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ABSTRACT: Vibrational energy transfer (VET) is essential for protein function. It is responsible for the efficient dissipa-
tion of excess energy after enzymatic reactions and photochemical processes, and has been linked to pathways of alloster-
ic signal transduction. While it is understood that VET occurs via the backbone as well as via non-covalent contacts, little 
is known about the competition of these two transport channels, which determines the pathways of VET. To tackle this 
problem, we equipped the β-hairpin fold of a tryptophan zipper with pairs of non-canonical amino acids, one serving as a 
VET injector and one as a VET sensor in a femtosecond pump probe experiment. This is accompanied by extensive non-
equilibrium molecular dynamics simulations combined with a master equation analysis to unravel the VET pathways. The 
joint experimental/computational endeavor reveals the efficiency of backbone vs. contact transport, showing that even if 
cutting short backbone stretches of only 3 to 4 amino acids in a protein, hydrogen bonds are the dominant VET pathway. 

INTRODUCTION 

Vibrational energy transfer (VET) is linked to many im-
portant processes in proteins. Chemical reactions in en-
zymes create substantial excess energy that needs to be 
efficiently dissipated in order to avoid damage to the 
protein.1,2 The most active enzymes can carry out a cata-
lytic cycle producing significant excess energy up to 107 
times per second.3 Light driven reactions for instance, 
such as the isomerization of chromophores in photore-
ceptors, can create excess energies in the range of more 
than 2 eV.4 Enzymes have been hypothesized to carry out 
reactions efficiently because the reaction coordinate is 
coupled to so-called reaction promoting vibrations that 
coincide with efficient vibrational energy transfer path-
ways.5,6 In the context of allosteric communication, an 
increasing number of theoretical studies is proposing 
distinct VET pathways between distant sites to coincide 
with pathways of allosteric signal propagation.2,7–13 

In the systems and processes mentioned above, VET is 
believed to proceed efficiently not only along the back-
bone, but in particular across non-covalent contacts, such 
as hydrogen bonds, salt bridges and stacking contacts. 
However, although there are a number of experimental 
VET studies covering smaller peptides14–17 and even pro-
teins18–22 with quite impressive time resolution, a system-
atic analysis of backbone versus contact efficiency for VET 

has not been achieved yet. The short peptides studied 
before lack a defined secondary or tertiary structure and 
the associated contacts, hence VET will occur mainly 
along the backbone. Proteins on the other hand feature a 
well-defined three-dimensional structure with many non-
covalent contacts. However, here the number of potential 
pathways is becoming very large, so far prohibiting a 
detailed analysis of pathways in a concerted effort be-
tween experiment and theory. 

In helical peptides, where VET has already been studied 
with considerable effort,14,17 non-covalent interactions 
abound, mainly intrahelical hydrogen bonds. As the resi-
due connection via hydrogen bonds in helices is parallel 
to the backbone, however, it is difficult to disentangle 
contributions from backbone and contact transfer. Here, 
we utilize the very stable β-hairpin structure of a trypto-
phan zipper (TrpZip2)23 for a detailed study of backbone 
and contact contributions to VET (Figure 1a). 

VET occurs on a picosecond timescale and is experimen-
tally studied by femtosecond pump-probe spectroscopy. 
Vibrational energy is injected into the system either by IR 
excitation16,17,24–26 and subsequent relaxation of a local 
vibration, or by UV/VIS excitation14,18,20,27 and internal 
conversion of a chromophore. Energy propagation is 
monitored by another spectroscopic transition, either 
vibrational1,15,17,26,28 or electronic.29 



 

 2 

For VET studies in peptides and proteins we recently 
introduced a pair of non-canonical amino acids consisting 
of a vibrational energy donor and a vibrational energy 
sensor, which can be incorporated either synthetically or 
cotranslationally during protein expression.16,20 Enzymatic 
synthesis of our VET donor azulenylalanine (Azu) has 

been recently established,30 making it easily accessible. 
The VET sensor Aha is commercially available due to its 
main use as a click-chemistry reagent. By varying the 
position of the VET donor and sensor on the two oppos-
ing -hairpin strands (Figure 2a), the along-strand and 
across-strand distance between the donor and sensor can 
be independently varied, which allows to disentangle 
backbone and contact contributions. 

Accompanying these experimental studies, biomolecular 
flow of vibrational energy has been described by atomistic 
molecular dynamics (MD) simulations. 7–13,31–37 Moreover, 
various network models of energy transport have been 
proposed,11,35,36 which typically aim to predict the energy 
flow between specific parts (usually residues) of a protein. 
In particular, Buchenberg et al.36 suggested a master 
equation  

 
where Ei denotes the kinetic energy of residue i and kij 
represents the rate of energy transport from residue i to 
residue j. As the rate matrix {kij} completely determines 
the time evolution of the system, we can exploit the mas-
ter equation to obtain the dominant energy transfer 
pathways in-between two amino acids.37 Since the rate 
matrix is obtained from a classical theory, in a final step 
we introduce quantum corrections of VET,38–40 which are 
necessary to achieve a quantitative comparison to exper-
iments. Employing extensive non-equilibrium MD simu-
lations34 combined with a quantum-corrected master 
equation model37 we have succeeded here to elucidate the 
detailed pathways of VET in TrpZip2 model peptides. 

EXPERIMENTAL STRATEGY 

Design of the tryptophan zippers. The TrpZip2 vari-
ants V1 to V4 (see Figure 2a) were created by standard 
Fmoc solid-phase peptide synthesis (see SI for details). 
The intact hairpin fold was verified by temperature de-
pendent circular dichroism (CD) spectroscopy. It was 
confirmed that the TrpZips with the VET pair still form 
the characteristic hairpin structure, providing a stable 
scaffold for vibrational energy to propagate along well-
defined pathways as exemplified in Figure 1a. Starting 
from the vibrational energy donor (Azu), there are many 
possible pathways towards the sensor (Aha).  

VIS-Pump IR-Probe Spectroscopy. We performed VIS-
pump IR-probe spectroscopy with 150 fs time resolution 
to monitor VET (see SI for details).16,20 A 613 nm pulse 
pumps the azulene moiety of Azu into its first electroni-
cally excited state (S1). Subsequent ultrafast relaxation 
into the electronic ground state (S0) occurs via internal 
conversion, converting the absorbed photon energy into 
vibrational energy in less than a picosecond.41 This excep-
tion to Kasha’s rule provides a sharp spatial and temporal 
starting point for VET. 

The azide of Aha responds to increasing vibrational ener-
gy at its site by a red-shift of its stretching frequency due 
to anharmonic coupling to the low-frequency modes 
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Figure 1. Principles of our VET study on TrpZip2. a) Vibra-
tional energy is injected into the system via Azu and propa-
gates along various possible pathways to Aha (gray arrows). 
b) (Left): TRIR spectrum of the TrpZip2 variant above. The 
spectral VET signature consists of an induced (red) and re-
duced (blue) absorption, respectively. The shape is due to the 
shift of the azide band to lower wavenumbers upon arrival of 
vibrational energy. (Right) transient of the total absorption 
change of the VET signal. c) Time evolution of residue ener-
gies of the variant above obtained from non-equilibrium MD 
simulations (grey), from the master equation model (red) 
and from the quantum corrected model (blue). 
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populated by VET.24,42,43 A mid-IR pulse centered around 
2120 cm-1 probes the azide stretching frequency. This 
spectral window is free from any other protein signals and 
thus allows for an accurate background subtraction of 
only solvent contributions, resulting in a clean and dis-
tinct response of our vibrational energy sensor.20 

VET leads to a characteristic azide signature in the transi-
ent IR (TRIR) difference spectrum (Figure 1b, left). In this 
VET fingerprint, positive (red) and negative (blue) fea-
tures represent induced and reduced absorption, respec-
tively. By summing up the absolute values of the time-
dependent absorption changes for all pixels carrying the 
VET signal, we obtain the dynamics of the VET event 
(Figure 1b, right). From these transients we extract the 
time with maximal signal, hereafter called peak time. 

SIMULATION STRATEGY 

MD simulations. To aid the interpretation of the above 
experiments, we performed all-atom explicit-solvent MD 
simulations of all considered variants of TrpZip2.34 To 
mimic the initial heating of Azu via electronic excitation 
and subsequent ultrafast (~ 1 ps) internal conversion,41 the 
resulting vibrational excitation was approximated by an 
instantaneous temperature jump, where the excess energy 
kBΔT is chosen to match the S0 → S1 excitation energy of 
≈ 2 eV, resulting in ΔT ≈ 600 K. Following the heating of 
Azu to T0 + ΔT, we performed 5000 non-equilibrium tra-
jectories of 50 ps length each for all four variants, using 
the GROMACS package v2016.3.44 Initial conditions were 
sampled from 100 ns long equilibrium simulations of 
TrpZip2.34 To monitor the vibrational energy flow from 
the heater through the peptide, we consider the mean 
kinetic energy per degree of freedom of the ith residue, 
Ei(t), calculated via an ensemble average over all non-
equilibrium trajectories (see SI for details). 

As an example, Figure 1c shows the time evolution of the 
residue energies of V1. Except for the energy of the initial-
ly excited heater residue Azu1 that decays rapidly, the 
residue energies rise on a picosecond timescale to a peak 
value. If the energy transport occurred predominantly via 
the peptide's backbone, we would expect a shift of the 
peak time with increasing sequence distance to the heat-
er. This is the case for the first ~ 8 residues, before the 
peak occurs again at earlier times –the first time noticea-
ble for Trp10–, resulting from additional energy flow via 
the β-sheet hydrogen bonds. In particular, we find an 
increase of the peak energy towards the C-terminus of the 
peptide, which mainly comes from efficient interstrand 
H-bond contacts of Aha12 with the heater residue Azu1. 

Master equation analysis. In a second step, a master 
equation model Eq. (1) is constructed. Using two recently 
established scaling rules, the interresidue rates can be 
expressed in terms of structural data (such as interresidue 
distances) and are proportional to two transport coeffi-
cients DB and DC for backbone and contact transport, 
respectively, which have been parameterized from MD 
simulations36,37 (see SI for details). Moreover, Eq. (1) ac-

counts for the initial energy relaxation of the photoexcit-
ed azulene to the vibrations of the backbone atom of Azu 
via the “heater rate” kh, and the subsequent dissipation of 
the vibrational energy into the solvent by the “cooling 
rate” ks. Comparing the time evolution of the residue 
energies Ej(t) obtained from MD and master equation, 
Figure 1c reveals excellent overall agreement between the 
two formulations. 

To relate time-dependent IR experiments and non-
equilibrium MD simulations, we assume that the calcu-
lated vibrational excess energy of Aha coincides with the 
transient red shift of the azide stretch band of Aha that 
results from coupling to transiently excited low frequency 
modes,42,43 and hence that experimental and computa-
tional peak times can be compared. Aiming at a quantita-
tive comparison, we furthermore need to correct for a 
significant underestimation of experimental VET rates in 
classical calculations, in particular if high-frequency vi-
brations are involved.38,39 This underestimation results 
from the neglect of quantum fluctuations such as vibra-
tional zero point energy, which are known to accelerate 
VET. As a consequence, calculations of VET via classical 
equilibrium correlation function are often incorrect by 
several orders of magnitude.39 

Quantum corrections. Non-equilibrium calculations, on 
the other hand, usually start with an initial excess energy 
that is larger than the zero point energy of the transport-
ing vibrational modes, and can be considered as a short-
time approximation of quantum mechanics. Hence such 
calculations require only modest quantum corrections 
(typically a factor ~ 2–3),40 whose microscopic origin is 
well understood from first principles.38 To empirically 
introduce quantum corrections Q to the above master 
equation model, it turns out to be sufficient to scale the 
main transport coefficients (i.e., the heater rate kh, the 
backbone diffusion coefficient DB, and the contact 
transport coefficient DC) such that they reproduce exper-
imental timescales. For example, for the heater rate we 
make the ansatz Q = kh

Q/kh
C, where the superscripts Q 

and C refer to quantum and classical results, respectively. 
A global fit of the master equation model to the experi-
mental results for all variants of TrpZip2 yields a single 
quantum correction factor of Q = 3.1 for all three 
transport coefficients (see SI for details). 

Energy dissipation to the solvent, on the other hand, 
happens significantly slower than a typical interresidue 
VET step, and is therefore only little affected by quantum 
effects.45 Indeed, experimental and MD solvent dissipa-
tion times 1/ks appear to be in quantitative agreement (on 
average 6 and 8 ps in experiment and MD, respectively, 
see SI Figure S2 and Table S1), so we used the experi-
mental values as input for Eq. (1). Figure 1c demonstrates 
that the quantum-corrected results for the residue ener-
gies reach their peak value in about half of the time of the 
classical calculations. In addition, as intramolecular VET 
is accelerated while dissipation into the solvent is not, 
peaks in quantum-corrected residue energies are on aver-
age a factor 2 higher than the classical results. 
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RESULTS AND DISCUSSION 

Experimental VET timings for different donor-sensor 
positions. Figure 2b shows the four different TrpZip2 
variants we designed for this study. In V1–V3, we posi-
tioned the VET donor-sensor pair on opposing strands 
with varying backbone distances and similar contact dis-
tances, as indicated by dark and light-colored arrows, 
respectively. In V4, however, where the VET donor-sensor 
pair sits on the same strand, so mainly the backbone dis-
tance matters and is highlighted in red. Since VET timing 
is supposed to correlate with the VET-pair distance, we 
have sorted the variants by the length of their backbone 
pathways, covering a range from 55 Å as the longest for V1 
down to 25 Å as the shortest for V4. 

In Figure 2 (right panel) we show the experimentally ob-
tained VET transients of all TrpZip2 variants and their 
respective peak times. VET occurred on a picosecond 

timescale with peak times from 3.1–4.2 ps. Considering 
backbone pathways in TrpZip2 covering 4–11 peptide 
bonds, these short peak times are already quite surprising 
when compared to VET in the Azu–Aha dipeptide (con-
sisting of just VET donor and sensor, see Figure S2) peak-
ing at 2.8 ps, but traversing only a single peptide bond. 
Assuming similar VET rates in TrpZip2 and the dipeptide, 
the measured VET timings in V1–V3 rather fit to the con-
tact distance between the opposing strands of the hairpin. 
The rapid transfer already indicates that in the hairpin 
geometry VET takes shortcuts via bridging non-covalent 
contacts, moving rapidly from one strand to the other 
instead of “traveling” all the way along the backbone. 
However, when taking a closer look into the peak times of 
V1–V3, a trend becomes apparent, which on first glance is 
in conflict with transport occurring mainly via contacts: 
Intriguingly, the VET peak times seem to correlate with 
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Figure 2. Overview of the TrpZip2 variants and their measured and computed VET signals. a) Scheme of our four TrpZip2 vari-
ants V1-V4. The systematically varied positions of VET donor-sensor pairs in peptide scaffolds are highlighted with the corre-
sponding color. The shortest pathways along and across strands are marked with colored arrows. b) VET transients have the 
same color coding as the TrpZip2 schemes on the left. Arrows indicate the peak times. The panels on the left display the experi-
mentally measured VET transients, while the right panels show the theoretically determined transients using the rate model. 
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the backbone distance (indicated with dark-colored ar-
rows in Figure 2a) of Azu and Aha attached on opposing 
strands–the shorter the backbone distance, the shorter 
the peak time. This correlation argues for vibrational 
energy to cross the β-strands mainly along the backbone. 

To test if the observed speed-up from V1 to V3 indeed 
reports a dominant role of backbone transport, we de-
signed V4, where donor and sensor are located even more 
closely and on the same strand. In V4 the backbone dis-
tance of the donor-sensor pair is even 40% shorter than in 
V3 which exhibits a peak time of 3.1 ps. Consequently, a 
peak time well below 3 ps would be expected if backbone 
transport dominated. In contrast, the peak time of V4 is 
with 4.2 ps the longest time observed among all variants. 
Therefore, vibrational energy already needs more than 
4 ps to cover only one strand of the β-hairpin. Thus, the 
shorter peak times in V1-V3 with the donor-sensor pair on 
the opposite strand can only be explained by an efficient 
across-strand VET via shortcuts through bridging con-
tacts (indicated with light-colored arrows in Figure 2a). 

Partial unfolding of the hairpin delays VET. The im-
portant role of transfer between strands via non-covalent 
contacts is corroborated by measurements of partially 
unfolded TrpZip2. We repeated our VET measurements in 
presence of 8 M GdmCl, which is a strongly denaturing 
condition for the majority of peptides and proteins. Dena-
turation of TrpZip2 was found to be highly heterogeneous 
with multiple partially unfolded intermediate states,46 

most likely owing to a strong stabilization via hydropho-
bic contacts between tryptophans that are resistant to 
denaturing agents. As can be seen in Figure S1, we man-
aged to unfold V2 and V3 by 25% as monitored by the 
decrease in signal intensity in the CD spectra. In V3 the 
partial unfolding distinctively delayed the peak time by 
1.0 ps compared to the VET transient of unperturbed 
hairpin structures. For V2, we observe the same effect to 
similar extent, shifting the peak time by 0.8 ps. Interest-
ingly, the structure of V1 was unperturbed in presence of 
8 M GdmCl according to the CD signal, leading to an 
unperturbed VET transient. We tentatively attribute this 
stabilization of V1 to the placement of Azu directly at the 
end of the hairpin motif, where it may hinder the opening 
of the strand connection via contacts with adjacent tryp-
tophane residues. VET in the dipeptide Azu-Aha is also 
not affected by high concentration of denaturant, con-
firming that changes in the energy transfer to the solvent 
by addition of denaturant are not responsible for the 
observed changes in VET times (Figure S2). 

Computational results. The right panel of Figure 2b 
shows the calculated time evolution of the Aha residue 
energy, as obtained from the quantum master equation 
introduced above. We find very good agreement between 
experiment and theory for all four variants: the rise and 
decay of IR signals and of computed Aha residue energies 
are very similar, and we find the same order of peak times 
for the four systems. In line with previous studies on heli-
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cal peptides,14,15 the agreement indicates that the energy 
flow in TrpZip2 is diffusive, because this is the underlying 
assumption of the master equation model. Predominantly 
ballistic VET in contrast has been observed for molecules 
with identical repeating units containing less variation in 
bond strengths, such as alkanes.1,29,47 

Having validated our simulation strategy by comparison 
to experiment, we are in a position to analyze the result-
ing master equation model to reveal the preferred path-
ways of energy flow in TrpZip2 in detail. We consider 
energy transfer via interstrand hydrogen bonds (HB), 
backbone vibrations (BB) and heater contacts (HC). The 
latter are direct van der Waals and electrostatic interac-
tions between the Azu side chain and residues on the 
opposite strand. Despite the fact that non-polar contacts 
(e.g., due to the stacking of Trp aromatic rings) are not 
effective carriers of vibrational energy,36,48  heater contacts 
need to be considered because of the high energy of the 
heater.34 Here we performed extensive Markov chain 
Monte Carlo simulations37 (typically 108 steps for each 
system) to explore all energy transport pathways between 
the Azu and Aha residues of TrpZip2. 

As an illustration of the preferred class of VET pathways, 
Figure 3a shows the time evolution of the fraction of en-
ergy that a specific class of pathway contributes to the 
energy flow from the Azu heater to the Aha probe. (For 
more details, see Figure S3.) As may be expected, if we 
excite and probe the same β-strand (as in V 4, from Azu1 
to Aha5), the energy transport occurs predominantly via 
the backbone (~ 85%). On the other hand, if we excite 
and probe the two ends of TrpZip2 (as in V 1, from Azu1 to 
Aha12), the transport occurs predominantly via inter-
strand hydrogen bonds (~ 68%) and heater contacts 
(~ 13%) between these residues, while backbone transport 
is less important (~ 19%). The backbone contributions in 
mutants V2 and V3 amount to 24% and 20% respectively, 
while again the major part of the energy is transferred via 
cross-strand contacts. This is in line with the experi-
mental observation that transfer from one strand to the 
other is faster than transfer along one strand, and is fur-
ther supported by the experimental results on partial 
denaturation experiments, where GdmCl ruptured some 
of the interstrand hydrogen bonds and hence reduced the 
contribution from HB transfers. 

CONCLUSION 

To identify the pathways of VET in a β-hairpin, we have 
combined peptide design with non-canonical amino acids 
and femtosecond IR spectroscopy as well as non-
equilibrium MD simulations and master equation model-
ling. The joint experimental/computational approach has 
enabled us to quantitatively account for the competition 
between backbone and contact transport in the peptide. 
Placing the non-canonical Azu and Aha residues at differ-
ent positions of the β-hairpin permits to resolve VET in 
both space and time by injecting and probing vibrational 
energy site-specifically in a femtosecond IR experiment. 
On the computational side, our recently proposed master 

equation model aids the interpretation of the experi-
mental results by revealing the importance of the various 
pathways of VET (Figure 3). Moreover, the comparison of 
experiment and classical simulations has established a 
quantum correction factor of ~3 for all intramolecular 
energy transfer channels, while the intermolecular energy 
dissipation into the solvent is only little (~20%) affected 
by quantum effects. 

As a central result, we have shown that VET between 
opposite β-strands is dominated by contact pathways. 
Our study shows that transfer over a hydrogen bond 
shortcut is about as efficient as transport over a stretch of 
3 to 4 amino acids in the backbone.  This is remarkable, 
since typical backbone transfer times between adjacent 
residues are 0.2-0.3 ps, while typical contact transfer 
times are 2-10 ps, i.e., about an order of magnitude 
slower.37 The overall VET efficiency of interresidue con-
tacts is a consequence of the diffusive nature of bio-
molecular VET, whose mean square deviation <x2(t)> 
scales with time t, instead of t2 as in the case of ballistic 
transport. Hence, less efficient but close-by contact 
transport outperforms efficient but long-distant backbone 
transport. Constituting an interresidue force network 
throughout a protein,49 these observed pathways and 
their underlying contacts are expected to also be im-
portant for allosteric communication. 

DATA AVAILABILITY 

The data sets collected and analyzed for the reported 
experiments and simulations are available from the corre-
sponding authors upon reasonable request. 
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Figures

Figure 1

Principles of our VET study on TrpZip2. a) Vibrational energy is injected into the system via Azu and
propagates along various possible pathways to Aha (gray arrows). b) (Left): TRIR spectrum of the
TrpZip2 variant above. The spectral VET signature consists of an induced (red) and reduced (blue)



absorption, respectively. The shape is due to the shift of the azide band to lower wavenumbers upon
arrival of vibrational energy. (Right) transient of the total absorption change of the VET signal. c) Time
evolution of residue energies of the variant above obtained from non-equilibrium MD simulations (grey),
from the master equation model (red) and from the quantum corrected model (blue).

Figure 2

Overview of the TrpZip2 variants and their measured and computed VET signals. a) Scheme of our four
TrpZip2 variants V1-V4. The systematically varied positions of VET donor-sensor pairs in peptide
scaffolds are highlighted with the corresponding color. The shortest pathways along and across strands
are marked with colored arrows. b) VET transients have the same color coding as the TrpZip2 schemes



on the left. Arrows indicate the peak times. The panels on the left display the experimentally measured
VET transients, while the right panels show the theoretically determined transients using the rate model. 

Figure 3

Calculated VET pathways from the heater Azu to the sensor Aha in our TrpZip2 variants, obtained from
Monte Carlo Markov chain simulations. (a) Time-dependent contributions to the energy arriving at Aha on
pathways including interstrand H-bonds (HB) in blue, heater contacts (HC) in orange and solely backbone
(BB) in red. Numbers indicate the energy contribution of the corresponding class of pathway in percent at
50 ps. (b) Scheme of spatially disentangled VET pathways according to Monte-Carlo calculations. Color
coding as in the top panel. Arrow thickness scales with the contribution of the corresponding pathway.
The VET pair is highlighted with bold capitalized letters. For a better comparability the numbers from the
top panel indicating the energy contribution of the corresponding class of pathway are shown.
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