C9 peptide containing mutations at the 
Ala5 position are ambiguous, particularly in the case of the Cys 
mutation. As discussed earlier in Results, this could be the effect of 
disulfide bond formation in the BIAcore assay. The  Ser and Cys 
mutations, which mimic Ala side chain volume closely, show some 
binding, while the Gly mutation, which reduces side chain volume, 
eliminates binding. To investigate the potential of a hydrogen bond 
between the Ala backbone amine and Trp164 in H2 in TAI, we 
made the Trpl64Tyr mutation in TAI. Although this mutation 

conserves some volume, it removes the predicted hydrogen bond- 
ing partner and resulted in reduced binding. The position of Trp164 
is not a canonical structure determinant for H2 but it is located at 
the junction between H2 and FR2 and may define a take-off angle 
of the H2 loop from the framework and would influence combin- 
ing site topography. Therefore, it  is difficult to design other mu- 
tations to adequately test the possibility of the hydrogen bond. 

Arg4 side chain forms a possible hydrogen bond interaction 
with His96 in L3 (see Fig. 6) 

The  C9 mutations to Ala or Lys at position 4 resulted in a 50 and 
10% decrease in binding, respectively. This would indicate that the 
predicted hydrogen bond interaction contributes only partially to 
the affinity. The His96Ala mutation in L3 in  TA1 resulted in bind- 
ing knockout. This result may be due to perturbation of the loop 
conformation rather than to the modification of  an antigen contact 
residue. His96 is in a canonical loop-defining region and is adja- 
cent to a primary residue that defines canonical class. A conser- 
vative mutation, such as Lys or Arg, at this position may reveal 
more about the possible role of this residue; however, it  is difficult 
to adequately test the possibility of the hydrogen bond. 

Aspl, Ser2, and Asp3 are positioned in free space 
within the binding cIe$ 

The scanning alanine mutations and the combined alanine mutant 
in C9 all demonstrate that these three residues at the amino ter- 
minus do not interact with TAl. We further probed the positioning 
of these residues in relation to TA 1 by sequentially replacing them 
with Trp. These results indicate that binding becomes progres- 
sively worse as the Trp is placed closer to the carboxy terminus 
(see Fig. 9). Other drastic mutations in this region of C9, including 
Aspl and 3 mutated to Asn and Aspl mutated to Pro, result in  no 
negative affect on binding, further indicating that this region of C9 
does not interact directly with TAI, nor does it play a conforma- 
tional role in C9 presentation to the binding cleft. 

Antibody mutations for experimental controls 
and affinity improvement 

Leu30Ala in L1 shows 50% decrease in binding 
(positive control) 
Leu30 falls within a region that defines a canonical loop struc- 

ture and is directly adjacent to position 29 in L1, which is a 
primary residue for defining LI canonical class (Chothia et al., 
1989). This mutation demonstrates the degree to which overall 
binding can be affected by a moderately conservative change (a 
decrease in  side chain volume) in a region that defines loop con- 
formation, even though the position is quite distant from the pre- 
dicted antigen contact residues (see Fig. 7). 

Phe99Tyr in L3 shows a 20% increase in binding 
(negative control) 
Mutations at this position were originally intended to be a neg- 

ative control by demonstrating that mutation of a residue that was 
predicted to have no contact with the C9 peptide (see Fig. 7) would 
have no affect on binding. An Ala mutation showed a 90%  drop in 
binding; however, we felt this effect to be primarily due to a 
change in the binding site topography caused by the radical de- 
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crease in side chain volume. We, therefore, tried a more conser- 
vative mutation, Tyr. Surprisingly, we  saw a 20% increase in binding. 
Improved binding may be due  to a  change in the overall L3 struc- 
ture to increase interface surface area or that the Phe99Tyr, while 
still maintaining much of the hydrophobic effect, may,  in addition, 
contribute by aromatic hydrogen bonding (Kelley & O'Connell, 
1993). This could force C9 into  a closer, more favorable binding 
interface with the L1, L2, and H3 regions. 

Tyr213Phe and Tyr218Phe in H3 show binding improvement 

Hydrophobic and polar interactions play an important role at the 
antigen-antibody interface (for review, see Searle et al., 1995). 
Hydrophobic residues that become buried at the interface cause an 
increase in solvent entropy, increasing the affinity of the associa- 
tion. Furthermore, two studies  (Rini et al., 1992; Schulze-Gahmen 
et al., 1993) showed that, in the case of an anti-peptide antibody, 
H3 undergoes a major conformational change  during binding. 
Changing the two Tyr residues in H3 to the more hydrophobic Phe 
conserved the combining site topography and may have caused 
H3, upon peptide binding, to associate with Arg9 of C9 with greater 
surface area contact. 

Using binding data from point mutations in the peptide and 
antibody, we have demonstrated the ability to model a peptide- 
antibody complex. However, the PENI fusion protein, to which the 
C9 is connected, could influence some of the binding data. Also, 
this model can only be used to predict the interactions and side 

chain positions at the binding interface or identify the possible hy- 
drogen bond-forming residues but cannot define these interactions. 
Furthermore, the model does not take into account antibody con- 
formational changes that may accompany complex formation, par- 
ticularly within H3. Therefore, a conclusively accurate model cannot 
be rendered without the use of X-ray crystallography. 

We were able to use the model to identify residues within the 
TA1 binding cleft  and construct mutations that improved the af- 
finity of the antibody for C9. However, we found the rational 
design of mutations for affinity improvement to be complicated. 
Several conservative mutations made within the antibody binding 
site did not perform as anticipated. The process we  use here, com- 
bining functional studies with modeling methods, enhances the 
model-based approach to structural study and makes it a viable 
tool for use in laboratories that do not have access to X-ray crys- 
tallographic facilities. 

Materials  and  methods 

Construction and purijkation of C9 mutants using the PENI 
protein  fusion method (R.  Tal, C.L. Casipit, V Wittman, 
H.C. Wong, in prep.) 

Complementary oligonucleotides, containing the C9 coding re- 
gion, individual mutations, and the umber stop codon were an- 
nealed (see Table 2). The annealed oligonucleotides were cloned as 

Table 2. Oligonucleotides used in the mutagenesis of C9 

Mutation Sequencea Downstream Upstream 

Wild type 
D1A 
S2A 
D3A 
R4A 
ASS 
16A 
E7A 
GSA 
R9A 

AAAAAIAGR 
R9K 
R91 
E7Q 
E7D 
E7 K 
16L 
16V 
ASG 
ASC 
R4K 

5"CCATGGeTCTGACCGTGCAATCGAAGGTCGTTGAGGGATCC-3' 
5"CCATGGGACGCTGACCGTGCAATCGA?+GGTCGTTGAGGGATCC-3' 
5"CCATGGGACTCT=CGTGCAATCGAAGGTCGTTGAGGGATCC-3' 
5"CCATGGGACTCTGAC=GCAATCGAAGGTCGTTGAGGGATCC-3' 
5'-CCATGGGACTCTGACCGTEATCGAAGGTCGTTGAGGGATCC-3' 
5"CCATGGGACTCTGACCGTGCAGGAAGGTCGTTGAGGGATCC-3' 
5"CCATGGGACTCTGACCGTGCTATCGCTGGTCGTTGAGGGATCC-3' 
5"CCATGGGACTCTGACCGTGCAATCGAA=CGTTGAGGGATCC-3' 
5"CCATGGGACTCTGACCGTGCAATCGAAGGT=TGAGGGATCC-3' 

5'-CCATGGGCTGCTGCTGCTGCTATCGGGCCGTTGAGGGATCC-3' 
5"CCATGGGACTCTGACCGTGCTATCGAAGGTMTGAGGGATCC-3' 
5"CCATGGGACTCTGACCGTGCAATCGAAGGTETGAGGGATCC-3' 
5'-CCATGGGACTCTGACCGTGCTATCgGGTCGTTGAGGGATCC-3' 
5"CCATGGGACTCTGACCGTGCTATCEGGTCGTTGAGGGATCC-3' 
5"CCATGGGACTCTGACCGTGCAATCgGGTCGTTGAGGGATCC-3' 
5"CCATGGGACTCTGACCGTGCAEGAAGGTCGTTGAGGGATCC-3' 
5"CCATGGGACTCTGACCGTGCAGGAAGGTCGTTGAGGGATCC-3' 
5'-CCATGGGACTCTGACCGTgATCGAAGGTCGTTGAGGGATCC-3' 
5'-CCATGGGACTCTGACCGTEATCGAAGGTCGTTGAGGGATCC-3' 
5"CCATGGGACTCTGACAGCAATCGAAGGTCGTTGAGGGATCC-3' 

D1&3N 5"CCATGGgTCTKCGTGCAATCGAAGGTCGTTGAGGGATCC-3' 
D l W  5"CCATGGmTCTGACCGTGCAATCGAAGGTCGTTGAGGGATCC-3' 

D3 W 5"CCATGGGACTCTTGGCGTGCAATCGAAGGTCGTTGAGGGATCC-3' 
DIP 5'-CCATGGGTCTGACCGTGCAATCGAAGGTCGTTGAGGGATCC-3' 

s 2 w  5"CCATGGGACTGGGACCGTGCAATCGA?iGGTCGTTGAGGGATCC-3' 

"Bases that were substituted are underlined. 
bDownstream and upstream primer designations. 

P K M I - I ~  
PKM2- 1 
PKM3-I 
PKM4- 1 
PKMS- 1 
PKM6- 1 
PKM7-  1 
PKMS-I 
PKM9- 1 

AM002 
AM004 
AM006 
AM008 
AM010 
AM01 2 
AM016 
AM018 
AM020 
AM022 
AM024 

OP002 
OPOo4 
OP006 
OP008 
OPO I O  

PKMl-2 
PKM2-2 
PKM3-2 
PKM4-2 
PKMS-2 
PKM6-2 
PKM7-2 
PKM8-2 
PKM9-2 

AM00 I 
AM003 
AM005 
AM007 
AM009 
AM0 1 1 
AM015 
AM01 7 
AM0 19 
AM02 1 
AM023 

OPOOl 
OP003 
OPOOS 
OP007 
OP009 
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NcoI-BamHI cassettes into pCC50. The pCC50 vector is pUCI9 
containing the PENI gene coding region flanked on the 5' end by 
the HindIlI site and on the 3' end by NcoI/BamHI restriction sites. 
The resulting plasmids were used to transform strain DGlOl (endA 
thil hsdR supE44 lacP lacZAml5 F - )  obtained from David Gelfand 
(Roche Molecular Systems, Alameda, California). The PENI-C9 
fused genes were then subcloned as HindIII-BamHI cassettes into 
pDG160, a derivative of pFC54.t (Wang et al., 1985), and the 
resulting plasmids were used to transform strain DG116 (thi-l 
hsdRI7 e n d l  supE44 [A  cI857 AH1 bioT761) obtained from D. 
Gelfand. Heat induction of the p L  promoter was performed as 
described elsewhere (Greenfield et al., 1986). The PENI-C9 fu- 
sion proteins were purified essentially as described (Johnson et al., 
1980; Wittman & Wong, 1988), which included a 35% ammonium 
sulfate cut followed by monodisperse cation exchange (Mono-S) 
chromatography (Pharmacia, Uppsala, Sweden). Protein concen- 
trations were determined using the BCA protein assay (Pierce, 
Rockford, Illinois). 

Western Blot analysis 

The purified PENI-C9 fusion proteins were loaded at lug/well 
and electrophoresed over  a 15% SDS-PAGE. The  gel was trans- 
ferred onto Immobilon (Millipore) membrane using the Semi-dry 
blotting method (Kyhse-Andersen, 1984). The blot was then blocked 
for 15 min at room temperature in 1X blotto (9.8 mM NaP04 
pH 7.4, 1% skim milk, 1% NP-40) and was incubated with TAI 
diluted in 1 X blotto with a final concentration of 2.71 pg/mL for 
at least 1 h at room temperature. The blot was washed and incu- 
bated with 1 : 10,000 goat anti-mouse IgG HRP (Jackson Immuno 
Research Laboratories, West Grove, Pennsylvania) diluted in IX 
blotto for 30 min at room temperature and then washed and de- 
veloped with ECL chemiluminescent reagent (Amersham Life Sci- 
ence, Inc., Arlington Heights, Illinois) and exposed to X-ray film 
for 30 s. 

Competition enzyme immunoassay (EIA) analysis 

The purified PENI-C9 fusion proteins were assayed for relative 
binding to the TAl antibody using a competition EIA. Ninety-six- 
well microtiter plates (Nunc) were passively coated overnight at 
4 "C with 100 ng/well of the PENI-C9(wt). Serial dilutions of the 
various forms of the PENI-C9 fusion proteins were made in con- 
jugate diluent (19.6 mM  Tris-HC1, 244.8 mM NaCI, 0.1% Tween- 
20, 2% Gelatin) and preincubated for 1 h at room temperature with 
TAI (final concentration 271 ng/mL).  The coated microtiter plates 
were washed, 100 pL of each preincubated sample was added to 
each well, and the plates were incubated for 30 min at room 
temperature. The plates were washed, 100 pL of 1:2000 goat 
anti-mouse IgG HRP diluted in conjugate diluent were added to 
each well, and the plates were incubated for 30 min at room 
temperature. The plates were washed for a final time, and 100 p L  
of ABTS substrate (Kirkegaard & Perry Laboratories) was added 
to each well and allowed to incubate at room temperature for 
8 min. The reaction was quenched with 100 p L  of 1 %  SDS stop 
solution to each well. The signal was then read at 405 nm. Each 
dilution was performed in triplicate and averaged. The maximum 
signal (100%) was defined as the signal for PENI preincubated 
with TAI. The concentration of PENI-C9(wt) preincubated with 
TAI, which resulted in a signal that was half the maximal signal, 
was defined as 50% inhibition and all PENILC9 mutated fusion 
proteins were compared at this concentration (84 pg/mL). 

Biospecific interaction analysis (BIAcore) analysis 

The binding affinities of the PENILC9 fusion proteins to the 
TAl monoclonal antibody were analyzed with BIAcore (Pharmacia- 
Biosensor, Uppsala, Sweden), a biosensor system using surface 
plasmon resonance detection (Altschuh et al., 1992). TAI was 
immobilized onto the surface of a  CM5 sensor chip using the 
amine coupling kit and procedures provided by the manufacturer, 
which included activation of the sensor chip with 30 p L  of a 1: 1 
mixture of 11.5 mg/mL N-hydroxysuccinimide and 75 mg/mL 
N-ethyl-N'-(dimethylaminopropyl) carbodimide then injecting 
5 p L  of TA 1 (diluted to 57 pg/mL in 10 mM sodium acetate buffer 
pH4) at a flow rate of 3 pL/min. Residual dextran binding sites 
were inactivated by treating the chip surface with 35 p L  of 1 M 
ethanolamine pH 8.5. The resulting TAl immobilized onto the chip 
was approximately 4500 resonance  units (RU). The purified 
PENI-C9 fusion proteins were diluted to 30 pg/mL in BIAcore 
eluent buffer (10 mM HEPES, 150 mM  NaCI,  3.4 mM EDTA, 
0.005% P20 surfactant, pH 7.4). For each PENILC9 fusion protein 
injected, a relative response in  RU, representing the amount of 
PENI-C9 bound, was calculated. Percent of binding was calcu- 
lated by setting the relative response of PENI-C9(wt) to 100%. 

Computer modeling of the antigen-antibody complex 

We constructed a model of the TAI antibody using the Oxford 
Molecular ABM software (Martin et al., 1989; Rees et al., 1992) 
on the Silicon Graphics Indigo 2 extreme system. The antibody 
structure was then energy minimized using Biosym Insight I1 soft- 
ware. We performed an alignment search for the C9 sequence 
throughout the Brookhaven database without finding any reason- 
able alignments. Therefore, we constructed the C9 epitope using 
the Insight I1 Builder Module to assemble the amino acid sequence 
in a linear-planar conformation and, based on the binding data 
from alanine-scan mutagenesis and the binding site constraints of 
the TAI model, we created a model of the C9 epitope directionally 
docked in the TAl binding cleft using the following procedures: 
we modified the dihedral angles of the atom bonds along the C9 
backbone to allow the epitope to fit within the spatial constraints 
of the TAI binding cleft, which we rendered in  van der Waals 
(VDW) surfaces, while also monitoring hydrogen bonding be- 
tween C9 and TAl. We used translational and rotational move- 
ments to position C9 so that hydrogen bonds would be consistently 
formed between Arg9 in C9 and TAI, while the rest  of the C9 
peptide would fit within the TAI binding cleft. At this point, we 
optimized (a steep sloped energy minimization) the C9 epitope and 
repositioned it to form the most hydrogen bonds, less than or equal 
to 2 A, with TAI while minimizing bumping to ensure that C9 was 
not penetrating any  VDW surfaces on the TAI cleft. We then 
energy minimized the C9 epitope, which yielded little change to 
the overall conformation. 

Site-specific mutatgenesis, expression, 
and purz9cation of TAI 

To construct and express the TAI(wt) and mutated antibodies, 
we  used a set of cloned anti-digoxin IgGZB heavy-chain (HC) and 
K light-chain (LC) antibody gene vectors (generously provided 
by Richard I. Near) and a mammalian cell antibody transfection 
and expression protocol (Near et al., 1990). The vectors were 
altered via site-directed mutagenesis so that the anti-digoxin heavy 
and light chain Fv coding  regions  could be replaced with 
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Table 3. Oligonucleotides used in the mutagenesis of TA1 

Mutation  Sequence of spanned  regiona  Downstream  Upstream 

W  164A 
Y213A 
Y37A 
RSSA 
H96A 
F99W 
F99A 
Y213F 
w 164Y 
RSSK 
Y37F 
L30A 
F99Y 
Y218F 

5'-GGCCTGGAGTGGATTGGAEGATTGATCCTGATAATGGT-3' 
5'-GTCTATTACTGTGACTACETAGGTTCGACGACTATGCT-3' 
5'-CATAGTAATGGCAACACTgCTTGTATTGGTTCCTGCAG-3' 
5'-CCTCAGCTCCTGATATATcGATGTCCAACCTTGCCTCA-3' 
5'-GTTTATTACTGTTTTGCAGgTCTAGAATTTCCGCTCACG-3' 
5'-TGTTTGCAGCATCTAGAATECCGCTCACGTTCGGTGCT-3' 
5'-TGTTTGCAGCATCTAGAAcTCCGCTCACGTTCGGTGCT-3' 
5"TGTGACTACTxAGGTTCGAC-3' 
5"TGGATTGGATgATTGATCTT-3' 
5"CTGATATAT@GATGTCCAAC-3' 
5"GGTAACACTTTCTTGTATTGG-3' 
5"AAGAGTCTC=CATAGTAAT-3' 
5"CATCTAGAAT&TCCGCTCACG-3' 
5"TTCGACGACTKGCTGTGGAC-3' 

h 

h 

CLC347 
CLC348 
CLC349 
CLC350 
CLC35 1 
CLC390 
CLC392 
CLC394 
CLC396 
CLC398 
CLC400 
LDEOO I 

CLC3S4 
CLC355 
CLC356 
CLC357 
CLC3S8 
CLC3S9 
CLC360 
CLC39 I 
CLC393 
CLC395 
CLC397 
CLC399 
CLC401 
LDE002 

"Bases that were  substituted  are  underlined. 
hThese  mutations  were  created by site-specific  mutagenesis. 

the TA1 HC  and LC Fv functional genes (see Fig. 11 for vector 
diagrams). 

Overlapping PCR (Horton et al., 1989) was used to create the 
specific mutations within the complimentarity determining regions 
(CDR) of TAl. Primers that spanned the codon sequences to be 
mutated were synthesized (see Table 3). The resulting PCR prod- 
ucts were cloned as EcoRV-EagI cassettes into the modified anti- 
digoxin IgG2B HC and K LC gene vectors. The resulting plasmids 
were used to transform strain XLl blue (endA  hsdR-  HsdM+ 
lacZAml5 recA lac14 F ' ) .  The  final constructs containing TA1 VH 
or VL functional regions with flanking constant and intron splicing 
regions were then subcloned in correct orientation as XbaI cas- 
settes (for HC) or EcoRI/XbaI cassettes (for LC) into pSVgpt/ 
26-IOVH or pneo/26- IOVL, respectively. The resulting plasmids 
were used to transform strain DG103 (endA rhil hsdR supE44 
lac14 lacZAml5 F -  darnl3::Tm9) obtained from D. Gelfand. Ten 
micrograms of each plasmid was linearized with EcoRI and trans- 

sequence 

major 

intmns 
minor 

chain 
constan1 
domain 

Fig. 11. Plasmid  vectors used to construct  the TA1 HC  and LC Fv regions. 
Physical  maps  of  the  heavy-  and  light-chain  vectors  used  to  clone  the TAI 
HC  and LC Fv PCR  products  within  the  EcoRV  and  EagI  restriction  sites 
and  transfect NSO cells;  gpt,  geneticin ((3418) resistance  gene;  Neo, neo- 
mycin  resistance  gene, 

fected into 1 X lo7 Nso cells in 0.8 mL PBS by electroporation at 
250  V  and 960 uFD. After 24 h the transfected cells were placed 
under selective growth media: 1.2 pg/mL mycophenolic acid and 
IX hypoxanthine (for HC) or 1.2 mg/mL G418 (for LC). Result- 
ing colonies were screened for IgG2B or K chain expression. Those 
that were positive were expanded and cotransfected with the TAI 
IgGZB(Wt) or K chain(wt) counterpart and screened for IgGzB and 
K chain production. Positive colonies were expanded and the anti- 
bodies were purified by Protein A affinity chromatography from 
conditioned media and assayed by BIAcore and EIA. 
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