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Affinity maturation, the process by which an organism’s response to infection becomes more specific and more effective over time
after somatic hypermutation of antibody genes in B-cells. This increase in affinity might be a result of the evolution of either s
interactions between antigen and antibody over time (enthalpic factors) or antibody binding site rigidification (entropic factors) or both
monoclonal antibodies, derived from antibodies elicited at different points in the murine immune response after inoculation with th
diketone hapten, have been characterized both genetically and functionally. Though this hapten has previously been shown to pr
catalytic aldolase antibody 38C2, antibodies described here are not catalytic and unlike 38C2, form no covalent enzyme–substrate
Thus, they provide a system in which to assess contributions to the evolution of binding affinity. The genes for these non-catalytic an
have been sequenced and analyzed both with regard to their relationships to germ line genes, to each other, and to two commercially
catalytic aldolase antibodies. Consequences of particular mutations for antigen binding behavior are discussed. The protein produc
genes have been expressed, purified, and binding properties measured by two complementary techniques: the hapten-induced
of the native antibody fluorescence and the changes in the anisotropy of Prodan (6-propionyl-2-(dimethylamino)naphthalene), a flu
hapten analogue. Differences in binding affinity are related back to differences in the lengths and amino acid sequences of the compl
determining region 3 (CDR3) binding loop. Taken together with our earlier results on binding site heterogeneity from tryptophan l
analysis [Mohan, G.S., Chiu, P.T., Southern, C.A., O’Hara, P.B., 2004. Steady-state and multifrequency phase fluorometry studies o
site flexibility in related antibodies. J. Phys. Chem. A 108, 7871–7877], affinity appears to be modulated by a combination of entro
enthalpic factors, and not dominated by one or the other. Because these antibodies are not related to the same germ line gene, how
results do not provide evidence for the dominance of enthalpy or entropy in evolving binding affinity in this system.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Antibody molecules provide protection for an organism
against foreign substances that might otherwise prove fa
(Cohn, 2002). One feature of an organism’s response to infe
tion by these foreign substances is the expression over ti
of antibodies with increasing specificity for the foreign sub
stance or antigen (Dal Porto et al., 1998). Several hypotheses
exist to explain the driving forces that result in the expressio
of antibodies with greater affinity for antigen in response
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repeated exposures to that antigen (Andersson et al., 1998;
Schulz and Lerner, 1995). This process, known as affinity
maturation, takes place in germinal centers, which are most
abundant in regions of lymphatic tissue such as spleen and
tonsils. During affinity maturation, the already large reper-
toire produced from the many combinations of V, D, and J seg-
ments, augmented by junctional diversity, is greatly amplified
(Adams et al., 2003). This further expansion happens dur-
ing rapid cell division of the antibody producing B-cells.
B-cells expressing tighter-binding antibodies are selected for
proliferation. The remaining cells migrate to the margins of
the germinal centers, where they undergo apoptosis, thereby
removing those genes from the antibody repertoire. Cycles of
expansion and compression of the expressed antibody reper-
toire occur during the course of infection. One germ line gene
might be dominant in an early population, but a shift in the
repertoire often occurs as affinity maturation selects alterna-
tive genes with the potential for better antigen binding.

A practical consequence of affinity maturation is a popula-
tion of circulating antibodies that may differ from each other
in any one point in time, and can differ from one time point to
another over the course of an infection. Mutational activity is
focused upon amino acids that line the hapten binding pocket
in complementarity determining regions 1–3 (CDR1, CDR2,
CDR3) of both the light and heavy chains (Goyenechea and
Milstein, 1996). Structurally, the polypeptide regions cor-
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cost when antibody binds the antigen, thereby leading to a
higher affinity. Structural analysis of antibodies at various
stages in the immune response lends credence to this idea
(Li et al., 2003; Wedemayer et al., 1997). It has been shown
that it is not necessary for the new amino acids introduced
during affinity maturation to make direct contact with the
small molecule hapten (Shannon and Mehr, 1999; Sinha
et al., 2002). Further support has come from thermodynamic
studies of series of related antibodies using isothermal
calorimetry (Furukawa et al., 1999) and surface plasmon
resonance spectroscopy (Manivel et al., 2000a). Our earlier
work on the same set of antibodies described here showed
a narrowing of fluorescence lifetime distributions as the
antibodies mature (Mohan et al., 2004), a result consistent
with a model in which conformational heterogeneity in the
antibody binding site is lost during affinity maturation.

The growing number of results supporting the hypoth-
esis that binding site rigidification accompanies affinity
maturation has led us to examine closely the genetic and
biophysical properties of antibodies to the diketone hapten
shown inFig. 1a (Turner et al., 2000). Though this hapten
elicited the catalytic antibody, 38C2 (Wagner et al., 1995)
and a structurally similar hapten elicited catalytic antibody
84G3(Sinha et al., 1999), none of the antibodies produced
here shows catalytic function. The four non-catalytic anti-
bodies characterized are derived from animals exposed once
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esponding to these genes are predominantly in loops
ridge the�-strand scaffolds that form the infrastructure

he molecule (Padlan, 1994). Functionally, these loop region
hree from the heavy chain and three from the light ch
ork together to form the antigen binding sites. At the mo
lar level, one ubiquitous feature of these binding sites i
resence of five or six tryptophan (Trp) residues. The que

ng of the Trp fluorescence induced by small molecule ha
inding serves as one of our spectroscopic reporters of

ng processes. Classic studies done byBerek and Milstein
1987)correlated increased binding affinities as measure
rp fluorescence quenching with the mutational freque
uring the course of affinity maturation in mice immuniz
ith the small molecule haptenp-nitro phenol conjugate
ith a carrier protein.
One proposed mechanism for enhanced binding affi

hat accompanies affinity maturation is the progressive
f conformational heterogeneity that exists in binding s
erived from immature antibodies or those derived f
erm line genes (Mundorff et al., 2000; Schulz and Lern
995). Affinity maturation progresses with the introduct
f mutations that reduce flexibility and result in a bind
ite that is pre-conformed to the molecular structure o
ntigen (Manivel et al., 2000b). According to this hypothesi
inding sites with relatively low affinity and a broad sel

ivity in immature germ line antibodies can be character
s being flexible while mature antibodies with exqui
electivity and affinities 100–1000-fold higher, are m
igid than their germ line ancestors. The lack of flexibi
n the more mature antibodies should reduce the ent
antibody A3.1.1), twice (antibodies 2c26.1 and 2c22
r three times (antibody 3.22) to the hapten. As such,
epresent different stages of the immune response. So
hese antibodies have been isolated at the moment in w
he germinal center activity responsible for expansion o
epertoire is at its highest.

We first determined the V region nucleotide seque
f the four related antibodies. Here, we consider the c
ponding polypeptide sequences of the CDR3 region o
eavy chain in detail. Evolutionary relationships betw

hese genes and the germ line genes to which the
elated are also discussed. Next, the functional binding be
or of the four monoclonal antibodies (and for comp
on the two catalytic antibodies) is characterized using

ig. 1. Chemical structures of (a) the diketone hapten used to elicit ald
ntibody 38C2 and (b) the fluorescent hapten analogue, 6-propio
dimethylamino)naphthalene (Prodan).
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steady-state fluorescence techniques. In one set of experi-
ments, the hapten-induced fluorescence quenching of native
Trp residues is used to determine relative binding affinities
for each of the six purified antibodies (Tetin and Hazlett,
2000). In another set of experiments, the binding proper-
ties of the different antibodies for Prodan (Weber and Farris,
1979), a highly fluorescent hapten analogue shown inFig. 1b,
are examined. Spectral shifts have been reported for the
reversible binding of Prodan to 38C2 antibody (List et al.,
1998). Here, we use these spectral shifts and the changes
induced in the polarization of Prodan upon binding as a sec-
ond measure of binding affinity.

2. Experimental

2.1. Materials

The catalytic antibodies 38C2 (#47995-0, Sigma–Aldrich,
St. Louis, MO) and 84G3 (#52785-8, Sigma–Aldrich) were
purchased and used without further purification. Four of
the monoclonal antibodies were produced by the following
methodology. Antibodies were elicited in mice injected with
the hapten shown inFig. 1a conjugated to a carrier protein
by standard immunological methods (Rose et al., 1997). Ani-
mals were sacrificed either 12 days after the initial exposure to
t sec-
o sec-
o ere
i ere
s o cre-
a ted
i ody-
s uri-
fi /G)
I ck-
f icon
Y .,
B c-
t ble
a stud-
i use
( as
u with
t ered
s
0 In
e 2
A .

pro-
t n
w
t ing
1 n
t ntra-
t tion

with solutions of antibody 38C2 of known concentrations
and assuming stoichiometric binding. Prodan (6-propionyl-
2-(dimethylamino)naphthalene) (#P248, Molecular Probes,
Eugene, OR) stock solutions were prepared by dissolving
4.55 mg of Prodan in 20.0 ml of methanol (Optima® Grade,
Fisher Chemicals) resulting in a 100�M stock solution. The
stock solution was kept at−4◦C and protected from light.
For optical studies, the stock solution was diluted 1:1000 in
filtered PBS to create a 0.1�M Prodan solution.

2.2. Methods

2.2.1. Sequence analysis
RNA was isolated from ELISA-positive hybridoma cell

lines growing in culture using UltraspecTM reagent (Biotex,
Houston, TX). cDNA was prepared with M-MLV reverse
transcriptase (Moloney, Murine Leukemia Virus, Gibco-
BRL). Expressed antibody heavy and light chain V genes
were then amplified using Taq (Takara) DNA polymerase,
constant region primers, and degenerate primers derived from
the initial nucleotides of the framework 1 region (Wang et al.,
2000). The PCR products of separate heavy and light amplifi-
cations were gel extracted using the QIAquick Gel Extraction
kit (Qiagen, Valencia, CA). In one case, the light chain of
2c.26.1, it was necessary before sequencing to clone the PCR
product; pCR2.1 vector (Invitrogen, San Diego, CA) and
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he hapten (primary A3.1.1), 5 days after the first boost (
ndary antibodies 2c26.1 and 2c22.1), or 5 days after the
nd boost (tertiary 3.22) and antibody producing cells w

solated from the spleen. Tight-binding populations w
elected and standard hybridoma technology was used t
te immortal cell lines, which could at any time be injec

nto the peritoneal cavity of a mouse to produce antib
ecreting tumors. Ascites fluid from the animals was p
ed using the column and buffers in an ImmunoPure (A
gG Purification Kit (#44902, Pierce Biotechnology, Ro
ord, IL). Purified antibody was concentrated in a Centr
M-100 centrifical filtration device (#4213, Millipore Corp
illerica, MA). Protein purity was confirmed by gel ele

rophoresis. Catalytic activity of the commercially availa
ntibodies was confirmed by spectroscopic and kinetic

es (data not shown). A non-specific antibody from mo
#M-9269, Sigma–Aldrich; Mouse IgG1, MOPC 21) w
sed to test for non-specific interactions of the antibody

he hapten. All solutions were made in phosphate buff
aline (PBS) of 0.010 M Na2HPO4, 0.002 M KH2PO4,
.144 M NaCl, 0.003 M KCl, and adjusted to pH 7.2.
very case, this solution was filtered before use with a 0.�m
crodisc® filter (#28143-997, V.W.R. West Chester, PA)
The hapten was synthesized according to published

ocol (Wagner et al., 1995). A stock solution of the hapte
as made by dissolving 3.0 mg of the hapten in 100�l of ace-

onitrile Optima® grade, Fisher Chemicals), and then dilut
:1250 in filtered PBS to create a 50�M hapten stock solutio

hat was then added to the antibody solutions. The conce
ion of a stock solution of hapten was determined by titra
H5� cells were used for this purpose. DNA was seque
y the Biotechnology Resource Center at Cornell Univer
resumptive germ line genes were determined by ho
gy searches run at IMGT (http://www.imgt.cines.fr/), NCBI
http://www.ncbi.nlm.nih.gov/igblast/) or using a local, com
osite collection. Computations of the extent of som
ypermutation within V and alignments of different
egions, made use of Lasergene software. To assure
ucibility and avoid PCR-generated mutation, cells from e
f the monoclonal lines were analyzed in duplicate. Full D
equences are available upon request.

.2.2. Tryptophan fluorescence quenching studies
For each antibody studied, protein concentrations

easured in a 1 ml quartz cuvette by UV–vis spectros
Perkin-Elmer Lambda 2) using the absorption at 280
ε280= 1.35 (mg/ml)−1 cm−1). Steady-state excitation a
mission spectra were collected using either a K2

ifrequency phase fluorometer (ISS, Champagne-Urb
L) or an LS50B fluorimeter (Perkin-Elmer, Boston, MA
xcitation spectra were recorded by monitoring the fl

escence signal at the emission maximum (approxim
35 nm) while scanning the excitation wavelength. For

SS K2 measurements, a Xenon arc lamp set at a cu
f 10 A was used as the excitation source; a monochr

or with a dispersion of 8 nm/mm was used to select
xcitation frequency. The emission spectra were record
xciting the solution at 284 nm and collecting the fluo
ence signal through a monochromator with a dispersio
nm/mm. The slitwidths of both the excitation and emis

http://www.imgt.cines.fr/
http://www.ncbi.nlm.nih.gov/igblast/
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monochromators were 0.5 mm in all cases. For the LS50B
experiments, slit widths of 5 nm for both the excitation and
emission monochromators were used. For both instruments,
the temperature of the solutions was maintained at 20◦C
using a re-circulating water bath. A spectrum of the antibody
solution with no hapten was acquired first, then successive
additions of hapten solution were made and fluorescence col-
lected after each addition, until the concentration of hapten
exceeded the concentration of antibody binding sites. Anti-
body concentrations varied from 0.15 to 7.8�M. After each
addition of hapten the solution was mixed, and then allowed
to equilibrate at 20◦C for 2 min before the emission spectrum
was acquired.

The value of the antibody-hapten dissociation constant can
be determined from tryptophan quenching data because the
amount of quenching observed is related to the fraction of
antibody binding sites filled (Fb) according to the following
relationship:

Fb = F0 − F

F0 − Fmq
(1)

where F0 is the tryptophan fluorescence intensity (at the
emission maximum, 335 nm) in the absence of hapten,F the
tryptophan fluorescence intensity observed in the presence of
hapten, andFmq is the tryptophan fluorescence intensity with
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tions was maintained at 20◦C using a re-circulating water
bath.

Fluorescence anisotropy measurements of Prodan were
carried out using a Beacon 2000 polarimeter (Invitrogen,
Carlsbad, CA). A band pass filter with a central transmis-
sion wavelength of 360 nm was used to select the appropriate
excitation wavelength for Prodan. The emission filter used
for the anisotropy measurements has a central transmission
wavelength of 490 nm and a band pass of 10 nm. This filter
was chosen because it transmits in a wavelength region where
the fluorescence quantum yields of bound and free Prodan are
approximately equal (seeFig. 3). A solution of Prodan (either
20 or 100 nM) was examined initially, and then successive
additions of antibody were made until the total concentration
of antibody binding sites was≈2�M. After each addition,
the solution was vortexed and allowed to equilibrate for 5 min
before measuring the anisotropy. For each addition, 10 suc-
cessive measurements of the fluorescence anisotropy were
acquired, and then averaged before plotting.

Because the fluorescence anisotropy of Prodan is linearly
related to the fraction of antibody binding sites filled, mea-
surements of this parameter as a function of the concentration
of free antibody binding sites allows the antibody-Prodan
dissociation constant to be determined according to the fol-
lowing relationship:
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by
maximum quenching. In all cases, the values ofF were cor-
rected for dilution effects prior to analysis. The value ofFmq
is expected to be non-zero for these studies because
of the tryptophan residues in antibodies are not locate
the binding sites, and the fluorescence from these res
should not be quenched as a result of hapten binding. A
of F0 − F versus the total hapten concentration (Lt) can be
used to determine the value ofKd for the antibodies studie
based on the following expression:

F0 − F = (F0 − Fmq)
(Kd + St + Lt) −

√
K2

d + 2KdSt + 2K

2St

whereSt is the total concentration of antibody binding sit
and all other parameters are defined above. This expre
was used to fit plots ofF0 − F, with bothKd andFmq as fitting
parameters, using the Igor Pro (Wavemetrics, Lake Osw
OR) software package. This type of analysis has been
previously for the determination of antibody-hapten diss
ation constants (Tetin and Hazlett, 2000).

2.2.3. Prodan steady-state fluorescence and
fluorescence anisotropy studies

Prodan concentrations were measured in 3 mm× 3 mm×
43 mm quartz cuvettes by UV–vis spectroscopy us
a Lambda 2 (Perkin-Elmer) using the absorption
361 nm (ε361= 18,000 cm−1 M−1). Prodan steady-state fl
orescence spectra were acquired using an LS50B
nescence spectrometer (Perkin-Elmer). For these
surements, the slit width of the excitation and emiss
monochromators was 5 nm. The temperature of the s
y

s

+ S2
t − 2StLt + L2

t
(2)
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,
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A = (Amax − Amin)[S]

Kd + [S]
+ Amin (3)

whereA is the fluorescence anisotropy,Amax the maximum
anisotropy observed,Amin the minimum anisotropy observe
and [S] is the concentration of free antibody binding site
The concentration of free antibody binding sites was appr
imated by the total concentration of antibody binding sit

which is a valid approximation as long as the concentra
of Prodan used is at least 10-fold lower than the obser
Kd values. The concentration of Prodan varied with the a
body studied, but in all cases the concentration used sati
this condition. Plots of anisotropy versus the concentra
of antibody binding sties were fit according to Eq.(3) using
Igor Pro software (Wavemetrics, Lake Oswego, OR), w
Amax, Amin, andKd as fitting parameters.

3. Results

3.1. Sequence analysis of CDR3

The amino acid sequences of the heavy chain CDR3 fo
six antibodies are shown inTable 1. The beginning of CDR3
the hypervariable loop bridging the� strands of framework
region 3 (FR3) and framework region 4 (FR4), is marked
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Table 1
Amino acid sequences of CDR3 in related antibodies

a conserved cysteine at position H92. The terminus of the
loop is marked by a conserved Trp. The sequence for each
heavy chain CDR3 includes at least one basic side group.
Acid side groups are scarce. Five of the six antibodies have
lysine (Lys) or arginine (Arg) in the second (H93) or third
(H94) position in CDR3. Primary A3.1.1, secondary 2c22.1
and tertiary 3.22 all have Arg at position H94. Secondary
2c26.1 has three basic residues further along in the sequence.
Five of the six sequences have tyrosine (Tyr) in position
H97. The exception, tertiary 3.22, will be shown to have the
lowest binding affinity. The CDR3 of primary A3.1.1 also
contains an extra tryptophan (Trp) residue in the combining
site, which has potentially significant effects for the fluo-
rescence behavior. The lengths of CDR3 vary considerably,
from 9 amino acids in primary A3.1.1 to 19 amino acids in
secondary 2c26.1.

For the catalytic antibody 38C2, this loop is 11 amino
acids in length and contains the catalytic Lys residue at posi-
tion H93. This Lys, with its extremely low pKa, acts as the
nucleophile to form the Schiff base linkage with the substrate
in the first step of the aldolase reaction, which it catalyzes
(Wagner et al., 1995). To date, catalytically active aldolase
antibodies have fallen into two classes as distinguished by
the enantiomeric selectivity of their reactions. The structures
of catalytic antibodies 33F12 (similar in sequence and reac-
tivity to 38C2) and 93F3 (similar in sequence and reactivity
t
a dy
3 t the
b ds.

It is surrounded by hydrophobic residues, which explains its
extremely low pKa. Catalytic antibody 84G3 has alanine, not
Lys, at position H93. By analogy to its structurally similar
93F3, the Lys at H94 of 84G3 points away from the bind-
ing pocket, and thus cannot act as the catalytic nucleophile.
Instead, Lys L89 on the light chain points directly into the
other side of the pocket, explaining the differential antipodal
selectivities of the two classes of catalytic antibodies. None of
our monoclonal antibodies raised in mice by reactive immu-
nization against the same diketone hapten used to elicit 38C2,
contains a Lys at position H93 or L89, and none assayed to
date has shown catalytic activity.

The “evolutionary” relationship of the genetic sequences
of the V regions of the heavy chain genes of the six anti-
bodies can be estimated. The vast diversity available in the
germ line antibodies comes partly from different combina-
tions of the germ line genes for the V region (corresponding
to approximately the first 90 residues), with the 13 different
germ line genes for the D region (corresponding to hypervari-
able region) and the 4 different germ line genes for the J region
(corresponding to the remaining 15 residues) (Goldsby et al.,
2003). The hypervariable CDR3 loop responsible for the
binding of the hapten is created through two joining events, D
to J and then V to DJ. Beyond the given diversity of the germ
line, junctional diversity and somatic hypermutation produce
mutations, deletions, and insertions that result in mature anti-
b
r n of
t tity,
7 and
o 84G3) have recently been solved (Zhu et al., 2004). By
nalogy to its position in the structurally similar antibo
3F12, Lys H93 in 38C2 has been shown to be located a
ottom of a 10̊A deep pocket into which the hapten bin
odies with enhanced binding selectivity and affinity.Table 2
eports the percent identity of amino acids in the V regio
he heavy chain for the six antibodies. The highest iden
6%, is exhibited between the heavy chains for A3.1.1
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Table 2
Percent identity in V region of heavy chain in antibodiesa

84G3 mature 38C2 mature 3.22 tertiary 2c26.1 secondary 2c22.1 secondary A3.1.1 primary

84G3 × 44.1 70.5 57.1 40.2 41.1
38C2 × 44.1 41.4 46.8 48.6
3.22 × 52.5 49.6 49.6
2c26.1 × 46.2 47.9
2c22.1 × 76.1
A3.1.1 ×

a The pairwise extent of amino acid identity excludes residues corresponding to the degenerate PCR primer at the start of FR1, but includes the contributions
of D and J genes. Alignments relied upon the ClustalW algorithm.

2c22.1. The remainder of our antibodies hovers in the range
of 45–50% identity. At least five different germ line genes
gave rise to these six antibodies, all of which bind tightly to
diketone hapten. It is notable that five of these six antibodies
were raised against the same diketone hapten.

Table 3lists the number of nucleotide mutations in the V
region of the five antibodies raised against the same diketone
hapten relative to the closest aligning germ line sequence
for both heavy and light chains. It is important to note that,
in contrast to the murine light chain genes, the public data-
banks do not yet include all genes encoding the heavy chains
of mouse antibodies. In fact, the three databases used here,
NCBI, IMGT, and our own composite, sometimes give the
same germ line reference and sometimes not. Since the clos-
est aligning germ line sequence, taken to be the gene from
which a given antibody has derived, may simply not yet be
available, the number of heavy chain nucleotide mutations
may be over-stated. The germ line sequence that aligns best
is assumed to be the germ line predecessor of that DNA
sequence. Any differences between the two sequences are
the result of somatic hypermutation. Those antibodies that

Table 3
Antibody alignment to germline sequences in the IMGT databasea

A

8

3

3

2

2

A

pond-
i onding
t

exhibit large numbers of nucleotide mutations relative to
the germ line sequence have undergone extensive affinity
maturation, and vice versa. The best alignment for 38C2
is obtained from germ line genes that have undergone 13
mutations in the light chain and 25 in the heavy chain.
It is interesting to note that secondary 2c26.1 and tertiary
3.22 are derived from the same germ line light chain gene
D00081.

Berek and Milstein demonstrated that for antibodies spe-
cific for the V�-Ox1 germline gene, which dominates the
response against 2-phenyl-5-oxazolone (phOx) hapten, the
average numbers of light chain nucleotide mutations for a
primary 14 days, a secondary, and a tertiary antibody are 3,
5.9, and 7.3, respectively (Berek and Milstein, 1987). Bind-
ing affinity for hapten generally correlated with an increase
in the number of mutations (though the correlation is far from
absolute). By contrast, the number of nucleotide mutations
in the variable region of the light chain fluctuates from the
primary to the secondary to the tertiary in the monoclonal
antibodies described here. Since nucleotide mutations can
be random and not necessarily related to an increase in the
binding affinity of the antibody, it is important to measure
the binding constants of A3.1.1, 2c26.1, 2c22.1, and 3.22
directly.

3

nce
i nce
o rives
f l of
t total
o the
b g
s tion
a G3,
3 , and
p

s n
c
B ary
i k of
c ature
ntibody Closest IMGT
aligning germ
line sequence

Number of
nucleotide
mutations in
V region

4G3 (tertiary) Light chain No data available
Heavy chain

8C2 (tertiary) Light chain D00080 13
Heavy chain X03398 25

.22 (tertiary) Light chain D00081 1
Heavy chain U53526 18

c26.1 (secondary) Light chain D00081 2
Heavy chain AJ223544 14

c22.1 (secondary) Light chain AJ231217 22
Heavy chain D14633 12

3.1.1 (primary) Light chain Y15976 0
Heavy chain AF304547 11

a The number of somatic mutations tabulated excludes regions corres
ng to the D or J segments, and also excludes the FR1 region corresp
o our degenerate primers.
.2. Tryptophan fluorescence quenching measurements

Fig. 2a shows the quenching of the Trp fluoresce
nduced by binding hapten. The residual fluoresce
bserved at 340 nm at saturating conditions of hapten de

rom Trp residues that are far from the binding site. Al
he monoclonal antibodies under investigation possess a
f 24–28 Trp residues, only 10–12 of which are close to
inding sites (Wang et al., 2000). Precise numbers for bindin
ite versus total Trp for the six antibodies under investiga
re: 12/24, 10/24, 10/26, 10/26, 10/26, and 12/28 for 84
8C2, tertiary 3.22, secondary 2c26.1, secondary 2c22.1
rimary A3.1.1, respectively.

Fig. 2b shows the fits of the data using Eq.(2)for five of the
ix antibodies in this study.Table 4reports the dissociatio
onstants derived from this quenching data using Eq.(2).
inding to the four monoclonal antibodies from our libr

s not covalent as determined experimentally by the lac
atalytic activity, the absence of a spectroscopic sign
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Fig. 2. Tryptophan emission spectra observed for 38C2 at 2.22�M (≈0.5 mg/ml) antibody in a PBS solution of 0.010 M Na2HPO4, 0.002 M KH2PO4, 0.144 M
NaCl, 0.003 M KCl, pH 7.2. Panel a: quenching of Trp fluorescence observed upon addition of hapten in 2�l increments from a 50�M stock solution in
PBS. The spectra shown have not been corrected for dilution factors. Excitation wavelength is 284 nm. Panel b: plots ofF0 − F vs. hapten concentration for
the following antibodies: 38C2 (�), 84G3 (�), secondary 2c26.1(�), secondary 2c22.1 (×), primary A3.1.1 (�), and IgG1 (MOPC 21) (♦). F is the Trp
fluorescence intensity observed andF0 is the Trp fluorescence intensity observed in the absence of hapten. The data were fit using Eq.(2). The values ofKd

obtained from the fits are presented inTable 4.

of the vinylogous amide derived from the hapten-antibody
adduct and the lack of an active site Lys in position H93 as
shown inTable 1or L89 (data not shown).

Binding of the hapten to both catalytic antibodies is sto-
ichiometric, fits of the data to Eq.(2) yield dissociation
constants of 9.02± 3.16 nM for 38C2 and 11.8± 1.15 nM for
84G3. This number is only used as a test of the lower limit of
our technique since binding to these two antibodies should be
irreversible and covalent. The four monoclonal non-catalytic
antibodies reveal binding affinities that vary from strong
for secondary antibodies 2c26.1 and 2c22.1 (Kd = 0.023 and
0.051�M) to weak for primary A3.1.1 (Kd = 5.46�M) to
very weak (Kd = 25.4�M) for tertiary 3.22. The binding
affinities for hapten vary by a factor of 3000 for antibodies
raised against the same hapten. Given that 84G3 was raised
against a similar but not identical hapten, it is surprising that
it binds this hapten as tightly as it does, but two things must
be noted. First, as stated earlier, the binding constants of the
two catalytic antibodies are somewhat fictitious in that the
binding is irreversible and these lowKd values of∼10 nM
set a lower limit toKds that can be measured using the Trp
quenching technique under these conditions. The second is
that 84G3 has an additional Trp at the binding site, and it
is not totally clear how this will affect the binding constant
measured using Trp quenching.

3.3. Prodan fluorescence anisotropy measurements

All chemical and physical evidence is consistent with a
model in which binding of Prodan to any of the antibodies
studied here (including catalytic 38C2 and 84G3) is reversible
and not covalent. As such, Prodan serves as another indica-
tor of relative binding affinity for all the antibodies in this
analysis. Previous studies have also noted a variation in the
Stokes shift of Prodan when bound to various biomolecules
(List et al., 1998; Mohan et al., 2004). Increased Stokes shifts
(red shift in the emission) for Prodan have been interpreted as
indicating decreased hydrophobicity of binding sites.Fig. 3a
shows the 528 nm emission max for Prodan in PBS shifts
to 450 nm upon binding to antibody 38C2. Introduction of
non-specific IgG results in an emission maximum identi-
cal to that observed for unbound Prodan, and no increase
in the anisotropy, suggesting that Prodan does not bind to
non-specific IgG data not shown).

As shown inFig. 3b, the anisotropy measured at 487 nm
rises as the Prodan is titrated with each member of the anti-
body family under analysis. The measured anisotropy for the
Prodan varies from∼60 mA in solution to a maximum value
of ∼300 mA when bound to the six antibodies shown here.
Fits of Eq.(3) to the data are shown by the curves inFig. 3b.
Table 4tabulates the dissociation constants derived from the
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issociation constants as determined for hapten from Eq.(2) and for Prod

ntibody Kd hapten Trp quenching K′
d/Kdq(38C2)hapten

8C2 mature 9.03± 3.16 nMa 1
4G3 mature 11.8± 1.15 nMa 1.31
.22 tertiary 25.4± 6.8�M 2813
C26.1 secondary 0.023± 0.006�M 2.55
c22.1 secondary 0.051± 0.025�M 5.65
3.1.1 primary 5.46± 2.57�M 605
ontrol IgGb 7.26± 5.25�M 804
a Antibodies 84G3 and 38C2 show irreversible tight binding to the ha
his binding is technically stoichiometric.
b Control IgG was a non-specific murine IgG1, Kappa (MOPC 21).
Eq.(3)

enching Kd Prodan anisotropy (�M) Kd/Kd(38C2)Prodan anisotrop

0.48± 0.06 1
0.122± 0.005 0.26

1.6± 0.1 3.3
2.1± 0.5 4.4
1.3± 0.2 2.7
0.8± 0.2 1.7

>100 >1000

ue to active site lysines which react with the diketone to form a Shiff bct.
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Fig. 3. Emission spectra of 20 nM Prodan excited at 375 nm shifts as a function of successive additions of antibody 38C2. Panel a: an isosbectic point occurs
at approximately 487 nm. Polarization collected at this wavelength through the filter shown contains contributions from both free and bound Prodan and can
be used to calculate binding constants. Panel b: plots of Prodan fluorescence anisotropy vs. the total concentration of antibody binding sites for thefollowing
antibodies: 38C2 (�), 84G3 (�), tertiary 3.22 (�), secondary 2c26.1 (�), secondary 2c22.1 (×), and primary A3.1.1 (�) antibodies. The anisotropy was
measured at 490 nm, where both free and bound Prodan fluoresce with nearly equal fluorescence quantum yields. The data were fit using Eq.(3). The values
of Kd obtained from the fits are presented inTable 4.

analysis of this data. Despite the fact that no covalent bond
is formed here, the mature catalytic antibodies still show
the strongest binding affinities (Kd = 0.122± 0.005�M for
84G3 and 0.48± 0.06�M for 38C2). Binding of Prodan
to primary A3.1.1 proved to be tightest of the non-catalytic
clones (Kd = 0.8± 0.2�M) while the binding constant
of secondary 2c26.1 proved to be the weakest measured
(Kd = 2.1± 0.5�M). Perhaps the most striking characteriza-
tion of the Prodan binding to the six antibodies is that they
all have binding affinities for Prodan that are very similar.
The weakest binder 2c26.1 binds Prodan only 6.5 times
more weakly than the tightest binder 84G3.

We know the binding of Prodan to the antigen binding site
is specific based on the spectra shown inFig. 4. Addition of
antibody to a dilute solution of Prodan shifts the emission
spectrum to the blue, as typical of bound Prodan. Subsequent
addition of the diketone hapten displaces the Prodan from the

F 0 nM
P (- - -),
a t that
t mim-
i binds
s

active site and the spectrum reverts back to the original spec-
trum of unbound Prodan. This shows that binding of Prodan
is specific, that the hapten and Prodan cannot coexist at the
binding site, and that, by inference, the Prodan anisotropy
should be a good measure of binding and flexibility of the
probe in the antibody binding site.

4. Discussion

Affinity maturation might be expected to be accompa-
nied by an increase in the number of mutations from a
germ line gene and by tighter binding of the antibody to a
small molecule hapten or fluorescent hapten analogue. In
our system, mutational frequency does not correlate with
the immune response time point at which the antibody was
harvested. Antibodies harvested after one, two, or three inoc-
ulations show a fairly low mutational rate while another
antibody harvested after two inoculations shows a number
of mutations similar to the mature antibody 38C2. This irreg-
ularity is especially noteworthy for the light chain, for which
the complete germ line assemblage is known.

Hapten binding affinities for the primary antibody
(A3.1.1) and both secondary antibodies (2c22.1 and 2c26.1)
vary in a predictable manner: antibodies harvested later in the
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he Prodan emission spectrum in the presence of the hapten closely
cs the emission spectrum of free Prodan demonstrates that Prodan
pecifically.
mmune response bind hapten more tightly. The excepti
ertiary antibody 3.22 which appears to be much more l
rimary antibody, both in its low mutational rate and its w
ffinity for hapten. Comparison of the sequence of the lo
ith the binding affinity shows that the tightest non-cova
inder (secondary 2c26.1) has the longest CDR3 loop
esidues) and the greatest number of positively charged
roups. Primary A3.1.1 with the shortest CDR3 loop
esidues) displays weak binding. The interesting conne
etween loop size and hapten affinity is made more intrig
hen considering previous results (Mohan et al., 2004) which
emonstrated that this same antibody, 2c26.1, exhibite
reatest difference in Trp lifetime distributions upon addi
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of hapten. Understood now in terms of the length of the CDR3
loop, it makes sense that a large flexible loop would exhibit
dynamic flexibility, and that binding of hapten to the loop
would reduce that flexibility. By contrast, A3.1.1 was shown
to have a much more limited change in Trp lifetime distri-
butions upon binding hapten; with the shorter loop, it pays
a lower entropic cost, though this does not result in tighter
binding. Taken together, these data suggest that within this
panel of non-covalent binding antibodies, enhanced enthalpic
factors must be responsible for the greater binding affinity of
2c26.1 and not reduced entropic costs originating from con-
formational pre-formation. It must be emphasized that these
data cannot be used as evidence for or against conformational
rigidity (or pre-conformation) of the binding site upon affin-
ity maturation, since a true test of this model must compare
properties of antibodies of the same genetic lineage, isolated
at various points in the immune response.

Prodan binding results show unequivocally that Prodan
displaces hapten and is, therefore, bound specifically at the
antigen binding site. Antibodies tested here bound Prodan
relatively tightly, though differences in binding affinity were
small. It is interesting to note that in contrast to hapten bind-
ing, antibodies with the shortest loops exhibited the tightest
binding. As the size of CDR3 increases, the binding affinity
for Prodan decreases. If binding site rigidification correlates
with antibody maturity, one might expect that the values for
t ana-
l iary
a e are
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u
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