
Antibody evolution constrains conformational
heterogeneity by tailoring protein dynamics
Jörg Zimmermann*, Erin L. Oakman*, Ian F. Thorpe†, Xinghua Shi‡, Paul Abbyad‡, Charles L. Brooks III†,
Steven G. Boxer‡, and Floyd E. Romesberg*§

Departments of *Chemistry and †Molecular Biology, The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla, CA 92037;
and ‡Department of Chemistry, Stanford University, Stanford, CA 94305

Edited by Peter G. Wolynes, University of California at San Diego, La Jolla, CA, and approved July 21, 2006 (received for review April 21, 2006)

The evolution of proteins with novel function is thought to start
from precursor proteins that are conformationally heterogeneous.
The corresponding genes may be duplicated and then mutated to
select and optimize a specific conformation. However, testing this
idea has been difficult because of the challenge of quantifying
protein flexibility and conformational heterogeneity as a function
of evolution. Here, we report the characterization of protein
heterogeneity and dynamics as a function of evolution for the
antifluorescein antibody 4-4-20. Using nonlinear laser spectros-
copy, surface plasmon resonance, and molecular dynamics simu-
lations, we demonstrate that evolution localized the Ab-combining
site from a heterogeneous ensemble of conformations to a single
conformation by introducing mutations that act cooperatively and
over significant distances to rigidify the protein. This study dem-
onstrates how protein dynamics may be tailored by evolution and
has important implications for our understanding of how novel
protein functions are evolved.

flexibility � nonlinear spectroscopy � fluorscein � molecular recognition

Modern theories of protein evolution suggest that the most
efficient pathway to evolve proteins with new function

starts with precursor proteins that are flexible or conformation-
ally heterogeneous (1–3). The precursor proteins are able to
adopt multiple conformations, in addition to the one that is
optimal for their primary function. If a rare conformation is
suitable for a different and beneficial activity, there is an
immediate selective advantage to duplication of the correspond-
ing gene, which may then acquire mutations that stabilize and
optimize the rare conformation.

The paradigm of these theories is the immune system, wherein
mature Abs specific for virtually any foreign molecule are rapidly
evolved from a limited set of precursor (or ‘‘germ-line’’) Abs. To
accomplish this feat of molecular recognition, it has been
suggested that the repertoire of germ-line Abs may have been
selected to be flexible and�or conformationally heterogeneous
to ensure recognition of the broadest range of target molecules
(4–9). Although these flexible, polyspecific germ-line Abs are
also expected to recognize self molecules (10), they are not
present at concentrations sufficient to cause autoimmunity (11).
Abs specific for a foreign molecule may then be evolved when a
rapid change in concentration or presentation of the foreign
molecule triggers a mutagenic proliferation of the germ-line Ab
(12, 13). During this process, known as somatic evolution,
mutations may be selected that simultaneously increase affinity
and selectivity if they act, at least in part, to restrict the Ab to a
conformation that is appropriate for recognition of the foreign
molecule (8, 10, 11, 14–21). The resulting Abs are specific for
their foreign targets and thus may be produced at increased
levels without risk of self-recognition and autoimmunity. Thus,
conformational restriction might underlie the evolution of ma-
ture Abs from germ-line Abs. Although this mechanism of Ab
evolution has been widely cited, there is virtually no direct
experimental evidence that flexibility or conformational heter-

ogeneity of an Ab, or any other protein, may be optimized during
evolution.

To test the hypothesis that evolution restricts Ab flexibility
and�or conformational heterogeneity, the specific mutations
introduced during evolution must be determined. Germ-line Abs
are assembled from a set of known genomic fragments, which
may be determined by comparing the 5� UTR of candidate
genomic fragments with that of the rearranged genes (17).
Mutations identified by comparing these sequences are typically
found throughout the Ab-combining site, which is formed from
the six loops or complementarity-determining regions (CDRs)
that connect the strands of the �-sheet framework (Fig. 1). Three
CDRs are provided by the variable region of a light-chain
polypeptide (VL CDR1-3) and three by the variable region of a
heavy-chain polypeptide (VH CDR1-3). Particularly elegant
studies by Wedemayer et al. (8) and Patten et al. (17) showed that
somatic mutations throughout the Ab-combining site may pre-
organize the CDRs for binding. In addition, thermodynamic
studies have shown that germ-line Abs may bind their targets
with a more negative entropy, relative to mature Abs (22, 23).
Although these results are consistent with the model that affinity
maturation transforms flexible receptors into more rigid recep-
tors, the studies did not actually measure flexibility or confor-
mational heterogeneity.

To characterize the relationship between evolution, f lexibility,
and conformational heterogeneity, a quantitative measure of
flexibility and heterogeneity is required. Generally, conforma-
tional heterogeneity may be described according to Frauen-
felder’s model of a hierarchical energy landscape wherein pro-
teins exist in different conformations, with each conformation
consisting of a large number of conformational substates (CSs)
(24). Protein flexibility results from fluctuations between CSs
that occur on the ps to ns time scale, and conformational
heterogeneity results from transitions between different confor-
mations that occur on longer time scales (25, 26). One approach
to experimentally characterizing protein flexibility is based on
measuring how a protein relaxes after displacement from equi-
librium by a photoinduced change in the charge distribution of
a bound chromophore (27–30). The induced motions are man-
ifest as discrete peaks in the Ab spectral density, �Ab(�), which
is the frequency domain representation of the ensemble-
averaged time-correlation function of the electronic transition
energy gap, M(t) (31). �Ab(�) thus describes the amplitude of
protein motions as a function of their frequency and thus may be
used to characterize flexibility. Flexible proteins exhibit low-
frequency amplitude, whereas more rigid proteins exhibit in-
creased high-frequency amplitude (29). �Ab(�) may be deter-
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mined from three-pulse photon echo peak shift (3PEPS)
experiments (27) or dynamic Stokes-shift (DSS) experiments
(32, 33). Importantly, 3PEPS also provides a direct means to
characterize conformational heterogeneity, as the asymptotic
3PEPS signals provide a quantitative measure of inhomogeneous
broadening, which corresponds to the magnitude of the struc-
tural heterogeneity of the chromophore’s environment (27, 31).

We reported (30) that Ab 4-4-20 evolved to bind fluorescein
(Fl) through the introduction of two VL mutations that are
located in CDR1 and an adjacent �-strand, and 10 VH mutations
that are dispersed throughout the heavy-chain variable region
(Fig. 1 and Fig. 5, which is published as supporting information
on the PNAS web site). We prepared the chimeric Ab consisting
of the germ-line light chain and mature heavy chain (VL

glVH
4-4-20)

and used surface plasmon resonance and 3PEPS to demonstrate
that the two VL mutations increase affinity and shift �Ab(�) to
higher frequency (30). We now report production and charac-
terization of the full germ-line Ab (VL

glVH
gl) and all of the

heavy-chain single-point mutants. Using surface plasmon reso-
nance, 3PEPS, and DSS, we show that the 10 VH mutations
introduced during Ab evolution significantly rigidify the com-
bining site and restrict it to a single, well defined conformation.
Furthermore, based on the crystal structure of the mature Ab
(VL

4-4-20VH
4-4-20)–Fl complex, along with a computational model of

the germ-line Ab–Fl complex, we show that this rigidification

occurred through the introduction of mutations far from the
active site that mediate hydrogen bonds and packing interactions
that cross-link the �-strands of the Ab. This mechanism of
evolution-mediated conformational restriction should help us
understand how other Abs, and proteins in general, are evolved
for function.

Results and Discussion
The heavy chain of VL

4-4-20VH
4-4-20 evolved from its germ-line

progenitor, VL
glVH

gl, via the introduction of 10 mutations (30).
Based on the crystal structure of VL

4-4-20VH
4-4-20 bound to Fl (34),

it is apparent that, unlike the light-chain mutations characterized
previously, none of these heavy-chain mutations are in direct
contact with the bound Fl (Fig. 1). To determine whether these
mutations contribute to Fl recognition, we prepared VL

glVH
gl and

VL
4-4-20VH

4-4-20 variants where, one at a time, each of the 10 VH

mutations was changed back to the corresponding germ-line
residue. Binding of Fl was analyzed for the VH single mutants in
the context of both a germ-line and a mature VL (Table 1;
VL

glVH
P17S and VL

glVH
R38C were not characterized because of poor

expression). We observed that the dissociation constant, KD, the
dissociation rate constant, koff, and the association rate constant,
kon, of Fl all strongly depend on the maturation state of the VL.
In the context of the germ-line VL, all but one of the VH mutants
bound Fl more tightly with the mature residue, as expected,

Fig. 1. Evolution of protein structure and dynamics of Ab 4-4-20. (Top) Ab variable regions showing the mutations introduced during Ab evolution (orange).
Also shown are the residues that form the hydrogen-bond network with RH38 in the mature Ab (light blue). For clarity, only part of the light chain is shown.
(Middle) Spectral densities for the three proteins from 3PEPS and DSS data. The corresponding oscillation period, T � 2���, is included for comparison. (Bottom)
Schematic representation of the Ab energy landscape at various stages of evolution. �k� is the average force constant of the combining site determined from
3PEPS and DSS experiments.
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because somatic mutations are only selected if they increase
affinity. On average, the introduction of the mature residue
increased the KD by 4.2-fold. However, in the context of the
mature VL, only 3 of the 10 VH mutants bound Fl more tightly
with the mature residue, and by an average of only 2.2-fold,
whereas 7 of the 10 VH mutants bound Fl more tightly with the
corresponding germ-line residue, by an average of 3.2-fold.
The VH mutations also had consistent effects on kon and koff in
the context of a germ-line, but not a mature, VL. The data
demonstrate that at least the majority of the VH mutations must
have been selected before the VL mutations, because they only
increase affinity for Fl in the context of a germ-line VL. Thus,
VL

glVH
4-4-20 may be assumed to represent an evolutionary inter-

mediate on the pathway that evolved the germ-line into the
mature Ab. It is interesting to note that some of the most
significant changes in binding kinetics and thermodynamics
resulted from mutations at the residues that are most distant
from Fl. This finding is consistent with the hypothesis that these
mutations act indirectly, by altering protein structure or dynam-
ics. Moreover, the effects of each mutation are clearly nonad-
ditive, suggesting that the mutations act cooperatively to increase
affinity for Fl.

To examine the contribution of the heavy-chain mutations to
the evolution of Ab dynamics, we characterized VL

glVH
gl by using

3PEPS and DSS spectroscopy. We also reproduced the results
of previous 3PEPS studies (30) of VL

glVH
4-4-20 and VL

4-4-20VH
4-4-20

and further characterized the two Abs by DSS spectroscopy.
The 3PEPS and DSS experiments revealed that the mature
VL

4-4-20VH
4-4-20 and its two evolutionary precursors are markedly

different, both in terms of conformational heterogeneity and
f lexibility (Fig. 2). Most notably, we observed distinct differ-
ences in the asymptotic 3PEPS signals for each protein. VL

glVH
gl

exhibits a large nonzero asymptote, which is significantly
reduced in VL

glVH
4-4-20 and virtually absent in VL

4-4-20VH
4-4-20 (Fig.

2a). The presence of the static inhomogeneity demonstrates
that the germ-line Ab populates a broad distribution of
different combining-site conformations that do not intercon-
vert on the time scale of the experiment (0.3 ns). Conversely,
the absence of static inhomogeneity in the mature Ab suggests
that it binds Fl in a relatively well defined conformation.

The conclusion that evolution restricted the conformational
heterogeneity of the Ab is supported by fluorescence lifetime
measurements (Fig. 3). Only VL

glVH
gl shows a broad lifetime

distribution with multiple maxima, further demonstrating that Fl
is bound to a distribution of distinct combining-site conforma-
tions that do not interconvert on the fluorescence time scale (ns).
The lifetime distribution narrows for VL

glVH
4-4-20 and exhibits only

a single peak for VL
4-4-20VH

4-4-20, suggesting that when bound to the
mature Ab, Fl experiences a single, well ordered binding site. In
all, the 3PEPS and fluorescence lifetime experiments provide
convincing evidence that evolution, especially of the heavy chain,
acts to reduce the structural heterogeneity of the combining site
by localizing it to a single conformation.

Interestingly, the 3PEPS and DSS signals also reveal a corre-
lation between conformational heterogeneity and the amplitude
of low-frequency protein motion. This correlation is apparent
from a comparison of the �Ab(�), which we calculated from
combining the 3PEPS and DSS data (Fig. 1). Comparison of the
�Ab(�) for VL

glVH
gl and VL

glVH
4-4-20 shows that VH evolution reduced

the amplitude of the ns time-scale motion and increased the
amplitude of the ps time-scale motion. Comparison of �Ab(�) for

Fig. 2. Dynamic properties of the germ-line Ab VL
glVH

gl (blue), the interme-
diate VL

glVH
4-4-20 (red), and the mature Ab VL

4-4-20VH
4-4-20 (black). (a) 3PEPS decay,

which measures the rephasing capability of the ensemble that decays because
of protein fluctuations (27). The longtime signal offset in VL

glVH
gl indicates a

large structural heterogeneity that is reduced in VL
glVH

4-4-20 and virtually absent
in VL

4-4-20VH
4-4-20. (b) Time-dependent spectral position of the fluorescence

maximum that shifts because of protein relaxation after photoexcitation of Fl
(32, 33).

Table 1. Binding affinity and kinetic data

Mutant KD, �M
kon, 103

M�1�s�1

koff, 10�3

s�1 Mutant KD, �M
kon, 103

M�1�s�1

koff, 10�3

s�1

VL
glVH

4-4-20 2.6 � 0.6 16 � 1 43 � 3 VL
4-4-20VH

4-4-20 0.22 � 0.05 31 � 12 7 � 1
VL

glVH
P17S — — — VL

4-4-20VH
P17S 0.18 � 0.09 16 � 8 2.9 � 0.4

VL
glVH

S30T 3.9 � 0.7 0.2 � 0.1 0.9 � 0.1 VL
4-4-20VH

S30T 0.25 � 0.06 3.7 � 2 0.9 � 0.4
VL

glVH
D31N 1.8 � 0.4 2 � 1 3 � 2 VL

4-4-20VH
D31N 0.03 � 0.02 92 � 6 2.3 � 0.7

VL
glVH

Y32S 150 � 28 0.2 � 0.1 30 � 0.2 VL
4-4-20VH

Y32S 0.7 � 0.2 4 � 4 3 � 3
VL

glVH
V37F 17 � 10 0.3 � 0.1 5 � 1 VL

4-4-20VH
S37F 0.06 � 0.01 77 � 25 4.6 � 0.6

VL
glVH

R38C — — — VL
4-4-20VH

R38C 1.3 � 0.2 2 � 2 2.6 � 0.9
VL

glVH
R52K 9 � 1 0.5 � 0.1 4.1 � 0.4 VL

4-4-20VH
R52K 0.34 � 0.07 10 � 7 3.3 � 0.4

VL
glVH

N52aS 7 � 3 0.3 � 0.1 2.4 � 0.1 VL
4-4-20VH

N52aS 0.14 � 0.03 36 � 10 5 � 2
VL

glVH
V84A 9 � 2 1.0 � 0.6 8.6 � 0.5 VL

4-4-20VH
V84A 0.07 � 0.05 46 � 6 3.2 � 0.5

VL
glVH

M87T 16 � 7 0.3 � 0.2 5.3 � 0.1 VL
4-4-20VH

M87T 0.09 � 0.03 39 � 12 3.3 � 0.3

Binding affinity data for the VH single mutants in the context of a germ-line and mature VL. Data for the VL
glVH

4-4-20 and VL
4-4-20VH

4-4-20

are shown for comparison.

Fig. 3. Fluorescence decay of Fl bound to the germ-line Ab VL
glVH

gl (blue), the
intermediate VL

glVH
4-4-20 (red), and the mature Ab VL

4-4-20VH
4-4-20 (black). (a) Magic

angle fluorescence decay measured at 518 nm. (b) Fluorescence lifetime
distributions obtained with the maximum-entropy method (41).
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VL
glVH

4-4-20 and VL
4-4-20VH

4-4-20 shows that VL evolution further
reduced both the ns and ps time-scale motions, resulting in a
mature Ab that responds to Fl excitation with almost exclusively
high-frequency motion. The correlation between conforma-
tional heterogeneity and low-frequency protein motion suggests
that evolution localized the combining to a single conformation
by significantly restricting protein motions.

The conclusion that evolution restricted the heterogeneity of
the Ab-combining site by significantly restricting protein mo-
tions is further supported by molecular dynamics (MD) simula-
tions. Starting from the crystal structure of VL

4-4-20VH
4-4-20 (34) or

a computational model of VL
glVH

gl, we ran 10-ns trajectories and
calculated rmsd values, which reflect the mean displacement of
atoms about the average structure (Fig. 4). We observed a
significant decrease in the rmsd values for residues throughout
the VL

4-4-20VH
4-4-20 combining site, relative to the VL

glVH
gl combining

site. The changes were most pronounced in VL CDR1 and VH
CDR3, which suggests that the mutations introduced during
evolution rigidify the combining site by restricting the motion of
the CDR loops.

We also used the trajectories to calculate the contributions of
individual residue motions to �Ab(�). We found that in both the
germ-line and mature Abs virtually all of the residues in the
combining site contribute to �Ab(�), at least moderately, and no
single residue contributes �15% of the total amplitude (Table 3,
which is published as supporting information on the PNAS web
site). When comparing the motions of different residues within
a given combining site, similar time scales were observed,
suggesting that the motions are correlated. However, for a given
residue, the time scales are significantly shorter in the mature
Abs, whereas the contribution to the total amplitude of �Ab(�)
remains nearly constant (Table 3). Thus, the MD simulations
suggest that the �Ab(�) reflect collective motions of the entire
combining site and that the shift of �Ab(�) to higher frequency
results from reduced CDR loop motion.

To more quantitatively interpret the evolution-induced rigidi-
fication and place it in the context of other proteins, we defined
an average harmonic force constant of the combining site, �k� �
�m����2�, where �m� is an average mass, and ��2� may be obtained
from the normalized second moment of �Ab(�)

��2� � ��2�Ab��	d�� � �Ab��	d� .

��2� does not depend on the absolute value of �Ab(�), which
allows the use of the �Ab(�) obtained from 3PEPS and DSS, even
if they are not in units of rmsd (see Supporting Text, which is
published as supporting information on the PNAS web site).
Because the experimentally observed energy gap fluctuations
are caused by side-chain and backbone atom fluctuations asso-
ciated with collective protein motions, we assume a lower limit

for �m� of 100 g�mol (the approximate mass of a single residue).
Correspondingly, �k� values of 1 
 10�3 N�m, 5 
 10�3 N�m, and
0.4 N�m are obtained for the germ-line, intermediate, and
mature proteins, respectively. Although the force constants are
only approximate, they are likely to accurately reflect the relative
changes induced by evolution, because the MD simulations
predict similar reduced masses for the motion observed in each
Ab (Table 3). Thus, we conclude that the Ab–Fl complex was
systematically rigidified during evolution, ultimately increasing
its rigidity �400-fold. Interestingly, the average force constant
for the mature Ab is similar to the force constant of diffusive
motions in myoglobin (0.3 N�m) measured in temperature-
dependent neutron-scattering experiments (26), suggesting that
the level of rigidity selected during Ab evolution is similar to that
selected in other functional proteins.

A physical basis for the cooperative rigidification induced by
the VH mutations is apparent from a comparison of the structure
of the mature Ab (34) with the computational structure of the
germ-line Ab. Five of the VH mutants are located in a proximal
cluster that is �10 Å from the combining site, whereas the
remaining five are located in a cluster that is �20 Å removed
from the combining site (Fig. 1 and Fig. 6, which is published as
supporting information on the PNAS web site). The cluster of
mutations proximal to the combining site introduces interactions
that cross-link all three VH CDR loops. Specifically, SH52aN
introduces an H bond between CDR2 and the DH31 backbone
carbonyl of CDR1 that was also introduced by somatic mutation
(NH31D). This interaction may be stabilized by two adjacent
somatic mutations, TH30S and SH32Y. In addition, SH32Y
introduces packing interactions with YH100d and YH102 of VH
CDR3. Packing interactions are also introduced between VH
CDR1 and CDR2 by KH52R, which packs on the side chain of
WH33. In a similar manner, mutations in the distal cluster
introduce H bonds that cross-link the �-strands connected to VH
CDR1 and CDR3. Central to these distal cluster interactions is
the CH38R mutation, which appears to nucleate an H-bonding
network involving DH86, YH90, and RH66. The mutations
AH84V and TH87M may help stabilize these interactions. Over-
all, the VH mutations appear to rigidify the protein by introduc-
ing two clusters of mutually dependent interactions that act to
cross-link �-strands and CDR loops of the combining site.

The experimental and simulation data may be combined to
generate a picture of how evolution tailored the energy land-
scape of the Ab–Fl complex to restrict its conformational
heterogeneity (Fig. 1). The immune system first responded to Fl
with a germ-line Ab that populates different and relatively
flexible conformations. VH mutations were then selected that
introduced H-bonding and packing interactions that cross-link
the loops and �-strands that form and support the combining
site, respectively. This process resulted in a significant rigidifi-
cation of the combining site, which increased the barrier to
interconversion with other conformations. Finally, the two VL
mutations, HL34R and LL46V, introduced and optimized an H
bond between the protein and Fl (30). Thus, during evolution an
appropriate combining site was first selected from an ensemble
of conformations populated by the flexible germ-line receptor
and then the selected combining site was further optimized for
recognition of the target molecule. A similar mechanism may
also contribute to the evolution of other proteins, where muta-
tions are suggested to have converted flexible, polyspecific, or
functionally ‘‘promiscuous’’ proteins into more rigid and specific
proteins (2, 35, 36).

Materials and Methods
All Abs were expressed as Fab fragments (29, 30, 37). After
isolation from the cell lysates by protein G affinity chromatog-
raphy, Ab Fab fragments were further purified by cation ex-

Fig. 4. rmsd values of residues in the Ab-combining site with bound Fl
(yellow) for germ-line and mature Abs, obtained from classical MD simulations
based on the crystal structure of the mature Ab (Protein Data Bank ID code
1FLR; ref. 34) and a computational model of the germ-line Ab.
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change chromatography (Mono S; Amersham Pharmacia, Pis-
cataway, NJ).

The dissociation constant KD, the dissociation rate constant
koff, and the association rate constant kon of the Ab–Fl complexes
were determined by using surface plasmon resonance on a
Biacore 3000 biosensor (Biacore, Uppsala, Sweden) following
published methods (38). Briefly, BSA was conjugated with Fl
and immobilized on a research-grade CM5 sensor chip. KD was
measured under equilibrium conditions, and koff was measured
under kinetic conditions. The association rate constant was
calculated as kon � koff�KD.

The experimental setup for 3PEPS experiments has been
described (28). In brief, samples were excited at 498–510 nm with
50 fs, 5- to 10-nJ pulses at 5-kHz repetition rate. Samples
typically contained 100 �M Ab and 80 �M Fl in 10 mM Tris�HCl,
pH 7.5. A spinning cell with a path length of 0.25 mm was used
and maintained at 22 � 1°C. 3PEPS signals in two phase-
matching directions were detected with large-area avalanche
photodiodes (Advanced Photonics, Irvine, CA).

Fluorescence kinetics were measured by a time-correlated
single photon counting (TCSPC) setup as described (39). In
brief, samples were excited at 464 or 488 nm with 0.3-nJ pulses
at an 83-MHz repetition rate polarized at a magic angle with
respect to a Glan-Thomson polarizer in the emission path. The
instrument response function measured with scattered excitation
light was typically 30 ps. Samples contained 100–700 �M Ab and
�30 �M Fl in 10 mM Tris�HCl, pH 7.5 and were purged with Ar
for 30 min before the experiment. Samples were stirred contin-
uously in a 1-mm quartz cuvette. A 505DRLP dichroic filter
(Omega, Brattleboro, VT) was used to block scattered excitation
light. Fluorescence was detected by an R3809U-50 MCP
(Hamamatsu, Middlesex, NJ) and an SPC-630 TCSPC module
(Becker & Hickl, Berlin, Germany) through a 270M dual-port
monochromator (Spex, Edison, NJ).

DSS data were obtained from fluorescence decays at 24
wavelengths with 50-cm�1 spacing. The data sets were fit to the
convolution of the instrument response function with a model
function composed of a sum of exponentials, a baseline, and a
time offset. The time-dependent fluorescence spectra were
reconstructed by normalizing the integrated intensity from the
deconvoluted kinetics probed at each wavelength to the steady-
state fluorescence spectrum. These reconstructed spectra were
then fit to log-normal functions to determine the spectral
maximum, �eg(t) (40). Because of low affinity, VL

glVH
gl samples

contained �8% of unbound Fl. To correct for signal from
unbound Fl, we deconvoluted the time-dependent fluorescence
spectra for each delay time into three Gaussian bands, one for
the unbound dye, one for the bound dye, and one for the vibronic
band on the red side of the spectrum (see Fig. 7, which is
published as supporting information on the PNAS web site). The
spectral position of the Gaussian that accounted for the free dye
did not change after an initial fast decay (as observed for Fl in
buffer). The Gaussians that accounted for the protein-bound dye
and the vibronic band red-shifted with increasing delay time.

Fluorescence lifetime distributions were determined from
magic angle fluorescence decays with the program MEMexp 3.0
developed by Peter Steinbach, National Institutes of Health,
Bethesda, MD (41). To account for unbound dye in the VL

glVH
gl

sample, a monoexponential decay with the lifetime of the
unbound dye (4.7 ns) was convoluted with the instrument
response function and subtracted from the experimental f luo-
rescence decay of VL

glVH
gl before calculating the fluorescence

lifetime distribution.
The 3PEPS decays were used to determine the high-frequency

part (�0.5 cm�1 corresponding to protein dynamics faster than
100 ps) of �Ab(�), and the static inhomogeneity, �in, as described
(29, 30). Briefly, the experimental 3PEPS decay was fit by a
model spectral density by using Mukamel’s response function

formalism (31). The total spectral density, �(�), is the sum of
both the intramolecular vibrations of the chromophore, �Fl(�),
and the protein, �Ab(�). Intramolecular vibrational frequencies
and excitation-induced displacements of Fl were obtained from
quantum chemical calculations (see supporting information of
ref. 29). �Ab(�) was modeled as the sum of two components:
�Ab(�) � �BO(�) 
 �K(�). A Brownian oscillator term

�BO��	 �
2

��

�BO�BO�BO

��BO
2 � �2	2 	 �BO

2�4 [1]

was used to represent the inertial sub-ps protein dynamics, where
�BO is the reorganization energy (corresponding to the ampli-
tude of motion), �BO is the frequency, and �BO is the damping
constant of the Brownian oscillator (31). Because amplitude �BO,
frequency �BO, and damping constant �BO of the fastest motion,
corresponding to the �100-cm�1 peak in �Ab(�), could not be fit
unambiguously, we assumed that �BO and �BO were identical in
each Ab, and only the damping constant �BO was varied. This
approximation does not affect the conclusion that the observed
changes in �Ab(�) reflect Ab rigidification (30). In addition,
because of the rather different time scales (separated by at least
one order of magnitude), the parameters used to fit the ps and
ns dynamics were independent of the specific model for the
sub-ps dynamics.

A sum of Lorentzian terms according to overdamped Brown-
ian oscillators was used to represent the ps dynamics

�K��	 �
1

��
�

i

�K,i
K,i

1 	 ��
K,i	
2, [2]

where �K,i and 
K,i are the reorganization energy and time
constant of the ith mode, respectively.

Signals for the various time-resolved experiments such as
3PEPS and DSS and the steady-state absorption and emission
spectra may be calculated from the line-broadening function g(t)
by using standard procedures (31). g(t) may be calculated from
�(�) by using the expression

g�t	 � �
0

�

���	coth�–h��2kBT	�1 � cos� t	d� 	 � in
2 t2�2.

[3]

The parameters in �Ab(�) and the amount of static inhomoge-
neity (�in) in g(t) were varied to obtain the best fit for the
experimental data by using fit programs based on the program
suite developed by Delmar Larsen, University of California,
Davis. Fit results are listed in Table 3.

The low-frequency part of �Ab(�) (�0.5 cm�1 corresponding
to protein dynamics slower than 100 ps) is constructed by
combining the results of 3PEPS and DSS experiments. We found
ns kinetics in the DSS experiments (Table 3), but the conversion
from DSS amplitudes into reorganization energies is not
straightforward (31). Because the static inhomogeneity, �in,
determined with 3PEPS gives an upper limit for the reorgani-
zation energy of low-frequency motion, we modeled the low-
frequency part of �Ab(�) by using a Lorentzian (Eq. 2) with an
amplitude of �in and a time constant determined from the DSS
experiment. This approach was expected to accurately reproduce
the frequency shifts and at least qualitatively reflect the relative
amplitude changes for each Ab.

Table 2 lists the parameters used to fit the 3PEPS and DSS
data, and the resulting �Ab(�) are shown in Fig. 1. It is interesting
to note that while the amplitudes of the ps and ns dynamics (�K,
�DSS) significantly vary between the three Abs, the correspond-
ing time constants appear to be rather similar (3–5 ps and �3.5

13726 � www.pnas.org�cgi�doi�10.1073�pnas.0603282103 Zimmermann et al.



ns), suggesting that the effective masses of protein motions do
not change significantly. At the same time, the amplitudes of the
sub-ps motions are less affected by evolution, consistent with
their interpretation as side-chain and small-scale motions inher-
ent to any protein. The steady-state spectra for each Ab complex
are shown in Fig. 8, which is published as supporting information
on the PNAS web site, and the data are listed in Table 4, which
is published as supporting information on the PNAS web site.

The computational model of the germ-line Ab–Fl complex
was produced from the crystal structure of the Ab–Fl complex

(Protein Data Bank ID code 1FLR; ref. 34) by changing the 12
somatic mutations by using the MMTSB tool set (42) and
subjecting the structure to 1,000 steps of energy minimization by
using the steepest-descent algorithm. This process was followed
by another 300 minimization steps during which no coordinates
were constrained. Using these structures, classical MD simula-
tions using CHARMM (43) were performed in the canonical
(NVT) ensemble at 298 K using 2-fs time steps in the velocity
Verlet scheme (44) and constraining all bond distances between
hydrogen and heavy atoms with the SHAKE algorithm (45). To
reduce computation time, we removed the constant domains of
the Fab fragment and used harmonic constraints of 1 kcal�mol
per Å2 to the regions further than 17 Å away from Fl to prevent
unraveling of the variable domain. This system was solvated with
a 21-Å sphere of TPI3 water (46) centered at Fl. Coordinates of
Ab and Fl were held fixed for an equilibration period of 200 ps.
MD trajectories of 10 ns were propagated, and vertical electronic
transition energies were calculated by using snapshots of the
trajectory by replacing the ground-state charge distribution of
the chromophore with the excited-state charge distribution.

We thank Dr. Tomas Mancal and Prof. Minheang Cho for helpful
discussions. This research was supported by The Skaggs Institute for
Chemical Biology (F.E.R.).
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Table 2. Fit parameters for spectral density

Mutant
�BO,
cm�1

�BO,
cm�1

�BO,
cm�1

�K,
cm�1


K,
ps

�inh,
cm�1*

� DSS,
cm�1†


DSS,
ps†

VL
glVH

gl 180 200 380 285 190 3,200
VL

glVH
4-4-20 180 200 580 50 3.2 121 93 3,700

VL
4-4-20VH

4-4-20 180 200 620 20 5.0 6 27 500

Fit parameters used to fit 3PEPS and DSS data. For definition of parameters
see Eqs. 1 and 2.
*Static inhomogeneity, �in � �in

2 �2kBT.
†The DSS data were fit to a monoexponential decay: l(t) � �DSS�exp(t�
DSS).
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Table 3.  Single-residue contributions to the total energy gap fluctuations U(t), and
results of multiexponential fits of the single-residue correlation functions

si
2 , cal/mol <Ci> a1

 * τ1
 *, ps a2

 * τ2
 *, ps a3

 * τ3
 *, ns

Affinity mature VL
4-4-20 VH

4-4-20

VL
4-4-20VH

4-4-20 346 1.00 0.89 19.4 0.11 466
Exp.† 0.77 5.5 0.23 500

Fl 85 0.98 0.01 0.02 0.58
YH100e 54 0.79 0.69 13 156

YH53 29 0.75 0.51 12 0.51 631
SL91 25 0.46 302
YL32 25 0.50 0.52 12 0.48 2.6

GH100f 20 0.65 0.73 18 0.27 539
NL30 19 0.59 0.45 10 0.42 584 0.13 6.3
RL34 19 0.49 0.39 7.9 0.61 302
NL28 13 0.43 0.25 6.8 0.19 238 0.28 10

0.28 22
HL27d 11 0.46 0.35 18 0.2 501 0.45 10
SH95 11 0.43 0.42 9.0 0.25 736

0.33 46

Germline VL
gl VH

gl

VL
glVH

gl 564 1.00 0.86 66 0.14 10
Exp.† 1.0 3.2

Fl 86 0.98 0.01 0.02 0.58
YH100e 62 0.92 0.95 61 0.05 10

YH53 59 0.80 0.13 3.2 0.54 43 0.33 10
SL91 18 0.46 0.88 57 0.12 1.4
YL32 14 0.53 0.96 84 0.04 0.23

GH100f 34 0.76 1.00 46
NL30 11 0.48 1.00 58
RL34 13 0.47 0.91 58 0.09 10
NL28 14 0.66 0.88 98 0.12 1.6
HL27d 11 0.63 0.84 86 0.16 4.0
SH95 11 0.52 0.87 68 0.13 10

Listed are the nine residues that are most strongly coupled to U(t) as measured by si
2.  Fl makes

the strongest contribution to U(t), but the corresponding correlation function is fully decayed after
~0.5 ps.  Consequently, all dynamics on a time scale slower than 0.5 ps originate from protein
motions.
* Multiexponential fit of the single-residue time-correlation function, ci(t) = 〈δεi(0)·δεi(t)〉/si

2 , using
using the MEM algorithm in the program MEMexp (1).

† Multiexponential fit to experimental 3PEPS and DSS decays (see Table 2).
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Harmonic Force Constant of the Combining Site

The potential energy of a harmonic oscillator is given by U = 0.5 k δ x2, where k is the
force constant and δx is the displacement of the oscillator.  Zaccai (1) to defined a
“protein dynamics force constant” for thermal fluctuations 〈3x2〉 based on this expression
and using 〈U〉 = kBT/2 as

( )21 3 / ( )Bk d x d k T= 〈 〉 . [1]

〈k〉 may be determined experimentally from the temperature dependence of 〈3x2〉.
Alternatively, we suggest to use the spectral density ρAb(ω) of protein motions at a given
temperature to define a frequency averaged force constant.  In harmonic approximation,
ρAb(ω) is defined as

2
Ab ( ) ( )

2 i i
i

C xρ ω δ ω ω= −∑ , [2]

where xi and ωi are the displacement and frequency of the ith protein mode, respectively.
The constant C accounts for the case that ρAb(ω) is not given in units of displacements (as
is the case in our experiments).  Integrating over the ρAb(ω), accordingly, gives the total
displacement:

2( )
2Ab i

i

Cd xρ ω ω = ∑∫ , [3]

whereas integration over ½ k(ω)⋅ρAb(ω) gives the total potential energy connected to
protein motions.  In harmonic approximation, k(ω) = mω 2, thus

2 ( )Abm d C Uω ρ ω ω = ⋅ Δ∫  . [4]

Substituting Eqs. 3 and 4 in the equality ΔU = ½ 〈k〉 x2 gives
2 ( ) ( )Ab Abk m d dω ρ ω ω ρ ω ω= ∫ ∫  . [5]

Eq. 5 is the main result.  However, the spectral density measured in 3PEPS and DSS
experiments is not directly assessing displacements but rather displacements weighted by
their coupling strength to the electronic energy gap of the probe molecule.  Assuming a
chromophore with two electronic states, the ground state |g〉  and the excited state |e〉, the
Hamiltonian for a harmonic bath in the linear response limit is (2)

g eH g H g e H e= +

2 21 ( )
2g i i i

i
H p qω= +∑h ,     2 21 ( ( ) )

2e i i i i
i

H p q dω= + +∑ h   , [6]

where pi and qi are the nuclear momentum and coordinate for a mode at frequency ωi.  di
is the shift of the harmonic bath coordinate caused by chromophore photoexcitation.
ρAb(ω) then becomes

2
Ab

1( ) ( )
2 i i

i
dρ ω δ ω ω= −∑  , [7]

thus not summing over all displacements of thermal fluctuations but rather displaced
motions coupled to electronic transition dipole of the probe chromophore.  However, the
frequencies ωi in ρAb(ω) still reflect the equilibrium frequencies of thermal fluctuations,
hence ρAb(ω) reproduces equilibrium time scales of protein motions (fluctuation-



dissipation theorem).  One thus may still use Eq. 5 to estimate 〈k〉 even if the summation
over the different protein modes is performed differently.  Conveniently, the absolute
units in which ρAb(ω) is determined do not influence the 〈k〉 value due to the
normalization to the integrated spectral density in Eq. 5.

Definition of Parameters in Table 3

The total electronic transition energy U(t) is comprised of the sum of all individual
contributions of all atoms in the system:

( ) ( )j
j

U t tε= ∑ . [8]

To describe the contributions of individual residue motions to ρAb(ω), we define the
single-residue energy gap fluctuation as

( ) ( ) ( )i j j
j i

t t tδε ε ε
∈

= −∑  , [9]

where the summation runs over all atoms of residue i. The variance si
2 = 〈δεi(t)2〉 of the

single-residue energy gap fluctuation is then a measure of the contribution of the single
residue motion to the total energy gap fluctuation (see Table 3).  One may define the time
correlation function of a single residue i as

2( ) (0) ( )i i i ic t t sδε δε= [10]

and the corresponding correlation coefficient

( )2( ) ( ) ( )i i iC t M t s M tδε=  , [11]

which gives a measure of the correlation between single-residue motions and the total
energy gap fluctuation represented by its time-correlation function M(t) (see Table 3).
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Table 4.  Steady-state parameters and reorganization energy λ.
Parameter VL

4-4-20VH
4-4-20 VL

glVH
4-4-20 VL

glVH
gl Buffer*

Absorption
λmax , nm 505.5 498.5 504.0 491.0
FWHM , cm-1 930 1,200 1,320 1,280

Fluorescence
λmax , nm 518.0 519.5 518.0 512.0
FWHM ,cm-1 980 1,230 1,090 1,320
Stokes-shift ,cm-1† 450 810 540 835
λ , cm-1‡ 710 840 1,850 1,710

* 10 mM Tris HCl pH 7.5.
† Difference of absorption and fluorescence maximum.
‡ 

0 0
( ) ( ) ( ) ( )abs fluo abs fluod dλ σ ν σ ν ν ν σ ν σ ν ν

∞ ∞
⎡ ⎤ ⎡ ⎤= − +⎣ ⎦ ⎣ ⎦∫ ∫h  (1).

1. Jordanides XJ, Lang MJ, Song XY, Fleming GR (1999) J Phys Chem B 103:7995-
8005.
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Figure S1. Protein sequences.  The numbers indicate Kabat numbering [E.A. Kabat 
2001: Sequences of Immunological Interest, NIH publication] 
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Figure S4. Left: Crystal structure of Ab 4-4-20 with the three clusters of somatic 
mutations.  Right: Comparison of germline and mature structure for the three clusters of 
somatic mutations. 

 
 
 
 
Table S1.  Steady-state parameters and reorganization energy λ. 
  VL

4-4-20VH
4-4-20 VL

glVH
4-4-20 VL

glVH
gl buffera 

absorption 
 λmax [nm] 505.5 498.5 504.0 491.0 
 FWHM [cm-1] 930 1200 1320 1280 
fluorescence 
 λmax [nm] 518.0 519.5 518.0 512.0 
 FWHM [cm-1] 980 1230 1090 1320 
 Stokes-shift [cm-1]b 450 810 540 835 
 
 λ [cm-1]c 710 840 1850 1710 

a 10 mM Tris HCl pH 7.5.  b Difference of absorption and fluorescence maximum.  
c  

0 0
( ) ( ) ( ) ( )abs fluo abs fluod dλ σ ν σ ν ν ν σ ν σ ν ν

∞ ∞
   = − +   ∫ ∫� [X.J. Jordanides et al. 1999, 

J. Phys. Chem. B 103: 7995-8005]. 
 

 
 
 

 



 
Figure S2.  Normalized absorption (left) and fluorescence (right) spectra of Fl bound to 
VL

glVH
gl (blue), VL

glVH
4-4-20 (red), and VL

4-4-20VH
4-4-20 (black, solid line), and in 10 mM 

Tris HCl, pH 7.5 (black, dashed line). 
 
 
 
 
 

 
Figure S3.  Left: Deconvolution of the time-resolved fluorescence spectrum of VL

glVH
gl 

at different delay times.  The bold line shows the best  fit from the sum of three 
Gaussians (thin lines).  Right:  Center-frequency of three Gaussians as a funtion of delay 
time. 
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Figure S3.  Left: Deconvolution of the time-resolved fluorescence spectrum of VL

glVH
gl 

at different delay times.  The bold line shows the best  fit from the sum of three 
Gaussians (thin lines).  Right:  Center-frequency of three Gaussians as a funtion of delay 
time. 

 


