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The Immunological Evolution
of Catalysis

Phiilip A. Patten, Nathanael S. Gray, Priscilla L. Yang,
Cara B. Marks, Gary J. Wedemayer, J. Jay Boniface,
Raymond C. Stevens,” Peter G. Schultz*

The germline genes used by the mouse to generate the esterolytic antibody 48G7 were
cloned and expressed in an effort to increase our understanding of the detailed molecular
mechanisms by which the immune system evolves catalytic function. The nine replace-
ment mutations that were fixed during affinity maturation increased affinity for the tran-
sition state analogue by a factor of 104, primarily the result of a decrease in the dissociation
rate of the hapten-antibody complex. There was a corresponding increase in the rate of
reaction of antibody with substrate, k__ /K., from 1.7 X 102 M~ "min~"to 1.4 X 10*M~'
min~'. The three-dimensional crystal structure of the 48G7-transition state analogue
complex at 2.0 angstroms resolution indicates that none of the nine residues in which
somatic mutations have been fixed directly contact the hapten. Thus, in the case of 48G7,
affinity maturation appears to play a conformational role, either in reorganizing the active
site geometry or limiting side-chain and backbone flexibility of the germline antibody. The
crystal structure and analysis of somatic and directed active site mutants underscore the

role of transition state stabilization in the evolution of this catalytic antibody.

The immune response provides a means to
rapidly generate high affinity, selective re-
ceptors for an enormous array of chemical
structures. The primary immune response
occurs through the generation and screen-
ing of a large and diverse library of antibody
combining sites, resulting from the combi-
natorial rearrangement of variable (V), di-
versity (D), and joining (J) gene segments
(I). Antigen-antibody recognition is opti-
mized during the secondary and tertiary re-
sponses through the somatic hypermutation
of antibody genes (2) in clonally expanding
populations of B cells, with concomitant
selection between competing clones for in-
creasingly rare antigen (3). This process
results in a population of rapidly evolving B
cells that produce antibodies of increasing
affinity as the immune response proceeds,
giving rise to the well-known phenomenon
of affinity maturation (4, 5).

There are parallels between this process
and the natural evolution of enzyme active
sites. The latter also arise by a process in-
volving the generation of molecular diver-
sity, in this case by exon shuffling and point
mutations (6), coupled with a selection
generally based on catalytic efficiency.
Whereas antibodies are selected on the ba-
sis of affinity for stable antigens, enzymes
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evolve based on catalytic efficiency which
in turn is correlated with affinity for high
energy, transition states (7, 8). The similar-
ities between natural selection and the im-
mune response suggest that, with proper
chemical instruction, the latter can be di-
rected along the same pathway as enzymatic
evolution to afford catalytic antibodies. In-
deed, when stable transition state analogues
are used as immunogens, antibodies can be
gencrated that catalyze a large number of
different reactions, from disfavored cycliza-
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sponding antibody (13, 14) allowed us to
reconstruct the immunological evolution of
this catalytic antibody by characterizing the
functional consequences of affinity matura-
tion on hapten binding and catalysis. In
addition, the three-dimensional x-ray crys-
tal structure of the Fab fragment of 48G7,
complexed with the transition state ana-
logue against 0which it was elicited, was
solved at 2.0 A resolution. This structure,
along with a mutagenesis study of active site
residues, has provided insight into the
mechanism of this antibody-catalyzed reac-
tion. The crystal structure has also made it
possible to begin to interpret the effects of
somatic mutation in structural and func-
tional terms.

Functional characterization of the
germline antibody. Antibody 48G7, which
binds the p-nitrophenyl phosphonate tran-
sition state analogue 3, catalyzes the hydrol-
ysis of the corresponding p-nitrophenyl es-
ter 1 and carbonate 2 with rate accelera-
tions of 1.6 X 10%* and 4 X 104, respectively,
compared to the rates of uncatalyzed reac-
tion (14). The antibody-catalyzed reaction
is first order in hydroxide ion from pH 6.2
to 9.2 for substrate 2, and chemical modi-
fication studies suggested that arginine, ty-
rosine, and histidine residues are important
in catalysis (14). In addition, 48G7 has
been cloned (13) and expressed in bacteria
by fusing the Vi (heavy) and V| (light)
variable region genes to human C;1 and C
constant regions, respectively (15, 16). The
values of the catalytic constant, k_,,, and
Michaelis constant, K, of the purified chi-
meric Fab fragment for hydrolysis of ester 1
are 5.5 min~' and 391 uM, respectively,
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Scheme 1. Antibody-catalyzed hydrolysis reaction and corresponding transition state analogue 3.

tion reactions to pericyclic and redox reac-
tions (9, 10). In some cases, the rates of the
antibody-catalyzed reactions approach those
of comparable enzyme-catalyzed reactions
(11), and in others, antibodies have been
generated that catalyze reactions for which
there is no known enzymic counterpart (12).

In order to reconstruct the immunolog-
ical evolution of a catalytic antibody, we
cloned the germline genes of the esterolytic
antibody 48G7. Expression of the corre-
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comparable to those for the hybridoma-
derived antibody (k.. = 2.1 min™"; K, =
113 uM) (14).

To determine the degree to which the
binding and catalytic properties of 48G7
preexisted in the germline antibody, or
evolved as a consequence of affinity matu-
ration, the germline light (L) and heavy
chain (H) variable region genes were
cloned and sequenced. Nine replacement
mutations, three in the light chain and six



in the heavy chain, were fixed during the
affinity maturation process (Fig. 1). The
germline variable region genes were then
combined with their respective D and ]
region sequences; the resulting Fab frag-
ment was expressed in Escherichia coli, and
its binding and catalytic properties were
characterized (15, 16). In addition, each of
the reconstructed heavy and light chain
germline genes (G and G") were expressed
in combination with the partner from 48G7
to yield GH48G 7" and G-48G7H.

A functional analysis of these somatic
mutations revealed that both hapten bind-
ing and catalytic activity increased during
affinity maturation. The dissociation con-
stant (K) of the germline Fab - 3 complex

is 135 wM compared to that of 10 nM for
the 48G7 Fab + 3 complex, representing a
1.4 X 10* improvement in binding affinity
during the affinity maturation process (Ta-
ble 1). The half-germline Fabs G-48G7"
and 48G7"G" have intermediate K's of
330 nM and 1860 nM, respectively. Paral-
leling this improvement in affinity, the k_,,/
K _ value for substrate 1 (the bimolecular
rate constant for reaction of free antibody
with substrate) increased from 1.7 X 10°
M~! min~! for germline Fab to 1.4 X 10*
M~ min~! for 48G7. The low level of
germline catalytic activity precluded mea-
surement of k_, and K independently. The
increase in k, /K, with increasing affinity
for the transition state analogue is consis-

Fig. 1. Somatic mutations A cDR1 cDR2

fixed during affinity matura- L ——

tion. The protein sequences G DIOMIQSPSSLSASLGERVSLTCRASQET SGYL SWLOOKPDGTIKRLIYAASTLDSGVPK

of the germline (G-, G) and 4867 — B
48G7 (48G7%, 48GT7H) vari- cDR3

able domains of (A) the light L —_—

and (B) the heavy chain are G RFSGSRSGSDYSLTISSLESEDFADYYC LOYASYPRTFGGGTKVEIK

given. Dashes indicate iden- 4867 o9

tity with the germline se-

quence (silent mutations in- B cDR1 cDR2
dicated with bold stars). GH Qmmwmvmmmmm@m@m
Residue numbering and 4867 E K Do
CDR’s (bars) are as defined 42 55,56

by Kabat (47). The nucleo- coR3

tide differences between the g —

48G7" (13) and G- genes at G

KEQGKATTTADTSSNTAYI QLSGLTSEDTAVYYCASYYGIYWGOGTTLIVSS

—D

positions 30, 34, 55, and 89~ 4867 ® -D

(silent) are: AGT — AAT,

*-—K-T
72 76,78

AGC — GGC, GAT — CAT, and CTA — CTG, respectively (42). Abbreviations for the amino acid residues
are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q,

GlIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.

Table 1. Catalytic and binding properties of 48G7 mutants. The catalytic assays and BlAcore analysis
were performed as described (15, 16, 43, 44). ND, not determined.

Fab construct

tent with the concepts of enzymatic catal-
ysis put forth by Pauling (7) and Haldane
(8) in which preferential binding energy for
the transition state lowers the activation
energy for reaction of enzyme with sub-
strate. Other factors (for example, binding
of substrate and product and the environ-
ment around the attacking water molecule)
that are less subject to selective pressure
during the immune response may account
for the imperfect correlation between bind-
ing affinity and catalytic efficiency. In fact,
affinity maturation does lead to a moderate
increase in affinity for the reaction product
K, = 35 pM (14)] relative to the germline
Fab (K; > 200 uM). This leads to increased
product inhibition and is reflected in non-
linear kinetics in the case of 48G7, but not
in the germline or half germline Fabs nor in
48G7 at pH 7.0 (below the pK, of nitro-
phenol). This result again emphasizes the
importance of minimizing the similarity of
the product to the designed hapten in order
to maximize catalytic antibody rates.

The catalytic and binding properties of
the half-germline Fab constructs are inter-
mediate between the germline Fab and
48G7, indicating that mutations in both
chains contribute significantly to the affin-
ity maturation process. Indeed, the high
degree of additivity of the binding free en-
ergies of the heavy chain mutations
(G*48G7") and light chain mutations
(48G7-G") for hapten show that in this
system the light and heavy chains can be
optimized independently during affinity
maturation (Table 1). These results are sim-
ilar to those obtained on the effects of
somatic mutations, studied individually and
in combination, on the affinity of a second-
ary phenylarsonate specific antibody (17).
This observed additivity of binding free en-
ergies may help to explain how B cells can
find binding optima during affinity matura-

Light Heavy (nﬁ?]a%) (:f,\"h) (mfr?at‘/ ;If/I 1) tion through an evolutionary process that
chain chain very sparsely samples sequence space. There
are more than 10'® ways to distribute nine
Active site mutants single-step replacement mutations just in
48G7 48G7 5.5 391 1.4 x10° the complementarity determining regions
R96Q 48G7 0.5 140 86 x10°  (CDR’s) of 48G7 and >10% nine single-
R96K 48G7 1.1 220 5.0 x 10° . L A
48G7 Y33F 17 600 58 % 108 step replacement mutations, if distributed
48G7 H35E 0.2 830 2.4 X 10°
48G7 H35Q 33 700 47 x 10°
Fab construct
Keat Ko, Keat/Kem Ky (hapten) Kon Kot AGrga AAG g,
Light Heavy (min~") (M) (min=" M) (_M) (M~"sec™) (sec™) (kcal/mol) (kcal/mol)
chain chain
48G7 48G7 5.5 391 1.4 x 104 0.0045 (.010)* 1.45 x 10° 1.41 X 1078 10.9 5.6
Germline 48G7 <1t + 6.0 X 102 0.33 7.5 x 10%% 0.246 8.8 3.5
48G7 Germline 0.83 634 1.3 x 103 1.86 3.2 X 10% 0.606 7.8 2.5
Germline Germline <1 T 1.7 x 102 135 ND >1 5.3 0

*The K of 0.010 pM is derived from the ratio of the rate constants k,, and k.. A K, of 0.010 = 0.001 pM was obtained on three independent runs usnng three independently

denvatlzed BlAcore chips. The k_,, was determined at five different Fab concentrations. The AG'’s and AAG's relative to germline were calculated from the K's.
., rate constants were calculated from the equation k4 = k Ky (4

accurate deconvolution of k and K., was not possible.

cat,

+The G-48G7H and 48G7-GH k,

tFab’s for which
4). The values of

k../K., were derived from the initial slope of V as a function of the concentration of S [S] and in each case x? >0.99. The kinetic parameters, k_,, and K,,,, were determmed by fitting

cat’

of the data to the Michaelis Menten equation with nonlinear regression obtained with the program Kaleida Graph.
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over the entire variable region (18). If most
favorable somatic mutations are additive
and insensitive to changes at other sites,
then affinity maturation consists of an
adaptive walk on a “correlated” fitness
landscape (19), and a million B cells per
clone sampling approximately one somatic
mutation per cell division can result in
significant enhancements in affinity (20).

In order to assess whether improvements
in hapten binding during the affinity mat-
uration process are correlated with changes
in either the rate constants for Fab-hapten
complex formation (k__ ), dissociation (k ),
or both, the binding of Fab to hapten was
studied by surface plasmon resonance tech-
niques. The results of this analysis (Table 1)
show that the increase in affinity for hapten
that arises during affinity maturation results
primarily from a decrease in the apparent
k. from >1 sec™! for the germline Fab
fragment to 1.4 X 1073 s7! for the 48G7
Fab fragment. Apparent k  values were very
similar and range from 1.45 X 10° M~!s7!
to 7.5 X 10° M~! 57!, which are typical of
hapten-antibody association rates (21, 22).

Structural analysis. The structure of the
recombinant 48G7 Fab fragment was deter-
mined at 2.0 A resolution by molecular
replacement (23). The designate of the
hapten was observed with an F_-F_ omit
map, with the electron density of the phos-
phonate group being particularly strong.
The final model for the structure is listed in
Table 2. The structure of 48G7 is similar to
those of other known antibodies. The three
light chain CDRs and CDRI1 of the heavy
chain in the crystal structure all adopt the
predicted canonical structures for these
loops, based on the primary structure of the
antibody (24, 25). The primary structure of
the germline heavy chain CDR2 conforms
to canonical structure 2 but the hydrogen-
bonding pattern is altered due to somatic
mutation of Gly®” at the i+4 position of the
loop to valine. Heavy chain CDR3 of 48G7
is relatively short and forms a B turn be-
tween residues 98 and 101.

The hapten is bound in a pocket roughly
10 A deep (Fig. 2) with the aromatic nitro
group at the bottom of the pocket and the

Table 2. Data collection and refinement statistics.

48G7

tem with hapten
Number of observations 121,262
Number of unique reflections 33,282
Completeness to refined 96.7

resolution (%) (1.95)

Rsym ()(%) 7.2
Average /o 8.1
Refinement resolution 6.0to0 1.95
Reryst (%) 24.3
rms A bond lengths (A) 0.007
rms A bond angles (degrees) 1.613
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aliphatic linker and carboxylic acid group at
the surface surrounded by six tyrosine resi-
dues (Tyr”", Tyrgll', Tyr94L, Tyr33H,
Tyr*®H, Tyr'®H) similar to the “aromatic
cluster” noted in an antibody to phenylar-
sonate (26). Approximately 80 percent of
the surface area of the hapten is buried in
the Fab-hapten complex. The primary hap-
ten-antibody interactions are between the
hapten and CDR3 of the light chain and
CDRI1 and CDR3 of the heavy chain (Fig.
2). The aliphatic linker of the hapten
makes van der Waals contact with Tyr®?H
and Tyr!°H, and the nitrophenyl ring is in
contact with Tyr®'L. No residues directly
contact the aromatic nitro group. The an-
ionic phosphonate group is bound by three
hydrogen-bonding interactions: a salt
bridge between Arg®" and the pro S-phos-
phonyl oxygen of 3, a hydrogen bond be-
tween Tyr**"! and the same phosphonyl
oxygen, and a hydrogen bond between the
g-imino group of His**"! and the pro R-
phosphonyl oxygen of 3 (Fig. 2). The im-

portance of His>*H, Tyr**H, and Arg®" in

hapten binding is in agreement with earlier

chemical modification experiments on
48G7 (14). These residues are oriented to-
ward the phosphonate moiety via a series of
secondary hydrogen-bonding interactions
involving Arg”" and the Tyr®'" backbone
carbonyl group, Tyr**" and the Tyr®*" hy-
droxyl group, and His**" and the imino
group of the conserved Trp*™.

The active site structure of the Fab-
hapten complex does not reveal any residue
that is an obvious candidate for an active
site nucleophile, consistent with stopped-
flow kinetic studies for which there was no
evidence of an initial burst of nitropheno-
late ion. Thus, direct attack by an active
site water or hydroxide anion probably leads
to hydrolysis. A likely mechanism, based on
the crystal structure, is that His**H, Tyr*3H,
and Arg®" stabilize the negatively charged
tetrahedral transition state via a combina-
tion of electrostatic and hydrogen-bonding
interactions. Alternatively, His**H

may act

Fig. 2. Close-up view of the 48G7 active site with the nitrophenyl phosphonate transition state analogue
bound. (A) The active site residues in the light chain (green) (Tyr®™, Tyr®4, Arg%) and the heavy chain
(blue) (Tyr33H, His®5H, Tyr99H, Tyr100H) are shown (atom colors: O, red; N, blue; C, white). The hapten
molecule has the carbon atoms shown in yellow to distinguish it from the rest of the molecule. (B)
Alternative view of the hapten active site with a Connelly surface of the solvent-accessible region of the
hapten molecule displayed. The majority of solvent accessibility of the hapten is in the aliphatic linker, with
a small percentage in the nitro group of the nitrophenyl moiety.

Fig. 3. Location of somatic mutations in the 48G7 structure. Two ribbon diagram views of the 48G7 Fab
fragment are shown with the light chain in green, the heavy chain in blue, and the bound hapten in red.
The side chains of the somatic mutations are indicated in yellow (Ser®%- — Asn, Ser®*- — Gly, Asp55- —
His, Glu*2H — Lys, Gly5H — Val, Asn%H — Asp, Gly®3H — Asp, Asn”®" — Lys, Ala’®* — Thr). The closest
contact between the hapten and a somatic mutation is with His55- (green chain), 5.3 A away.
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as a general base to activate a water mole-
cule for attack on the acyl group of the
complexed substrate. It is not possible to
discern an inflection in the pH dependence
of the antibody-catalyzed reaction corre-
sponding to’ protonation of His**" because
of the low rate of the reaction in this pH
range. The absence of a proton donor near
the leaving nitrophenolate anion may ex-
plain the inability of 48G7 to catalyze the
hydrolysis of the corresponding nitroanilide
or carbamate substrates (14, 27).

A number of active site mutants were
generated and characterized (Table 1). Mu-
tation of Arg®" to glutamine led to a drop
in k_,, from 5.5 min~! to 0.5 min~!, and
mutation of Tyr**H to phenylalanine result-
ed in a reduction in k_, to 1.7 min~L
Although these results are consistent with
the postulated role of these residues in sta-
bilizing the negatively charged transition
state, the magnitude of the effects is less
than expected. Because both Arg®" and
Tyr**" hydrogen bond to the pro S oxygen
of the TS* analogue, deletion of one hydro-
gen bond donor may be partially compen-
sated by the second residue. Mutation of
His**" to glutamate led to reduction in k_,,
by a factor of 30, indicating a significant
catalytic or structural role for this residue.
Mutation of His**" to glutamine had rela-
tively little effect on catalysis, suggesting

Fig. 4 (A to D). BlAcore 550 -

R

that His**" acts by stabilizing the negative-
ly charged transition state. Further analysis
of these and other mutants should provide
more insight into the mechanism of catal-
ysis and could lead to mutants with en-
hanced activity.

A comparison to other esterolytic anti-
bodies. Two other crystal structures of es-
terolytic antibodies with bound phosphonate
(28) or phosphate (29) transition state ana-
logues have been solved. The active site of
the antibody 17E8 forms an oxyanion hole
in which positively charged residue Lys’™H,
and possibly Arg®, stabilize the negatively
charged transition state as in the case of
48G7. However, in antibody 17E8, an active
site serine residue, Ser” (the analogous
residue is a Tyr in 48G7), rather than a water
molecule, may act as the nucleophile. In
both 48G7 and 17E8, His**!! appears to play
a significant mechanistic role. In McPC603
the negatively charged phosphate is stabi-
lized by an oxyanion hole similar to that seen
in 48G7, consisting of Tyr’*" and Arg*?H
(29). A third structure of a phosphonate-
specific esterolytic antibody has been solved
at 3 A resolution in the absence of hapten
(30). Modeling of the TS* analogue into the
active site suggests a possible hydrogen-
bonding interaction between two tyrosine
hydroxyl groups, Tyr”®" and Tyr"°H, and the
negatively charged phosphonate group.

analysis of affinity matu- igg: A [Fab] (pM)
ration. Binding kinetics of 4004 GLGH 42.63
purified Fab’s to immobi- ggg: 21:31
lized 3 were determined 250 + 10.66
as indicated (43). The fgg i

concentrations of Fab are 100 - \

indicated in the column 58'

on the right. Bulk phase 45018

changes and nonspecific 4007 1

binding have been elimi- @ 3507 48G7-GH

nated by subtracting out  '§ Zgg_ /ﬁ 192
sensorgrams from nega- 8 54 ‘ 2.65
tive control surfacessuch ~ § 1504 1.32
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Again, His**' is relatively close to the phos-
phonate group. Finally, a three-dimensional
model has been constructed for the estero-
lytic antibody NPN43C9, which was elicited
by a phosphonamidate transition state ana-
logue (31). In this model, which is supported
by mutagenesis data, Arg”®" forms a salt
bridge with the tetrahedral negatively
charged phosphonamidate group, analogous
to the Arg®®"-phosphonate interaction seen
in 48G7. Thus, although these catalytic an-
tibodies were all generated independently
with different transition state analogues,
they all share the common feature of an
oxyanion binding site, underscoring the im-
portance of transition state stabilization in
these esterolytic antibodies. The interaction
of these negatively charged phosphorus-con-
taining TS* analogues with a positively
charged V], junctional residue in 48G7,
17E8, and NPN43C9 indicates a strong se-
lection for this structural feature and resem-
bles the occurrence of Arg® (V-] junc-
tion) in 48 of 48 phenylarsonate specific
antibodies (32) as well as the strong selec-
tion for charge complementarity between
bound peptide antigens and T cell receptor
CDR3 loops (33). Variations in these anti-
body structures, which are reflected in their
different catalytic properties (28, 30, 31),
indicate the diversity of the immune re-
sponse and provide additional opportunities
to examine the effects of structural variations
on catalytic function.

Structural aspects of affinity matura-
tion. Examination of the crystal structure of
the 48G7 Fab-hapten complex indicates
that none of the somatically mutated resi-
dues is in direct contact with bound hapten
3. It is likely that a number of these muta-
tions are involved in hapten binding in view
of the large increase in the affinity for hap-
ten 3. This is supported by the properties of
the half-germline antibodies as well as a
point mutational analysis of the light chain
somatic mutations in which the mutations
(G34S and H55D each resulted in the affin-
ity for 3 becoming eight times lower.

These somatic mutations likely play an
important role in organizing the conforma-
tion of residues that make up the active site
of 48G7. For example, the Ala”™! — Thr
and Asn”®" — Lys substitutions in the D to
E loop pack against CDR1 and may modu-
late the geometries of the adjacent active
site residues, Tyr**" and His**". The sub-
stitutions Gly>*" — Val and Asn’*"! — Asp
lie at the base of a turn (Pro’?"-Ala”’"-
Asn**HM_Val®H) some 15 to 20 A from the
bound hapten. The change from glycine to
the B-branched valine at position i+4 in
the turn may affect the packing of this loop
against CDR1 of the heavy chain, which
contains the active site residues Y*>*" and
H*»H, In addition, Asp®®" is hydrogen-
bonded to Arg’®'! which in turn hydrogen
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bonds to Tyr®*, an active site residue re-
sponsible for fixing the oxyanion hole con-
formation. The somatically mutated resi-
dues, Ser** — Gly and Asp’°" — His, lie at
the bottom of the binding site for the ni-
trophenyl ring (although Gly**" does not
contact hapten, $*** in the germline may
sterically hinder hapten binding). The
Ser**t — Asn change is at the i+1 position
of a solvent-exposed type I turn, the Gly®>!
— Asp change lies in a turn distant from
the active site and the Glu*"' — Lys
change lies in a turn at the interface of the
heavy and light chains distant from the
active site. Although the crystal structure
does not indicate any obvious role for these
last three mutations, Asn**" and Asp®*" are
two of only three residues in the entire
48G7 Fab structure that have backbone (&,
¥) angles that lie in disallowed regions of
the Ramachandran plot. A detailed under-
standing of the structural and functional
consequences of the somatic mutants on
hapten binding and catalysis must await the
high resolution structure of the germline
Fab fragment, coupled with an analysis of
individual somatic mutants. The germline
Fab and each of the half-germline Fabs have
been crystallized in the same space group
with similar unit cell parameters.

It is interesting to compare the above
results to other studies of somatic mutations
where structural information is available.
For example, analysis of the positions of the
somatic mutants in a crystal structure of the
monoclonal antibody (ANO2), which
binds a dinitrophenyl spin label, shows that
most of the mutated residues are not in
direct contact with hapten (although the
effect of these mutations on hapten bind-
ing was not determined) (34). The affinity
maturation of the 2-phenyl-5-oxazolone
(pheOx)-specific response by V, Ox1 and
V,;Ox1 with antibodies is a combination of
hapten proximal and hapten distal muta-
tions (35, 36). The secondary response phe-
nylarsonate-specific antibody 36-71 has 16
somatic mutations in the variable region
genes; none directly contact the hapten
(17). This antibody has an affinity for hap-
ten that is ~200 times that of similar anti-
bodies from the primary response which use
the same germline genes. Comparison of the
crystal structure of 36-71 to that of the
primary response antibody R19.9 (which
uses the same germline V genes) showed
that three of six V,; and three of ten V,
somatic mutations in 36-71 significantly
perturbed the structure. Directed mutagene-
sis studies indicated that most of the affinity
maturation in the heavy chain is caused by
two mutations; neither contact the hapten
(17). In addition, affinity maturation exper-
iments in vitro have also resulted largely in
selection for mutations distant from the ac-
tive site (37).
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Large improvements in hapten binding
affinity and catalysis can result from somat-
ic mutations distant from the antibody
combining site. These mutations may have
a conformational role in reorganizing active
site residues to the optimal geometries for
binding hapten. Another possibility is that
germline antibodies can adopt a number of
nearly isoenergetic conformations resulting
from the flexibility of the six CDRs and
amino acid side chains, and mutations fixed
during affinity maturation act to “freeze”
out the optimal hapten binding conforma-
tion. There is kinetic evidence for confor-
mational isomers in a small subset of anti-
bodies from the secondary and tertiary re-
sponses to 2-phenyl-5-oxazolone, and it has
been suggested that these isomers may play
a role in recognition of antigen by germline
antibodies (38). Either way, it is likely that
both sequence and configurational diversity
play key roles in the affinity maturation of
48G7. Indeed, the combinatorial optimiza-
tion of antigen binding by antibodies may
be facilitated by a variable region structure
that is highly sensitive to somatic mutations
throughout the hypervariable loops.

An examination of the phylogenetic his-
tory of proteins supports, in broad outline, a
scenario of exon shuffling to generate novel
protein frameworks followed by natural se-
lection acting on point mutations to im-
prove function. The recombination and se-
lection of antibody gene segments followed
by somatic hypermutation recapitulate
these processes on a dramatically reduced
timescale during the immune response.
Analysis of the immunological evolution of
the catalytic antibody 48G7 reveals that
the K, for the transition state analogue
improved by >10* during affinity matura-
tion, with a corresponding 10% improve-
ment in k_, /K . Thus, as with enzymes,
improvements in transition state binding
are positively correlated with improvements
in catalysis. Conformational effects arising
from somatic mutation appear to play an
important role in this process. Our study
again emphasizes the significance of muta-
tions distant from the active site in the
natural evolution of binding and catalysis
(39) and underscores the importance of de-
veloping methods to directly select or
screen libraries of random variable region
mutants to isolate catalytic antibodies with
enhanced catalytic rates (13, 40). Further
structural and functional analysis of the af-
finity maturation of catalytic antibodies
should increase our understanding of the
evolution of catalytic function both in na-
ture and in the laboratory.
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The unmutated Balb/c germline V, and V,, genes
used by the 48G7 hybridoma (Balb/c) were cloned
as follows. Inspection of the V regions of 48G7 re-
vealed that this hybridoma uses members of the V,
subgroup 5 and V,, subgroup 2(C) families (47). The
rearranged 48G7 V, and V|, genes, as well as the
germline Balb/c MOPC41 V, and H10 V,, families
were amplified by PCR with primers based on the 5’
and 3’ flanking sequences derived from genomic
clones of MOPC41V,_and H10 V,,, as well as 48G7
CDR3 junctional sequences (57). The 5’ flanking se-
quences encompassing the 5’ untranslated (UT),
leader, and leader-V region intron sequences were
determined for subclones of the rearranged 48G7 V.,
[280 base pair (bp)] and 48G7 V,, (261 bp) genes.
Sequencing of this same 5’ flanking region in sub-
clones of the Balb/c germline MOPC41 V, family
allowed us to unambiguously identify the germline V,_
gene used by 48G7 according to the following argu-
ment. Nine distinct sequences were identified from
the MOPC41 V,_ subfamily. One germline gene was
identical to 48G7 at 279 of 280 bases in the 5’
flanking region, whereas the other five germline
genes differed by 7 to 17 base changes and 2 to 9
deletions. There are four differences (three mis-
sense, one silent) between the coding regions of
48G7 V, and this germline V, (Fig. 1), and we con-
clude that these represent somatic mutations in the
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light chain. The 260 bp of 48G7 V,, 5’ flanking se-
quences that were analyzed, encompassing 5’ UT,
leader, and leader-V region intron sequences, are
identical to those of the Balb/c germline gene H10,
one of only three closely related members of the H10
V,, subfamily (52). The two other reported members
of this subfamily, H4a.3 and H2b.3, contain, respec-
tively, 23 or 28 base changes and three or two de-
letions relative to 48G7 in the 5' flanking region (52).
We therefore conclude that H10 is the Balb/c germ-
line gene that was utilized by 48G7 and that the six
replacements and one silent change in the 48G7 V,,
coding region are somatic mutations.

Hapten 3 was coupled to the amino terminus of
resin-bound peptide 4 (ASQYFPSQAHGSK) with the
use of HBTU and HOBT. After acetylation, cleavage
from the resin, and deprotection, the products (5, 6)
were purified on a reversed phase HPLC (Vydak) and
verified by mass spectrometry. The peptide-hapten
conjugate was coupled to the surface by standard
procedures until ~123 RU’s were bound. Negative
control surfaces were generated by coupling 6 under
identical conditions. Surfaces were inactivated by
treatment with ethanolamine. Recombinant Fab was
affinity purified (75), concentrated to 3 to 10 mg/ml,
and further purified by FPLC on a Superdex 200
column to remove aggregates. Rigorous size purifi-
cation was done to remove a small amount of a high
avidity component in the Fab preparations which
presumably corresponds to multimeric Fab aggre-
gates (not detectable on silver-stained protein gels).
The G-GH Fab FPLC peak was further concentrated
with Centricon-30 membranes to ~25 mg/ml for
Scatchard analysis, in which injections over flow cells
coupled with (i) peptide-hapten 5 or (i) acetylated
peptide 6 were done under conditions where binding
reached equilibrium. Specific binding at equilibrium
was calculated by subtracting equilibrium binding in
(ii) from that in (i). Twofold dilutions of Fab covering
the following ranges were used: 48G7-48G7" 10 to
160 pM; 48G7-GH 30.7 to 0.03 wM; G-48G7H 33.7
to 0.33 uM; G-GH 405.6 to 0.396 wM. For kinetic
studies, each Fab was diluted in KB to the working
concentrations indicated in Fig. 4. These solutions
were then injected (20 l of Fab at 5 pl/min) over the
surface coupled with () TSA 5 or (i) the negative
control 6. In each case the presence of 1 mM 3
completely inhibited specific binding. The ks for
48G7-48G7H, GH48G7H, and 48G7-GH were deter-
mined in separate runs by filing loop 1 with a high
concentration of Fab (> 100 ug/ml) and loop 2 with
KB + 1 mM TSA 3. The contents of loop 1 were
injected at 30 pl/min with the contents of loop 2
being injected at 30 wl/min, precisely as the dissoci-
ation phase began in order to eliminate rebinding
during the dissociation phase. The k,, and ks for
48G7-48G7" were then calculated by nonlinear
curve fitting (BIA evaluation I software). The k,,'s for
G-48G7H and 48G7-GH were too great to be re-
solved on the instrument, but could be calculated as
koﬂ/KD‘

The association and dissociation kinetics were de-
termined and could be fit, for 48G7, to the simple
model in which Fab and 3 reversibly associate to
form the Fab-3 complex. The rapid approach to equi-
librium by the germline and half-germline antibodies
is a consequence of the high Fab concentrations
required to detect specific binding. Although the as-
sociation rate constants for the half-germline anti-
bodies could not be kinetically resolved on the instru-
ment, K, values could be calculated from the mea-
surable apparent k_, and equilibrium K. The low
affinity of the germline antibody precludes precise
kinetic measurement of either k, or k., and only
allows us to place bounds on the rate constants. The
validity of the Scatchard analysis is supported by the
agreement between the K, derived by Scatchard
and kinetic analyses.

Purified 48G7-48G7" (48G7) Fab fragment was
concentrated to 15 mg/ml in a buffer consisting of
100 mM NaCl, 10 mM tris, pH 8.0, 1.0 mM methi-
onine, 0.5 mM EDTA, 0.3 mM sodium azide; hap-
ten, when present, was at a concentration of 1 mM.
Crystallization screens for the Fab fragment (53)
were set up in hanging drops at 4°C, with each
drop consisting of 2 wl of protein or protein and
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hapten mixed with 2 wl of mother liquor, and each
well containing 1 ml of mother liquor. Crystals grew
within a few days, and continued to appear for
several weeks. Several different crystal morpholo-
gies were seen, but invariably the only crystal type
that diffracted adequately for data collection were
platelike crystals having ill-defined faces and long-
axis dimensions in excess of 0.5 mm. The following
optimal crystallization conditions were determined
for 48G7 Fab (15 mg/ml) with hapten (1 mM): 100
mM sodium acetate, 100 mM sodium cacodylate,
pH 7.0, 27 percent PEG 3300.
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. The following oligonucleotides, used for polymerase

chain reaction (PCR) amplification and analysis of the
described constructs, were synthesized and purified
by standard methods.
1) 6'-AAGGAACTCGAGCGTGACCAATCCTAACTGCTT-
CTTAATAAT-3’
2) 5'-CGTAGAATTCTCAGAGCAGCCCAGCCTCTCATT-
TC-3'
3) 5'-ATCGAATTCGAATGTCCT TATGTAAGAAA-3’
4) 5'-CGTACTCGAGGACTGTGAGAGTGGTGCCTTGG-
cc-3'
5) 5'-GACTGTGAGAGTGGTGCCTTGGCCCCAGTAGAT-
ACCATAGTAGCTAGCACAGTAATA-3'
6) 5'-GACCGATGGGCCCTTGGTGGAGGCTGAGGAGA-
CTGTGAGAGTGGTGCC-3'
7) 5'-CTTGTGAAGCCAGGG-3'
8) 5'-AAAGACACCTATATG-3'
9) 5'-ATTGGAAGGAT TGATCCTGCGAATGTT-3'
10) 5'-GCTACAAACGCGTACGCTGATATCCAGATGACC-
CAGTCTCCATCCTCC-3'
11) 5'-CAGTTTGGTACCTCCACCGAACGTCCGAGGATA-
ACTAGCATAT TGCAGACA-3'
12) 5'-AAAGGGGAAT TCTCCACCGAACGTCCGAGGATA-3'
13) 5'-GCTACAAACGCGTACGCTCAGGT TCAGCTGCAG-
CAGTCTGGGGCAGAGCTTGTG-3'
The rearranged 48G7 VJ, and VDJ,, genes were
PCR amplified from 48G7 genomic DNA with oligos
1+12 and 3+4, respectively. The germline BALB/c
MOPC41V, and subgroup 2(C) V,, subfamilies were
PCR-amplified from BALB/c tail DNA with oligos
1+2 and 5+13, respectively. The PCR fragments
were subcloned into pBS-KS for sequencing and
further manipulations. Subclones (300) of subgroup
2(C) inserts were screened for H10 homologous se-
quences with oligos 7, 8, and 9. The 48G7 VJ, and
VDJ,, were reconfigured for cloning into pMY61 by
PCR amplification with oligos 10+11 and 6+13 re-
spectively. The germline V, and V,, genes were re-
combined with the 48G7 J_ and DJ, regions and
reconfigured for cloning into pMY61 by PCR ampli-
fication with 10+ 11 and 5+6+ 13, respectively. The
VJ, and VDJ,, inserts were digested with Miu | and
Kpn | and Miu | and Apa |, respectively, and cloned
into pDEI440, a derivative of pMY61 containing an
M13 origin of replication.
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