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Using extensive molecular dynamics simulations of a single eight-residue alanine polypeptide in
explicit water, we investigate the influence of α-helix formation on the dielectric spectrum. For this,
we project long equilibrium trajectories into folded and unfolded states and thereby obtain dielectric
spectra representative for disordered as well α-helical conformations without the need to change
any other system parameter such as pH or temperature. The absorption spectrum in the α-helical
state exhibits a feature in the sub-GHz range that is significantly stronger than in the unfolded
state. As we show by an additional decomposition into peptide and water contributions, this slow
dielectric mode, the relaxation time of which matches the independently determined peptide rotational
relaxation time, is mostly caused by peptide polarization correlations, but also contains considerable
contributions from peptide-water correlations. In contrast, the peptide spectral contribution shows no
features in the GHz range where bulk water absorbs, not even in the peptide-water correlation part,
we conclude that hydration water around Ala8 is more influenced by peptide polarization relaxation
effects than the other way around. A further decomposition into water-self and water-collective
polarization correlations shows that the dielectric response of hydration water is, in contrast to
electrolyte solutions, retarded and that this retardation is mostly due to collective effects, the self
relaxation of hydration water molecules is only slightly slowed down compared to bulk water. We find
the dynamic peptide-water polarization cross correlations to be rather long-ranged and to extend more
than one nanometer away from the peptide-water interface into the water hydration shell, in qualitative
agreement with previous simulation studies and recent THz absorption experiments. C 2015 AIP
Publishing LLC. [http://dx.doi.org/10.1063/1.4921777]

I. INTRODUCTION

The dynamic interplay between a protein and its hydration
water layer is argued to be of major importance for protein
function, support for this view comes mostly from spectros-
copy studies.1–4 Spectra of protein solutions in electrolytes are
typically separated into dispersive contributions at different
time scales. For charged proteins, counter-ion diffusion causes
relaxational processes in the sub-kHz range (the so-called α-
process)5,6 and the faster β-contribution is related to rotational
peptide tumbling.5–9 On the intermediate time scale between
the β-process and the much faster bulk water relaxation in
the GHz range (the so-called γ-process), a weak δ-dispersion
has been seen, whose origin is somewhat unclear and which
is controversially discussed.7–10 Dielectric spectra of various
proteins solvated in water have been measured as a function of
the protein concentration10–13 and the influence of the hydra-
tion shells on the dielectric signal has been estimated, based
on the fact that hydration shells tend to overlap at higher
concentrations. Simulation studies of small peptides as well as
folded proteins helped to distinguish the spectral contributions
from protein and hydration water and in particular elucidated
the dynamic coupling between the protein and the surrounding
water.10,14–17

In this paper, we are mostly interested in the effects of
protein folding on the dielectric spectrum: for this, we intro-
duce a dynamic projection formalism and compare the spectra
of the folded and the unfolded peptide states and in partic-
ular investigate how the water hydration shell reacts to the
conformational state of the peptide. Obtaining this information
is in experiments for various reasons quite difficult: Bone18

has measured the dielectric spectrum of β-lactamase solvated
in water-urea mixtures at three different urea concentrations
to study the effect of protein folding in 1994. He found an
increase of the static dielectric constant from 98 to 121 by
increasing the urea concentration from 0 to 4M and explained
the growth by a higher number of absorbed water molecules
in the unfolded state and a higher dipole moment of the dena-
tured protein. Later, the dielectric spectrum of bovine serum
albumin (BSA) has been measured for various urea concen-
trations.19 The latter study considered that besides the protein
unfolding at high urea concentrations, urea itself also mod-
ifies the dielectric spectrum. It turned out that the influence
of urea on the dielectric spectra in the GHz range is stron-
ger than the conformational change of the protein. In fact,
aqueous urea solutions exhibit a pronounced spectral red shift
with increasing urea concentration that has been observed in
experiments19 and molecular dynamics (MD) simulations20

0021-9606/2015/142(21)/215104/13/$30.00 142, 215104-1 © 2015 AIP Publishing LLC
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and which is explained by a change of the water structure in
the hydration shell around urea molecules. Due to the domi-
nant spectral effects when using urea as a denaturant, it is
generally difficult to investigate the difference of the protein
spectral contribution in the native and unfolded states in such
studies.

The protein conformational state can also be changed by
varying the temperature. In recent experiments, a spectral blue
shift has been observed for aqueous solutions of lysozyme
with increasing temperature.21 But since the water spectrum is
temperature dependent itself,22,23 the protein and water spectral
effects are again difficult to disentangle.

Another way to induce protein folding or unfolding is to
change the pH. Indeed, THz-absorption measurements of pro-
tein solutions at different pH values demonstrated pronounced
differences between folded and unfolded structures,15 but also
here it should be noted that pH in the first place modifies
the protein charge distribution which can affect the absorp-
tion properties independently from the protein conformational
state.

In MD simulations, a direct way to separately obtain the
spectra corresponding to folded and unfolded conformational
substrates is to project a long equilibrium trajectory into sub-
trajectories in the respective conformational subspaces. A
similar projection has recently been used to obtain the IR spec-
trum of the large amylin protein from short simulation trajec-
tories in different folding states.24 Prerequisite for such a proce-
dure is a separation of time scales, i.e., the simulation trajectory
should be much longer than the typical folding/unfolding
times which again should be much longer than the dominant
polarization relaxation times (in fact, the scenario where the
folding/unfolding time is of the order of the relaxation time of
a polarization mode offers the additional opportunity to study
dynamic interference effects, as will be briefly mentioned in
Sec. IV). By employing such a projection procedure, which is
further explained in Sec. II, we obtain the dielectric spectrum
of poly-alanine Ala8, which readily switches between an α-
helical and a disordered conformation, in both conformational
sub-ensembles, without the need to change temperature or
any other system parameter. This very small model-peptide
is ideal for the proof-of-principle of our dynamic projection
formalism because the short folding time (of the order of τfold
≈ 21 ns as obtained in our simulations) allows to sample
many folding/unfolding events in our simulation trajectories
which have a total length of 7 µs, yet it is considerably
longer than the peptide rotational relaxation of the order
of τr ≈ 800 ps. A similar projection of protein spectra into
folded and unfolded structures might in the future be possible
experimentally by coupling spectroscopy with a second tool
that allows to distinguish folded from unfolded states in real
time (such as fluorescence resonance energy transfer (FRET)
or circular dichroism); for this, high temporal resolution has to
be achieved in single-molecule setups, which might be possible
in the IR regime in the future.25–27

Our decomposition and projection method yields insights
into the dynamic coupling between peptide motion and the
surrounding water shell: while the polarization correlations
between hydration water molecules themselves pick up a weak
feature in the sub-GHz frequency range characteristic of the

peptide relaxation mode, the peptide-peptide (PP) polariza-
tion shows no signal in the 10 GHz range, where bulk water
polarizations relax. Even more remarkable, even the polariza-
tion correlations between the peptide and the hydration water
are totally dominated by the sub-GHz relaxation representative
of the peptide mode with no sign of fast water-like correlations.
In connection to the literature debate on whether hydration
water is slaved by the peptide dynamics or whether it slaves
peptide dynamics,1,2 we note that our data show no sign of
the peptide acquiring any traces of fast water polarization
dynamics, neither in the folded nor in the unfolded state. On the
other hand, the dynamic polarization coupling between peptide
and water is quite long-ranged and extends by more than one
nanometer into the hydration shell, in agreement with recent
theoretical and experimental findings.3,4,16,28,29 Our conclusion
is that while water certainly influences the peptide dynamics
and determines the slowest peptide relaxation frequency via
hydrodynamic friction effects on the reorientation dynamics,
we do not see an effect of the water dielectric relaxation dy-
namics in the 10 GHz range on the peptide-peptide polarization
spectrum. Our findings do not preclude alternative modes of
water slaving that might not show up in the polarization in
the GHz range or that need different or larger peptides than
the short poly-alanine chain studied by us; certainly, our study
shows the need for a more precise definition of the effects
commonly described as dynamic water slaving.

II. METHODS

A. Dielectric response functions

The complex frequency-dependent dielectric suscepti-
bility χ( f ) = χ′( f ) − i χ′′( f ) connects the total system polar-
ization P⃗( f ) to the electric field E⃗( f ) via the linear-response
relation P⃗( f ) = χ( f )ϵ0E⃗( f ), where ϵ0 is the vacuum permit-
tivity. According to the fluctuation dissipation theorem,30,31

χ( f ) follows from equilibrium polarization correlations via

χ( f ) = − 1
3V kBTϵ0

∞
0

e−2πi f t⟨P⃗(0) · ˙⃗P(t)⟩dt, (1)

where ˙⃗P(t) denotes the time derivative of the time-dependent
total polarization P⃗(t), V is the system volume, and kBT
is the thermal energy. Via partial integration, Eq. (1) can
be transformed into a form involving the polarization auto-
correlation function φ(t) = ⟨P⃗(0) · P⃗(t)⟩/(3V kBTϵ0), which
can be obtained easily from simulations

χ( f ) = ⟨P⃗(0) · P⃗(0)⟩
3V kBTϵ0

− i2π f
3V kBTϵ0

∞
0

e−2πi f t⟨P⃗(0) · P⃗(t)⟩dt (2)

= φ(0) − i2π f

∞
0

e−2πi f tφ(t)dt. (3)

Since the end-capped Ala8 employed in our simulations is
charge neutral, our system contains no free charges and
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the polarization P⃗ is independent of the origin. When free
charges are present, ionic currents lead to additional spectral
contributions, as demonstrated in our recent study on aqueous
sodium-halide solutions.32 In Subsections II B–II D, we intro-
duce the projection and decomposition formalism in order to
study the contributions of different components for the folded
and unfolded states.

B. Projection into folded and unfolded states

In order to define whether the peptide at time t is folded
or not, we use the root mean squared deviation QRMS(t) of
all alanine Cα-atoms from the ideal α-helical configuration.
Other choices are possible, but are not expected to modify
our results in a substantial way. A typical time evolution of
QRMS(t) is shown in Figure 1(a). The free energy landscape βF
as a function of QRMS is shown in Figure 1(b). The projection
operatorsΘf(t) andΘu(t) = 1 − Θf(t) are defined to distinguish
between folded and unfolded structures,

Θ
f(t) =




1, if QRMS(t) < 0.166 nm
0, else

. (4)

The time-average of the projection operator of the folded state
⟨Θf(t)⟩t = pf = 1 − pu = 0.75 is identical to the probability to
find the folded state pf. The auto-correlation functions of the
projection operators are shown in Figure 1(c) and are well
described by a single exponential decay down to their long
time limits ⟨Θu(t)⟩2

t and ⟨Θf(t)⟩2
t according to the following

equations:

cu(t) = ⟨Θu(0)Θu(t)⟩t (5)

= e−t/τfold⟨(Θu(t) − ⟨Θu(t)⟩t)2⟩t + ⟨Θu(t)⟩2
t (6)

= pu �e−t/τfoldpf + pu� , (7)

cf(t) = ⟨Θf(0)Θf(t)⟩t (8)

= e−t/τfold⟨(Θf(t) − ⟨Θf(t)⟩t)2⟩t + ⟨Θf(t)⟩2
t (9)

= pf �e−t/τfoldpu + pf� , (10)

where the equations fulfil the relation ∂cu(t)/∂t = ∂cf(t)/∂t
and where the time constant τfold = 20.9 ns (fitted to the data in
Figure 1(c)) is a measure for the transition time. Since τfold is
much longer than the polarization relaxation times which are
of the order of hundreds of picoseconds, the folding/unfolding

dynamics do not affect our spectral results, which are mostly
located in the GHz range. Dielectric spectroscopy measure-
ments in the kHz-MHz regime might in the future be able to
see a mode related to the folding/unfolding dynamics.

Using the projection operator, we decompose the polari-
zation correlation functions and the spectral signal according
to the peptide secondary structure into folded and unfolded
contributions,

φf(t) = ⟨Θf(0)P⃗(0) · P⃗(t)⟩/(3V kBTϵ0pf), (11)

φu(t) = ⟨Θu(0)P⃗(0) · P⃗(t)⟩/(3V kBTϵ0pu), (12)

φ(t) = pfφf(t) + puφu(t), (13)

χf( f ) = φf(0) − i2π f

∞
0

e−2πi f tφf(t)dt, (14)

χu( f ) = φu(0) − i2π f

∞
0

e−2πi f tφu(t)dt, (15)

χ( f ) = pf χf( f ) + puχu( f ). (16)

Note that we use a single projection in the autocorrelation func-
tion, which is warranted since the folding times are substan-
tially longer than the typical polarization relaxation times we
are interested in (i.e., polarization cross correlations between
folded and unfolded states are insignificant, as we explic-
itly checked). Thus, φf(t) is equal to the polarization auto-
correlation function of a permanently folded system for times
up to the order of τfold ≈ 21 ns, above which a conformational
change becomes likely. As a consequence, the spectral signal
χf( f ) is identical to the spectrum of a permanently folded
system in the frequency range from 100 MHz to 1 THz as
covered in our study.

C. Decomposition into water, peptide, and self
and collective contributions

In the absence of free charges, the polarization P⃗ of a
peptide solution consists of the water polarization P⃗W and
the peptide polarization P⃗P according to P⃗ = P⃗W + P⃗P. The
water polarization P⃗W can be split into the polarization of the
hydration shell water P⃗H and the remaining outer shell water
P⃗O = P⃗W − P⃗H. Water molecules, whose oxygen atoms have a

FIG. 1. (a) Typical time evolution of the root mean squared deviation QRMS(t) of Ala8 from the ideal α-helix. (b) Free energy landscape βF as a function of
QRMS. The dashed red lines in (a) and (b) denote the threshold QRMS= 0.166 nm used to distinguish folded from unfolded states. (c) Auto-correlation functions
of the unfolded and folded projection operators Θu (green) and Θf (blue). The dashed lines are exponential fits with a decay time τfold= 20.9 ns according to
Eqs. (6) and (9) and the dotted horizontal lines denote the long time limits.
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distance of less than RH = 3 Å from the nearest peptide atom,
are denoted as hydration shell water. We use this relatively low
threshold in most of our data analysis, in order to concentrate
on the dominant effects in the first hydration shell. As a matter
of fact, the dynamic influence of the peptide on the solvation
water extends much further than 3 Å, as we discuss further
below, in accordance with experimental and simulation re-
sults.3,4,16,28,29 Note that due to our relatively small simulation
box, dictated by the need to perform very long simulations, the
dynamics in the outer hydration shells is still quite different
from bulk water, as we will discuss further below. The parti-
tioning of water molecules into hydration water and outer-shell
water is done according to the closest distance between a water
molecule and the periodically replicated peptide molecule,
which renders a non-ambiguous definition of the hydration
distance. Defining the cross correlation functions between the
various polarization components and the total polarization as

φW(t) = ⟨P⃗W(0) · P⃗(t)⟩
3V kBTϵ0

, (17)

φH(t) = ⟨P⃗H(0) · P⃗(t)⟩
3V kBTϵ0

, (18)

φO(t) = ⟨P⃗O(0) · P⃗(t)⟩
3V kBTϵ0

, (19)

φP(t) = ⟨P⃗P(0) · P⃗(t)⟩
3V kBTϵ0

, (20)

we can express the spectral contribution of each system compo-
nent as

χW( f ) = φW(0) − i2π f

∞
0

e−2πi f tφW(t)dt, (21)

χH( f ) = φH(0) − i2π f

∞
0

e−2πi f tφH(t)dt, (22)

χO( f ) = φO(0) − i2π f

∞
0

e−2πi f tφO(t)dt, (23)

χP( f ) = φP(0) − i2π f

∞
0

e−2πi f tφP(t)dt . (24)

Accordingly, the total polarization auto-correlation function
φ(t) as well as the total susceptibility χ( f ) can be expressed
as sums over different contributions

φ(t) = φW(t) + φP(t) (25)
= φH(t) + φO(t) + φP(t), (26)

χ( f ) = χW( f ) + χP( f ) (27)
= χH( f ) + χO( f ) + χP( f ). (28)

In addition, we define the cross correlation between the polar-
ization of components k and l as

φk l(t) = ⟨P⃗k(0) · P⃗l(t)⟩
3V kBTϵ0

, (29)

where k and l can represent protein P, total water W, hydration
shell water H, or outer shell water O. So, for instance, the

polarization cross correlation between hydration shell water
(H) at time zero and outer shell water (O) at time t is

φHO(t) = ⟨P⃗H(0) · P⃗O(t)⟩
3V kBTϵ0

, (30)

where the respective spectral contributions are given analo-
gously to Eqs. (21)–(24) and the total spectra consist of three,
four, or six terms depending on the level of decomposition

χ( f ) = χWW( f ) + χPP( f ) + 2χWP( f ) (31)
= χHW( f ) + χOW( f ) + χPP( f ) + 2χWP( f ) (32)
= χHH( f ) + χOO( f ) + χPP( f )
+ 2χHO( f ) + 2χHP( f ) + 2χOP( f ). (33)

The water contributions WW, HW, and OW are further decom-
posed into self and collective correlations. We only write down
the definition for the hydration shell water here; as for outer
shell water and the total water contributions, the definitions are
analogous,

φHW,self(t) = 1
3V kBTϵ0


i∈{NH}

⟨p⃗i(0) · p⃗i(t)⟩, (34)

φHW,coll(t) = 1
3V kBTϵ0


i∈{NH}

N
j,i

⟨p⃗i(0) · p⃗j(t)⟩, (35)

where {NH} is the ensemble of hydration shell water and N
= 688 is the total number of water molecules. By construction,
the sum over the self and collective terms returns the polariza-
tion cross correlation function between hydration shell water
and the total water ensemble,

φHW(t) = φHW,self(t) + φHW,coll(t). (36)

The decomposed spectral contributions follow as

χHW,self( f ) = φHW,self(0)

− i2π f

∞
0

e−2πi f tφHW,self(t)dt, (37)

χHW,coll( f ) = φHW,coll(0)

− i2π f

∞
0

e−2πi f tφHW,coll(t)dt . (38)

In principle, the spectral contributions of all different compo-
nents can be further projected into the folded and unfolded
states analogously to Eqs. (11)–(16) to generate projected
polarization correlation functions φf

kl
(t) and φu

kl
(t) and the cor-

responding spectral contributions χf
kl
( f ) and χu

kl
( f ). Needless

to say, we will only present a limited number of data in
this paper, carefully selected to highlight the most interesting
features of the system we studied.

D. Simulations methods

We use GROMACS 4.5.433 and perform seven simula-
tion runs each of length 1 µs for an end-capped eight-residue
alanine (Ala8) in a rhombic dodecahedron of mean volume
21.4 nm3, yielding a mean distance of 3.1 nm between the
peptide and its periodic images, solvated in 688 SPC/E51 water
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molecules in the NPT ensemble at 300 K and atmospheric pres-
sure. The amber03 force field,34 the GROMACS v-rescale ther-
mostat,35 a Parrinello-Rahman barostat,36 and a 2 fs integration
time step are used. The neighbor list is updated every 20 fs and
the trajectories are collected every 100 fs. The electrostatics are
computed by particle mesh Ewald methods and the Lennard-
Jones interactions are cutoff at 0.9 nm. Because of memory
limitations, all trajectories are split in segments of 200 ns
length for data analysis. The polarization components of each
segment are Fourier transformed via Fast Fourier Transforma-
tion (FFT) and correlations are calculated by multiplication in
Fourier space. After back transformation into the time domain,
the correlation functions are averaged over all segments. A
time cutoff is used during calculation of the spectra via Laplace
transformation of the correlation functions, so that the corre-
lation functions are only integrated up to the time, where they
first drop below zero. For the calculation of the polarization
correlation functions, we update the decomposition of wa-
ter into different solvation shells every 100 fs according to
the current configuration; consequently, the water partitioning
changes in time. For the calculation of the self polarization
correlations, the trajectories are split in segments of 1 ns length.
The dipolar auto-correlation function of each water molecule
is calculated and then clustered into the different solvation
shells depending on the water configuration at the beginning
of each trajectory segment. One nanosecond is sufficiently
long to obtain correlations in the relevant time range, since the

single dipole auto-correlation function drops below zero within
300 ps in our simulations. The collective correlations become
negative within 3 ns and are obtained by subtracting the self
correlation from the total water polarization correlations. The
peptide polarization auto-correlation function φPP becomes
negative at about 6 ns.

III. RESULTS

A. Spectral fits

For a quantitative analysis, we fit a Cole-Cole function
according to

χ( f ) = ϵ

1 + (i 2π f τ)1−α + χ∞ (39)

to the different spectral components with the fit parameters
ϵ, τ,α, and χ∞. We do not set χ∞ = 0, since for some compo-
nents, the real part of the high frequency susceptibility does
not vanish due to integration errors caused by the finite time
resolution of our data of 100 fs. We fit the real and imaginary
parts of the dielectric spectra simultaneously with the error
functional (∆χ′)2 + (2∆χ′′)2 using a logarithmic distribution
of sample frequencies in the range between 0.1 and 100 GHz.
We restrict the fitting range up to 100 GHz, since the high
frequencies are more prone to integration errors due to the
rather long sampling period of 100 fs. In order to roughly

TABLE I. Cole-Cole fit parameters for the total spectrum χ( f ) and all spectral contributions. Contributions involving the peptide (P) show a long relaxation
time, which is even slower when the peptide is folded. H denotes hydration water, while O denotes the remaining outer shell water. The total water ensemble is
labelled by W. Collective water relaxations (coll) in general have slower relaxation times than self relaxations (self). The values for pure bulk water χbulk
are taken from our previous work.37 The Cole-Cole exponent α, which indicates departures from a single-Debye form, is particularly large for the total
spectrum χ( f ) and the hydration water contributions χH( f ) and χHH( f ). For these contributions, multiple Debye fits are also performed and presented in
Tables II and III.

ϵ ϵf ϵu τ (ps) τf (ps) τu (ps) α αf αu χ∞

Total χ 72.63 74.36 67.80 12.04 12.12 11.82 0.122 0.145 0.047 −1.42
χP 5.83 7.00 2.43 715.37 730.82 538.08 0.037 0.024 0.187 0.07
χW 66.85 67.25 65.40 11.72 11.71 11.75 0.041 0.047 0.021 1.01
χO 62.38 62.55 61.16 11.51 11.53 11.56 0.030 0.030 0.018 1.24
χH 4.76 4.90 4.49 17.12 18.16 15.20 0.261 0.315 0.105 −0.35
χPP 3.85 4.70 1.35 719.14 734.18 550.03 0.025 0.014 0.161 0.07
χWP 1.96 2.21 1.09 702.63 699.08 543.34 0.051 0.018 0.224 0.01
χOP 1.23 1.40 0.72 674.26 684.39 531.32 0.040 0.014 0.220 0.00
χHP 0.70 0.82 0.36 723.88 739.21 576.78 0.039 0.020 0.232 0.01
χWW 65.11 65.17 64.95 11.64 11.62 11.71 0.018 0.019 0.016 1.71
χWW,self 16.12 15.39 18.30 5.13 5.13 5.13 0.048 0.048 0.048 1.86
χWW,coll 50.85 51.91 47.69 14.19 14.10 14.35 −0.012 −0.001 −0.042 −1.35
χOW 62.92 63.37 61.27 11.56 11.55 11.58 0.037 0.042 0.019 1.04
χOW,self 15.31 14.61 17.37 5.12 5.13 5.12 0.048 0.048 0.048 1.77
χOW,coll 47.79 48.88 44.42 13.95 13.85 14.14 −0.015 −0.005 −0.045 −1.24
χHW 3.89 3.80 4.13 15.21 15.46 14.66 0.081 0.091 0.042 −0.00
χHW,self 0.82 0.78 0.94 5.25 5.24 5.25 0.054 0.054 0.054 0.09
χHW,coll 3.08 3.03 3.22 18.63 18.97 17.61 0.024 0.036 −0.019 −0.13
χHO 2.58 2.53 2.73 17.47 17.70 16.71 0.007 0.015 −0.022 −0.40
χOO 58.77 58.96 58.29 11.25 11.24 11.29 0.014 0.014 0.017 2.03
χHH 1.36 1.32 1.45 9.16 9.19 9.17 0.214 0.236 0.154 0.33

χbulk 70.92 10.72 0.014
χbulk,self 18.78 4.32 0.122
χbulk,coll 51.95 12.96 −0.074
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TABLE II. Double Debye fit parameters for the total spectrum and the
contributions involving water in the first hydration shell (H). These spectra
consist of a fast bulk water-like process and a separate much slower process.
χHH is due to auto-correlations of the hydration shell water, χHO denotes
the cross correlations between hydration water and the remaining outer shell
water, χHW= χHH+ χHO denotes the correlations between hydration water
and the total water ensemble. χHW,coll denotes the collective part of χHW.

χ χHH χHO χHW χHW,coll

ϵ1 8.61 0.17 0.21 0.37 0.33
ϵf

1 10.27 0.18 0.24 0.41 0.38
ϵu

1 3.74 0.71 0.13 0.26 0.20
ϵ2 63.84 1.06 2.53 3.55 2.96
ϵf

2 63.75 1.02 2.46 3.42 2.87
ϵu

2 63.73 0.66 2.76 3.89 3.24
τ1 (ps) 604.65 195.94 1047.21 548.63 1041.31
τf

1 (ps) 634.62 286.77 1029.34 592.95 1038.51
τu

1 (ps) 332.67 17.88 1043.47 339.24 1132.76
τ2 (ps) 11.61 8.77 16.97 14.55 17.81
τf

2 (ps) 11.57 9.01 17.05 14.64 17.94
τu

2 (ps) 11.60 4.72 16.65 14.23 17.48
χ∞ 2.32 0.47 −0.41 0.12 −0.12

achieve the same relative errors for real and imaginary parts,
we use a higher weight for the imaginary part, since it has a
lower absolute value. The resulting Cole-Cole fit parameters
are listed for all states and contributions in Table I and are
discussed in Secs. III B–III D.

As will be discussed later on in more detail, some spectra,
in particular the total spectrum χ as well as the contribu-
tions χHH, χHO, χHW, and χHW,coll, are not well described by

TABLE III. Triple Debye fit parameters for the spectral contribution χHH of
the polarization auto-correlation of hydration shell water.

ϵ1 ϵ2 ϵ3 τ1 (ps) τ2 (ps) τ3 (ps) χ∞

χHH 0.14 0.83 0.35 577.77 13.23 2.94 0.40
χf

HH 0.15 0.80 0.33 625.18 13.36 2.94 0.39
χu

HH 0.10 0.96 0.38 360.03 12.47 2.87 0.43

Cole-Cole fits. Here, we perform double Debye fits according
to

χ( f ) = ϵ1

1 + i 2π f τ1
+

ϵ2

1 + i 2π f τ2
+ χ∞, (40)

which drastically improves the fitting quality. The results of
these fits are listed in Table II and we will refer to them in
Secs. III B–III D. The spectral contribution χHH cannot even
be well reproduced by a double Debye fit (fit not shown). Here,
we perform a triple Debye fit according to

χ( f ) = ϵ1

1 + i 2π f τ1
+

ϵ2

1 + i 2π f τ2
+

ϵ3

1 + i 2π f τ3
+ χ∞,

with the fit parameters listed in Table III.

B. Total spectrum

In Figure 2, we present the real (a) and imaginary (d)
parts of the total dielectric spectrum for the entire trajectory
including unfolded and folded sections (black line), as well as
for the projected folded (blue line) and unfolded contributions
(green line). A second absorption peak in the sub-GHz range
appears in addition to the bulk water resonance around 10 GHz

FIG. 2. The real (a) and imaginary (d) parts of the total dielectric susceptibility χ( f ) for folded (blue), unfolded (green), and entire trajectories (black lines). The
spectra from simulations of pure water are included for comparison (red lines). The low frequency shoulder around 200 MHz is more pronounced in the folded
state, but also visible in the unfolded state. The real (b) and imaginary (e) parts of the peptide contribution χP( f ) are much stronger in the folded state (blue lines)
compared to the unfolded state (green lines) and show no feature at the water relaxation frequency around 10 GHz. The water contribution χW( f ) (c) and (f)
shows only a relatively weak dependence on the secondary structure in the sub-GHz range. Solid lines denote simulation data, dotted lines in (a) and (d) denote
double Debye fits, and dashed lines in (b) and (e) and (c) and (f) are Cole-Cole fits. Note that according to our decomposition scheme, χ( f )= χW( f )+ χP( f ).
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FIG. 3. Comparison of Cole-Cole (blue
dashed lines) and double Debye fits (red
dots) to the total spectrum χ( f ) (black
solid lines) in the folded (a) and (c) and
unfolded states (b) and (d). Especially
for the folded state, the Cole-Cole fit is
not applicable.

(the red line shows the spectrum of a simulation of pure water
for comparison), this slow contribution is more significant in
the folded state. A double Debye fit describes the spectrum in
the folded state very well (dotted lines), yielding relaxation
times of 11.6 ps and 635 ps (see Table II for all double-
Debye fit parameters). On the other hand, a single Cole-Cole
fit cannot describe the data in the unfolded or folded states,
as demonstrated in Figure 3. The low frequency absorption is
mainly caused by the peptide contribution χP( f ) and is much
stronger if the peptide is folded, as shown in Figures 2(b) and
2(e). On the other hand, the influence of the secondary structure
on the water absorption χW( f ) is quite weak, as shown in
Figures 2(c) and 2(f): we see a slight shoulder in the sub-
GHz range, which is particularly noticeable when looking at
the deviations between the simulation data (solid lines) from
the Cole-Cole fits (broken lines, note that the three fits for the
entire trajectory and the projections into folded and unfolded
states basically overlap), and this shoulder is more pronounced
in the folded state (blue line). Interestingly, we do not see a
spectral contribution at the water relaxation frequency around

10 GHz in χP( f ) and only a weak spectral contribution at
the dominant peptide relaxation frequency around 200 MHz
in χW( f ); so, based on our analysis, a slaving influence of
water on the peptide polarization relaxation is not detectable
and water is only weakly slaved by the peptide dynamics, both
in the unfolded and in the folded states, which is interesting
in the light of extensive literature discussions on this matter.1,2

We will come back to this point in Sec. IV.

C. Peptide contribution

We first have a closer look on the peptide absorption
signal. In Figure 4(a), we present a two-dimensional plot of
the Ala8 peptide probability density distribution ρ as a func-
tion of the root mean squared deviation from the ideal α-
helix, QRMS, and the static peptide dielectric susceptibility
contribution, which is proportional to the square of the peptide
dipole moment, χ′PP( f = 0) = |P⃗2

P|/(3V kBTϵ0). The highest
local probability is obtained for folded states in connection
with a high peptide polarization and a second local maximum

FIG. 4. (a) Two-dimensional probability density landscape as a function of the root mean squared deviation QRMS of Ala8 from the ideal α-helix and the
static dielectric peptide susceptibility χ′PP(0)= |P⃗2

P|/(3VkBT ϵ0). (b) Snapshot of an α-helical Ala8 structure: the negatively charged oxygens (red) point down,
while the positively charged nitrate groups (nitrogen is colored in blue) point upwards. As a consequence, this configuration has a high dipole moment pointing
upwards. (c) Snapshot of an unfolded structure. (d) Auto-correlation function of the end-to-end vector R⃗ee (black), the end-to-end unit vector R⃗ee/|R⃗ee| (blue),
and the magnitude of the end-to-end vector |R⃗ee(t)|− ⟨|R⃗ee|⟩ (green), obtained from the entire trajectory. All three correlation functions decay exponentially with
decay times of about 800 ps (dashed lines).
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FIG. 5. Real (a) and imaginary (d) parts of the peptide-peptide dielectric susceptibility contribution χPP( f ) in the folded state (blue), the unfolded state
(green), and for the entire trajectory (black lines). The dominant response appears in the sub-GHz range and is much stronger if the peptide is folded. The
peptide-hydration-water cross correlation χHP( f ) (b) and (e) and peptide-outer shell-water cross correlation χOP( f ) (c) and (f) have very similar shape. No
features at frequencies corresponding to water polarization correlations around 10 GHz are seen. Note that χPP+ χHP+ χOP= χP. Broken lines denote Cole-Cole
fits.

appears for unfolded states with a weak peptide polarization.
A snapshot of the folded state in Figure 4(b) illustrates the high
polarization of the peptide, since the negatively charged oxy-
gen atoms (red) point all down, while the positively charged
nitrate groups (nitrogen is colored in blue) point upwards.
Since the strong polarization is caused by the peptide backbone
and not the side chains, it transpires that α-helical peptides in
general show similar effects, regardless of their sequence and
side-chain composition. The snapshot of an unfolded state in
Figure 4(c) indicates much less polarization.

Boresch et al.14 have previously further decomposed the
spectral peptide contribution χP for single-alanine and di-
alanine solutions into the peptide auto-contribution χPP and
peptide cross terms with the hydration water χHP and the re-
maining outer shell water χOP. They have shown that all these
contributions have almost identical relaxation times and that
the relaxation time increases from single-alanine to di-alanine.
We show the three contributions χPP, χHP, and χOP in Figure 5;
note that the sum χPP + χHP + χOP = χP equals the peptide
contribution previously discussed and shown in Figures 2(b)
and 2(e). Although our peptide is much larger, we see in line
with previous results for alanine dipeptide14 that the relaxation
times of all three components χPP, χHP, and χOP shown in
Figure 5 are very similar and given by roughly τ ≈ 700 ps
(see Table I for the explicit fitting results). In simulations of
lysozyme, the relaxation times of the PP and the water-peptide
(WP) processes were found to significantly differ from each
other and a fast water-like relaxation process was seen in the
PP as well as in the WP contributions,16 quite different from
our results, which points to protein-specific effects that will
be discussed further below. A closer look at the amplitudes
in Figure 5 reveals that the peptide auto-correlation term χPP
dominates over the cross terms χHP and χOP. Interestingly, the

peptide-outer shell water cross term χOP exceeds the peptide-
hydration water cross term χHP by roughly a factor of two,
meaning that the peptide correlates less with the first hydration
shell than with the remaining water. In fact, increasing the
hydration shell radius from RH = 3 Å to RH = 6 Å enhances
the peptide-hydration-water cross term contribution by less
than 20% from χ′HP( f = 0) = 0.69 to χ′HP( f = 0) = 0.82, as
shown in Table IV. This rather weak correlation between the
peptide and the second hydration shell motivated our choice
of a relatively small hydration shell radius of RH = 3 Å. As
a comparison of the last two rows of Table IV demonstrates,

TABLE IV. Effect of the definition of the hydration shell radius RH on the
static contribution of the peptide-hydration water cross correlation contribu-
tion χ′HP( f = 0). We also show the average number of hydration shell water
molecules NH and the hydration water fraction nH= NH/N . More than one
third of the cross term contribution is caused by the first hydration shell with
a radius RH= 3 Å. On the other hand, 30% of the contribution comes from
water molecules which are more than 1 nm away from the peptide. Note that
with the exception of Figure 6, all spectra shown in this work are obtained
using a fixed hydration radius RH= 3 Å.

RH (Å) χ′HP( f = 0) NH nH

3 0.69 34.7 0.051
4 0.64 82.9 0.121
5 0.70 119.1 0.173
6 0.82 172.3 0.250
7 0.91 232.8 0.338
8 1.04 296.9 0.432
9 1.17 364.4 0.530
10 1.31 434.5 0.632

∞ 1.91 688.0 1.000
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FIG. 6. Comparison of the real (a)
and imaginary (b) parts of the peptide-
hydration-water cross correlation χHP
for various hydration shell radii RH.
Note that the data for R = 3 Å (black
line) and for R = 5 Å (blue line) are
almost identical and that an infinite hy-
dration radius encompasses all water,
i.e., χHP= χWP for RH→ ∞.

about 30% of the peptide-water cross-contribution χ′WP( f = 0)
is caused by water molecules that are more than 1 nm away
from the peptide, demonstrating the long range of peptide-
water polarization correlations. This finding agrees nicely with
the conclusions from protein-concentration dependent THz
absorption studies3,4 and simulation studies of aqueous solu-
tions of larger peptides.16,28 The peptide-hydration-water cross
term contribution χHP( f ) is shown for various hydration radii
RH in Figure 6, one sees that the amplitude continuously in-
creases with growing radius, while the spectral shape stays
rather invariant.

The folding state of the peptide has a small but systematic
influence on the peptide polarization relaxation time, one ob-
serves a slight blue shift for all three contributions χPP, χHP,
and χOP in Figure 5 from the folded (blue lines) to the unfolded
state (green lines). The relaxation time of the Cole-Cole fits for
χPP decreases by about 35% from the folded state, τ = 734 ps,
to the unfolded state, τ = 550 ps, see Table I.

The polarization relaxation of peptides is typically associ-
ated with the rotational relaxation time. In Figure 4(d) (black
line), we show that the auto-correlation of the end-to-end
vector R⃗ee(t) between the Cα atoms of the first and last alanine
monomers decays exponentially with a decay time of τR
= 832 ps, quite close to the χPP relaxation time of the entire
trajectory of τ = 719 ps. The end-to-end unit vector R⃗ee(t)
/|R⃗ee(t)| (blue line) shows a somewhat shorter relaxation time
of τr = 779 ps, while the magnitude of the end-to-end vector
|R⃗ee(t)| − ⟨|R⃗ee|⟩ (green line) exhibits an intermediate relaxa-
tion time of τ|R | = 813 ps. Based on the good match between
polarization and orientational relaxation times, we conclude
that peptide polarization correlations are indeed caused by
orientational correlations, in agreement with common notions.
To further understand this coupling, we next compare the
simulated peptide rotational relaxation time with a simple
model based on the rotational motion of a cylinder of length
L and radius R in a viscous solvent. The rotational diffusion
constant Drot to first order in the characteristic ratio R/L is
given by38

Drot =
3kBT
πL3η

�
ln(L/R) − 1.57 + 7(1/(ln(L/R)) − 0.28)2� .

Using for the dynamic viscosity of SPC/E water η = 6.8
× 10−4 N/(m s)39 and for the radius and the length of an
ideal α-helix based on the backbone carbon atom positions
R = 0.23 nm and L = 1.2 nm (0.15 nm per monomer), we
obtain τrot = 1/(2Drot) = 181 ps, which is by a factor four lower
than that found in the simulations. If the presence of side-

chains and end-caps is included by increasing the characteristic
lengths to L = 1.5 nm and R = 0.33 nm (note that increasing
the radius R decreases the rotational relaxation time τrot), we
predict τrot = 303 ps, still too low. Note that a further increase
of the cylinder length to L = 1.9 nm would be needed to
reproduce the simulation results for the orientational relaxation
time based on the model of a stiff cylinder. We conclude that
such a length is not completely unrealistic, but at the same
time mention that internal dissipative modes due to the finite
peptide flexibility are expected to cause deviations between the
simple model and the more realistic simulation results for the
rotational relaxation time, in particular in the unfolded state.

In line with the above reasoning, an even slower polar-
ization relaxation time of about 2.5 ns was reported for the
76-residue protein ubiquitin,40 which confirms that orienta-
tional and polarization relaxation times are correlated.

D. Water contribution

In Sec. III C, we focused on the effect the peptide second-
ary structure has on spectral contributions involving the pep-
tide polarization, including peptide-water cross terms. In this
section, we investigate how the peptide folding state influ-
ences the polarization correlations between water molecules
themselves. For that, we decompose the water-water auto-
correlation contribution further as χWW = χHH + χOO + 2χHO
into hydration water autocorrelations χHH, outer shell water
autocorrelations χOO, and hydration-outer shell cross corre-
lations χHO, analogously to Boresch et al.14 We extend their
decomposition by an additional projection into folded and
unfolded states.

For the outer shell water dielectric response χOO in Fig-
ures 7(b) and 7(e), an impact of the peptide folding state is not
observable, the spectrum is perfectly described by a Cole-Cole
fit with small exponentα < 0.02 (see Table I) close to pure bulk
water,37 meaning that the peptide has virtually no influence on
the outer shell water, neither in the folded nor in the unfolded
state. This is even more remarkable, considering our very thin
definition of the hydration shell.

In contrast, the spectral contributions involving hydration
waters χHH and χHO show features in the sub-GHz range
which are more pronounced in the folded state. The amplitudes
of the χHH and χHO contributions are larger in the unfolded
state (green lines) compared to the folded state (blue lines),
which reflects the rather trivial fact that the number fraction
of hydration shell water in the unfolded state is nH = 5.68%
and thus slightly larger than the corresponding number in the
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FIG. 7. Real (a) and imaginary (d) parts of the hydration-water dielectric susceptibility χHH( f ) for the folded state (blue), the unfolded state (green), and for
the entire trajectory (black lines). The outer shell-water dielectric susceptibility χOO( f ) (b) and (e) does not depend on the peptide state. The signal due to
hydration-water-outer shell water cross correlations χHO( f ) (c) and (f) is slightly larger for an unfolded peptide and the relaxation is slightly slower than for HH
and OO. Triple Debye fits are shown for χHH as dotted lines, while Cole-Cole fits (dashed lines) are almost indistinguishable from the data for χOO. Double
Debye fits are shown for χHO as dotted lines.

unfolded state nH = 4.84% (the average over the entire trajec-
tory including folded and unfolded states yields 5.05%). Note
that for very high frequencies, the absorption spectrum χ′′HO( f )
is significantly negative, while χ′′HH( f ) exhibits the opposite
trend. This spurious behavior is due to water molecules that
leave and reenter the hydration shell at high frequency and will
not be discussed further.

In line with earlier theoretical results on single-alanine
and di-alanine14 and NAGMA and NALMA,41 we find that
the cross term χHO is significantly slower (τ ≈ 17.5 ps) than
the χHH and χOO contributions (τ approximately 9 and 11 ps,
Table I). As a matter of fact, this behavior is not so much
a characteristic feature of hydration water but rather trivi-
ally follows from the different nature of self and collective

polarization contributions: it is well-known that the self relaxa-
tion of water is faster than the collective relaxation in pure wa-
ter as well as in ionic solutions.42–44 Neglecting the rather infre-
quent interchange of individual water molecules between the
hydration and outer shell ensembles, the cross term χHO only
consists of collective relaxations, i.e., χHO( f ) ≈ χHO,coll( f ). In
contrast, the contributions χHW and χOW consist of self and
collective terms, as defined in Eqs. (34) and (35), analogously
to our recent work on ionic solutions.37 A direct compar-
ison of self and collective parts of χHO, χHW, and χOW is
shown in Figure 8, where the much larger χOW contribu-
tion is rescaled by a factor 0.1. Figure 8(b) demonstrates that
the three collective parts χHO (black), χHW,coll (green), and
χOW,coll (orange) have almost identical relaxation times, while

FIG. 8. Comparison of different components of the real (a) and imaginary (b) parts of the water susceptibilities: the outer shell-hydration water cross correlation
contribution χHO( f ) (black line) and the collective hydration water χHW,coll (green line) and the collective outer shell water χOW,coll contributions (orange line)
occur on roughly the same time scale. The self hydration water χHW,self (blue line) and the self outer shell water contributions χOW,self (red line) are much faster
than the collective relaxations. The dashed lines are Cole-Cole fits. The bulk contributions χOW,coll and χOW,self (orange and red lines) have been decreased by
one order of magnitude for better comparison.
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FIG. 9. (a) Imaginary part of the self relaxation of the hydration shell water for the folded state (blue), the unfolded state (green), and for the entire trajectory
(black line), in comparison with the self-relaxation spectrum of pure water (red line). The spectra are slightly red-shifted compared to pure water and well
described by Cole-Cole fits (dashed lines). In the unfolded state, the amplitude is slightly higher due to the increased number of hydration water molecules.
(b) Imaginary part of the collective spectral contribution due to hydration shell water: In particular in the folded state, the spectrum has a second peak in the
sub-GHz range. Double Debye fits reproduce the spectral shape well (dotted lines). The high-frequency peak is slightly red-shifted compared to the collective
contribution of pure water (red line). (c) Real part of the collective dielectric contribution of hydration shell water, the static contribution is slightly higher than
in pure water (red line). The dielectric spectra of the self and collective parts of pure water (red lines) are multiplied with a factor of 0.05 in all subfigures in
order to account for the small hydration water fraction in the peptide simulation.

the two self contributions χHW,self (blue) and χOW,self (red) are
significantly faster; the fit parameters in Table I support this
graphical impression. The HO relaxation time τ = 17.5 ps is
situated between the faster OW collective relaxation time τ
= 14.0 ps and the slightly slower collective HW relaxation time
τ = 18.6 ps. We conclude that the slow relaxation time of the
cross term χHO with τ = 17.5 ps compared to the hydration wa-
ter contribution χHH with τ = 9.2 ps and the outer-shell water
contribution χOO with τ = 11.3 ps is due to the generally slow
collective water relaxation and not related to any particular
properties of hydration water.

Since the cross-contribution χHO (τ = 17.5 ps, Table I)
is only 25% slower than the collective relaxation χOW,coll, τ
= 14.0 ps, we do not think that this term can be associated
with the intermediate time scale δ-process seen in some exper-
iments. Similarly, although a triple-Debye fit is necessary to
accurately describe the spectral shape of χHH in Figures 7(a)
and 7(d), it is also unlikely that χHH is related to the δ-
process. In the decomposition χWW = χHH + 2χHO + χOO, the
auto-correlation term χHH contains disproportionately more
self-relaxation contributions in comparison with χWW. So
the fast peak in the triple-Debye fit to χHH (τ = 2.9 ps in
Table IV) reflects self-relaxations, and the intermediate peak
(τ = 13.2 ps) reflects collective contributions, similar to pure
water where we found that the decomposition of the single
Debye-like pure water signal with τ = 10.7 ps into self and
collective processes leads to two processes with Cole-Cole
relaxation times of τ = 4.3 and τ = 13.0 ps37 (see Table I). The
slowest process of the triple Debye fit to χHH with τ = 578 ps
again is rather close to the peptide polarization relaxation time
of about 700 ps, and it seems unlikely that this contribution
could be resolved as a separate peak in experimental spectra.

The spectral contributions χHH and χHO in Figures 7(d)
and 7(f) show a slow process and a weak secondary structure
dependence. In order to further investigate these effects, the
self and collective contributions of the combined signal χHW
= χHH + χHO are compared in Figure 9. We use χHW instead
of χHH to omit effects of water molecules that leave and reenter
the hydration shell at high frequency. The self relaxation in
Figure 9(a) (green line) has a higher amplitude in the unfolded

state because of the earlier-mentioned larger number of hydra-
tion water molecules in the unfolded state. Independent of the
secondary structure, the self relaxation peak is slightly red-
shifted compared to the spectrum for pure bulk water (red line,
shifted down by a factor 0.05 to account for the small number
of hydration water molecules) and well described by a Cole-
Cole process. To give explicit numbers, the self-relaxation time
of hydration shell water is τ = 5.24 ps and τ = 5.25 ps in the
folded and unfolded states, respectively, and thus only slightly
larger than the self-relaxation of bulk water τ = 4.3 ps which
we obtained from separate simulations (see Table I). This and
the absence of additional slow spectral features show that indi-
vidual water dipoles reorient in an almost unhindered manner
even close to the peptide. Note that a much more pronounced
slowing down of the water self relaxation in the first hydration
shell was found in previous simulations of ubiquitin and plas-
tcyanin,45,46 which suggests that the hydration water orienta-
tional dynamics is strongly dependent on the protein type.

In contrast, a slow process appears in the collective relax-
ation χHW,coll in Figure 9(b) and is more pronounced in the
folded state (blue line). χHW,coll cannot be well described by
a single Cole-Cole fit (not shown), only a double Debye fit
reproduces the spectral shape and is shown by dotted lines.
The relaxation time of the slower process in the double Debye
fit exceeds 1 ns and is almost independent of the secondary
structure while the amplitude of the slow peak ϵ1 decreases
from 0.38 for the folded state to 0.20 for the unfolded state
(Table II). The high-frequency main peak extends to lower
frequencies compared to the rescaled collective absorption
signal of pure bulk water taken from our previous work,37

which is multiplied with the average hydration water fraction
nH of 0.05 to allow for a meaningful comparison of the spectra
(red line, Figure 9(b)). We conclude that mostly the collective
part of the hydration water spectral contribution is influenced
by the presence of the peptide, and even here, the impact is
rather small, in agreement with previous theoretical findings.10

Due to the additional slow processes, the static dielectric
contribution of the hydration-water collective relaxations in
Figure 9(c) is about 20% higher than the collective contribution
of the same amount of pure water, which is shown by a red line.
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At the same time, the signal is slightly red-shifted compared
to pure water, as can be seen in Figure 9(b). The combi-
nation of an increased dielectric constant with an increased
relaxation time for hydration water is opposite to the trends
seen for the hydration water in most electrolyte solutions. For
instance, sodium-halide solutions exhibit a dielectric decre-
ment and accelerated collective water dynamics compared to
pure bulk water.37 Nevertheless, the linear correlation between
dielectric constant and relaxation time is perfectly in line with
the Madden-Kivelson-Equation,47 which rationalizes this in
terms of collective many-body correlation effects. In essence,
the dielectric contribution of hydration water is larger than a
comparable amount of bulk water, and the relaxation dynamics
is slowed down because the peptide enhances the collective wa-
ter polarization correlations in its hydration shell, a peptide acts
as a dielectric structure maker (in contrast to ionic solutions
which typically act as dielectric structure breakers37).

IV. CONCLUSIONS

Via projection of the simulation trajectory into sections
corresponding to folded and unfolded states, we show that
the dielectric spectrum of a single Ala8 peptide chain in
water is significantly impacted by the presence of the helical
secondary structure, especially in the sub-GHz range. If the
peptide is helical, the static dielectric constant is higher and
the low-frequency absorption is increased compared to the
unfolded state. By a further decomposition, we show that the
secondary structure mainly affects the spectral contributions
involving the peptide polarization. In line with previous work,
we find that hydration water exhibits a low frequency dielectric
contribution at a similar time scale as the peptide itself, but
this low-frequency contribution is mostly due to peptide-
hydration water polarization correlations and not so much due
to hydration water-hydration water auto-correlations. In fact,
our further decomposition of the water polarization correla-
tions into self and collective molecular relaxations demon-
strates that the sub-GHz absorption of hydration water is a
purely collective phenomenon. This means the studied peptide
Ala8 hinders the orientational relaxation of single water mole-
cules only slightly (when projected along their dipolar axis).
On the other hand, we do not see any traces of fast polarization
dynamics in the peptide contribution in the 10 GHz range
where bulk water shows its main relaxation dynamics, not
even in the peptide-water cross correlations. Our findings are
interesting in light of the picture of “slaving water” around
proteins, according to which solvent fluctuations control the
protein dynamics.1,2,48 We only find a “slaved hydration shell”
where the observed collective polarization processes in the
hydration shell follow the slow peptide reorientational dy-
namics, while individual water molecules are nevertheless
free to reorient almost as quickly as in bulk. In contrast, in
simulations of lysozyme, faster peptide relaxation processes
have been found.16 This could mean that the dynamic slaving
influence of water on peptides is quite specific and depends
on the presence of certain protein features. In this respect, it
is interesting to note that our used alanine polypeptide has no
hydrophilic side chains, which might be necessary for water

to couple dynamically to a peptide in the GHz range. This is a
possibility worth following up in the future.

The slaving-water concept is partly based on the similar
temperature dependences of the dielectric relaxation time of
water in the GHz range and protein relaxation processes occur-
ring at frequencies that are smaller by two orders of magni-
tude.1 The absence of a dynamic coupling between hydration
water and peptide at the dominant water relaxation frequency
around 10 GHz, which we observe in our simulations for Ala8
might suggest that the dynamic cross talk between protein and
hydration water is more indirect and involves the interplay be-
tween solvent and internal viscosity effects, as was previously
concluded from experimental studies49 and recently confirmed
theoretically.50 On the other hand, it is interesting to note that a
quite strong dynamic peptide-hydration water coupling in the
THz regime has been observed in recent simulations,15 but the
connection of this THz coupling to the peptide dynamics at
much smaller frequencies is not clear.

The influence the peptide has on the slow collective
relaxation dynamics of hydration water is quite long-ranged,
30% of the peptide-hydration water cross correlations ex-
tends by more than 1 nm into the water phase. The at first
view astonishingly slow relaxation of the hydration-outer
shell water cross-contribution noticed in earlier publications
is explained in terms of the dominance of collective terms,
which are generically slower than water self-correlations.

Our results do not contain a statistically significant δ-
process in addition to the common bulk water peak around
10 GHz and a slow peak around 200 MHz mainly caused
by the peptide reorientation dynamics. The small differences
of the relaxation times we obtain for different components
via decomposition makes the assignment of intermediate pro-
cesses challenging and prone to failure. In the future, it would
be interesting to redo similar simulations with larger pep-
tides that would consequently exhibit slower peptide relaxation
times and to see whether in between the peptide and bulk water
relaxation times, an intermediate relaxation process can be
clearly established. In light of the long simulation time of 7 µs
we needed in order to reach sufficient statistics, this will be
challenging from a computational point of view. In reverse, it
would be desirable to have access to experimental spectra for
Ala8 solutions or similar-sized peptides in order to compare
with simulation results.

Because of simulation time constraints, we only studied
a single peptide embedded in water; in the future and in order
to more meaningfully compare with experiments, it would be
important to extend the current study to include many-peptide
effects. We believe that the force field quality is a rather minor
issue, since we validated various force fields and in particular
our simulation technology previously for electrolyte solutions,
where we found good agreement between simulated dielectric
spectra and experimental results even for the quite subtle ion-
specific effects.37

The folding/unfolding transition itself will of course also
lead to a dielectric contribution with a frequency of the order
of the inverse folding time, because the peptide polarization
in the folded and unfolded states is quite different. In future
experimental and theoretical studies, it would be interesting to
follow up on such effects in more detail.
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