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ABSTRACT: The production of antibodies that selectively bind virtually any foreign compound is the hallmark
of the immune system. While much is understood about how sequence diversity contributes to this
remarkable feat of molecular recognition, little is known about how sequence diversity impacts antibody
dynamics, which is also expected to contribute to molecular recognition. Toward this goal, we examined
a panel of antibodies elicited to the chromophoric antigen fluorescein. On the basis of isothermal titration
calorimetry, we selected six antibodies that bind fluorescein with diverse binding entropies, suggestive of
varying contributions of dynamics to molecular recognition. Sequencing revealed that two pairs of antibodies
employ homologous heavy chains that were derived from common germline genes, while the other two
heavy chains and all six of the light chains were derived from different germline genes and are not
homologous. Interestingly, more than half of all the somatic mutations acquired during affinity maturation
among the six antibodies are located in positions unlikely to contact fluorescein directly. To quantify and
compare the dynamics of the antibody—fluorescein complexes, three-pulse photon echo peak shift and
transient grating spectroscopy were employed. All of the antibodies exhibited motions on three distinct
time scales, ultrafast motions on the <100 fs time scale, diffusive motions on the picosecond time scale,
and motions that occur on time scales longer than nanoseconds and thus appear static. However, the
exact frequency of the picosecond time scale motion and the relative contribution of the different motions
vary significantly among the antibody—chromophore complexes, revealing a high level of dynamic diversity.
Using a hierarchical model, we relate the data to features of the antibodies’ energy landscapes as well as
their flexibility in terms of elasticity and plasticity. In all, the data provide a consistent picture of antibody
flexibility, which interestingly appears to be correlated with binding entropy as well as with germline
gene use and the mutations introduced during affinity maturation. The data also provide a gauge of the
dynamic diversity of the antibody repertoire and suggest that this diversity might contribute to molecular
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recognition by facilitating the recognition of the broadest range of foreign molecules.

The immune system rapidly generates high affinity anti-
bodies (Ab') that are specific for virtually any foreign target
(or antigen) via combinatorial recombination of a diverged
set of gene fragments (germline genes), junctional diversity
generated during recombination, and somatic mutations
introduced during affinity maturation after the functional Ab
has encountered its antigen (/-6). The role of sequence
variation in generating a diverse repertoire of receptors has
been studied intensively and has made Ab a paradigm for
understanding molecular recognition (4, 5). However, pro-
teins are inherently dynamic, and there is a growing
appreciation that dynamics may contribute to biological
function (7—13). For example, protein dynamics differentiates
the limiting models of molecular recognition: lock-and-key
and induced fit or conformational selection. Lock-and-key
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receptors require relative rigidity and conformational homo-
geneity, while induced fit or conformational selection recep-
tors require relative flexibility and conformational hetero-
geneity. Differences in protein dynamics are also implicit
in the classical models of immune function: the clonal
selection theory (/4, 15) evokes relatively rigid and confor-
mationally homogeneous Ab, while the instructive hypothe-
sis (16, 17) evokes more flexible and conformationally
heterogeneous receptors. In addition, while many Ab are
known to be exquisitely specific, the number of potential
antigens far exceeds the number of available Ab, which
suggests that at least some Ab must be polyspecific and hence
sufficiently dynamic and plastic to accommodate different
antigens (/8-21).

Most efforts to understand the structural and/or functional
diversity of Ab—antigen complexes have focused on their
characterization using X-ray crystallography (22-27). Ab are
typically found to accommodate different small molecule
antigens by burying them within a combining site formed
by six loops of hypervariable sequence (called complemen-
tarity-determining regions, or CDRs), three from the Ab
heavy chain, Vy, and three from the Ab light chain, V. The
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sequence diversity of the CDRs allows for a high level of
shape and electrostatic complementarity between the com-
bining site and the different antigens. Structural studies have
also shown that at least some Ab are able to accommodate
multiple, different antigens within their combining sites (27).
While this is consistent with Ab flexibility, these studies do
not provide an actual measure of protein dynamics. To
address the potential contribution of protein dynamics to Ab
function, a more direct characterization is required.

The ability to characterize the dynamics of a chromophore
and its environment has been revolutionized by ultrafast
nonlinear spectroscopies, such as three-pulse photon echo
peak shift (3PEPS) spectroscopy (28-30). These experiments
rely on the application of a force to the chromophore’s
environment that originates from an excitation-induced
change in the chromophore’s dipole moment. The time scale
and energy of the environment’s response to this force are
characterized by following the coherence decay in the
ensemble of excited chromophores, which yields the energy
gap autocorrelation function, M(f), which is conveniently
represented in the frequency domain with the corresponding
spectral density, p(w) (37). Additionally, dynamics that
appear static on the time scale of the 3PEPS experiment are
manifest as a nonzero asymptote of the peak shift, thus
allowing the detection and quantification of conformational
heterogeneity (30, 31).

To study Ab dynamics via 3PEPS spectroscopy, we have
employed murine Ab evolved to bind different chromophoric
antigens, including fluorescein (Fl) (32-34). The Ab are
expected to bind a chromophore as they would any other
small molecule antigen, deep in a hydrophobic binding
pocket, well packed by CDR loops, and sequestered from
solvent. This has been confirmed by structural studies for
the anti-Fl Ab 4-4-20 (35). Thus, Fl is not expected to probe
solvent dynamics, but rather to probe biologically relevant
protein motions that are generally representative of any
Ab—antigen complex (36). Previously, we used 3PEPS
spectroscopy to characterize three different anti-F1 Ab (32).
Despite the absence of any significant sequence homology,
we observed similar motions in the three Ab that differed
mainly in amplitude, and similar levels of static inhomoge-
neity. However, it remains unclear whether such limited
dynamic diversity is representative of all mature Ab.

Here, we report the thermodynamic, amino acid sequence,
and protein dynamics analysis of six anti-FI Ab, including
two whose dynamics and sequences have been reported
previously, 4-4-20 and 34F10, and four that have not been
characterized previously, 56G2, 18B7, 4D4, and 1F10. The
Ab were chosen because they display a broad range of
binding entropies, which we reasoned might result, at least
in part, from differing levels of flexibility and/or conforma-
tional heterogeneity in the Ab-FI complexes. Sequence
analysis reveals that while some homology exists between
the Ab, they are mostly diverse, and the 3PEPS and transient
grating (TG) spectroscopy reveal that this sequence diversity
is manifest as significant dynamic diversity. Interestingly,
at least approximate correlations are observed between the
dynamics of the Ab-FI complexes and the thermodynamics,
germline gene use, and extent of affinity maturation. The
data suggest that the immune system may employ Ab with
diverse dynamics and that it may even tailor dynamics during
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affinity maturation in order to most efficiently recognize the
broadest range of foreign antigens.

EXPERIMENTAL PROCEDURES

Generation and Sequencing of Anti-FI Ab. Monoclonal
hybridoma cell lines were produced by standard techniques
after injecting BALB/c (in the case of 18B7 and 4D4) or
129/Sv (in case of Ab 34F10, 56G2, and 1F10) mice with
bovine serum albumin-Fl conjugate. Monoclonal Ab 4-4-20
ascites was kindly provided by Professor Edward Voss
(University of Illinois). Anti-F1 monoclonal IgG Ab were
purified from ascite supernatants by standard methods. The
DNA sequences of the mature Ab 4-4-20 and 34F10 have
been reported previously (32). For the remaining four Ab,
Vy and VL gene sequences were determined using cDNA
prepared from mRNA isolated from fresh hybridoma cells.
Approximately 10% hybridoma cells were washed in cold
phosphate buffered saline (PBS) and subjected to alkaline
lysis, after which oligonucleotide (dT),s was annealed to the
cellular mRNA. cDNA was then synthesized using reverse
transcriptase (Ambion). PCR amplification of the Ab genes
from cDNA was accomplished using a primer set specific
for cloning mouse immunoglobulin regions (37, 38) and each
product was sequenced using standard techniques.

The germline Vy and VL sequences of Ab 4-4-20 were
reported previously (33). For the remaining five Ab, candi-
date germline sequences were identified by comparing the
sequences obtained from the cDNA to published Vy and Vi
sequences (Supporting Information). Briefly, in the case of
the 34F10, 56G2, and 1F10 Vg chains, sequence searches
were performed with the 129/Sv Vy sequences (39) (http://
www.imgt.cines.fr; http://www.ncbi.nlm.nih.gov). However,
in the case of the 34F10, 56G2, and 1F10 V. chains, and
the 18B7 and 4D4 Vi and Vi chains, all available genomic
sequences were employed; as in these cases, the genome
sequence data is incomplete. On the basis of the identified
germline candidates, primers were designed to amplify the
5" untranslated region (UTR) of each gene from both the
hybridoma and either 129/Sv or BALB/c genomic DNA
(obtained from The Jackson Laboratory). Using this ap-
proach, we identified the germline Vy and V. genes with
the most homologous 5" UTR regions (see also Table S1 in
Supporting Information).

Isothermal Titration Calorimetry. Isothermal titration
calorimetric experiments were performed using a MicroCal
MCS calorimeter and analyzed with VP-ITC software
(MicroCal Inc., Northampton, MA). The heat generated or
absorbed was measured during the titration of 150 uM
fluorescein in PBS into 8 uM IgG in PBS. Solutions were
thoroughly degassed prior to use. Each titration consisted
of a single preliminary injection, followed by 20 successive
10 s injections every 240 s. The heat of dilution of the titrant
was accounted for by performing the titration into a blank
PBS buffer solution. The TAS® values were determined from
the AH° — AG® values. The AC,° values were calculated
from a linear fit of AH° values determined at different
temperatures ranging from 293 to 308 K (Table S2 in
Supporting Information). Standard deviations for the ther-
modynamic parameters were determined from the standard
error of the least-squares regressions.

To better assess the entropic changes associated with
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protein dynamics, we deconvoluted the total entropy change
into the entropy change associated with solvent release,
AS°1y, the entropy change due to loss of translational and
rotational degrees of freedom, AS®y, and the entropy change
from changes of internal motions of protein and ligand,
AS®.ont (40). For the association of two molecules, AS®, is
estimated to contribute —8 cal K™' mol™! by statistical
mechanical arguments (41, 42). AS°y is typically assumed
to be dominated by the hydrophobic contribution due to the
burial of apolar surface area, AC,° In(T/7s*), where Ts* is
385 K and AC,° is the change in heat capacity upon binding
(41). Thus, the conformational entropy of binding may be
estimated as,

AS° = AS°+8 cal K 'mol ' — AC,° In(T/385 K) (1)

3PEPS and Transient Grating Experiments. Samples
contained 100 uM Ab and 80 uM FI in PBS. The Ab were
washed extensively with PBS by repeated dilution and
microfiltration (10,000 MWCO, Amicon) to remove unbound
fluorescein, the absence of which was confirmed by UV/vis
spectroscopy. Absorption spectra of the Ab-FI complexes
were acquired in a 1 cm quartz cuvette using an HP8453a
spectrophotometer. The experimental setup for 3PEPS and
TG has been described previously (43). Briefly, a Ti:Sa
regenerative amplifier system (Spectra Physics Spitfire, 5
kHz, 200 mJ pulses at 800 nm) was used to pump a home-
built NIR-OPA. The 1.3—1.6 um output of the NIR-OPA
was mixed with the pump beam (800 nm) in a type I BBO
crystal to generate 490—510 nm pulses (~45 — 50 fs, 50
nJ). The beam was compressed by a pair of fused silica
prisms and split into three roughly equal portions. One beam
was set to travel a fixed distance, while the other two were
allowed to travel independently variable distances by the use
of delay stages (Kensington Laboratories, PM6000). The
pulse duration was measured via autocorrelation to be ~50
fs. The three beams were arranged in an equilateral triangle
of ~7 mm per side and focused on the sample with a 200
mm focal length plano-convex fused silica lens. A spinning
cell with a path length of 200 um was used and maintained
at 22 °C £ 1 °C. Typical pulse energies at the sample were
2—5 nJ per pulse. The transient grating and photon echo
signals in the two phase matching directions k; — kx + k3
and —k; + k> + k3 were spatially filtered and detected with
large area avalanche photodiodes (Advanced Photonics). A
phase-locked chopper (New Focus), synchronized with the
Q-switch of the regenerative amplifier, was used to chop the
fixed delay beam. Two lock-in amplifiers (Stanford SR830)
referenced to the chopper were used to sample the output of
the detectors.

For the TG measurements, the delay between the first and
second pulse was set to zero, and the delay of the third pulse
was scanned from —5 ps to 50—300 ps. Ten scans were
averaged for each TG experiment. The parameters from 3
to 4 TG experiments were averaged, and standard deviations
were calculated. For the 3PEPS experiments, the coherence
period, 7, the delay between the first and second pulses, was
scanned from —150 to 150 fs for a fixed value for the
population period, 7, the delay between the second and third
pulses. The average shift from zero of the temporal signal
maximum in t for the two phase-matching directions is
referred to as the peak shift for a given population time, 7.
Five to 10 scans at a given population time were averaged
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for a total of 20—50 population times. To ensure reliable
comparison of the Ab, at least four independent experiments
were performed, independently analyzed, and averages and
standard deviations calculated. In addition, the terminal peak
shift (100 ps population time) of the previously characterized
Ab 4-4-20 (32-34) was measured before each day of
experiments to ensure reproducibility.

Spectroscopic Data Analysis. Transient grating data were
fit to mono- or double-exponential decays (Origin 6.0,
Microcal). In order to assess the number of time scales
present in the 3PEPS decays, the data were fit to a sum of
exponential decays. From this initial analysis, we found that
three time scales (two exponential decay terms and an offset)
were required to fit the decays, and that inclusion of
additional terms was not statistically justified (Supporting
Information). The experimental 3PEPS decays were then fit
using a model spectral density function according to Muka-
mel’s response function formalism (37), similar to procedures
described previously (34). However, while previously the
parameters were adjusted manually, in this study both the
steady state absorption spectra and the 3PEPS decay were
simultaneously fit by least-squares error analysis, as described
below. The total spectral density, p(w), was calculated from
the sum of the vibrations of the chromophore, pr(w), and
the vibrations of the protein, pap(w). Intramolecular vibra-
tional frequencies and excitation-induced displacements of
FI were obtained from quantum chemical calculations and
validated by experimentally determined Raman frequencies,
as described in ref 32. pap(w) was modeled as the sum of
two components, an underdamped Brownian oscillator term
(which we refer to as the Brownian oscillator term) for the
fastest motions and an overdamped Brownian oscillator term
(which we refer to as the Kubo term) for slower motions:
pa(®) = ppo(w) + px(w). Specifically, the underdamped
Brownian oscillator term

2
20 Wpol'so

Tw (a)zBo + w2)2 + o0

2

Ppo@) =

was used to represent the inertial subpicosecond protein
dynamics, where Ao is the reorganization energy, wgo is
the frequency, and I'so is the damping constant of the
Brownian oscillator, and the Kubo term

K T)(

O |+ 0’7

p (@)= 3)

was used to represent the picosecond dynamics, where Ak and
Tk are the reorganization energy and time constant, respectively.
Signals for the 3PEPS experiment and the steady-state absorp-
tion spectra were calculated from the line-broadening function
g() by using standard procedures (28, 29, 3I). g(r) was
calculated from p(w) using the following expression.

g =i j(;m dwpl@)sintwd)~+

oo hw (At
fo da)p(w)coth(ZkBT)[l cos(wd] + > @)

The parameters in pap(w) and the amount of static
inhomogeneity, A, in g(f) were varied using a least-squares
fit algorithm (Matlab 6.0) to obtain the best fit of both the
experimental 3PEPS data and the steady state absorption
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Table 1: Thermodynamic Data

Ab AG** AH® TAS® ACp®” TAS® cont”
34F10 —11.7+0.15 —19.7 £ 0.09 —8.0+0.17 —0.20 £ 0.010 —20.9+3.0
8D11 —10.3 £ 0.01 —14.8 £0.25 —4.5+0.25 —0.15 +0.001 —13.6 +0.39
56G2 —10.7 £ 0.14 —143 +0.11 —3.6+0.18 —0.18 + 0.004 —15.0+0.18
33C5 —11.1+0.17 —13.9+0.14 —2.8+0.22 —0.16 = 0.009 —12.6 £0.22
40G4 —8.8+0.11 —10.8 £0.23 —2.0%£0.25 —0.15 £ 0.014 —11.1+£42
4-4-20 —11.3+0.12 —12.54+0.08 —12+0.14 —0.23 £ 0.008 —164+24
4D4 —11.1+£0.26 —11.6+0.14 —0.5+0.30 —0.18 & 0.004 —119+12
IF10 —10.9 £0.19 —7.6 +£0.07 3.3+£0.20 —0.18 £ 0.021 —8.1+£63
18B7 —10.9 +£0.21 —3.6 £0.04 7.34+0.21 —0.24 + 0.005 —86+£1.5

@ keal/mol, T = 298 K. ? kcal/mol/K.
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FIGURE 1: (A) Genetic origins of Ab sequence diversity. Vi, Cr, Vu, and Cy correspond to variable and constant regions of the light and
heavy chains, respectively. (B) Ab affinity maturation. Individual clones of the germline repertoire are selected by antigen and acquire

mutations, represented as small open circles, during proliferation.

spectra using a custom suite of programs (Dr. Delmar Larsen,
University of California, Davis). Because the amplitude, Ago,
frequency, wgo, and damping constant, I'go, of the Brownian
oscillator term could not be fit unambiguously, we fixed the
values of wpo and I'gp to those previously determined for
Ab 4-4-20 (34). Simulation of the data with different values
for these fixed terms resulted in only small variations in the
remaining terms.

RESULTS

Thermodynamics of Antigen Recognition and the Selection
of Six Potentially Diverse Ab. To gauge the thermodynamic
diversity of an immune response, nine anti-FI Ab were
examined by isothermal titration calorimetry to determine
the changes in free energy (AG®), enthalpy (AH°®), entropy
(AS°), and heat capacity (AC,°) associated with Fl binding
(Table 1). Similar AG®° values were observed, ranging only
between —8.8 and —11.6 kcal/mol, with an average of —10.8
£ 0.8 kcal/mol. The similar AG® values likely reflect the
limits in selection pressure during an immune response (i.e.,
only a certain affinity is required to clear an infection). Unlike
AG®, large variations are observed for AH° and AS° (Figure
2). This effect, referred to as enthalpy—entropy compensa-
tion, has been observed previously with Ab (44) as well as
with other biological systems (45) and suggests that the
necessary level of molecular recognition may be achieved
with different combinations of enthalpy and entropy driven
processes.

For Ab 34F10, Fl recognition is driven by AH°, and
binding occurs despite a large and unfavorable AS°. For Ab

41 1887@ |
8t 1F10@ |
g

4D4
T 12k o @ 4420 i
o @40G4
3 56G2 e @335
s s011@ @
< 161 .
_20 |@ 34F10 i
1 1 1 1 1
-8 -4 0 4 8
TAS® (kcal/mol)

FIGURE 2: Correlation between binding enthalpy and entropy of
anti-F1 Ab (T = 298 K).

8D11, 56G2, 33C5, 40G4, 4-4-20, and 4D4, we observed
decreasingly favorable AH® values accompanied by increas-
ingly favorable AS° values. For Ab 1F10 and 18B7, the
changes in entropy are positive, and for 18B7, TAS® actually
contributes more to binding than AH°. The Ab all showed
similar large and negative AC,° values, suggesting that in
each case Fl is sequestered from solvent (46), as is also
implied by the binding-induced red shifts in the absorption
maxima of all Ab (see below) as well as the structure of the
4-4-20-F1 complex (35). The AC,° values also allow for
the estimation of the changes in conformational entropy of
the protein and ligand, AS®.o, Which at room temperature
vary between —8.1 kcal/mol for Ab 1F10 and —20.9 kcal/
mol for Ab 34F10 (Table 1). The different TAS®.,nr values
may reflect different levels of protein dynamics in the free
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4420L DVVMTQTPLSLPVSLGDQASISCRSSQSLVHSNGNTYLRWYLQKPGQSPKVLIYKVSNRFSGVPDRFSGSGSGTDFTLKISRVEAEDLGVYFCSQSTHVPWTFGGGTKL
_____________________ — 2 ——— o e e

------------------------ V--S -I-K
56G2L DIVMTQSHKFMSTSVGDRVSITCKASQDVSTTVAWYQQKPGQSPKLLIYSASYRYTGVPDRFTGSGSGTDFTFTISSVQAEDIAVYYCOQHYSTPPTFGGGTKLEIK

_____________________ ———-A ———

18B7L DVVMTQTPLTLSVTIGQPASISCKSSQTLLDSDGKTYLNWLLORPGQSPKRLIYLVSRLDSGVPDRFTGSGSGTDFTLKISRVEAEDLGVYYCWQGTHFPRTFGGGTKLEIK
______ K e e e e e
4D4L QAVVTQESALTTSPGETVTLTCRSSTGAVTTSNYANWVQEKPDHLFTGLIGGTNNRAPGVPARFSGSLIGDKAALTITGAQTEDEAI YFCALWYSNHLVFGGGTKLTVL

_____________________ S——— ———

1F10L ENVLTQSPTIMSASPGEKVTMTCRASSSVSSNYLHWYQQKSGASPKLWIYSTSNLASGVPARFSGSGSGTSYSLSISSVEAEDAATYYCQQYSGYPFTFGGGTKLEIK

Biochemistry, Vol. 47, No. 27, 2008 7241

________ Acmmmmm e ———-S ———

B

________________ S,

4420H EVKLDETGGGLVQPGRPMKLSCVASGFTFSDYWMNWVRQSPEKGLEWVAQIRNKPYNYETYYSDSVKGRFTISRDDSKSSVYLOMNNLRVEDMGIYYCTGSYYGMDYWGQGYSVTVSS

_________________________ A--Tem

34F10H EVKLVESGGGLVQPGNSLRLSCATSGFTFTDYFMTWVRQPPGKALEWLGFNRNRANGFTTEYNPSVKGRFAISRDNSQNILYLOMNDLRPEDSATYYCARDPPFLRVFDYWGQGTTLTVSS

_______________ [ —— —————Y-S _—

T——K-—-Y————SA-————~ |

——=T—--A

56G2H EVKLVESGGGLVQPGDSLRLSCATSGFTFIDYYMYWVRQPPGKTLEWLGFIRKRAYGYTTEYSASVKGRFTISRDNSONILYLOMTTLRPEDSATYYCASGGYGNYVGFSYWGQGTLVTVST
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B [ . R

18B7H QIQLVQSGPELKKPGETVKISCKASGFTFTSYGLSWVKQAPGEGLKWMGWINTYSGVPTYVDDFKGRIAFSLETSASTAYLQINNLNNEDAATYFCARLTTVMPWYWGQGTTLTVSS

_____________________ Y——-T—-M —K——

--------- F- NS - RSP ERII,  S, JE N ——"

4D4H QIQLIQSGPELKKPGETVKISCKTSGYTYTTYGMSWVKQAPGKGLKWMGWINTYSGVPTYADDFKGRFDFSLETSASTVYLQINNLKNEDMATYFCARRLRRDWY FDAWGTGTTVTVSS

P A-———F—= ——

---------- y: NS VR

1F10H QVQLKESGPGLVAPSQSLSITCAVSGFSLTTYGVHWVRQPPGKGLEWLGVIWAGGSTYYNSALMSRLSITKDNSKSHVFLKMNSLQTDDTAIYYCARRYHGGIYYAMDYWGQGSSVTVSS

______________________ Pee—e—eaaS _—

------ . - P ¢ SIS | Sp—

FIGURE 3: Ab sequences. Sequences of mature Ab with germline antecedent shown below for (A) each light chain and (B) each heavy

chain. Identity is indicated by a dash, and the CDRs are underscored.

Ab and/or in the Ab-FI complexes. Thus, six of the Ab,
whose TAS® terms range from —8.0 kcal/mol to +7.3 kcal/
mol, were selected for further characterization: 34F10, 56G2,
4-4-20, 4D4, 1F10, and 18B7.

Sequences of the Mature and Germline Progenitor Ab. The
nucleotide sequences of the mature Ab Vy and V[ genes
were determined from gene fragments amplified by PCR with
Ab specific primers (37, 38) and template cDNA obtained
from corresponding hybridoma cells. The identification of
the progenitor germline genes was based on the homology
of the 5" UTRs of the rearranged Ab genes and genomic
germline genes (see Experimental Procedures and Supporting
Information). The sequences of the mature Ab and their
germline antecedents are shown in Figure 3. Each Ab evolved
from a different Vi germline gene, and no significant
sequence homology is observed for any of the Vi, CDRs.
However, the Vg chains of 34F10 and 56G2 both descended
from the IGHV7-3 germline gene (39), and those of 18B7
and 4D4 both descended from the IGHV9-3 germline gene
(39). Thus, these Vy sequences have significant homology
with each other but not with the other Vy sequences. The
somatic mutations introduced during affinity maturation were
identified by comparing the mature and germline sequences
(Figure 3). As reported previously, affinity maturation of Ab
4-4-20 introduced 2 Vi mutations and 10 Vi mutations. For
34F10, 56G2, 18B7, 1F10, and 4D4, affinity maturation
appears to have introduced 4, 1, 2, 3, and 0 Vi mutations
and 12, 10, 8, 6, and 6 Vy mutations, respectively. From
this data, it is apparent that 34F10 is the most highly
somatically mutated (with 16 mutations introduced), followed
by 4-4-20 (12 mutations), 56G2 (11 mutations), 18B7 (10
mutations), 1F10 (9 mutations), and 4D4 (6 mutations). Thus,
as suggested by the binding data, the Ab are diverse in terms
of both sequence and extent of affinity maturation.

Dynamics of Ab—Antigen Complexes. The absorption
spectra of free Fl and Fl bound to each of the six anti-Fl1 Ab
are shown in Figure 4A. The spectra are similar for the six
Ab, with absorption maxima that range from 499 to 506 nm,
significantly red-shifted from the absorption maximum of
491 nm for free FI in aqueous buffer at pH 7. TG experiments
were used to determine the excited-state lifetime of Fl when

A 1.0

0.5

Normalized absorbance

0.0

440 460 480 500 520 540
Wavelength (nm)

Normalized Intensity

Delay time (ps)

FIGURE 4: (A) Normalized absorption spectra of Fl in buffer or
bound to the different Ab. (B) TG decays for Fl bound to the
different Ab. Lines are best fits to the data (Table 2).

bound to the different Ab (Figure 4B and Table 2). A fast
decay component was required to fit several of the TG decays
to account for coherent dynamics. The population dynamics
could be fit with a single exponential decay for all Ab, with
excited-state lifetimes (271g) between 8 and 460 ps, except
34F10, which was fit to a double-exponential decay with
life times of 32 ps and 1.1 ns. The shorter lifetimes in 4D4,
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Table 2: Transient Grating Fit Parameters

Table 3: 3PEPS pap(w) Parameters

Ab a 71 (ps) a 72 (ps)
4-4-20 1 230 4+ 30
34f10 0.7 +0.02 530 4+ 100 0.3 +0.02 16+3
56G2 1 65+ 12
18B7 0.8+0.1 441 0.2+0.1 0.7+03
4D4 0.74+02 17+5 03402 14403
1F10 0.6 £0.1 1241 0.4 40.1 1.6 £0.1

18B7, and 1F10 account for the loss in signal observed at
long population times in the 3PEPS experiments (see below).
The differences in lifetimes likely reflect sequence differ-
ences, for example, the presence or absence of specific Trp
residues that pack with and quench the chromophore.

3PEPS experiments were used to measure Ab dynamics.
The results obtained for 4-4-20 and 34F10 agree with those
reported previously (32). 3PEPS decays were measured up
to 150 ps population time, except for Ab 4D4, 18B7, and
1F10, where the lifetime of the bound Fl limited the
accessible experimental time window. Nevertheless, in each
case the Fl lifetime was much longer than the electronic
coherence time (~30 fs); thus, while the relatively short
lifetimes of Fl bound to 4D4, 18B7, and 1F10 decrease the
echo signal intensity for long population times, they are not
expected to affect the peak shift value (47, 48). M(t) and
pan(®) were calculated from the data as described in
Experimental Procedures.

Both similarities and significant differences are observed
among the six Ab-Fl complexes (Figure 5 and Table 3). With
each of the six Ab, motions on three distinct time scales
were observed: an ultrafast (sub-100 fs) time scale motion
that likely represents barrierless side chain motions; an
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FIGURE 5: (A) 3PEPS decays for each Ab-Fl complex. (B) Spectral
densities normalized by the total reorganization energy.

ABoO wBo I'so Ak T® Ainn
Ab (em™)  (em™H)* (ecm ) (ecm™h) (ps) (cm™1)

4-4-20 187 £ 39 200 380 42+7 52428 136+62
34F10 204 £ 62 200 380 87+£12 29414 160 +£26
56G2 221 £31 200 380 39+£8 23408 157+£21
18B7 173 +£32 200 380 35£9 0.8+£03 181+£28
4D4 158 + 62 200 380 70+£34 0.6+02 208+£37
IF10 200 £ 39 200 380 76 £26 0.6+0.3 301 £28

“ Fixed during fit.

Table 4: Normalized Reorganization Energies

Ab ABO Ak it
4-4-20 0.68 0.15 0.16
34F10 0.58 0.25 0.17
56G2 0.69 0.12 0.18
18B7 0.60 0.12 0.27
4D4 0.48 0.21 0.31
1F10 0.41 0.15 0.44

@ /’1«in = Ainz/sz.

intermediate (picosecond) time scale motion that likely
reflects activated backbone and CDR loop fluctuations; and
a longer (nanosecond or longer) time scale motion that
appears static in the 3PEPS experiment and likely reflects
conformational diversity of the Ab combining site (36, 49).
Interestingly, the time scale of the intermediate motion varies
among the Ab. In 4-4-20, the intermediate time scale motion
is relatively low frequency (zx = 5.2 ps), while it is higher
frequency in 34F10 and 56G2 (tx = 2.9 and 2.3, respec-
tively) and the highest with 18B7, 4D4, and 1F10 (7x = 0.6
— 0.8 ps).

While the differences in amplitude of the inertial response
for the most part are not statistically significant, the
amplitudes of the intermediate and long time scale motions
differ significantly, and thus, the relative contribution of each
time scale of motion to the total reorganization energy in
each Ab-FI complex is different (Table 4). As a percentage
of total reorganization energy, Ab 56G2 and 4-4-20 shows
the greatest amount of fast motion (~69% of the reorganiza-
tion energy), followed by 18B7 and 34F10 (58—60%), with
less in 4D4 (48%), and the least in 1F10 (41%). The extent
of the reorganization energy accommodated by the picosec-
ond time scale motion was 21—25% for Ab 34F10 and 4D4,
and 12—15% for Ab 4-4-20, 56G2, 18B7, and 1F10. The
relative amplitude of the slowest motions varied between
less than 20% (4-4-20, 34F10, and 56G2) to 27% (18B7),
31% (4D4), and 44% (1F10).

DISCUSSION

Molecular recognition is central to the biological functions
of proteins, and the immune system has served as a paradigm
for its study. The last century saw the emergence of two
competing models of Ab—antigen recognition, and these two
models make rather different predictions about Ab dynamics.
The clonal selection theory of Jerne (/4) and Burnet (15)
proposes that the sequence of an Ab programs it to recognize
a specific antigen and thus evokes rather rigid and confor-
mationally homogeneous Ab. The instructive hypothesis, first
proposed by Breinl and Haurowitz (/6) and later developed
by Pauling (/7), assumes that Ab-combining sites are plastic
and adopt the appropriate conformation for binding a given
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antigen only in the presence of that antigen and thus evoke
rather flexible and conformationally heterogeneous Ab. With
the discovery that antigens select specific Ab from a
repertoire of already functional receptors, the clonal selection
theory, with its rigid and conformationally homogeneous Ab,
received widespread acceptance. However, because the
potential number of foreign molecules recognizable by the
immune system far exceeds the potential number of different
Ab, which is limited by available B-cells (/8), some Ab must
be polyspecific, suggesting the presence of at least some
plasticity. The differences in Ab flexibility implied by these
different models reflect the important role that dynamics
plays in molecular recognition and motivates its rigorous
analysis.

Thermodynamic, Sequence, and Dynamic Diversity. In an
initial thermodynamic characterization of a panel of nine anti-
FI Ab, we found that they all bind Fl with similar affinity
but with very different AH® and TAS° values. Because Ab
that bind Fl with different changes in entropy are likely to
be dynamically diverse, six Ab were selected for further
study on the basis of their TAS® values, which ranged from
—8.0 to +7.3 kcal/mol (see Table 1). At the two extremes
are Ab 34F10, whose recognition of FI is driven purely by
enthalpic changes, and Ab 18B7, whose Fl recognition is
predominantly entropically driven.

To initiate an immune response, a member of the repertoire
of naive germline Ab must first be selected on the basis of
affinity for the antigen. It is thus perhaps not surprising that
two sets of Ab Vy chains evolved from the same progenitor
genes: the Vy chains of 34F10 and 56G2 from the germline
gene IGHV7-3 and the Vy chains of 4D4 and 18B7 from
the germline gene IGHV9-3. This suggests that both IG-
HV7-3 and IGHV9-3 encode Vy chains that efficiently
recognize Fl. However, there is little homology between these
two germline genes, between these two genes and the genes
that encode the 4-4-20 or 1F10 Vy chains, or between any
of the V| chains, which appear to have each descended from
a different germline gene. From these sequence data, it is
clear that a wide variety of combining sites can provide
suitable starting points for the evolution of high affinity anti-
F1 Ab. In addition, it is interesting to note that more than
half of the somatic mutations occur outside of CDR loops.
These mutations are unlikely to optimize direct interactions
with FI, but rather must have been selected on the basis of
secondary interactions, possibly tailoring protein dynamics
(34).

The large red shift in the absorption of Fl upon binding
suggests that Fl is bound in a hydrophobic environment and
is sequestered from solvent in each Ab-Fl complex. In
general, Ab always bind small molecule antigens such as Fl
in a well packed, deep, hydrophobic pocket, which has been
confirmed in the case of 4-4-20 by structural studies (35).
Thus, the dynamics observed in the 3PEPS experiments are
attributed to the protein and not to the solvent. In the case
of Ab 4-4-20, thishas been confirmed by MD simulations (34, 36).
In addition, others have interpreted the spectroscopic and/or
dynamic behavior of chromophores buried within protein in
terms of protein motions (49-53).

The 3PEPS experiments reveal the amplitude and time
scale of the motions that are displaced by the absorption-
dependent change in electronic structure of the bound FI.
All six complexes show motions on three distinct time scales;
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fast (femtosecond), intermediate (picosecond), and slow
(nanosecond and longer). To gauge the extent of diversity
observed in the six Ab, it is instructive to compare the data
to that obtained from other 3PEPS studies. Previous studies
of protein—dye complexes found picosecond time scale
motions that are similar to those found in Ab 4-4-20, 34F10,
and 56G2. For example, a 7 ps decay was observed for eosin
bound to lysozyme (54), and a 2 ps decay was observed for
the chromophoric antigen 8-methoxypyrene-1,3,6,trisulfonic
acid bound to an Ab (43). In contrast, the faster 0.6 to 0.8
ps motions found for Ab 18B7, 4D4, and 1F10 have only
been observed for dyes in small molecule solvents (29, 55).
Thus, the ~10-fold variation in 7x appears to reflect
significant differences in the diffusive motions of the
combining site among the six Ab. A relatively large variation
in static inhomogeneity was found with the different FI Ab
in this study, ranging from 136 to 301 cm™~!. In comparison,
values of static inhomogeneity for the dye IR 144 were found
to vary from zero in polar solvents (56) to 500 cm™! in
PMMA glass (57). Glasses are known to be very heteroge-
neous and static; therefore, the value of 500 cm™! may
represent an upper limit for experimentally observable static
inhomogeneity. This suggests that the ~200 cm™! variance
in static inhomogeneity for the anti-F1 Ab is large, and
furthermore, it suggests that Ab 1F10, with a static inho-
mogeneity of 301 cm™!, is remarkably heterogeneous and
plastic. It should be noted that for Ab 18B7, 1F10, and 4D4,
the experimental time window is limited by fast population
decays of 8, 24, and 34 ps, respectively; therefore, decays
on a longer time scale may appear static and thus contribute
to static inhomogeneity. However, if this were the case, it
would imply the existence of even greater differences in the
diffusive motions of the combining sites. Regardless, the
overall diversity in dynamics among the six Ab appears to
be significant, and this suggests that the immune system has
the potential to employ different mechanisms of molecular
recognition to bind a single Ag.

Protein Dynamics and the Energy Landscape of Ab—Antigen
Complexes. Fl can serve as a probe of Ab-combining site
dynamics because its electronic transition frequency is
sensitive to its protein environment. Conformational disorder
leads to a distribution in transition frequencies in the Ab-Fl
complexes, as evident from their highly inhomogeneously
broadened linear absorption spectra. As the protein fluctuates
within and between states, the changing environment induces
shifts in the FI transition frequency. In a 3PEPS experiment,
this leads to dephasing and to a decay in the 3PEPS signal.
The energy gap correlation function, M(f), obtained from
3PEPS experiments thus reports on the sampling of acces-
sible conformational phase space of the combining site over
time. The time constants of the decay components observed
in M(f) are related to the frequency of motions within or
between discrete states of the protein, while the correspond-
ing amplitudes report on the amount of phase space sampled
by a particular decay component.

The observation of distinct time scales of motion in the
Ab-Fl complexes is not consistent with a continuum of
motions within the Ab, but rather is reminiscent of Frauen-
felder’s model of a hierarchical energy landscape wherein a
protein exists in a limited number of conformations, each
consisting of alarge number of conformational substates (58, 59).
The three distinct time scales of motion observed in the Ab-
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FIGURE 6: Representation of Ab energy landscapes (A) for 4-4-20, the most rigid Ab in this study, and (B) for 1F10, the most flexible Ab
in this study. Conformational substates are separated by higher barriers in 4-4-20 than 1F10 (Q; dimension), and 4-4-20 samples have less
phase space through conformational dynamics (Q, dimension) than 1F10. The flexibilities of the other Ab characterized are intermediate

between 4-4-20 and 1F10.

FI complexes are thus interpreted as different ranks of protein
fluctuations. Inertial motions within the single well of a
conformational substate, which are essentially barrierless,
give rise to the femtosecond time scale component; diffusive
motions between different conformational substates separated
by relatively small barriers give rise to the picosecond time
scale component; and conformational changes that must
overcome relatively large barriers give rise to motion on
longer (static) time scales (49, 60). Accordingly, in M(t) the
frequency and damping of the femtosecond Brownian
oscillator term describe the time scale of the inertial motions,
and the time constant associated with the picosecond Kubo
term is related to the average barrier height between
conformational substates. Interestingly, one of the most
significant differences observed among the Ab is in 7y, the
time constant of the diffusive motions, which varies by
almost an order of magnitude and corresponds to approximate
average activation barriers of 0.8 to 2.1 kcal/mol (61). The
largest barriers between conformational substates are found
for Ab 4-4-20, and thus, we conclude that the potential
energy surface of this Ab, at least the part probed by Fl
excitation, is the most rugged. The barriers are smaller in
34F10 and 56G2, being approximately 1.6 kcal/mol, and the
lowest in 18B7, 4D4 and 1F10, with average barriers of only
0.8 to 1.0 kcal/mol. This leads to a rather different picture
of thermal motion in the different Ab: barriers in 4-4-20 are
significantly greater than k,T, while those in 1F10 are on
the order of k,T.

No significant differences are found in the amplitudes of
the inertial motion, Ago; however larger differences are found
in the amplitudes of the diffusive motion, Ak, and static
inhomogeneity, Ay (Table 3). Each of these amplitudes (Ao,
Ax, and Ainn) represents the contribution of the corresponding
protein motion to the relaxation of the chromophore’s S; —
Sy energy gap after photoexcitation and thus the amount of
phase space sampled by the motion (see above). When
considering the normalized contribution of each time scale
of motion (Table 4), it is apparent that the reorganization of
the 4-4-20 and 56G2 combining sites are dominated by
inertial motions (~70% amplitude) with less and relatively
similar contributions from diffusive motions and conforma-

tional dynamics (~15%). In comparison, reorganization of
1F10 results from a roughly equal contribution of inertial
motion and conformational dynamics (40—44%) with a lesser
contribution from diffusive motions (15%). The Ab with the
greatest relative contributions of diffusive motions are 34F10
and 4D4 (21—25%). These results indicate that the Ab
combining site motions result from rather different super-
positions of the three tiers of conformational fluctuations.
In Ab 4-4-20 and 56G2, the accessible phase space is
sampled predominantly by high-frequency, localized motions
on the subpicosecond time scale. In the other Ab, increasingly
more of the accessible phase space is sampled through lower
frequency motions on the picosecond or longer time scale,
which correspond to larger scale diffusive motions or
conformational dynamics.

It is instructive to consider the data in terms of protein
flexibility. As with any material, protein flexibility involves
both elasticity and plasticity. Elastic motions correspond to
motion within a well, i.e., reversible fluctuations within a
conformational substate. Fluctuations that involve passage
over a barrier to a different substate contribute to protein
plasticity. Accordingly, the Brownian oscillator term in
pab(®), describing motion within a substate well, quantifies
elastic contributions to flexibility, while the Kubo term and
static inhomogeneity quantify plasticity. In terms of both
elasticity and plasticity, 4-4-20 is the most rigid Ab. It
possesses the greatest relative contribution of high frequency
elastic motion and the highest barriers separating the con-
formational substates explored on the picosecond time scale,
and it is the least conformationally diverse of the Ab (Figure
6A). In contrast, Ab 1F10 is the most flexible, with the
smallest contribution of high frequency elastic motion,
conformational substates separated by the lowest barriers,
and the greatest conformational diversity (Figure 6B). The
other Ab also show a clear correlation between the relative
contribution of elastic motions, the height of the barrier
separating conformational substates, and conformational
diversity. Thus, the trends in elasticity and plasticity together
generate a rather consistent picture of the relative flexibility
of the different Ab, with 4-4-20 being the most rigid and
1F10 the most flexible.
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FIGURE 7: Correlations between static inhomogeneity and (A)
conformational entropy (7' = 298 K) or (B) the number of somatic
mutations acquired during affinity maturation.

Correlations between Protein Dynamics and Thermody-
namics, Germline Gene Use, and Somatic Mutation. The
observed trends in flexibility are at least roughly correlated
with thermodynamic behavior (Figure 7A). The Ab that
appear most rigid show the most negative binding entropy,
and the Ab that are most flexible show the most favorable
binding entropy. While a mechanistic interpretation of this
data requires comparison to the flexibility of the free Ab
and unbound Fl, the data implies that the observed differ-
ences in binding entropy originate from the loss of confor-
mational entropy upon complex formation. Regardless of the
mechanistic interpretation, the data suggest that dynamics
contribute to antigen recognition and that the differences in
dynamics are reflected in the flexibility of the Ab—antigen
complexes.

A correlation is also apparent between Ab dynamics,
germline gene use, and the extent of affinity maturation
(Figure 7B). The more somatically mutated Ab, on average,
show a lower static inhomogeneity. In addition, when
considering all of the Ab, more than half of the somatic
mutations appear to occur in framework regions, away from
the CDR loops that are expected to contact Fl. As already
suggested for Ab 4-4-20 (33, 34), these data strongly suggest
that at least some of the somatic mutations were selected on
the basis of secondary interactions that act from a distance
to localize the combing site to a specific conformation,
presumably one appropriate for antigen binding.

The Ab that evolved from common Vy germline genes,
Ab 34F10 and 56G2, and Ab 18B7 and 4D4, generally show
similar dynamics, suggesting that these Vy make important
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contributions to combining site dynamics. However, Ay, the
contribution of diffusive motions to the reorganization
energy, is different in Ab 34F10 and 56G2. This difference
must result from the different CDR3 sequences installed
during recombination, the different somatic mutations, or
from the different Vi chains employed. Interestingly, re-
combination resulted in two sequential Pro residues in the
34F10 Vy CDR3, while it resulted in two Gly residues at an
analogous position in 56G2, and it seems likely that these
sequence differences contribute to the differences in dynam-
ics. Two identical somatic mutations, K52bR and S67N,
occurred in both 34F10 and 56G2, and Gly16 was mutated
to either a Asn (in 34F10) or an Asp (in 56G2), suggesting
that they are important for Fl recognition. Otherwise, the
somatic mutations acquired in the common Vy chains are
different, and thus, they too may contribute to the different
dynamics in 34F10 and 56G2.

The data clearly demonstrate that the immune system is
capable of generating Ab with a wide range of dynamics
and thus complement the vast amount of sequence diversity
data already available. Moreover, the at least approximate
correlations observed between dynamics, thermodynamics,
germline gene use, and somatic mutation suggests that the
observed diversity of dynamics is biologically relevant.
Dynamic diversity may have been a strong selection pressure
that helped shape the germline gene repertoire to ensure that
rigid Ab, which perhaps function via lock-and-key-like
mechanisms, are available to rapidly respond to commonly
encountered antigens but that more flexible Ab are also
available, which perhaps function via induced fit or confor-
mational selection and thus are more likely to bind new or
rare antigens. When necessary, somatic mutations may
rigidify the flexible Ab, thus making them more specific.
This is an especially interesting hypothesis considering the
need to convert polyspecific germline Ab that recognize a
broad range of target antigen with an induced fit or
conformational selection mechanism into more specific Ab
that recognize only their target with a lock-and-key
mechanism (23, 62), as has already been suggested for Ab
4-4-20 (33, 34). This hypothesis may be further tested by
characterizing the germline Ab themselves and by using
NMR spectroscopy, which can characterize dynamics on
longer time scales as well as in the free Ab. Such experiments
are underway and promise to help understand the immune
system and elucidate the mechanisms underlying molecular
recognition in general.
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