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Femtosecond time-resolved spectroscopy on model peptides with
built-in light switches combined with computer simulation of
light-triggered motions offers an attractive integrated approach
toward the understanding of peptide conformational dynamics. It
was applied to monitor the light-induced relaxation dynamics
occurring on subnanosecond time scales in a peptide that was
backbone-cyclized with an azobenzene derivative as optical switch
and spectroscopic probe. The femtosecond spectra permit the clear
distinguishing and characterization of the subpicosecond photoi-
somerization of the chromophore, the subsequent dissipation of
vibrational energy, and the subnanosecond conformational relax-
ation of the peptide. The photochemical cis/trans-isomerization of
the chromophore and the resulting peptide relaxations have been
simulated with molecular dynamics calculations. The calculated
reaction kinetics, as monitored by the energy content of the
peptide, were found to match the spectroscopic data. Thus we
verify that all-atom molecular dynamics simulations can quantita-
tively describe the subnanosecond conformational dynamics of
peptides, strengthening confidence in corresponding predictions
for longer time scales.

In the folding process, proteins and peptides acquire their
native structures through a conformational dynamics involving
a hierarchy of temporal and spatial scales (1-3). According to
molecular dynamics (MD) simulations (4-7), the elementary
events of this dynamics proceed on the picosecond time scale and
comprise concerted rotations around the bonds at the C, atoms.
Experimentally, however, these events have been elusive to
observation, as classical stopped-flow or jump techniques have
a time resolution of milli- or, at best, microseconds. Recently, the
nanosecond time scale has become accessible by laser-induced
pH- or temperature-jump experiments (8-10) and by triplet—
triplet energy transfer (11), as well as by Laue x-ray diffraction
(12). For the subpicosecond time scale, on which peptides
thermally fluctuate within their conformational substates, two-
dimensional infrared spectroscopy has provided insights (13).

An experimental check of MD descriptions by ultrafast spec-
troscopy requires a polypeptide construct that contains a fast
optical trigger capable of inducing specific conformational tran-
sitions at a well-defined starting time and a spectroscopic probe
sensitive to the structural changes in the peptide. Unfortunately,
biologically important photoactive proteins, which exhibit light-
induced functional processes accompanied by conformational
changes (14-16), are too large and complex to allow detailed
comparisons with simulations.

To bridge the gap between simulation-based theory and
experiment, we have selected the photo-switchable peptide
shown in Fig. 1, which is backbone-cyclized with a suitably
functionalized (4-aminophenyl)azobenzoic acid (APB) (17, 18).
The APB molecule has been chosen as optical trigger, because
azobenzene dyes are known to photoisomerize at the central
N—N bond within fractions of picoseconds at high quantum
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yields (19) and with large changes in geometry. The conforma-
tional space of the peptide moiety becomes restricted by the
cyclization. The cis/trans-photoisomerization of APB induces
significant conformational changes in that moiety, as shown by
NMR analysis of the cis- and frans-isomers of the APB-peptide
(17, 20). Because the two isomeric forms of the APB chro-
mophore retain pronounced spectral differences in the peptide
construct, a clear-cut spectroscopic distinction and a selective
light-induced interconversion are possible (Fig. 1 Bottom). Fur-
thermore, the APB-peptide is simple enough to allow an all-
atom simulation of its conformational dynamics by an MD
approach. For the cis- and trans-isomers, the simulations yield
equilibrium structural ensembles, with conformational substates
close to the NMR-derived structures (representative average
MD structures are shown in Fig. 1 Top).

With these premises, the model system enables an integrated
approach, which combines femtosecond time-resolved spectros-
copy of the photoisomerization of the azobenzene and of the
subsequent conformational relaxation of the peptide with MD
simulations aiming at a quantitative description of these dynam-
ical processes.

Materials and Methods

The synthesis of linear and cyclic APB-peptides was reported
before (18). The sample was dissolved in DMSO to a final
concentration of 0.8 mM (linear APB-peptide) and 2.3 mM
(cyclic APB-peptide), respectively, and exchanged between in-
dividual laser shots by pumping the solution with sufficient flow
rate through the fused silica cuvette (0.5-mm optical path
length). The initial cis-isomeric state was prepared by continuous
wave illumination with light between 320 and 380 nm (1-kW high
pressure HgXe arc lamp with UG11 and WG320 filters; Schott,
Mainz, Germany), supplied via a liquid light guide.

The visible pump-white light probe setup, including a mul-
tichannel detection system, has been described in detail (21). A
1-kHz regenerative chirped pulse-amplified Ti:sapphire system
together with a noncollinear optical parametric amplifier (22)
provided excitation at a central wavelength of 480 nm. In
combination with a white light continuum (23) used for probing
from 300 to 700 nm, a typical cross-correlation width (instru-
mental response function) of about 80 fs was achieved. The
various steps for the data processing include: measurement of
absorption changes for pure solvent and sample, dispersion
correction, subtraction of signals because of solvent, normaliza-
tion, global fitting of the final data set with constant rates, and
calculation of response of pure initial states.

Abbreviations: APB, (4-aminophenyl)azobenzoic acid; MD, molecular dynamics.

TTo whom reprint requests should be addressed. E-mail: wveitl@theochem.uni-
frankfurt.de.
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Fig. 1.  (A) Structure of the cis-APB-peptide (Middle), corresponding absorp-

tion spectrum (Bottom), and snapshot from the MD simulations (Top), which
represents the mean conformation of the molecule in the first picosecond. The
peptide backbone (light gray) and the APB-group (dark gray) are shown. (B)
Photoinduced cis/trans-isomerization leads to a considerable elongation of
the APB moiety.

The MD simulations were based on a force field that extends
the all-hydrogen peptide model CHARMM22 (24) by a multiple
scale MD approach (MSMD) for the calculation of the electro-
static interactions and by a choice of additional parameters for
various compounds. MSMD avoids the usual cutoff of the
electrostatics. Instead, by using fast hierarchical multipole ex-
pansions (25, 26), the electrostatic interactions are calculated
explicitly up to a distance given by the minimum image conven-
tion relevant for periodic boundary systems and from a reaction
field model at larger distances. Thus, MSMD substantially
extends the approach suggested before (27). Van der Waals
interactions are explicitly calculated up to a distance of 10 A.
Parameters for the azobenzene and APB residue were derived
from density functional theory (DFT) by using GAUSSIAN 98 (28)
(B3LYP/6-31G+), those for the explicit description of the
solvent DMSO from hybrid DFT/MD simulations (29). Periodic
boundary conditions were imposed for solvent-solute systems
contained in cubic boxes. Simulations were carried out at
constant volume, temperature, and particle number with the
solvent being coupled to a heat bath of 300 K at a coupling
constant of 0.5 ps. Numerical integration was performed by a
multiple time-step algorithm with a 1-fs integration time step.
The lengths of all bonds involving hydrogens were held fixed by
the SHAKE algorithm (30).

Starting coordinates were taken from six NMR structures of
cis-APB-peptide published in ref. 20 and from six arbitrary
structures of cis-azobenzene. The solutes were placed in a 60-A
periodic DMSO box containing about 1,600 molecules at the
experimental density of 1.1 g/cm? The solvent energy was
minimized for 200 fs and equilibrated for 30 ps while keeping the
solute fixed, followed by a 50-ps equilibration of the whole
system. The light-induced inversion reaction at one of the
nitrogen atoms in the diazene group was modeled by a force field
applying an in-plane torque and accounting for the 270-kJ/mol
energy uptake by electronic excitation. After excitation, trajec-
tories were generated from 1-ns runs, enabling the calculation of
the total energies of the APB-peptide and of azobenzene,
respectively.

Results and Discussion

To enable an understanding of the results of our spectroscopic
pump-probe experiments, we first wish to sketch the sequence
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of events, which a priori are likely to happen considering the
known photochemistry of azobenzene (19) and the properties
(17, 20) of the cyclic APB peptides summarized in the Intro-
duction. By irradiating a solution of cis-APB-peptides in the
nm*-band at 480 nm with a femtosecond light pulse, the
azobenzene moiety is expected to isomerize in the first elec-
tronically excited state S; at the N—N bond from cis to trans
crossing into a vibrationally excited frans ground state S§
through a conical intersection (step 1). Subsequently, the
vibrational energy of S§ will be dissipated, heating the peptide
chain and the surrounding solvent (step 2). The geometrical
change of APB resulting from its cis/trans-photoisomerization
(elongation from 6 to 9 A and planarization; see Fig. 1) will
exert a strain on the peptide moiety. The strain will force this
moiety to relax from its initial cis-configuration through a
series of conformational transitions to the equilibrium trans-
conformation (step 3). This relaxation can be viewed as a
minimal model for certain stages of peptide folding.

Without the ring restriction, no conformational relaxation
within the peptide moiety can be induced by photoisomeriza-
tion of the APB dye, such that time-resolved spectroscopy will
monitor the chromophore properties unperturbed by peptide
relaxation. Therefore, a linear APB-peptide, in which the
Gly-Phe-linkage (see Fig. 1) is missing, was also investigated.
Fortunately, the static optical properties of the linear and
cyclic APB-peptides are nearly identical. This identity allows
monitoring of the peptide-folding process in the cyclic mole-
cule (step 3) by comparing the time-resolved spectra of the
linear and cyclic peptides. We note in addition that the
nm*-transition of azobenzene is unaffected by integration into
the peptide. Therefore, the photoisomerization of the APB-
peptides can also be compared with that of free azobenzene in
solution by direct matching of spectral signatures at wave-
lengths larger than 480 nm.

In our setup of ultrafast pump-probe spectroscopy, the
cis/trans-photoisomerization of APB is triggered by a 60-fs
pulse, and the reactions are probed by a delayed white-light
pulse of similar duration (20, 23). According to the static
spectra depicted in Fig. 1, the formation of the trans-APB
ground state (in step 1) should lead to a strong increase of the
mar*-absorption around 370 nm. Whenever absorption at
wavelengths longer than 500 nm is observed, it has to be
attributed to intermediates, because the relaxed ground states
of both isomers do not absorb in this low-energy spectral range.
Such intermediates may represent either the electronically
excited state of APB (S;—S, absorption; step 1), the hot
ground state of trans-APB (S{—S; absorption; step 2), or the
distorted cyclic trans-APB-peptide, whose internal strains
relax by conformational transitions (S§™"*?—S; absorption;
step 3).

Fig. 34 reports the transient spectra of the cyclic APB-
peptide obtained by photoexcitation of the cis-isomer; the
spectra represent differences between time-delayed and initial
absorption. With increasing time delays ranging from 200 fs to
1 ns, the transient spectra approach the static difference
spectrum (dashed line) between the cyclic trans- and cis-APB-
peptides. In particular, the strong wm*-absorption of trans-
APB near 370 nm builds up and undergoes a blue-shift with
increasing time delay. After 1 ns, this process is not yet
completed, which indicates ongoing slow relaxations toward
the equilibrium conformation of the cyclic trans-APB-peptide.
The incompleteness of relaxations is also apparent in the
spectral region slightly above 500 nm, in which small signatures
of intermediates still remain. To distinguish processes local-
ized at the chromophore from those within the peptide moiety,
this reaction dynamics will now be compared with that of the
linear APB-peptide and that of free azobenzene in solution.
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Fig. 2. Comparison of transient absorbance changes on cis/trans-

isomerization between linear (blue), cyclic (red) APB-peptides, and azoben-
zene (green) at probing wavelengthsin aspectral region devoid of any ground
state absorption (A) and in the low-frequency side of the nw*-transition (B),
respectively. In A, the curve for azobenzene is plotted on two different scales
to depict its overall appearance and the matching behavior at delay times past
1 ps. A logarithmic scale is applied to the delay time.

Fig. 2A4 exhibits transient absorption changes in the far-red
spectral region at 631 nm probing the decay of the excited state
and, thus, the duration of the photoisomerization (step 1).
Here, the kinetics of the cyclic (red curve) and linear (blue
curve) APB-peptides are almost identical. Both APB-kinetics
can be modeled by a biexponential decay with time constants
of about 300 fs and 3 ps (time constants derive from global fits
to transients in the spectral range 340-640 nm). For free
azobenzene (green curve), the photoisomerization is also
biexponential (170 fs and 2 ps) (19), with a more pronounced
fast component. Thus, the excited-state decay times of the
chromophore are scarcely influenced by the attached peptide.
Note that the 170-fs kinetics has been assigned to a ballistic
motion funneling the molecule directly through a conical
intersection from cis-S; toward trans-Sy, whereas the 2-ps
channel has been ascribed (19) to a diffusive motion in S;
entailing a delayed internal conversion to S§.

The transient absorption changes at 527 nm in Fig. 2B probe
the n#*-transition and, therefore, can also indicate relaxation
processes in the frans ground state Sg (steps 2 and 3). An
additional 15-ps kinetics is apparent both for the linear APB-
peptide (blue curve) and free azobenzene (green curve). For
azobenzene, it has been observed and attributed (19) to the
cooling of S§ (step 2). In contrast, the cyclic compound (red
curve) exhibits additional and much longer-lived intermediates.
Because of their duration, they have to be assigned to the
ongoing conformational relaxation of the peptide still exerting

8000 | www.pnas.org/cgi/doi/10.1073/pnas.122238799
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Fig. 3. (A) Transient spectra of cyclic APB-peptide showing the absorption

change as a function of wavelength at certain delay times after the photo-
excitation of the cis-isomer. The stationary difference spectrum (cis—trans)
corresponds to the dashed line. (B) Difference in transient absorption changes
between cyclic and linear APB-peptide as a function of wavelength and delay
time. The color table and the scaling factor for the amplitudes (X 10 for Apr >
445 nm) are indicated in the plot. The scale is linear for delay times between
—1and 1 ps and logarithmic for longer delay times.

strains on the chromophore (step 3). As we have seen in Fig. 34,
that dynamics is not yet complete after 1 ns.

These results are corroborated by Fig. 3B, which summarizes
the kinetic differences between the cyclic and linear APB-
peptides over the whole spectral range. For its construction, the
respective transient spectra have been subtracted. Negative
values (dark blue) appearing in the first picosecond after exci-
tation at wavelengths above 450 nm demonstrate that the
ballistic photoisomerization is slightly faster (270 fs) in the cyclic
than in the linear molecule (380 fs). Here, positive values at
subsequent delay times mark the long-lived intermediate con-
formations of the cyclic peptide. Positive values are also seen
near 370 nm. They extend over the whole time range and indicate
that the quantum yield of cis/trans-photoisomerization is larger
in the cyclic than in the linear peptide.

The mm*-absorption bands of conjugated dyes like APB are
known to show distinct spectral shifts on twists within the
m-electron system and on solvation changes. In particular, the
spectral location of the w7*-band of frans-APB near 370 nm or,
equivalently, the vertical excitation energy AE of the second
excited singlet state Sy, should sensitively respond to distortions

Sporlein et al.
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Fig.4. Comparison of the total energies (small dots) of the cis-APB-peptide
and of azobenzene during six 1-ns MD simulations on light-induced cis/trans-
isomerization (see Materials and Methods). The elapsed time is shown on the
X axis on a linear/logarithmic scale, with the origin depicting the electronic
excitation. Fits to the temporal evolution of the energies with biexponential
decays are represented by solid lines. They are compared with experimental
data (large dots) in the form of vertical excitation energies AE of the trans
mw*-transition, derived from Gaussian fits to peaks of the m#*-absorption
near 370 nm in the transient spectra depicted in Fig. 3A.

of the diazene bridge connecting the benzene rings. Such dis-
tortions can derive from strains exerted on trans-APB by an
incompletely relaxed peptide cycle and are expected to affect the
energy of Sp more strongly than that of S, (31). Therefore, in
addition to the vibrational relaxation of the chromophore
ground state Sy, the temporal behavior of AE should reflect also
its torsional relaxation. As noted above, corresponding band
shifts are evident in Fig. 34.

For a clear-cut presentation of this observable, Fig. 4
displays AE (large black dots) as a function of delay time.
Apparently, the relaxation kinetics of AE reflects dynamical
processes occurring in the cyclic APB-peptide on its way from
the cis to the trans conformation. Fig. 4 compares the temporal
changes of AE with those of the total energy E of the cyclic
APB-peptide in solution extracted from MD simulations
(small dots and fit curves). Because AE measures relative
effects localized at APB, whereas E, pertains to the whole
APB-peptide, different energy scales apply. The computer
experiments (see Materials and Methods) simulate the ballistic
cis/trans-photoisomerization by switching on a model poten-
tial, which injects an energy of 270 kJ/mol into the cis-
chromophore and mechanically drives the isomerization. In
this way, the calculations account for the photon energy
absorbed by the chromophore and for the S;—S§ transition.
Furthermore, the explicit treatment of the solvent allows to
describe the dissipation of the injected energy through
solvation changes as well as vibrational and conformational
relaxation.

Simulation results and observations are seen to closely match
at delay times larger than about 3 ps. In particular, a 45-ps
kinetics is revealed by the point of inflection in the fit-curve,
reflecting identical time dependencies of peptide conforma-
tional relaxation in experiment and theory.

To enable a discussion of the physical processes covered by
the simulations and to distinguish the effects confined to the
chromophore from those caused by the peptide, we have also

Sporlein et al.

simulated the cis/trans-photoisomerization of azobenzene in
solution and have included the corresponding results into Fig.
4. Here, a large fraction of the energy initially deposited at the
dye is dissipated to the surrounding solvent within 150 fs, which
is close to the 170-fs component observed for azobenzene in
the same solvent, DMSO (by construction, the mechanical
model potential driving isomerization cannot account for the
2-ps component of azobenzene; in the case of the APB-
peptide, the corresponding shortcoming explains the deviation
of the black dots from the theoretical fit curve in the time
range between 300 fs and 3 ps). After 150 fs, a small fraction
of the initial energy remains at trans-azobenzene in the form
of vibrations and solvation energy. Subsequently, with a time
constant of 6 ps, thermal equilibrium is reached by vibrational
relaxation and solvation. During this process, the energy
becomes negative, because the cis/frans-isomerization re-
moves an intramolecular steric hindrance, which is character-
istic for the cis-isomer and places it energetically above the
trans-isomer. As to be expected from the overestimate of
specific heats, generic to classical mechanics descriptions of
nuclear motion in condensed matter, the 6-ps relaxation time
underestimates the 15-ps kinetics experimentally observed for
cooling (19).

In the case of the cyclic APB-peptide, only two-thirds of the
initial energy is dissipated within 300 fs of APB to the solvent
(spectroscopy, 230 fs), whereas the remainder is used for
building up a strain within the cycle. The trajectories (data not
shown) reveal a ballistic change of the APB chromophore to
a trans-like geometry on that fast time scale. Isomerization of
the chromophore is followed by slow (45-ps) strain-driven
relaxations, on which about 150 kJ/mol of energy (see Fig. 4)
is dissipated from the cyclic APB-peptide into the solvent.
Unfortunately, the conformational changes related to these
relaxations cannot be readily extracted from the MD trajec-
tories. Such changes involve concerted motions of many de-
grees of freedom. Two of us (H.C. and P.T., unpublished work)
are currently developing tools that will serve to identify these
collective coordinates in the space of dihedral angles. Prelim-
inary results indicate that after 1 ns, the relaxation of the
peptide backbone toward its trans-conformation is about half-
way complete. This agrees with Fig. 34, which has demon-
strated that the static spectrum is not yet reached after 1 ns.

Conclusion

We have reported a real-time observation of elementary
events in peptide conformational dynamics on its intrinsic
subnanosecond time scale by ultrafast spectroscopy on cyclic
model compounds with built-in light switches. The remarkably
good agreement between spectroscopic and computer exper-
iments leads us to assume that the virtual reality of atomic
motions generated by our simulations faithfully models im-
portant molecular processes monitored by spectroscopy. In
particular, the simulations allow association of ballistic cis/
trans-isomerization motions, solvation and vibrational cooling
processes, as well as conformational peptide relaxations to the
observations. They show that substantial conformational tran-
sitions proceed on the quite rapid time scale of 50 ps in the
cyclic peptide. In general, our integrated approach paves the
way for studying the effects of chemical composition on
peptide conformational dynamics and improving the quality of
MD techniques.

We are grateful to D. Oesterhelt for stimulating discussions. This study
was supported by the Sonderforschungsbereich 533 of the Deutsche
Forschungsgemeinschaft.
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