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Life is believed to have its origin in aqueous environments,
and 70% of our body consists of water. The essential
components of biological systems have to interact in aqueous
solutions with water molecules by intermolecular forces, such
as hydrogen bonds, dispersion forces, and hydrophilic/hydro-
phobic interactions.!!! Proteins are one of the most important
biological supramolecules and offer at the CO and NH sites of
the -CONH- linkages of the peptide chain attractive hydro-
gen-bonding sites, in which H,O can act either as a proton
donor or a proton acceptor, respectively. The solvation of
a protein has a strong effect on its molecular shape, and as
a consequence the fluctuations of the water network on the
surface have important influence on its folding properties and
catalytic function.”! Most fundamentally, when a protein
starts its folding motion, the water network hydrogen-bonded
to the protein has to rearrange and thus affects the dynamics.
Therefore, up-to-date quantum chemical simulations on
protein folding and its functions include water molecules
explicitly.®™ ™ A deeper understanding of these phenomena
at the molecular level requires the characterization of the
dynamical processes of individual water molecules interacting
with the protein. However, most experiments yield only
indirect dynamical information averaged over water mole-
cules in the first hydration layer and thus only a tentative and
often controversial interpretation of the underlying mecha-
nisms.?*¢ ¢ Measurements visualizing the motion of a spe-
cific water molecule in a real biological environment are
challenging, and so far no experimental data have been
reported yet. Such dynamical experiments need to distinguish
between each single water molecule, which can bind to
numerous different binding sites of the protein and readily
exchange their role with other H,O molecules in the same or
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higher hydration solvation layers. This inherent complexity of
the hydrated protein has so far prevented measurements of
the migration of individual water molecules in solution, and
therefore nearly all information about such processes relies
on theoretical approaches.?+ 1l

Although quantum chemical simulations for such complex
systems have substantially progressed in recent years because
of rapid computer developments, their accuracy is still rather
limited and experimental benchmark data for model systems
are highly requested for calibration purposes. To this end, we
have developed in the past decade an experimental strategy
for the investigation of dynamical intermolecular processes,”!
which typically occur on the picosecond (ps) time scale. This
approach involves the generation of molecular clusters
isolated in supersonic beams and the characterization of
their dynamics using ps time-resolved IR spectroscopy. The
fruitful combination of spectroscopy and quantum chemistry
currently provides the most direct and most detailed access to
intermolecular interactions.! IR spectroscopy is particularly
sensitive to structural motifs.*! In initial benchmark experi-
ments, we developed a three-color UV-UV-IR tunable pico-
second pump-probe laser spectrometer®®*¢l and measured
the ionization-induced n—H site switching dynamics of rare
gas ligands attached to phenol.F*%*! In this case, the position
of the ligand was monitored by the structure-sensitive
frequency of the phenolic OH stretching vibration. Although
for a very limited number of water complexes with aromatic
molecules the laser-induced migration of the water ligand has
recently been inferred from “static” spectroscopy using
nanosecond lasers,**%% no time-resolved studies about the
dynamics of this fundamental process have been reported
yet.[3

We have applied our ps pump-probe approach to the
trans-acetanilide-H,0O (AA-H,0O) cluster to monitor the
water migration dynamics around a peptide linkage by the
time evolution of the IR spectra measured at a delay time At
after the ionization event (Figure 1). AA is one of the smallest
aromatic molecules with a -CONH- peptide bond (Figure 1)
and thus serves as a suitable model for proteins and related
biomolecules. It can form two different types of hydrogen
bonds with water, resulting in NH- and CO-bound isomers,
which can readily be distinguished by their different IR and
electronic spectral®®”! (see the Supporting Information). The
“static” IR spectrum of the CO-bound isomer (reactand R) in
the neutral ground state (S;) measured by nanosecond lasers
(At=—50 ns, Figure 2) reveals a sharp band at 3473 cm ' and
a broader one at 3496 cm ™' assigned to the free NH stretching
vibration (vyy') and the hydrogen-bonded OH stretching
mode (voy’) of the water ligand, respectively.” The corre-
sponding picosecond IR spectra before photoionization
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Figure 1. Strategy of picosecond time-resolved IR dip spectroscopy,
along with reaction model M1.
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Figure 2. Time-resolved IR dip spectra of AA*-H,0. The spectra at
At=—50 and 50 ns are “static” IR spectra of the CO-bound and NH-
bound isomers in the neutral and cationic states measured by nano-
second lasers. The IR spectra of cold AA*-He and AA*-H,0-Ar clusters
generated by electron impact ionization are also shown for compar-
ison. See the text and the Supporting Information for details.

(At<0) are the same, except for the lower spectral resolution
(about 15 cm™) arising from the shorter laser pulse duration
(about 3 ps).
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As the NH- and CO-bound isomers of AA-H,O have
different S, energies,®®’! the latter one can selectively be
ionized by resonant two-photon UV-UV ionization (At=0,
Figure 1, Figure S4 in the Supporting Information). The ps IR
spectra change immediately after ionization (At=1 and 2 ps,
Figure 2). The voy’" band of the initial structure after
ionization (educt E*) is shifted from voy” by 28cm™ to
a higher frequency, which means that hydrogen bonding to
the CO site is weakened by ionization, mainly because of
charge—dipole repulsion.***! The voy"" transition becomes
weaker at Ar=2 ps and disappears after At=3 ps. After At=
4 ps, a new broad band appears near 3200 cm™' and grows
with increasing delay. Finally, the spectrum at At=17 ps has
converged and resembles the “static” one observed at At=
50 ns after ionization recorded by nanosecond lasers. The
broad 3200 cm™' band was assigned to the bound NH
stretching vibration (vyy°") arising from hydrogen bonding
to H,0,! and is the spectral signature of the final reaction
product P* (Figure 1). Therefore, the disappearance of v*"
and the subsequent appearance of vyy’" unambiguously
demonstrate the direct observation of the water migration
from the CO to the NH site of the peptide bond in AA™.

Significantly, the IR spectrum at At =3 ps shows a unique
trend and spectral features not observed in the other spectra.
The voi"" band of the CO-bound H,O ligand disappears but
the vy°" band of the NH-bound ligand has not yet appeared.
Instead, this spectrum shows a new band at 3385cm™'
assigned to the free NH stretching mode of AA" (vyy'"), as
inferred from the experimental AA*-He spectrum (Figure 2).
This observation that H,O has already been released from the
CO site at Ar=3 ps but has not yet arrived at the NH site
provides clear-cut evidence for the existence of an intermedi-
ate I, which has a structure different from the initial educt E*
and the final product P*. Thus, the water migration reaction in
AA*-H,0 involves at least a two-step three-state mechanism,
as illustrated in Figure 1.

To shed further light on the details of the water migration
dynamics, time evolution curves were measured at three
relevant vibrational frequencies (Figure 3). The time evolu-
tion at 3495 cm™' (A) represents the overlapping decay of R
(reactant) and E'. The 3385cm™' transition (B) reflects
mainly vyt of I and E*, whereas the 3185 cm™! band (C)
arises from vyy"" of P*.

The observed time evolution curves were simulated by the
most simple two-step three-state reaction model (model M1,
Figure 1) using the following rate equations [Eqgs. (1)-(3)]:

d[E"]

~g = klE] oY)
=k -k @
d[P’] N

—g = kll'] 3)

Here, [X] are the populations of X, and k, and k, are rate
constants (k;=1/t;) for the first and the second step of the
reaction (Figure 1). u(r) is the unit step function, and the time
profile of the lasers determined by cross-correlation measure-
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Figure 3. Experimental time evolution curves of three vibrational
frequencies of AA™-H,O and corresponding fits (model M1, Figure 1).

ments corresponds to 2.8 ps (see the Supporting Information).
The rate Equations (1)—(3) are solved by Equations (4)—(7):

R =1~ u) @
[E°) = expl(—kutu(t) )
1) = S fexp(—hot) — exp(—ku)Jutt) ©
P = o (k1 - exp(—kn)] — K l1 —exp(—klu) ()

Fits to the experimental time profiles in Figure 3 yield 7, =
(0.7+0.1) and 7,=(3.7+0.3) ps, and their good agreement
with the experimental ones strongly support the existence of
the intermediate I*. Interestingly, 7, is of the order of the
rotational periods of isolated H,O estimated from its rota-
tional constants (about 0.4-1.2 ps).

The ps IR spectra in Figure 2 show that all ionized CO-
bound clusters (R, E™) are converted to NH-bound clusters
(P*) with 100% vyield. As the clusters are isolated systems
without the possibility of energy release, the P*—E* back
reaction may be expected and has indeed been observed for
phenol™-Kr.®! In this cluster, the Kr atom switches the initial
binding site from the aromatic & ring to hydrogen-bonded OH
site by ionization, however the H—m back reaction eventually
leads to a nonvanishing [xt]/[H] equilibrium population ratio.
For AA*-H,O, the lack of any back reaction and unity yield
for the E*—P" forward reaction indicates that efficient
intracluster vibrational energy redistribution (IVR) in P*
prevents the P"—E" back reaction because of fast removal
of vibrational energy from the reaction coordinate. The time
evolution of the width of the vy;,°" band is also consistent with
IVR in P*.P Unfortunately, the internal energies in AA*-
H,O before and after water migration are unknown, as
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structured photoionization spectra could not be obtained for
the CO-bound isomer."! However, they must be high enough
so that the low-frequency inter- and intramolecular vibrations
can act as efficient bath modes for IVR. A more detailed rate
equation analysis including IVR (model M2) further
improves the functions fitted to the experimental time
evolution curves, but essentially provides the same overall
water migration time of about 5 ps. Comparison of the IR
spectrum of AA™-H,O generated by photoionization and
subsequent E*—P* isomerization (Af=50 ns) with the cor-
responding IR spectrum of cold AA"-H,O-Ar (Ar-tagged P*)
in Figure 2 clearly indicates the substantial internal energy
content of the reaction product P* (Figure S3 in the Support-
ing Information).

In summary, the dynamics of water migration around
a peptide bond was measured as about 5ps using time-
resolved IR spectroscopy of AA*'-H,O. Significantly, the
existence of an intermediate I* was revealed, an observation
which completely escaped previous “static” IR spectra.® As
I" does not exhibit any hydrogen bonding to the CO and NH
sites, the water ligand must be located outside the -CONH-
plane, and possible candidates include binding sites at the
phenyl ring and the methyl group. Density functional
calculations® detailed in the Supporting Information predict
the NH-bound structure (P*) as the most stable minimum
(Figure 1), whereas the aromatic CH and aliphatic CHj sites
are significantly less stable local minima. No minimum was
found at the CO site and above the phenyl and amide groups
of AA™. According to these calculations, I" corresponds to
the CH and/or CHj; binding site, and thus the H,O ligand
migrates in the molecular plane from the CO to the NH site.
Further detailed analysis requires more sophisticated theo-
retical calculations including molecular dynamics (MD)
simulations on a highly accurate multidimensional potential
energy surface (with the ionization excess energy as param-
eter) and wave packet dynamics for inclusion of quantum
effects.’41% Currently, no dynamical calculations have been
reported for AA™-H,O. MD simulations for the related
formanilide-H,O cation, derived from AA*-H,O by CH;—H
substitution, actually predict H,O migration from the CO to
the NH site upon ionization.*® However, in stark contrast to
the present experimental evidence, 1) the calculated time
constant is on the sub-picosecond time scale, 2) the P*—E*
back reaction is predicted, and 3)no evidence for an
intermediate structure It was presented.’l These severe
deficiencies urgently call for the development and application
of more sophisticated theoretical approaches and emphasize
the importance of the current experimental results. Exper-
imentally, the next step includes the characterization of
microhydrated AA-(H,0), clusters to probe the dynamics of
a larger hydration network around proteins at the molecular
level,® as well as an extension to polypeptides.

Experimental Section

The principle and setup for the measurement of the ps time-resolved
UV-UV-IR ion dip (TRIR) spectra (see Figure S1 in the Supporting
Information) are described in detail elsewhere.*® Briefly, AA-H,0
clusters are produced in a supersonic jet by expanding AA vapor at
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T=363 K seeded in He gas (3.5 bar) with water vapor (2.9 mbar)
through a pulsed valve into a vacuum chamber. Neutral AA-H,0
dimers are ionized from the neutral ground state (S,) employing
resonant one-color two-photon ionization (R2PI) through the first
excited singlet state (S,) using a ps UV laser, vyy (Figure 1). The ions
generated in the cation ground state (D,) are extracted into a time-of-
flight mass spectrometer. While monitoring the mass-selected AA*-
H,O signal, a tunable ps IR laser, v, is fired and scanned through the
vibrational range (2800-3800 cm ') with an adjustable delay (Af) with
respect to the ionizing UV laser, vyy. The ion signal is amplified,
integrated, and monitored as a function of vz and/or Az. When vy is
resonant with a vibrational transition of AA*-H,O, the cluster
dissociates upon vibrational excitation, causing a depletion (dip) in
the ion current. Thus, the IR spectrum of AA*-H,O is obtained by
monitoring the depletion of the ion current as a function of vj. The
generation of the ps UV and IR laser pulses is described elsewhere.?!
The key parameters are 10 Hz repetition rate, about 3 ps pulse widths,
about 15 cm™! spectral widths, and pulse energies of 5 and 70 uJ for
vyy and v, respectively. The UV and the IR laser beams are
combined coaxially and focused by a CaF, lens with 300 mm focal
length into the supersonic molecular beam. Similar R2PI and IR
depletion experiments have also been performed using standard IR/
UV nanosecond lasers, as described in detail previously.
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