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Abstract

In this simulation study, we investigate the influence of biomolecular confinement on dynamical 

processes in water. We compare water confined in a membrane protein nanopore at room 

temperature to pure liquid water at low temperatures with respect to structural relaxations, 

intermolecular vibrations, and the propagation of collective modes. We observe distinct potential 

energy landscapes experienced by water molecules in the two environments, which nevertheless 

result in comparable hydrogen bond lifetimes and sound propagation velocities. Hence, we show 

that a viscoelastic argument that links slow rearrangements of the water hydrogen bond network to 

ice-like collective properties applies to both, the pure liquid and biologically confined water, 

irrespective of differences in the microscopic structure.

Graphical Abstract

INTRODUCTION

The ability to form an extended and dynamic hydrogen bond (HB) network with a local 

tetrahedral structure, largely determines the properties of water.1–4 In biomolecular systems 

water is often found in confining environments such as protein binding pockets, membrane 

protein channels, and narrow membrane pores.5,6 Here, restricted accessible volume along 
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with surface effects influence water properties and result in characteristic differences to pure 

liquid water.7 Water in such nano-confined environments contributes to the thermodynamics 
8 and kinetics9 of molecular recognition events. In some cases water molecules constitute an 

integral part of a biomolecular structure or modulate functional dynamics.10 Thus, to obtain 

a more complete understanding of complex biomolecular processes, detailed descriptions of 

confinement-mediated properties of water, its HB network structure and dynamics are 

needed. Relaxation processes of water can be probed by neutron spectroscopy, 11 dielectric 

spectroscopy12 or nuclear magnetic relaxation experiments. 13,14 Collective dynamics 

describing correlated motion of water molecules in time and space can be characterized with 

coherent scattering experiments.15,16 All these experimental techniques report on averaged 

properties of water dynamics and structure, but lack the atomistic resolution necessary to 

resolve water properties in confined biomolecular environments. On the other hand, it is 

straightforward to obtain microscopic insights into local relaxation processes and collective 

dynamics from computer simulations.17–20

Neutron scattering studies have revealed that confined water at room temperature exhibits 

dynamics and a microscopic structure similar to supercooled bulk water, with a shift in 

temperature of ≈ 30 K.21,22 Water confinement has also been exploited for studies of liquid 

water properties at supercooled temperatures due to the suppressed crystallization in 

confined environments. 11,23 In the present work, we study the relationship between 

structural rearrangements and collective dynamics of water confined in biomolecular 

environments using atomistic molecular dynamics simulations. Specifically, we go beyond 

earlier studies of water confined in idealized model systems 24 and examine the water-filled 

transmembrane nanopore of the biologically relevant SecY translocase25 shown in Fig. 1. 

We compare the properties of room temperature water confined in this nanopore to those of 

the pure liquid at low temperatures above the melting point of the respective water model. 

As expected, both confinement and reduced temperatures can result in an equivalent slow-

down of the overall water HB network dynamics, as described, for example, by the average 

HB lifetime τHB. An analysis of intermolecular vibrations reveals that distinct microscopic 

structures in confined and low temperature water give rise to the observed slow-down of HB 

dynamics. Despite these structural differences, we find that both environments have 

comparable effects on collective dynamics, such as sound propagation. In the protein 

nanopore and in the low temperature water, the slowdown of structural relaxations results in 

fast sound propagation and the occurrence of dispersive transverse modes. Altogether we 

demonstrate that the viscoelastic argument, which relates structural relaxation processes in 

the HB network of pure water to collective properties of the liquid,26 can be extended to 

water confined in biomolecular environments. This relationship provides an important link 

between local dynamical processes in water, which are accessible with spatial resolution in 

selected experiments,27 and collective dynamics that are typically only observed as sample 

averages.
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METHODS

Simulation Protocol of Water confined in SecY.

As shown in Fig. 1, the SecY translocase forms a large hourglass-shaped membrane 

nanopore that contains up to 400 water molecules and mediates the secretion or membrane-

insertion of proteins. The protocol followed to set up and run the MD simulations is 

described in detail elsewhere.28 Briefly, the SecY Pyrococcus furiosus crystal structure 

(PDBID: 3MP7)25 used in the simulations describes an open state of the protein nanopore. 

We embedded the system in a POPC bilayer, performed an energy minimization followed by 

an equilibration and a subsequent 450 ns simulation in the NPT ensemble. The SecY cavity 

bottleneck is characterized by a hydrophobic region (HR), which is stable on the simulation 

timescale and is occupied by fluctuating numbers of water molecules.28 From the 450 ns 

simulation, we extracted 24 independent configurations in which the SecY nanopore remains 

filled with water and free of lipid tail incursions. These configurations were used to start 

short (50 ps) simulations in the NVE ensemble that allowed us to examine in detail water 

dynamics inside the SecY nanopore. To monitor how confinement affects the dynamic 

properties of water upon approaching the bottleneck of the SecY cavity, we defined a square 

prism region of 40 × 40 × 100 Å3 enclosing the nanopore, divided it into 20 slabs of 5 Å 

thickness, and analyzed water molecules in each slab. The results reported in the main text 

describe averages obtained from the analysis of these NVE simulations. All simulations 

were carried out with the NAMD software package29,30 version 2.9. We employed the 

CHARMM3631 force field for the lipids, CHARMM22 with CMAP correction for the 

protein and ions,32,33 and the TIP3P model34 for water.

Simulation Protocol of Bulk Water.

We compared the dynamic properties of water within SecY to the pure liquid at temperatures 

between 150 and 350 K. For this, we prepared a system of bulk TIP3P water containing 

6845 water molecules in a cubic box with 60 Å edges for simulations at different 

temperatures. After performing an energy minimization, we equilibrated the system in the 

NPT ensemble at constant pressure of 1 bar and constant temperature T. We varied the 

temperature in 25 K steps between 150 K and 350 K, so that 9 distinct temperatures were 

studied in total. The length of the NPT simulations varied with temperature in order to allow 

for a complete relaxation of the simulated water box (from 70 ns for the lowest temperatures 

to 15 ns for the highest temperature). We used the NAMD 2.9 software.29,30 After 

equilibration, we ran NVT simulations of varying length for each temperature (between 5 

and 20 ns for the highest and lowest temperatures, respectively), from which we extracted 5 

independent configurations. The latter were then used as starting points for NVE 
simulations. The length of the NVE simulations was varied between 100 ps for the lowest 

temperatures and 50 ps for the highest; the coordinates and velocities were saved every 5 fs. 

Simulations at 200 K were eventually used for the comparison of bulk water collective 

properties to water confined in the protein nanopore at room temperature, i.e. 300 K. The 

melting temperature of TIP3P water is only 146 K.35 Our simulations at 200 K are therefore 

comparable to cold liquid water with a temperature above the melting point, not supercooled 

water.
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Water Model Dependence.

To test for the dependence of our observations on the particular simulation model, we carried 

out additional simulations with the TIP4P/2005 water model.36 To compare to our results of 

TIP3P water confined inside the SecY nanopore, we substituted water molecules in the 

selected starting configurations of the SecY system previously described and re-equilibrated 

the systems for 10 ps prior to starting the NVE production simulations. In addition, we 

carried out bulk water simulations at selected temperatures following the protocol described 

for TIP3P.

The melting point of TIP4P/2005 water (Tm=249 K37) is significantly higher than for TIP3P. 

Due to this difference in Tm, we use a bulk water temperature of 250 K for the comparison 

of pure low temperature water with water in biomolecular confinement at 300 K for 

simulations with the TIP4P/2005 water model. As for our simulations with the TIP3P model, 

this temperature is above the melting temperature and the liquid state is thermodynamically 

stable.

Hydrogen Bond Network Dynamics.

In both confined and bulk water, we studied the rearrangements of the hydrogen bond (HB) 

networks in terms of the autocorrelation function c (t) of the HB population operator h(t):
38,39

c(t) = h(0) h(t) ∕ h2 (1)

h(t) is equal to 1 if a donor-acceptor (D-A) pair is hydrogen bonded at time t, and 0 

otherwise. We define the hydrogen bond through a geometric criterion, for which the D-A 

distance is less than 3.5 A and the D-H-A angle is greater than 150°. The c(t) functions 

provide information on the lifetime of the local water HB network by taking into account the 

reformation of transiently broken hydrogen bonds.

Velocity Autocorrelation Functions and Vibrational Density of States

In both confined and bulk water, we computed the normalized water oxygen and water 

hydrogen velocity autocorrelation functions (VACF) as:

Cvv(t) = v(t) ⋅ v(0)
v(0) ⋅ v(0) (2)

v(t) is the velocity of the particular atom at time t, the angular brackets denote the average 

over molecules and time origins. The VACF of water oxygens and hydrogens was computed 

for water in the protein nanopore and for water in the vicintiy of the HR and was compared 

to the corresponding result for bulk water at temperatures of 150, 200, 225, and 300 K.

To characterize the spectra of intermolecular vibrations, we then computed the vibrational 

density of states (VDoS) of the water oxygen and hydrogen atoms as the Fourier transform 

of the VACF:40–42
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VDoS(ω) ∝ ∫
0

∞
e−iωtCvv(t)dt (3)

Collective Dynamics from Current Spectra.

We computed the longitudinal current spectra I∥(q, ω) and its transverse counterpart I⊥(q, ω) 

directly from space and time correlations of density currents, which we computed using the 

atomic velocities. We analyze longitudinal current spectra I∥(q, ω), which contain 

information on collective dynamics and on the propagation of density fluctuations within the 

system. A detailed description of the protocol for this analysis is provided in the Supporting 

Information.

RESULTS & DISCUSSION

HB dynamics in confined and low-temperature water

In Fig. 2 a and b, we plot the HB correlation function c(t) of water within the SecY nanopore 

at 300 K as a function of position along the z-axis (normal to the membrane plane) and of 

pure water at varying temperatures. The corresponding average HB lifetimes τHB are shown 

in Fig. 2 c and d, which were defined for simplicity as c (τHB) = e−1.

Upon approaching the nanopore bottleneck, the HB network average lifetime in confined 

water increases from τHB ≈ 1 ps for ∣z∣ > 30 Å (bulk-like) to ≈ 6 ps for z ≈ 5 Å close to the 

HR of the SecY nanopore (Fig. 2c). A comparable increase of τHB by 5 ps is observed for 

pure TIP3P water upon cooling to 200-225 K (Fig. 2d), which is consistent with experiments 

carried out on water confined in porous materials and on supercooled water.21,22 In earlier 

simulations with the SPC/E43 water model, Starr et al.44 observed a 5 ps increase of the 

structural relaxation time τR (defined equivalently to τHB) upon cooling from 300 to 275 K. 

In the present study, we used the TIP3P34 water model for which the employed protein and 

lipid force field was parametrized. Both water models, TIP3P and SPC/E, were fitted to 

reproduce only room temperature properties of water. As a consequence, the TIP3P water 

model yields a melting point of 146 K35 and the SPC/E water model has a melting point of 

215 K.35 Therefore, we find for both models that relative to their respective melting points, 

the 5 ps increase in the HB network rearrangement time occurs for comparable degrees of 

cooling, corresponding to low temperature water above the melting point, not supercooled 

water.

Overall, we find that confinement and low temperatures can yield comparable effects on HB 

network dynamics. Although we expected this result given previous work, 28,45,46 we 

suspected that the mechanisms underlying the slowdown of dynamics are different. In pure 

water, the decrease in thermal energy associated with cooling reduces the probability to 

overcome kinetic barriers involved in HB network rearrangements. The average water 

structure also experiences changes with temperature47,48 resulting in variations of the 

intermolecular interactions. The local tetrahedral structure remains intact and is expected to 

be more pronounced at low temperature. Conversely, in a confining biomolecular 
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environment the interactions with the protein surface, sterical constraints, and local 

differences in the solvent structure modify simultaneously the shape of the potential energy 

surface that determines HB dynamics.

Spectrum of intermolecular vibrations

To characterize potential energy landscapes experienced by water molecules within the 

translocon nanopore and in the pure liquid over a range of temperatures, we analyzed 

intermolecular vibrations on the sub-picosecond and picosecond timescale. In Fig. 3, we 

focus on vibrations of water oxygen atoms, which dominate the low-frequency vibrations 

relevant for relaxation processes and density fluctuations. A corresponding analysis for 

water hydrogens is shown in the Supporting Information (Fig. S1). Fig. 3a shows that the 

structuring of the oxygen water VACF in pure water increases with decreasing temperature. 

For water at 300 K, the VACF features no significant minima or maxima, but instead decays 

to zero almost monotonically with a shoulder at ≈130 fs. In contrast, well-defined minima 

and maxima appear for lower temperatures and are most pronounced at the lowest 

temperature of 150 K. The period of the visible oscillations allows us to infer a dominant 

frequency around 250 cm−1, reminiscent of HB stretch vibrations in water.49 Indeed, the 

corresponding VDoS in Fig. 3b shows a continuous increase in intensity of a broad 

vibrational band between 200 and 300 cm−1 with decreasing temperature. The integrated 

intensity of the VDoS describes the total number of degrees of freedom and is therefore 

constant. The increased VDoS between 200 and 300 cm−1 for low-temperature water is 

compensated by a loss of low frequency modes <50 cm−1 and diffusive degrees of freedom 

(0 cm−1). The latter is closely tied to the increase in structural relaxation times as reported in 

Fig. 2. In addition, the maximum of the prominent peak between 30 and 80 cm−1 of pure 

water, which reports on so-called HB bending vibrations, 49 exhibits a pronounced blue-shift 

with decreasing temperature.

In the SecY simulation, we analyzed the difference between water confined in the nanopore 

and water confined in proximity of the HR region in order to monitor the effects of varying 

the degree of confinement. The HR region corresponds to the bottleneck of the SecY 

nanopore. In contrast to low temperatures, biomolecular confinement within the SecY 

protein did not affect the HB stretch band of the water oxygen VDOS. In the corresponding 

VACF, a long-lasting, low intensity oscillatory feature for water oxygens near the HR region 

(inset of Fig. 3) shows some similarity with water at 150 K. Other features including the 130 

fs shoulder are significantly decreased in intensity. In both, the nanopore and the HR region, 

the water oxygen VACF exhibits a broad minimum with negative intensity following the fast 

sub 100 fs initial decay, before converging to zero for long correlation times. Interestingly, 

the initial fast decay of the VACF of water in the HR region follows the one observed for 

300 K pure water, while the initial decay for all water molecules in the nanopore resembles 

the one of water at 225 K. In the VDoS, the mode density >200 cm−1 for water in the protein 

nanopore and in the HR region is comparable to the pure liquid at 300 K. Instead, an 

increased number of modes is found at intermediate frequencies between 80 and 200 cm−1 

in addition to the expected loss of diffusive modes at zero frequency. For water oxygens in 

the HR region, the intensity of the HB bending band (50 cm−1) increases, which is not 

observed for the average of the entire nanopore.
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Overall, decreased structuring of the VACF and a broader distribution of vibrational 

frequencies in the VDoS of confined water molecules in the protein indicates averaging over 

a heterogeneous mix of local environments.50 This is clearly distinct from pure water at low 

temperatures, for which the increase of high frequency HB stretch vibrations in the VDoS 

and the structuring of the VACF indicate a strengthening of the HB network and increasingly 

homogeneous local environments for water molecules.

Collective dynamics

A major focus of this work is the influence of biomolecular confinement on collective 

dynamics and its relation to structural relaxation processes as described by HB correlation 

functions. Variations in the propagation of density fluctuations investigated here do not 

imply changes in the average structure, but can be modulated by them. In Fig. 4, we show 

the longitudinal current spectra I∥(q, ω) computed from the space and time correlations of 

atomic velocities (see Supporting Information). These spectra characterize propagating 

acoustic modes and relate to the dynamic structure factor observed in coherent scattering 

experiments. We compared the collective dynamics of pure water as a function of 

temperature and of water confined within SecY. In the latter case, we focused our analysis 

on contributions from a given portion of the simulated system.17 For this purpose, we 

computed cross correlations between current densities obtained for the entire simulated 

system and a selected set of water molecules, either within (nanopore water in Fig. 4a) or 

outside (bulk-like water in Fig. 4b) the SecY nanopore.

Generally, the longitudinal current spectrum I∥(q, ω) of pure water at room temperature 

describes a dispersive collective mode whose frequency depends on the momentum transfer 

q. We determined the q-dependent position of the dispersive mode Ω(q) by fitting a two-

damped harmonic oscillator model (see Supporting Information). For q < 0.2 Å−1, i.e. large 

wavelengths that are not directly observed here as they extend beyond the size of the 

simulated systems, a propagation velocity c0 = Ω(q)/q = 1500 m/s is expected, which 

corresponds to the ordinary sound velocity of water.51 Further, no collective modes of 

transverse character are expected, which are symmetry-forbidden in liquids. However, early 

simulations and following experiments have shown that for shorter wavelengths, i.e. q > 0.2 

Å−1 and within the detectable range of wavelengths in our simulation, the collective mode 

frequency increases with a distinct slope suggesting the occurrence of ”fast” sound 

propagating with c∞ > 3000 m/s. 18,26,52,53 The latter roughly corresponds to the sound 

propagation velocity in ice. In Fig. 5, we plot the apparent propagation velocities c(q) = 

Ω(q)/q of each analyzed water species. The transition from almost ordinary sound velocities 

c(q) = Ω(q)/q = 2000 m/s at q = 0.2 Å−1 to fast sound of 3500 m/s at q > 0.7 Å−1 is observed 

in the room temperature simulations for pure water and bulk-like water outside the protein 

nanopore. Moreover, additional collective modes of transverse character can be observed at 

high q in these cases (see Fig. S2 in Supporting Information), which are only symmetry-

allowed in solids.54

This behavior can be explained in terms of viscoelasticity. The collective mode frequencies 

at q < 0.2 Å−1 remain between 0-20 cm−1. The corresponding timescales 2π/Ω(q) are > 1.5 

ps and thus larger than the typical structural relaxation time in pure water of τHB ≈ 1 ps. For 
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larger momentum transfers q, the timescale associated with the mode frequency becomes 

shorter than τHB. On this timescale, water essentially loses its liquid properties and 

resembles a solid, resulting in increased “solid-like” sound velocities and otherwise 

symmetry-forbidden transverse collective modes.54 Alternative interpretations have been 

proposed, e.g. an interaction between dispersive ordinary sound modes with non-dispersive 

intermolecular vibrations.55,56 However, the temperature-dependence of the transition 

between ordinary and fast sound propagation in pure water supports the viscoelastic 

interpretation. With decreasing temperature, structural relaxation times in water increase 

significantly as shown in Fig. 2 and the viscoelastic model predicts a transition between 

ordinary “liquid-like” and fast “solid-like” sound propagation at lower q-values and 

corresponding mode frequencies, which has been confirmed experimentally.26

Structural relaxation times in water confined within SecY are also increased relative to pure 

water at the same temperature (Fig. 2). While the analysis in Fig. 3 shows that the origin of 

slow dynamics in confined water is distinct from slow dynamics at low temperatures, our 

results show that the effects on collective dynamics are equivalent, i.e. we observe solid-like 

sound propagation at low q for water confined within the nanopore. For confined water and 

for pure water at 200 K, we find an essentially constant solid-like sound velocity > 3000 m/s 

within the entire analyzed q-range. Only for q < 0.3 Å−1, we observe a beginning decrease 

toward a more liquid-like behavior. In accordance with solid-like collective dynamics for 

confined water and low temperature water, we also observe in both cases a dispersive mode 

of transverse symmetry at low q (see Supporting Information, Fig. S2). Our control 

simulations with the TIP4P/2005 water model,36 which offers an improved description of 

temperature-dependent water properties, confirm our general observations (see Fig. S3 in 

Supporting Information).

Our results demonstrate that the viscoelastic mechanism can be applied in a similar way as 

in the pure liquid to relate local structural relaxations and collective dynamics for water 

confined in biomolecular environments. A slow-down of structural relaxation dynamics 

results in effectively solid-like properties on longer time- and length-scales in the protein 

nanopore, which results in solid-like fast sound propagation and transverse symmetry modes 

for lower q-values and frequencies than in pure and bulk-like water at room temperature. 

This specific behavior can be directly compared to the effect of lowering the temperature in 

pure water.

CONCLUSION

Our results show that the slow-down of HB relaxation dynamics in water confined in the 

SecY membrane nanopore can be compared to the effect of decreased temperatures in pure 

water. Average HB lifetimes in the nanopore bottleneck at 300 K reflect the dynamics of 

pure water at 200 to 225 K, which is above the freezing point of the employed water model. 

In the SecY nanopore, geometrical constraints and interactions with the surrounding protein 

environment are responsible for slow dynamics, while low temperatures in pure water 

mainly affect the ability to overcome kinetic barriers required to break individual HBs.
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Despite similar dynamics, the potential energy surfaces experienced by confined or low 

temperature water molecules differ significantly, which becomes evident in the spectra of 

intermolecular vibrations. For pure low-temperature water, an increased number of high-

frequency HB stretch vibrations indicates an increasingly tetrahedral structure. For confined 

water, we instead observe a wide distribution of vibrational frequencies between the water 

HB bending and HB stretching band. This result highlights potential pitfalls in comparing 

water in confined biomolecular environments to the bulk liquid at low temperatures.

However, we demonstrate that the same viscoelastic arguments can be used to predict the 

effects of confinement and low temperatures on collective water dynamics. In both cases, the 

slowdown in structural relaxation dynamics results in an onset of solid-like collective 

dynamics, i.e. fast sound propagation and transverse symmetry modes, at lower momentum 

transfers and frequencies and corresponding longer length- and time-scales. Local 

differences in the potential energy surface described by the VDoS are less relevant for sound 

propagation than the lifetime of structural motifs in the water HB network. Hence, we 

anticipate that frequently observed retardations of local structural relaxations at other 

confining biomolecular interfaces57–59 will also result in solid-like collective properties on 

greater length- and time-scales than in pure water. As shown in previous work,19 collective 

modes within the hydrogen bond network of water in the vicinity of proteins are coupled to 

vibrations on the same timescale within the proteins. However, whether such coupled motion 

has a measurable impact on the stability, conformational dynamics or biological function of 

proteins is not clear at this time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Representative snapshot of water (red and white van der Waals spheres and red transparent 

surface) confined inside SecY (blue ribbon representation). The hydrophobic residues 

delimiting the hydrophobic region (HR) are represented as yellow sticks; lipid tails in white; 

lipid headgroups in red, bronze, blue.
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Figure 2: 
HB time correlation functions, c (t), for water in SecY as a function of position z along the 

membrane normal in the nanopore (a) and in pure water as a function of temperature (b). 

The corresponding lifetimes τHB are shown in panels (c) and (d). For pure water at 150 K, 

an extrapolation is used to estimate τHB outside the analyzed correlation time window. In 

panel (d), blue square symbols represent HB lifetimes in pure water, while black circles 

provide a comparison to the slowest and fastest HB lifetimes from panel (c).
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Figure 3: 
(a) Time evolution of normalized water oxygen velocity auto-correlation functions Cvv and 

(b) corresponding vibrational density of states, VDoS, as a function of wavenumbers. Solid 

lines represent results for pure water at 150K (navy blue), 200K (dark blue), 225 K (light 
blue), 300 K (cyan); red squares and orange circles describe data for nanopore and HR 

water, respectively.
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Figure 4: 
Longitudinal current spectra as a function of the scattering vector length q and the frequency 

in wavenumbers ν = ω ∕ (2π c) of (a) water molecules inside the SecY nanopore, of (b) bulk-

like water of the SecY simulation, of (c) pure water at 200 K and (d) 300K. Insets: 

longitudinal current spectra for q between 0.2 and 1.1 Å−1 along with the q-dependent 

collective mode frequency.
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Figure 5: 
Apparent q-dependent sound velocities of water in distinct environments. Spline functions 

provide a guide to the eye.
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