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6 Vibrational energy
transfer in an antifreeze
protein

We performed time- and polarization-resolved pump-probe and two-
dimensional infrared (2D-IR) experiments to study the dynamics of
the amide I vibration of a 7 kDa type III antifreeze protein. In the
pump-probe experiments, we used femtosecond mid-infrared pulses
to investigate the vibrational relaxation dynamics of the amide mode.
The transient spectra show the presence of two spectral components
that decay with different lifetimes, indicative of the presence of two
distinct amide subbands. The 2D-IR experiments reveal the coupling
between the two bands in the form of cross-peaks. Based on previous
work by Demirdöven et al. (J. Am. Chem. Soc. 126 (25), 2004),
we assign the observed bands to the two infrared-active modes α(−)
and α(+) found in protein β-sheets. The amplitudes of the cross-peak
were found to increase with delay time, indicating that the cross-
peaks originate from population transfer between the coupled amide
oscillators. The time constant of the energy transfer was found to be
6-7 ps.

6.1 Introduction

Among the various normal modes of the protein backbone, the amide I band
forms a particularly sensitive marker for secondary structural elements. The vi-
bration consists primarily of the displacement of the carbonyl group of the amide
moiety with additional contributions from CN-streching and NH-bending [101].
The latter contribution is responsible for a slight shift of the amide I reso-
nance frequency upon isotopic exchange from hydrogen to deuterium (denoted
as amide I’). Amide oscillators are known to be coupled by electrostatic inter-
actions, leading to the formation of vibrational excitons [102, 103]. Depending
on the degree of structural disorder, these excitons can be partially delocalized
over several residues of the peptide chain. Hochstrasser and coworkers were the
first to investigate the signature of the excitonic states of the amide I’ band with
nonlinear infrared spectroscopy [30]. They found that vibrational excitations
are delocalized between coupled sets of amide oscillators over a length of ∼ 8 Å.
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86 Vibrational energy transfer in an antifreeze protein 6.2

Over the past years, twodimensional infrared (2D-IR)-spectroscopy has become
an extremely valuable tool for the study of the amide I’ vibration of proteins and
peptides, owing to its sensitivity to fast dynamics occuring on femto- to picosec-
ond timescales. Most 2D-IR-studies have focussed on the analysis of lineshapes
and coupling patterns, and many insightful observations about the structure and
the conformational dynamics have been obtained [15,16,104–109]. In combina-
tion with theoretical modeling and residue-specific isotope labeling, mechanistic
models and structure-function relationships have been devised for systems as
complex as the M2 proton channel [104,108], membrane-associated peptides [16],
and dimers of transmembrane helices [109] based on 2D-IR-spectra. The afore-
mentioned studies have mainly been performed for a fixed timing of the pulses
in the 2D-IR-pulse sequence, and relatively few studies have focussed on the
dynamics of the amide mode [3,110–112]. In a recent study by Middleton et al.
it was found that the vibrational lifetime of the amide I’ mode is correlated with
the degree of structural disorder [110]. Hamm and coworkers have observed the
breaking and reformation of hydrogen bonds between the amide groups of N -
methylacetamide and the hydroxyl groups of methanol [111]. The same group
has also studied the energy transfer dynamics between the amide oscillators of
small peptides embedded in different environments [3, 112].
In this paper, we report on a study of the response of the amide I’ vibration of a
67-residue type III antifreeze protein (AFPIII) from ocean pout (macrozoarces
americanus) with linear- and nonlinear infrared spectroscopy. Antifreeze pro-
teins are a class of proteins that are found in the body fluids of organisms that
need to survive at sub-zero temperatures and are known to act as cryopro-
tectants by lowering the freezing point of aqueous solution with respect to the
melting point [113]. We have applied polarization-resolved infrared pump-probe
experiments using femtosecond pulses to the study of vibrational relaxation dy-
namics, and in addition performed delay-dependent 2D-IR-experiments using
narrowband excitation pulses to obtain insight into the energy transfer dynam-
ics of the amide I’ band of AFPIII. The results strongly suggest the presence of
intramolecular β-sheets in agreement with the X-ray crystal structure, demon-
strating the sensitivity of 2D-IR for flexible structural elements invisible by
commonly employed spectroscopic tools to probe protein structure in solution
such as circular dichroism spectroscopy [114–116].

6.2 Experimental section

Nonlinear infrared spectroscopy

We use femtosecond mid-infrared spectroscopy to measure the vibrational re-
laxation dynamics of the amide I’ vibration of 1.4 mM solutions of AFPIII dis-
solved in a D2O-buffer (containing 150 mM NaCl, 20 mM tris(hydroxymethyl)
aminomethane). D2O is used instead of H2O to avoid the absorption of the
mid-infrared pulses by the bending mode of H2O. The mid-infrared femtosec-
ond pulses required for this study are generated by a series of nonlinear fre-
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quency conversion processes that are pumped with the pulses of a commercial
Ti:sapphire regenerative amplifier (Coherent Legend Elite Duo) as described
in Chapter 3. To avoid absorption of the infrared pulses by ambient air, the
setup is purged with nitrogen during the experiment. The pulse length at the
sample position was determined by two-photon-absorption in an InAs-wafer and
inferred to be ∼100 fs. We use the mid-infrared pulses in a polarization resolved
pump-probe experiment as described in Section 3.1.

Relaxation of the initially excited amide I’ oscillators as well as direct absorp-
tion of the pump light by the high-frequency shoulder of the D2O-band centered
at 1500 cm−1lead to the rise of a thermal signal in the pump-probe spectra.
In order to describe the kinetics of this process in a model-free approach, we
have measured the pump-induced shift of the OD-stretch band using a sec-
ond, independently tunable optical paremtric amplifier in combination with a
AgGaS2-based difference frequency generation scheme, generating probe pulses
in resonance with the shoulder of the OD-stretch absorption band of the solvent
(∼ 2200 cm−1). The pump pulse remains tuned to the amide I’ vibration. The
kinetics obtained from this experiment are used to subtract the time-dependent
thermal signal from the pump-probe data set prior to further analysis. In this
procedure, we have implicitly assumed that the time-dependence of thermal ef-
fects is identical for all modes in the sample.
In addition, we perform two-dimensional infrared (2D-IR) experiments as de-
scribed in Section 3.2. During all experiments, the samples were held between
two CaF2 windows separated by Teflon spacers with a thickness in the range
between 25 and 50 µm. The temperature of the sample was set by a thermo-
electric module and actively stabilized over the course of the experiment by a
programmable temperature controller (PTC 10, Stanford Research Systems),
driven by in-house designed software. In the experiments below 8◦C, the sam-
ples were rotated during the measurement to ensure that each laser shot probes
a fresh portion of the sample so as to avoid steady-state heating in the focus.

6.3 Experimental results and interpretation

6.3.1 Isotropic transient spectra

Figure 6.1 shows the transient absorption changes of the amide I’ band of
AFPIII. The spectrally broad excitation pulses used in this experiment have
sufficient bandwidth to cover the entire amide I’ absorption band. The spec-
tra show a negative response that peaks at 1640 cm−1, originating from the
bleaching of the ground state (ν = 0) and stimulated emission from the first
excited state (ν = 1) of the amide I’ mode. The positive feature in the tran-
sient spectrum observed at frequencies < 1620 cm−1 originates from excited
state absorption (ν = 1 → 2). The signal at delay times > 20 ps has a flat
and featureless shape (not shown here) and originates from the shift of the
solvent background due to heating. The contribution from this signal has been
subtracted from the data in Figure 6.1 as outlined in the experimental section.



�

�
“thesis” — 2015/10/5 — 12:09 — page 88 — #88 �

�

�

�

�

�

88 Vibrational energy transfer in an antifreeze protein 6.3

1620 1640 1660 1680

−0.02

−0.015

−0.01

−0.005

0

0.005

0.01

wavenumbers [cm-1]

∆
α

 [
m

O
D

]

broadband excitation, rotation−free

 

 

1600 1650 1700

0

0.1

0.2

0.3

0.4

A
b

so
rp

ti
o

n
 [

O
D

]

0.35 ps
0.5 ps
0.9 ps
1.4 ps
2.25 ps
3.25 ps
5 ps
8 ps
12 ps

Figure 6.1. 1D-pump-probe data of AFPIII obtained under broadband excitation.
The sample thickness used in the experiment was 50 micron. The open circles represent
the data points after subtraction of the time-dependent rise of the thermal signal. The
solid lines represent a fit to the model outlined in the text. The inset shows the linear
absorption spectrum of the sample after subtraction of the solvent background.

It is worth noting the difference in spectral shapes between the linear absorp-
tion spectrum of AFPIII shown in the inset of Figure 6.1 and the nonlinear
pump-probe spectrum. In the FTIR-spectrum, the amide I’ band appears
as a nearly Gaussian-shaped absorption line without shoulders or sidelobes.
The slight asymmetry might in fact be caused by imperfect subtraction of the
solvent background. In contrast, the bleaching signal of the transient spectra in
Figure 6.1 exhibits a clear additional shoulder around 1670 cm−1, which is not
observed in the linear spectrum. The difference in intensity distribution can
be understood from the dependence of the signal amplitude on the absorption
cross-section, which is linear in the case of the FTIR-spectrum, but scales
quadratically with the absorption cross-section in the pump-probe spectrum.
In Figure 6.2 we plot the isotropic transient absorption changes obtained from
the broadband excitation experiments at four different detection frequencies.
To avoid any unwanted contributions arising from coherent coupling between
pump- and probe pulses during the time-overlap of the pulses [31, 32] or per-
turbed free induction decay effects [33, 34] (see Section 2.4.2), we analyze the
population relaxation only after a pump-probe delay of 300 fs. The data
have been normalized to the maximum signal to facilitate a comparison of the
dynamics. The population decay of the amide I’ vibration has a pronounced
frequency dependence, which points at the presence of more than one sub-
ensemble of amide oscillators within the absorption band. We find the decay to
slow down with increasing frequency, which is consistent with the observation
of a blue-shift of the transient spectrum in Figure 6.1 with increasing delay
time. We describe the data set ∆α(ω, t) with a model that contains two excited
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Figure 6.2. Transient absorption change obtained under broadband excitation condi-
tions at different detection frequencies. The data have been normalized to the signal
at 300 fs. Open circles represent the data points obtained after subtraction of the
thermal signal as described in the text. The solid lines represent the fit of the kinetic
model outlined in the text, and the inset shows the spectral signatures σA and σB of
the excited states obtained with the fit.

states decaying with different lifetimes to a common ground state. The spectral
signatures of the excited states that we extract from the fit are depicted in the
inset of Figure 6.2. We find the lower-frequency component of the spectrum to
decay with a lifetime of Ta

1 of 1.09 ps, whereas the high frequency component
exhibits a longer lifetime Tb

1 of 3.21 ps. The details of the fitting procedure are
described in section 6.3.2.
More detailed information on the structural origin of the two components can
be obtained from a two-dimensional infrared spectroscopic (2D-IR) experiment,
in which the coupling between different sets of amide modes reveals itself in the
form of crosspeaks. As outlined in Section 3.2, we have implemented 2D-IR-
spectroscopy in the form of a hole-burning experiment, in which we make use
of tunable, spectrally narrow excitation pulses in combination with broadband
probing pulses [3, 30, 37, 117]. In Figure 6.3 we show 2D-IR-spectra obtained
at delays of 1 ps (Figure 6.3A) and 2 ps (Figure 6.3B) measured with a probe
pulse with a polarization perpendicular to that of the pump. The negative
bleaching/stimulated emission signal shows a pronounced elongation along the
diagonal in both spectra. This correlation between excitation and probing
frequency reflects inhomogeneous broadening, which is static on the timescales
shown here (1-2 ps). In addition, we observe a ridge in the negative signal
above the diagonal at ωprobe = 1670 cm−1, which becomes more pronounced
with increasing delay time (Figure 6.3B).
To visualize the time-evolution of the spectrum, we plot in Figures 6.3C

and 6.3D cuts through the 2D-IR-spectrum at excitation frequencies of
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Figure 6.3. 2D-IR-spectra of the amide I’ region of AFPIII, obtained at a delay time
of (A) 1 ps and (B) 2 ps measured with perpendicular polarization of the pump- and
probe pulses. The spectra have been generated from a series of narrowband excitation
experiments with 12 different pump positions. Negative absorption signals are depicted
as blue, positive absorption signals in red. The contours are equally spaced between
+70% and -70% of the maximum bleaching signal. (C,D) Cuts through the isotropic
part of the 2D-IR-spectrum for excitation frequencies ωpump = 1630 cm−1 (C) and
ωpump = 1670 cm−1 (D), normalized to the minimum of bleaching signal. The inset in
(C) shows the delay traces of the diagonal peak (ωprobe = 1630 cm−1, blue symbols)
and the off-diagonal signal (ωprobe = 1670 cm−1, red symbols) for ωpump = 1630 cm−1.
The off-diagonal signal is magnified by a factor of 9 for clarity.

ωpump = 1630 cm−1 and ωpump = 1670 cm−1 at delay times ranging from
0.6 ps to 4 ps, normalized to the minimum of the bleaching signal. The thermal
level has been subtracted in the same way as described above for the exper-
iments under broadband excitation. Upon excitation of the amide oscillators
at either frequency positions, a delayed rise of a bleaching signal is seen in
the off-diagonal region, pointing at the presence of rising crosspeaks in these
regions of the 2D-IR-spectrum. The inset in Figure 6.3C shows the delay traces
at ωprobe = 1630 cm−1 (diagonal signal) and ωprobe = 1670 cm−1 (off-diagonal
signal). The plot clearly shows that the off-diagonal signal peaks at a later
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Figure 6.4. FTIR difference spectra of the amide I’ band of AFPIII for different
temperatures. The spectra have been obtained by first subtracting a spectrum of
the solvent measured at the same temperature from the raw absorption spectrum of
the sample, and subsequently taking the difference spectra between the background-
corrected absorption spectra of AFPIII. The sample thickness in this experiment was
50 µm.

delay time than the diagonal signal, and that both signals decay with differ-
ent lifetimes. The signal at ωprobe = 1670 cm−1 must therefore constitute a
cross-peak that likely results from the exchange of population with the directly
excited amide oscillators. In Figure 6.3D, the rise of a bleaching signal in the
region ωprobe= 1630 - 1660 cm−1 is observed. The bleaching signal is partially
compensated by the positive-valued induced 1→2 absorption. The rise of this
off-diagonal bleaching signal results from population transfer from the directly
excited mode at 1670 cm−1 to amide oscillators at lower frequencies.
To exclude the possibility that the delayed rise of the off-diagonal signals in
Figure 6.3(C,D) originates from a local, transient heating effect resulting from
thermalization of the vibrational relaxation, we have studied the influence of
a temperature increase on the amide I’ band by measuring solvent-corrected
temperature-difference absorption spectra. From these difference spectra shown
in Figure 6.4 it is apparent that an increase in temperature leads to a blueshift
of the amide I’ band, which is accompanied by a decrease in absorption cross-
section. In the transient absorption spectrum, a temperature increase would
thus lead to a bleach in the frequency region from 1620 cm−1 to 1660 cm−1

and an induced absorption in the region >1660 cm−1. This is in contrast to the
observations of Figure 6.3C, where the delayed rise of a bleaching signal in the
frequency region of ωprobe >1660 cm−1 is clearly seen. The bleaching nature
of this signal excludes the possibility that it originates from a local increase in
temperature and strongly supports our assignment of the off-diagonal dynamics
to the population transfer from directly excited amide modes at 1630 cm−1 to
amide oscillators at higher frequencies.
Recently, a systematic study of the 2D-IR-spectroscopic signatures of differ-
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Figure 6.5. Rate model employed to fit the isotropic pump-probe data set
∆αiso(ω, t). The rates of population transfer between the two excited states are
constrained by the detailed balance condition kA→B/kB→A= e−∆E/kT . The explicit
expression for the rate equations are given in the appendix of this chapter.

ent structural elements of proteins and peptides has been performed by the
Tokmakoff-group [105]. In this study, it was shown that the two infrared-active
vibrational modes associated with antiparallel β-sheet elements, denoted as
α(+) and α(−), are strongly coupled and give rise to a distinct cross-peak in
the 2D-IR-spectrum. Based on this work, we assign the two components that
we observe at ω ≈ 1630 cm−1 and ω ≈ 1670 cm−1 in the 2D-IR-spectra of
AFPIII to the α(−) - and α(+) - modes of β-sheets, respectively. The α(+)
and α(−) are collective modes that consist primarily of the in-phase move-
ment of amide I’-oscillators on adjacent strands, leading to a delocalized mode
with a transition dipole moment perpendicular to the direction of the β-strands
(α(−)), and the in-phase movement of neighboring oscillators within one strand
(α(+)), forming a mode with a transition dipole moment approximately parallel
to the strands. The character of these modes is illustrated in Figure 6.9B.

6.3.2 Kinetic modeling of the exchange

With the findings in the previous paragraph in mind, we return to the kinetic
analysis of the broadband pump-probe data. To account for the energy transfer
within the amide I’ absorption band that was observed in the 2D-IR-spectra,
we employ a kinetic model that is outlined schematically in Figure 6.5 to fit the
isotropic pump-probe data set ∆αiso(ω, t). We assume that the data set can be
described by the product of the time-dependent populations Ni(t) of the states
involved in the relaxation scheme and their associated spectral signatures σi:

∆αiso(ω, t) = NA(t) · σA +NB(t) · σB +N0(t) · σ0 (6.1)

The subscripts A, B and 0 denote the two excited states included in the
model of Figure 6.5 and the groundstate, respectively. It should be noted that
the spectra σi represent difference spectra with the absorption spectrum of
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Figure 6.6. Rate constants obtained from a fit of the isotropic data set ∆αiso(ω, t)
to the model of Figure 6.5 for different sample temperatures between 2 and 20◦C.
Both the vibrational relaxation rates kA = 1/TA

1 and kB = 1/TB
1 of the two amide I’

subbands as well as the exchange rate kB→A show only minor variation with temper-
ature.

the ground state. At later delay times, the transient spectrum will be formed
by a thermal difference spectrum representing the change in absorption of the
groundstate induced by the thermalization of the vibrational excitation. How-
ever, this contribution is already eliminated by the subtraction of the rising
thermal difference spectrum from the data set as outlined in the experimen-
tal section. From a least-square fit, we find a rate of energy transfer from the
higher-lying state to the lower-energy state of kB→A= (7.1 ± 0.2 ps)−1 and
rates of relaxation to the groundstate of kA = 1/TA

1 = (1.09 ± 0.01 ps)−1 and
kB = 1/TB

1 = (3.21 ± 0.07 ps)−1. Figure 6.6 shows the temperature depen-
dence of the rate constants obtained from the least-square fit, ranging from 2 to
20◦C. We find that the exchange rate kB→A as well as the vibrational relaxation
rates kA and kB are essentially temperature independent over the investigated
range. The associated spectral signatures of the excited states σA and σB that
we extract from the fit are depicted in the inset of Figure 6.2.

We employ the rate constants outlined above to perform a model calcu-
lation of the time-evolution of the 2D-IR-spectrum. The results of these cal-
culations are presented in Figure 6.7 for two different excitation frequencies
of ωpump = 1630 cm−1 and ωpump = 1670 cm−1. The calculated spectra are
to be compared with the experimental data in Figure 6.3(C,D). The calcula-
tions are based on fitting the isotropic transient spectra at an early delay time
(τ = 0.6 ps) obtained for ωpump = 1630 cm−1 and ωpump = 1670 cm−1 with
a sum of Lorentzians and subsequently calculating the time evolution of these
two components with the kinetic model and the rate constants outlined in the
previous paragraphs. The peak positions and the linewidths of the Lorentzians
are presented in Table I. The spectra obtained for ωpump = 1630 cm−1 are in
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Figure 6.7. Calculated delay-time dependence of cuts through the 2D-IR-spectrum
for excitation frequencies of (A) ωpump = 1630 cm−1and (B) ωpump = 1670 cm−1. The
results are directly to be compared with the experimental data in Figure 6.3(C,D).

excellent agreement with the transient spectra in Figure 6.3C. The delayed rise
of the bleaching signal in the range of ωprobe = 1640 - 1680 cm−1 as well as the
small blueshift of the induced absorption signal with increasing delay time are
well reproduced. It should be noted that also the initial increase and subsequent
decay of the induced absorption signal with a maximum at intermediate delay
times (τ = 2.5 ps, yellow curves in Figures 6.3C and 6.7A) is well reproduced
by our model. The agreement of the calculations for ωpump = 1670 cm−1 in
Figure 6.7B with the experimental data of Figure 6.3D is less good, but the
main features and trends of the time-dependent transient spectra can be re-
produced. The transient redshift of the induced absorption and the rise of the
bleaching signal in the region of ωprobe = 1640 - 1665 cm−1 is accounted for by
the calculations, albeit that the latter feature is less pronounced in the calcu-
lations than in the experimental data. The overall less good agreement of the
model calculations with the experimental data for ωpump = 1670 cm−1 than for

ωpump ν1 fwhm sign ν2 fwhm sign ν3 fwhm sign
1630 1618.5 26.3 pos. 1628.0 28.1 neg.
1670 1624.5 26.0 pos. 1647.6 32.1 neg. 1675.3 13.4 neg.

Table I. Parameters used for the calculation of delay-time dependence of the nar-
rowband excitation spectra (cuts of the 2D-IR-spectrum along ωprobe for ωpump =
1630 cm−1 and 1670 cm−1) shown in Figure 6.7. The parameters have been obtained
from a fit of a sum of Lorentzian lineshape functions to the transient spectra in Figure
6.3(C,D) at earliest delay times (0.6 ps). νi and fwhmi denote the center frequency
and the full-width at half maximum of the Lorentzian functions, respectively, and
are given in cm−1. The sign indicates whether the signal originates from a bleach
(negative) or an induced absorption (positive).
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Figure 6.8. (A) Anisotropy decays obtained from a decomposition of the polarization-
resolved broadband pump-probe data sets ∆α‖(ω, t) and ∆α⊥(ω, t). (B) Anisotropy
decays of the diagonal signal of the 2D-IR-spectrum for narrowband excitation
ωpump = 1630 cm−1 and ωpump = 1670 cm−1. The solid lines are exponential fits
to the data.

ωpump = 1630 cm−1 might be due to the presence of additional spectral equili-
bration after narrowband excitation at 1670 cm−1, which is not included in the
present model. The narrower width of the bleaching signal immediately after
excitation at 1670 cm−1 (τ = 0.6 ps in Figure 6.3D) when compared to the
initial bleach after excitation at 1630 cm−1 (τ = 0.6 ps in Figure 6.3C) suggests
that a slow spectral diffusion process affects the time-evolution of the transient
spectra stronger in the case of excitation of the α(+)-band at 1670 cm−1, for
which a narrow spectral hole of ∼10 cm−1 is burned, than in the case of pumping
at 1630 cm−1, where the initial bleach has a width of approximately 20 cm−1.

6.3.3 Anisotropy dynamics of the pump-probe experi-
ments

The spectral signatures can be used together with the polarization-resolved data
sets ∆α‖(ω, t) and ∆α⊥(ω, t) to construct the time-dependent anisotropy de-
cays for both individual bands by using the approach described in the appendix
of Chapter 5 (Eqs. (5.4)-(5.7)). The anisotropy curves obtained in this way are
shown in Figure 6.8. We find that the anisotropy curve of the high-frequency
band RB(t) exhibits a large drop within the first 500 fs, leading to an almost
complete decay. In contrast, the anisotropy of the low-frequency band, RA(t),
shows a much slower decay on a time-scale of several picoseconds. We find that
the decay of RA(t) can be well described by a single exponential with a decay
rate of 1/τ = (5.5 ps)−1.
In Figure 6.8B we show the anisotropy decays of the diagonal signals of the
2D-IR-spectrum. Interestingly, neither of the anisotropy curves in Figure 6.8B
shows a similar rapid decay as observed for the RB(t)-curve in Figure 6.8A.
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Instead, both curves decay on a timescale comparable to RA(t) in Figure 6.8A.
The different dynamics of the anisotropy decays in broadband pump-probe ex-
periments compared to 2D-IR-experiments has its origin in the exchange of
population between the two modes considered in our model. In the 2D-IR-
experiment, the spectrally selective excitation pulse creates population in only
one of the excited states. The excited state population can either decay to the
ground state (T1-relaxation) or transfer population to the other mode (cross-
relaxation). Both processes lead to a decay of the isotropic pump-probe signal
of the initially excited mode, i.e. of the diagonal signal in the isotropic 2D-IR-
spectrum, while at the same time leaving the anisotropy of the signal unaffected.
The anisotropy of each probed amide I’ vibration can only decay due to molec-
ular reorientation, or if another excited vibration with a different orientation,
i.e. the other amide I’ mode, changes its character (frequency) to that of the
probed vibration.
The situation outlined above for the narrowband-excitation 2D-IR experiments
contrasts the situation encountered in the pump-probe experiments with broad-
band excitation pulses. The spectrally broad pump-pulse generates excited state
population in both modes, with the ratio of population in the ν = 1-states be-
ing determined by the cross-sections of the two modes. The excitation of both
modes enables the exchange of population between the two excited, differently
oriented amide I’ modes, thereby opening up an efficient loss-channel for the
anisotropy. Considering that the cross-section of the lower-frequency band σA

is higher than that of σB , mode A will be more strongly excited than mode B.
As a result, the exchange will have a much stronger effect on the anisotropy of
mode B that on the anisotropy of mode A, thus likely causing the observed fast
decay in the anisotropy curve RB shown in Figure 6.8A.

6.4 Discussion

The splitting of the amide I’ band and the accompanying formation of cross-
peaks in the 2D-IR-spectrum is highly characteristic for antiparallel β-sheets
[105,118]. Structurally disordered segments do not feature this distinctive line-
shape behaviour. Therefore the two amide I’ modes as observed in our ex-
periment appear to be dominated by β-sheet character, thus supporting an
assignment to α(−)- and α(+)-modes. The prevalence of β-sheet character in
the amide I’ response is in agreement with the crystal structure of AFPIII that
has been determined by Anston et al. [115] and is shown in Figure 6.9A. Never-
theless, in view of the structure of AFPIII proteins it is likely that one or even
both of the spectral components obtained in the analysis (inset of Figure 6.2)
contains a contribution from random coil elements of the protein [114–116]. It
should be noted that, in case the amide oscillators in random coil or α-helical
segments exhibit vibrational lifetimes very similar to either the α(-) or α(+)
mode, an unambiguous distinction solely based on a kinetic analysis is not pos-
sible. The high-frequency band (blue curve) shown in the inset of Figure 6.2 has
a non-negligible amplitude around 1650 cm−1, which likely originates from the
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amide I’ vibrations of random coil/helical elements, that show a similar lifetime
as the α(+) mode.

A

1

2

3

4

B

Figure 6.9. (A) Crystal structure of type III AFP determined by Antson et al. [115]
(pdb-code 1HG7). The strands of the β-sheets are represented in red, random coil
elements in blue and helices in yellow. (B) Schematic representation of the infrared-
active collective vibrations of antiparallel β-sheets according to Ref. [105]. Red arrows
indicate the direction of the transition dipole moment of the amide I’ mode of the
individual peptide moieties 1 to 4. Both the α(−) and α(+) modes correspond to
the out-of-phase stretching movement of the (1,4) and (2,3) pairs of amide oscillators
on adjacent β-strands. The α(+)-mode is associated with the in-phase movement of
neighboring oscillators (pairs (1,3) and (2,4), respectively), whereas the α(−)-mode
corresponds to the out-of-phase movement of these oscillators.

In a simulation study of the 11-residue β-hairpin peptide trpzip2, Jansen
and Knoester found population transfer between the α(−)- and α(+)- modes
of β-sheets [119], but in this study the transfer rate was found to be approxi-
mately a factor of 10 larger than in the present study. The value of (7.1 ps)−1

we find for the exchange rate of AFPIII is in good agreement with the cross-
relaxation rates of (5.26 ps)−1 measured by Woutersen et al. for tri-alanine [3].
In this latter study, the energy transfer dynamics were found to be completely
determined by a sub-picosecond component in the correlation function of the
fluctuating coupling between the amide oscillators. It is thus conceivable that
the cross-relaxation between the α(−) and α(+)-modes in AFPIII results from
fast conformational fluctuations of the β-sheets of the protein. We measured
the temperature dependence of the exchange rate over an interval from 2◦C
to 20◦C, and found the exchange rate to vary only within the experimental
uncertainty. This observation implies that the protein backbone remains rel-
atively flexible over the investigated temperature range, even at temperatures
approaching the freezing point of the solvent. This notion of highly flexible
β-sheets is supported by the absence of detectable secondary structure in circu-
lar dichroism spectroscopy, while the X-ray diffraction structure of flash-frozen
crystals with strongly suppressed dynamics reveals two β-sheets, a β-bridge,
and two 310-helices [114–116]
In the case of broadband pumping, the anisotropy of α(+) shows a very fast
decay that we can explain from the energy transfer between the α(−) and α(+)
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modes. Similar subpicosecond decays of the anisotropy have been observed be-
fore in infrared pump-probe experiments on the peptides apamin, scyllatoxin
and bovine pancreatic inhibitor [30]. In line with our interpretation, these fast
decays have been assigned to energy transfer within the amide I’ vibrational
manifold [30]. In the case of narrowband excitation, the anisotropy dynamics
of both the α(−) and the α(+) mode are quite slow because the transfer be-
tween these modes will negligibly contribute to the anisotropy decay. In the
experiments of Figure 6.8B only either of the two modes gets excited, and to
get an effect of energy transfer on the anisotropy the energy should not only
be transferred to the unexcited mode but also back to the excited mode, which
makes this contribution rather unimportant. The observed slow decay of the
anisotropy can be ascribed to either molecular reorientation or to energy trans-
fer between different modes α(−) or between different modes α(+). The first
option can be ruled out in the present case considering the size of the protein
and the relatively fixed orientation of the amide moiety in the peptide chain.
The second option of energy transfer between different modes α(−)/α(+) im-
plies that there is a coupling between the modes leading to an excitonic manifold
of delocalized α(−) states and an excitonic manifold of delocalized α(+) states.
When either of the bands is excited, a set of excitonic states is populated that
initially interferes constructively to an excited state for which the transition
dipole moment is well aligned with the polarization of the pump pulse. The
subsequent quantum interference and dephasing of the excitonic states will lead
to a change of the orientation of the transition dipole moment and thus to a
decay of the anisotropy. This type of quantum interference and dephasing has
been discussed in Ref. [30] for the amide I modes of several other peptides, and
also for the case of coupled electronic states in Ref. [33]. The interpretation of
the anisotropy decay of Figure 6.8B in terms of dephasing of an excitonic man-
ifold of α(−)/α(+) states is further corroborated by inspection of the width of
the spectral hole that is burned into the amide I’ absorption band upon excita-
tion with a narrowband pump pulse. A fit of a Lorentzian lineshape function
to the spectral hole obtained upon excitation of the α(+)-mode at 1670 cm−1

in Figure 6.3D yields a full width at half maximum (fwhm) of approximately
12 cm−1. This value is comparable to the bandwidth of the excitation pulse
(∆νfwhm ≈ 10 cm−1), which implies that the dephasing time of the a(+)-states
must occur on a timescale that is significantly longer than the duration of the
excitation pulses. Previous work showed that the dephasing of excitonic amide
I modes typically takes place with a time constant T2 ≈1 ps [16, 30, 120], thus
making it indeed plausible that excitonic dephasing can lead to a decay of the
anisotropy on a time scale of picoseconds, as observed in Figure 6.8B.

6.5 Conclusions

We have shown that the vibrational relaxation of the amide I’ band of a type III
antifreeze protein shows a pronounced frequency dependence, originating from
the presence of two distinct amide I’ bands with lifetimes of 1.09 ± 0.01 ps
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and 3.21 ± 0.02 ps. From a twodimensional spectroscopic experiment, it was
found that the two bands are coupled and exchange population with a rate of
kB→A= (7.1 ± 0.2 ps)−1. Based on this observation, we have assigned the ob-
served components to the α(−) and α(+)-modes of β-sheets. The influence of
population exchange between the modes was found to have a large impact on the
anisotropy dynamics obtained under broadband excitation conditions, whereas
the anisotropy dynamics of narrowband-pump experiments are rather insensi-
tive to this aspect. The population exchange is likely enabled by the fast, (sub-)
picosecond conformational fluctuations of the β-sheets. The exchange rate con-
stant shows little variation over a temperature interval from 2 to 20◦C. This
finding indicates that the protein backbone is flexible, even at temperatures
near the freezing point (3.8◦C, D2O). This notion is corroborated by the ab-
sence of detectable secondary structure in circular dichroism spectroscopy, while
the X-ray diffraction structure of flash-frozen crystals with strongly suppressed
dynamics reveals two β-sheets, a β-bridge, and two 310-helices.

6.6 Appendix: Rate equations

The rate equations describing the time-dependent populations of the three states
included in the model schematically depicted in Figure 6.5 can be written in
matrix form as

d

dt



NA(t)
NB(t)
N0(t)


 =



−kA − kA→B kB→A 0

kA→B −kB − kB→A 0
kA kB 0


 ·



NA(t)
NB(t)
N0(t)


 (6.2)

The rate equations are integrated numerically and the rates of vibrational relax-
ation to the ground state kA = 1/T1a and kB = 1/T1b and the rate of population
transfer kA→B= 1/TA→B are varied in a least-square minimization of the tar-
get functions Eqs. (5.2) and (5.3) given in the appendix of Chapter 5 until the
best agreement with the experimentally obtained isotropic transient absorp-
tion changes ∆αiso are obtained. The rate of energy transfer in the reversed
direction is constrained to obey the detailed balance condition kA→B/kB→A=
e−∆E/kT where k, T and ∆E denote Boltzman’s constant, the sample temper-
ature in Kelvin and the energy gap between the two coupled amide modes of
∼ 35 cm−1.




