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1. Introduction

The molecules that make life possible, in particular proteins and
nucleic acids, have evolved over billions of years to possess the
properties that enable them to perform specific functions. As
products of the evolutionary process, these molecules are very
different from abiological molecules—biological molecules have,
in a sense, learned how to perform specific functions. Biological
molecules may have evolved structure - function relationships
that are entirely unlike abiological molecules, whose character-
istics in this sense are more random. For example, there is an
increasing amount of experimental data that has been inter-
preted in terms of specific protein motions that facilitate
catalysis by coupling to the substrate reaction coordinate.'
At present, molecular dynamics (MD) simulations of enzymatic
reactions have found no direct evidence of dynamical effects in
catalysis,”” although several theoretical studies have supported
such an interpretation.®? In order to test these hypotheses
experimentally, detailed structural and dynamic information is
required. While impressive advances have been made in the
structural characterization of biomolecules, their dynamic char-
acterization has remained a challenge because their inherent com-
plexity has precluded the use of many conventional techniques.

By combining recent advances in technology and a multi-
disciplinary approach that draws on the tools of organic
synthesis, physical methods, and molecular biology, innovative
techniques to facilitate the dynamic characterization of biomo-
lecules may be developed. We have developed three systems to
study DNA and protein dynamics, which are described in this
review. The first is a model base pair to probe tautomerization
dynamics in nucleic acids; the second is a technique based on
deuterium isotope substitution in proteins that allows for the
observation of specific protein vibrations; and the third is a
femtosecond multipulse laser experiment to examine protein
flexibility.

2. A Phototautomerizable Model Base Pair to
Probe the Environment and Dynamics of
Duplex DNA

DNA is virtually always discussed in terms of base pairs between
keto —amine tautomers, although each pair may be converted to
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its enol-imine form by double proton transfer (prototropic
tautomerism, Scheme 1a). It is not known how the relative
stability of the tautomers is affected by the environment, which
includes factors such as packing interactions with flanking bases
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Scheme 1. a) Prototropic tautomerization in a natural dA:dT base pair.
b) Equilibrium of HBO ground states and photoinduced tautomerization.

and the influence of waters of solvation available in the major
and minor grooves. Proteins that bind DNA may also influence
the stability of the tautomers. Tautomerization in turn may
influence the physical and dynamic properties of DNA, such as
duplex flexibility, protein recognition, or polymerase-mediated
replication, by providing dipolar coupling between flanking base
pairs. Unfortunately, the proton transfer process that intercon-
verts the tautomers has been difficult to study because of its fast
timescale, minimal heavy atom motion, and inherent reversi-
bility. In addition, tautomerization cannot be initiated within a
specific dA:dT or dG:dC base pair in a duplex DNA molecule.

[a] Prof. F. E. Romesberg
Department of Chemistry
The Scripps Research Institute
10550 North Torrey Pines Road Maildrop CVN22
La Jolla CA 92037 (USA)
Fax: (+1)858-784-7472
E-mail: floyd@scripps.edu

563



BIO

A model to study base-pair tautomerization has been based
on the double proton transfer of 7-azaindole dimers.l'*-'3
Experiments have been directed at understanding the proton
transfer dynamics as well as how this process is influenced by
solvation and heteroatom substitution. For example, in hydro-
carbon solvents, fluorescence upconversion experiments show a
1-ps decay in the 360-nm dimer emission, which has been
associated with proton transfer. This timescale was also observed
as a rise time of the tautomer emission at 480 nm. A longer
component (12-ps time constant) was also observed at 480 nm
and was assigned to an excited-state relaxation process, which
may be related to solvation dynamics.'® The addition of strongly
hydrogen-bonding solvents such as water or an alcohol results in
solvated monomers in which proton transfer is either blocked or
occurs through solvent assistance.'"¥ Purine-like nitrogen sub-
stitution of the indole ring was found to selectively destabilize
the excited tautomer and thus increase the barrier to proton
transfer." While these studies have elegantly elucidated the
tautomerization dynamics of an isolated base pair model, DNA
base pairs exist in the duplex environment, which may have
evolved to influence tautomerization.

In order to study tautomerization at a defined position within
duplex DNA, we developed 2-(2'-hydroxyphenyl)benzoxazole
(HBO) as a model DNA base pair (Scheme 1).1'¢-" Tautomeriza-
tion of HBO may be selectively and efficiently initiated when
photoexcitation at 333 nm induces excited-state intramolecular
proton transfer (ESIPT). One major advantage of HBO as a model
DNA base pair is that, unlike other common models such as
7-azaindole,'% 1% 29 HBO may be incorporated into and induced
to tautomerize in duplex DNA, thus providing a probe of
tautomerization in the environment of a natural base pair. The
nucleoside with HBO attached through a C5'-aryl-glycosidic
linkage (Scheme 1) was synthesized and converted into the
corresponding phosphoramidite. The phosphoramidite was
incorporated in the oligonucleotide 5-CGTTTC(HBO)TTCTC by
using automated DNA synthesis. This single-stranded DNA was
annealed to a complementary oligonucleotide containing an
abasic site at the position opposite HBO. Both the CD and UV/Vis
spectra were consistent with a well-packed A-form duplex. The
duplex was virtually as stable to thermal denaturation as the
corresponding duplex with a dA:dT base pair (melting temper-
atures, T,,=38 and 39°C, respectively). The accommodation of
the model base pair within a native-like duplex was also
supported by molecular dynamics simulations, which indicated
that HBO packs within duplex DNA with the phototautomeriz-
able O—H---N bond disposed in the major groove (Figure 1).

The dynamic behavior of HBO may be understood by first
considering the conformational equilibrium between the syn-
and anti-enol conformers, with either an intramolecular hydro-
gen bond (“closed”) or an intermolecular hydrogen bond with a
solvent molecule (“solvated”), as depicted in Scheme 1. ESIPT is
only possible in the closed syn-enol, which yields the excited
keto form and gives rise to a strongly red-shifted emission band
at around 500 nm. ESIPT is not possible with a solvated enol
because of disruption of the hydrogen bond, nor with the anti
form because of an insufficient increase in the pK, value of the
benzoxazole oxygen atom upon excitation.
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HBO

Figure 1. Simulated structure of HBO in DNA duplex.

In the DNA duplex sequence examined, HBO exists virtually
exclusively in the closed syn-enol conformer, based on the 338-
nm absorption maximum and a single, strongly Stokes-shifted
fluorescence band at 480 nm. In single-stranded DNA (ssDNA),
the steady-state emission spectrum of HBO is qualitatively
different. In addition to emission at 485 nm, a strong fluores-
cence band was observed at 370 nm, indicative of a significant
concentration of the solvated or closed anti-enol ground
states.?’-2°! The different conformational equilibrium of HBO in
duplex, as compared to ssDNA, is supported by excitation-
dependent fluorescence spectra.l'”? Duplex formation precludes
HBO solvation and strongly favors the closed syn-enol form of
the model base pair.

After excitation, ESIPT converts the syn-enol to the excited
keto tautomer. Thus, there are at least two components to HBO
tautomerization: proton transfer dynamics and keto dynamics.
Fluorescence upconversion was used to measure the excited
state proton transfer time, which was found to be 150 fs in both
single-stranded and duplex DNA,® and approximately 170 fs for
free HBO in hexane, methanol, and dimethyl sulfoxide.'® The
invariance of the rate implies that the proton transfer within the
model base pair is not strongly influenced by the environment.
The fluorescence lifetime of the excited keto tautomer was
measured by transient absorption and time-resolved fluores-
cence spectroscopies.'” '® For free HBO, the keto lifetime was
found to increase with solvent polarity. The fluorescence decay
of the excited keto tautomer in duplex DNA and in ssDNA were
indistinguishable (2.0 x 108s7"), but 17-fold slower than in
hexane. The internal duplex environment appears to be more
dipolar than dimethyl sulfoxide, despite the exclusion of water
molecules.

While the duplex environment does not affect the rate of
proton transfer, as might have been expected considering the
strongly adiabatic nature of ESIPT, the environment does appear
to strongly influence the solvation, conformation, and tautomer
stability of the model base pair. It appears that the model base
pair is not solvated by water molecules readily available in the
major groove. This is not a property inherent to HBO, as the
internal hydrogen bond is disrupted by hydrogen-bonding
solvents such as methanol and by water when HBO is
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incorporated in ssDNA.'® After sequestering the model base pair
from solvation, the flanking base pairs appear to establish a
strongly polar but anisotropic environment that selectively
stabilizes the syn-enol tautomer of the model base pair in the
ground state and the keto tautomer in the excited state. The
duplex environment strongly favors nitrogen protonation and
increased double-bond character of the hydroxyphenyl C—O
bond, that is, the keto - amine-like tautomer of HBO. The duplex
environment may have evolved to favor the keto-amine
tautomers of natural base pairs, whose dominance is critical
for DNA function, including replication. To further probe the
environment and dynamics of DNA, HBO is currently being
incorporated into DNA through a C3'-glycosidic linkage (at the
position ortho to the phenolic oxygen atom). In this context, the
model base pair should allow study of tautomerization in the
duplex minor groove.

3. A Novel Probe of Protein Dynamics:
Selective Incorporation of C—D Bonds

The most fundamental way to understand any molecule is to
characterize the nature of the bonds that give the molecule its
particular shape, stability, and flexibility (i.e., define the mole-
cule’s potential energy surface). Of course, any chemical bond,
including those of biomolecules such as proteins may be
characterized by IR spectroscopy. Spectral congestion inherent
to proteins from the many overlapping IR absorptions has
prevented the use of the conventional spectroscopic methods
employed to characterize small molecules.

Attempts to circumvent the spectral complexity problem have
focused on using isotopic labeling, in conjunction with differ-
ence Fourier transform infrared (FTIR) spectroscopy, to observe
specific protein absorptions, for example, in the amide region of
the IR spectrum (around 1700 cm~")?% 271 The amide | band has
proven most useful. The amidel band arises from the C=0
stretching vibrations, with smaller and structure-dependent
contributions from the out-of-phase C—N stretching as well as
C—C—N and C—N—H bending vibrations.?®3% The structure-
dependent composition of the band along with structure-
dependent coupling of the transition dipole moments and
hydrogen bonding, make the amidel band, including the
absorption frequency, linewidth, and intensity, sensitive to the
peptide conformation. For example, temperature-induced de-
creases in intensity and shift of amidel vibrations at the
C terminus of helical peptides have been interpreted in terms
of end fraying®" and localized conformational changes.?? In
addition, the amidel band linewidth contains interesting
information about the flexibility of the peptide or protein (the
inherently short timescale of IR vibrations (10~ s) makes them
particularly informative in this regard). The amide | absorption
frequency is a sensitive function of the environment, therefore
the multiple environments that result from more flexibility lead
to line broadening. This broadening has been used to character-
ize flexibility changes that might contribute to catalysis®®* and
protein binding.2**! These studies remain challenging, and are
largely focused on model peptides because of spectral con-
gestion and the inherent difficulties in the analysis of difference
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spectra where very large protein absorptions must be precisely
cancelled to reveal the much less intense absorption that is due
to a single or a few protein vibrations.

An interesting feature of all proteins is that there is a
‘transparent window’, between 1800 and 2700 cm~!, which is
free of absorptions (Figure 2). Any bond vibrations that absorb in
this region are directly observable without spectral subtraction,
even at high protein and denaturant concentrations. Previous

Transparent window
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&«— A/cm-!

2000

Figure 2. Transparent window in the protein FTIR spectrum.

experiments have taken advantage of this window to observe
the stretching vibrations of small molecules bound to heme
proteins, such as carbon monoxide (=~1950-2150cm™") in
myoglobin,“>-#71 hemoglobin,® % and guanylate cyclase,*® or
azide (~2050 cm™") in cytochrome bo,." In these studies, the
absorption frequency and linewidth of the ligand bond are used
to (indirectly) characterize the protein environment and dynam-
ics. Though informative, these small molecule probes do not
report directly on the protein.

Characterization of protein dynamics would ideally utilize
direct probes of the protein that also absorb in the ‘transparent
window’ of the protein IR spectrum. Carbon - deuterium (C—D)
bonds are such probes. The C—D bond absorbs within the
transparent window at around 2100 cm~' and provides a local-
mode vibration whose absorption frequency may be interpreted
in terms of bond strength (force constant) and environmental
polarity, and whose linewidth may be interpreted in terms of
protein flexibility (since inhomogeneous broadening results
from an increased sampling of different environments in the
more flexible proteins).? These properties of the C—D stretching
frequency and linewidth have been used previously to charac-
terize small-molecule structure and dynamics®®3-%3 and we have
recently expanded their application to include proteins. ¢

To develop the method, we focused our initial efforts on horse
heart cytochrome ¢ (cyt ¢). Cyt ¢ functions as an electron carrier
in the mitochondrial electron-transport chain by using the Fe'-
Fe" redox couple of a covalently attached heme prosthetic
group that is ligated by His18 and Met80. The Fe—S bond
between the heme group and the protein-based Met80 ligand is
thought to play a critical role in the function and folding of the
protein. Therefore, we were interested in examining the environ-
ment and dynamics of this ligand.
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Selective deuteration of the methyl group of Met80 in horse
heart cyt ¢ was performed by means of bacterial expression in
defined minimal media supplemented with the deuterated
amino acid, and resulted in easily observable C—D absorption
bands (Figure 3).4 ¢ The Met80 methyl group vibrations seem
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Figure 3. C—D absorption of (methyl-d;)methionine-labeled M65L cytochrome c:
oxidized, pH 5 (solid line); reduced with ascorbic acid (dashed line); oxidized with
Met80 displaced from the heme Fe atom by the addition of K'>C'*N (open circles);
oxidized with Met80 displaced from the heme Fe atom by the addition of nitric
oxide (closed circles).

to be most sensitive to the vicinal Fe—S bond. The methyl group
vibrations become stronger (shift to higher frequency) upon
cleavage of the Fe—S bond with isostructural but differently
charged ligands (CN~ and NO), and become weaker (shift to
lower frequency) upon strengthening of the Fe—S bond by
reduction.® These data imply that these specific protein
vibrations are primarily sensitive to through-bond hyperconju-
gative interactions with sulfur-based orbitals and not the overall
electrostatic field at Met80. It is interesting to compare this
model to the model developed to explain the CO stretching
frequencies in carbonmonoxycytochromec, in which polar
interactions are thought to be most important and act by
increasing or decreasing Fey, - CO,. backbonding.’® The orbitals
involved in  backbonding are more polarizable than those
involved in covalent or hydrogen-bonding interactions. To
manipulate these critical, but less polarizable bonds, proteins
may have had to evolve more direct 'through-bond’ interactions.

In a second study of Met80,'Y we investigated the relationship
between ligand motion and redox potential. Proteins with
systematically altered redox potentials were generated by
mutation at Phe82. The aromatic portion of this side chain
packs on the heme cofactor while the methylene unit is in
van der Waals contact with the Met80 methyl group. Crystal
structures of iso-1-cyt ¢ with Phe82 mutated to Gly, Ser, and Tyr
have shown that this residue tolerates a wide variety of
substitutions with only local structural readjustments,’®” %! and
in vivo studies have demonstrated that the protein will fold and
function with any of the twenty amino acids at this position.
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However, in vitro, Phe82 mutation has been found to have a
large effect on the redox potential of the protein, possibly as a
result of changes in binding-site hydrophobicity, solvent or
substrate accessibility, or protein dynamics. We examined the
stretching frequency and linewidth of the deuterated Met80
ligand in six mutant proteins in which Phe82 was exchanged for
His, Ser, Leu, Val, Ala, and Gly. The redox potential was also
determined for each mutant.

Like the wild-type (wt) protein, the oxidized state of each
mutant protein exhibited a stronger C—D bond than the reduced
state, as indicated by the higher C—D stretching frequency of
each oxidized protein (Figure4a). There is only a weak
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Figure 4. Redox dependence of (A) the C—D stretching frequency and (B) the C—D
linewidth (FWHM, full width at half maximum) of (d;-methyl)Met80 in wt and
Phe82 mutants of cyt c. Linear correlations are shown for the ¥(CD) values of the
reduced and oxidized fit. The identity of residue 82 is indicated at the top of the
figure.

correlation between C—D bond strength and redox potential,
which implies that there are no major changes in the local
polarity of the Met80 ligand accompanying oxidation or
reduction. However, when the C—D linewidth is plotted as a
function of the redox potential (Figure 4b), a strong correlation
is observed that relies on an intact Fe—Met80 bond. The methyl
group vibrations are apparently sensitive to a mutation-depend-
ent broadening mechanism, but only when Met80 is ligated to
the metal center. Such broadening in the condensed phase is
primarily due to environmental heterogeneity, where the C—D
bond is sensitive to, and experiences, multiple environments.
While this does not affect the average frequency (in agreement
with the data described above), it does broaden the absorption
line. Thus, mutation at Phe82, which generally causes a
reduction in the redox potential of the protein (that is, stabilizes
the Fe'' state relative to the Fe' state), appears to be correlated
with increased protein flexibility at Met80.
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Despite the sensitivity of ligand motion to redox potential, the
linewidths of Met80 C—D absorptions are identical in the
oxidized and reduced states (Figure 4b). The oxidation-state
independence of the observed linewidths is of particular interest
because oxidation-state-dependent changes in protein flexibility
have often been invoked to explain the distinct behaviors of the
protein in the two oxidation states.”” 7" The linewidth data rule
out any redox-dependent changes in the motions of the protein,
at least at the Met80 ligand. Apparently, mutation of the protein
at position 82 causes a redox-state-independent increase in the
fluctionality of the protein. The more flexible protein may favor
the more polar oxidized state by allowing increased transient
water penetration”>74 or by allowing subtle protein reorienta-
tion.”> 7 In either case, cytc may have evolved to maximize
structural rigidity in order to provide the hydrophobic environ-
ment required to tune the Fe'-Fe" redox couple appropriately
for biological function.

A particularly powerful aspect of this method is the ability to
selectively observe vibrations associated with any part of the
protein. In order to realize this potential we have generated cyt ¢
semisynthetically.”” We site-selectively incorporated COCy-d,
deuterated lysine (residue Lys88), C6-d; deuterated leucine (at
residues Leu68, Leu94, and Leu98), and C3-d; deuterated alanine
(at residues Ala83, Ala96, and Ala101). The stretching absorp-
tions are readily apparent in each case. Generally, the frequency
and linewidth of the observed vibration depend on the part of
the protein being probed, and in some cases on the redox
environment. A complete characterization of these deuterated
proteins, as well as of those with C—D bonds incorporated
elsewhere, should begin to develop a complete picture of the
local environment and flexibility of cytc with residue-specific
detail.

We have also determined that C—D bonds incorporated
throughout cytc are sensitive to the folded state of the
protein.’ The spectral first moments (that is, average absorp-
tion frequency) show dramatic two-state transitions upon
titration of the protein solution with denaturant. Importantly,
the transition midpoints associated with C—D bonds incorpo-
rated at different positions of the protein are not the same,
which demonstrates that cyt ¢ unfolds in a stepwise manner as
the denaturant concentration is increased. Thus, a residue-
specific view of the folding process is possible with this
technique. We note that the method is applicable to proteins
in general, and C—D bonds have been incorporated into
dihydrofolate reductase, myoglobin, and hemoglobin, and in
each case the C—D bonds are easily observed.””!

4. Use of Ultrafast Multiple-Pulse Spectroscopy
to Characterize Protein Flexibility

Protein flexibility is likely to play an important role in molecular
recognition by allowing optimization of the protein-ligand or
protein — protein binding interactions. The amount of optimiza-
tion required may range from little, that is, the 'lock-and-key’
model,”8 to extensive, that is, the ‘induced fit' model.” These
two limiting models of molecular recognition are differentiated
only by the role of flexibility. To address these models
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experimentally, it is critical to characterize protein flexibility.
Since antibodies (Ab) represent the most successful example of
molecular recognition known, a study of Ab flexibility may prove
to be particularly informative.

In order to study how Ab recognize their target antigens (Ag),
they have been structurally characterized, both free and with
bound Ag, in order to detect any conformational changes
associated with Ag binding. A variety of structural rearrange-
ments have been documented, which range from small
(consistent with induced fit) to large (consistent with lock-and-
key) structural changes.®-# However, the protein flexibility that
is central to differentiating between the models of molecular
recognition is not necessarily manifest as differences between
average structures, nor necessarily in the average fluctuation
about the average structure. More direct evidence of flexibility
has been collected by characterizing the binding kinetics by
using stopped-flow fluorescence experiments. In most cases, the
binding kinetics are single exponential relationships, and thus do
not require Ab conformational changes to be considered.
However, multiexponential kinetics have been observed for
the binding of 2-phenyl-5-oxazalone® and 2,4-dinitrophenyl®"
to their respective Ab. In addition, structural studies showed that
2-phenyl-5-oxazalone binding induced an Ab conformation that
was different from that induced by a protein Ag that also binds
the same Ab.

In order to more quantitatively address the mechanism of Ab-
based molecular recognition, flexibility must be carefully
defined. A simple and intuitive view of the flexibility of any
material, including an Ab, is based on its response to an applied
force.®>°4 For example, a flexible Ab will respond to a given
force with large amplitude, low frequency motions, while a more
rigid protein will respond to a similar force with smaller
amplitude, higher frequency motions. A step-function force
may be applied to the antigen (Ag) binding site of an Ab by
electronic excitation if the Ag is also a chromophore. Excitation
induces changes in both Ag electron density and structure and
produces an Ab - Ag complex that is out of equilibrium. The Ab
will be subjected to a force until protein motions re-establish
equilibrium with the excited chromophore. The frequency
distribution of these motions may be determined from femto-
second three-pulse photon echo peak shift (3PEPS) spectro-
scopy™®"! and expressed as a spectral density, p(w), which
describes the amplitude of fluctuations as a function of
frequency (w).

The 3PEPS experiment is similar to the well-known NMR spin
echo experiment, but requires three pulses of light resonant with
the chromophore absorption (Figure 5). In brief, the first pulse
initiates the first time period (7), during which time the system is
in an electronic superposition state of the ground and excited
states. During this period, the ensemble begins to dephase
because of the slightly different environments of each chromo-
phore (each chromophore of the ensemble experiences a
binding site that at any instant is unique). The second pulse
initiates the second time period (7), during which the system is in
a population state, where no dephasing is possible. The third
pulse places the system back in a coherence state and initiates a
rephasing of the nonlinear polarization, which results in a
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Figure 5. A 3PEPS experiment and the vector model description of electronic
dephasing during T and rephasing during t'.

macroscopic dipole and the emission of a photon (the photon
echo). The ability to vary Tis critical to allow the dephasing to be
‘effectively frozen’ while the dynamics of the protein continue to
evolve. When T is short (compared to the timescales of protein
dynamics), rephasing occurs in the same environment as
dephasing, which results in complete rephasing and a maximal
echo signal. However, when T is long compared to the timescales
of protein dynamics, the environment changes between the
dephasing and rephasing periods, which results in incomplete
rephasing and a decreased echo signal. The echo intensity thus
decays as a function of T, in a manner that depends on the
protein vibrations that act to randomize the environment. The
echo intensity is measured by integrating over the final time
period as a function of T. The experimentally observable decay of
the photon echo peak shift (the location in time of the echo
maximum, ') is known to reflect the timescales and amplitudes
of M(t), the time domain representation of p(w).*”

To apply this methodology, we characterized two sets of Ab
that each bind one of the chromophoric Ag 8-methoxypyrene-
1,3,6-trisulfonate (MPTS) or fluorescein (FI).*” %8 Ab were specif-
ically elicited for each Ag in mice by using standard monoclonal

MPTS Fl

HO,S OCH,

HO,S

technology. The Ab were cloned and sequenced as reported
previously.”” *® One anti-MPTS and three different anti-FI Ab
were extensively characterized. The spectral densities were
determined for each Ab by 3PEPS spectroscopy as described
previously.” %

Characterization of an anti-MPTS Ab, 6C8, by 3PEPS revealed
that MPTS excitation induced three protein motions.”” A large-
amplitude, ultrafast protein motion was observed that accounts
for 71% of the protein reorganization energy (the decrease in
energy associated with the Ab motions which act to re-establish
equilibrium with the excited Ag) on a 75-fs timescale. Two slower
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Ab motions with timescales of 2ps and 674 ps were also
observed, which account for 18% and 11 % of the combining site
reorganization energy, respectively.

Ab combining sites are comprised of six complementarity
determining region (CDR) loops, three from the light chain (LC
CDR 1-3) and three from the heavy chain (HC CDR 1-3). The
majority of Ab—Ag contacts are typically provided by the two
CDR3s. The ultrafast response may be inertial and may result
from nearly free motion of a polarizable side chain within these
two loops. Candidate amino acids include methionine and
phenylalanine, which have the only polarizable side chains that
are expected to be sufficiently mobile. In both the light- and
heavy-chain CDR3 loops, 6C8 has a single phenylalanine residue,
PheH100,°% and no methionine residues. Thus, it is possible that
motion of PheH100 contributes to the 6C8 combining site
reorganization. Interestingly, structural studies of other Ab have
shown that aromatic residues at similar positions of the HC CDR3
undergo significant reorganization upon ligand binding.®? The
picosecond dynamics in 6C8 are likely to result from CDR3 amino
acid side chain librations and entire loop motions, if the loops are
sufficiently flexible. The length and composition of the 6C8 CDR3
loops suggest that they have different flexibilities. The LC CDR3
is eight residues long and contains no glycine residues, while the
HC CDR3 is fourteen residues long and contains four glycine
residues, of which two are consecutive. Thus, motions of the
heavy-chain loop are expected to occur on a faster timescale
than those of the light chain, and these heavy-chain motions
may contribute to the picosecond timescale motions observed
in the 3PEPS experiment. This model of protein motion is
currently being tested by 3PEPS characterization of mutant
proteins.

Characterization of the three anti-Fl Ab, 33F10, 40G4, and 4-4-
20, showed that they respond to Ag excitation with an ultrafast
motion (<40 fs), as well as slower 3-5-ps and over 3-ns
timescale motions.””® However, a comparison of the p(w) values
for each Ab (Figure 6) shows that there are significant differences
in the amplitudes of these motions, which indicates distinctly
different flexibilities. The largest differences are seen for the
highest frequency (fastest timescale) motion. The fast motions
within the 34F10 combining site are the most capable of
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Figure 6. Model spectral densities pAb(w) for Fl in Ab 34F10 (triangles), 40G4
(open circles), and 4-4-20 (squares), and MPTS in Ab 6C8 (solid circles).
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accommodating electronic and geometrical changes in Fl. The
fastest motions of Ab 4-4-20 are the least able to respond to
changes in Fl. The picosecond- and nanosecond-timescale
motions of the anti-FI Ab show decreasing flexibility upon
proceeding from 34F10 to 40G4 to 4-4-20.

A high-resolution crystal structure is available for the Ab 4-4-
20 -Fl complex.l'® 191 Along with calculations that predict how
Fl changes upon excitation, the structure may be used to identify
the parts of Ab 4-4-20 that may be most affected by the induced
force (Figure 7). Calculations predict that the most significant

Trp-H33

Figure 7. Fl binding site in Ab 4-4-20 taken from the X-ray structure (Protein Data
Bank code TFLR).

structural change associated with Fl excitation is rotation about
the interannular bond connecting the xanthene ring to the
carboxyphenyl ring. Most of the binding interactions are
between the Ab and the xanthene ring of FIL®” with the
carboxyphenyl ring hydrogen bonded to TyrL32 and packed
from one side by HC CDR3 loop backbone atoms. These
arguments, in addition to the relative reduced masses of the two
rings predict that the force applied to the Ab will be manifest on
residues of the HC CDR3 and TyrL32.

Calculations also predict significant charge redistribution,
which is expected to cause changes in hydrogen bonding. In
particular, these calculations predict a significant migration of
charge away from both oxygen atoms of the xanthene ring upon
excitation. As a result, hydrogen bonds observed in the crystal
structure between these atoms and HisL27D and ArgL34 will be
weakened upon Ag excitation. Motion of these side chains, after
their release from strong hydrogen bonds, may also contribute
to the observed motions. Thus, the observed protein response in
4-4-20 is likely to result from motions of residues of the HC CDR3
loop, TyrL32, HisL27D, and ArgL34.

In light of these structural arguments, it is interesting to
speculate on the observed rigidity of the 4-4-20 complex with Fl,
relative to the two other Ab-Fl complexes. Interestingly, the
length of the HC CDR3 loop parallels the observed flexibilities:
the loop length of the most flexible Ab, 34F10, is 12 amino acids;
the second most flexible, 40G4, is 10 amino acids long; and the
most rigid Ab, 4-4-20, is 7amino acids long. This parallel

ChemBioChem 2003, 4, 563-571 www.chembiochem.org

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

supports the rather intuitive notion that longer loops may
impart combining sites with increased flexibility, as suggested
above. An additional unique feature of the 4-4-20 complex may
contribute to its rigidity. TyrL32 hydrogen bonds with the
phenylcarboxylate moiety and also packs on the xanthene ring.
This side chain may act as a ‘molecular splint’ that bridges the
highly flexible interannular bond, and may therefore be
particularly sensitive to the relative geometry of the two rings.
TyrL32 is unique to 4-4-20 as it is part of an insertion within the
4-4-20 LC CDR1 that is not present in either 34F10 or 40G4. This
molecular interpretation supports a contribution of induced fit
to the 4-4-20 interaction with Fl.

The murine immune system responds to MPTS and Fl by
evolving different combining sites with distinct dynamics. Three
timescales of protein motion are observed for both 6C8 and the
anti-FI Ab. The two fastest timescales, under 100 fs and 1-3 ps,
are similar in all Ab. However, 6C8 shows 67-ps dynamics that are
not present in the anti-FI Ab. Moreover, the slowest protein
motions in the anti-FI Ab are significantly slower than those in
6C8, which indicates that the anti-FI Ab are generally more
flexible than the Ab that binds MPTS. Even though the induced
displacements are smaller with MPTS than with Fl, these
displacements are resisted by higher frequency protein motions,
resulting in larger reorganization energies. The more flexible Ag
(FI) appears to have selected more flexible Ab (4-4-20, 34F10, and
40G4), while the more rigid Ag (MPTS) appears to have selected a
more rigid Ab (6C8). This may imply that the mechanism of
recognition, lock-and-key, induced fit, or conformational selec-
tion, may be optimal when reflected in both binding partners,
and that flexible proteins are evolved to bind flexible targets,
whilst rigid proteins are evolved to bind rigid targets.

5. Outlook

Relative to their abiological counterparts, biological macro-
molecules are unique in terms of their complexity and the fact
that they have been built by evolution. The connection to
evolution is a central component of dynamic theories that
emphasize molecular motions in addition to ground state and
transition state stability arguments. The experimental ap-
proaches described above, driven not only by physical methods,
but also by synthetic organic chemistry and molecular biology,
have the potential to test the different models of biomolecular
dynamics. The data thus far, for example, the effect of the DNA
duplex environment on tautomerization, the relationship of
protein flexibility to redox activity in cyt ¢, and the response of an
Ab to an applied force, are all consistent with the conventional
thermodynamic view. However, it is certainly too early to make
generalizations. We are beginning to apply the techniques to
enzymes, which are perhaps the biomolecules most likely to
show important dynamic behavior.
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