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ABSTRACT Purplemembranes (PM) fromhalobacteria were hydrated to;0.4 and;0.2 gH2O/g of PMand studied by dielectric
spectroscopy and differential scanning calorimetry between 120 and 300 K. The dielectric process, attributed to a local (b)
relaxation of the confined supercooled water, shows an Arrhenius temperature behavior at low temperatures. In the case of the
most hydrated PM a small deviation from the Arrhenius behavior occurs at 190–200 K together with a pronounced endothermic
process and an increased activation energy. The observed crossover is accompanied by a reduction of the interlayer spacing due
to the partial loss of the intermembrane water. All these effects at;200 K are consistent with a scenario where the local relaxation
processmergeswith a nonobservablea-relaxation of the interlayer water, giving rise to amore liquid-like behavior of the interfacial
water. For the less hydrated sample the effects are less pronounced and shift to a slightly higher temperature.

INTRODUCTION

Water is essential for the stability and function of biological

molecules and its importance in physics and chemistry can-

not be underestimated. The properties of glassy water, the

most abundant form of water in the Universe (1), is far from

completely understood. Clarifying the glass transition be-

havior of bulk water is a difficult task, and its calorimetric

behavior is much debated (2,3). The glass transition tem-

perature of water at ambient pressure has commonly been

accepted to be Tg ¼ 136 K (3). However, recently a value of

165 K was proposed, based on incompatible thermal data of

hyperquenched glassy water compared to known glass form-

ers (4) and on consideration of entropy behavior in the

supercooled region (5). This reassignment is controversial,

and has spurred a healthy debate (6).

Near the glass transition temperature the viscosity of glass

formers increases rapidly with cooling. The molecular relax-

ation time increases with a non-Arrhenius temperature de-

pendence, the degree of which depends on the chemical

interaction between the molecules. Supercooled liquids ex-

hibiting small deviations from Arrhenius behavior are clas-

sified as ‘‘strong’’ liquids, whereas liquids with a pronounced

non-Arrhenius behavior are labeled ‘‘fragile’’ (7,8). Water

may be a notable exception to this classification (9). Near its

melting point it is the most fragile of all liquids studied,

whereas near the glass transition it seems to behave like a

very strong liquid (9).

Hydration water, in particular water on the surface and in

cavities of biomolecules, can provide important information

on quenched glassy water, because in these cases, the geo-

metrical confinement or the binding of the water molecules

to a substrate can prevent crystallization. Despite the fact that

water is present in most biological assemblies, the coupling

between biomolecules and water is poorly understood.

Experimental and theoretical work has shown that proteins

exhibit a broad dynamical transition at;170–230 K (10,11),

marking the onset of a drastic increase in the average atomic

mean-square displacement Æm2æ on a nanosecond-picosecond
timescale, observed by neutron scattering (12,13).

The transition in protein has been described as a ‘‘glass-

like transition’’ to emphasize certain similarities with changes

in viscosity and other properties of liquids when they form

a glass. The general view of this low-temperature transition

of proteins and other biomolecules at ;200 K seems to be

that this transition is directly coupled to the diffusive motion

of their solvent (14,15). Recently, a survey of the temper-

ature dependence of the fast dynamics of methyl-bearing

side chains in a calmodulin-peptide complex was carried out

using site-specific deuterium NMR relaxation methods. It

was found that the amplitude of motion has a heterogeneous

spectrum that is split into three distinct bands, and that the

presence of these three bands of motion in proteins is ge-

neric. All three bands correspond to motions on a subnano-

second timescale (16). The apparent dynamical transition at

;200 K was attributed to the freezing out of the middle band

of motions; thus, no global glass transition model was used.

Here we study quenched, hydrated purple membrane (PM)

using dielectric spectroscopy and differential scanning cal-

orimetry (DSC). The purple membrane from Halobacterium
salinarum is a two-dimensional crystalline lattice formed by

the membrane protein bacteriorhodopsin (bR) (75% w/w)

and lipid molecules (25% w/w). The structure and hydration

dependent dynamics of PM has been extensively studied,

and recent reviews exist (13,17). The macroscopic sample of

PM is made from fragments or patches having a diameter in

the order of 0.5–1.0mm (18). These patches pile up, with

membrane planes parallel to each other when drying an

aqueous suspension of PM. Layers of water up to tenths of

Ångströms thick can be found between the parallel planes of
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the PM fragments, depending on the relative humidity (RH)

of the atmosphere (13,19,20).

The water is confined between adjacent membrane layers

as intermembrane water, with layers of surface-bound and

nonsurface-bound water. Within the membrane layers, addi-

tional water is situated in the protein-lipid molecule complex

as intramembrane bound water.

The ice formation and dehydration, melting, and rehy-

dration of slowly cooled and rehydrated PM is well docu-

mented (19) in the temperature region 220–300 K. It was

found that below 240 K water remaining bound to the mem-

brane is nonfreezing. The dehydration of the PM occurred in

the temperature range 245–268 K depending on initial hy-

dration level. A similar dehydration was observed for PM at

lower temperatures (21) when the sample was rapidly

quenched i.e., very fast cooling rate. Heating after quenching

leads to a decrease in lamellar spacing at ;200 K from

a value corresponding to 3–4 molecular water layers to

a value corresponding to only two molecular water layers.

Thus, the water beyond the first hydration layer is leaving the

confined geometry of the interbilayer space to less confined

areas where it can crystallize. When the ice starts to melt, the

water returns to the confined layers.

We show here that dielectric and calorimetric response of

hydrated purple membrane in the temperature region 120–

300 K demonstrates a coupling between fast water motions

and slower lipid/protein motions. Our results reveal a fast

local b-like relaxation process of the water, which deviates

from a low-temperature Arrhenius behavior at 190–200 K.

This dynamic crossover coincides with the temperature

where some of the intermembrane water in the most hydrated

PM is leaving the interlayer spacing. We analyze the dielec-

tric data by using a fine structure analysis of the whole

energy landscape (22,23). Furthermore to achieve a more

complete analysis of the kinetics of multiple relaxation pro-

cesses, derivatives of the real part of the dielectric constant e9
were calculated (24). The calorimetric measurements support

our interpretations of the dielectric results and show a strong

endothermic effect in the most hydrated system at the same

temperature, as the interlayer spacing is reduced due to the

partial loss of intermembrane water.

EXPERIMENTAL METHODS

A suspension of PM fragments prepared by Prof. D. Oesterhelt at the Max

Planck Institute for Biochemistry in Martinsried, Germany, was used. Small

amounts of the prepared H2O solution with PM fragments (PM con-

centration 6.7 mg/ml) were deposited directly onto the dielectric electrode

plate. The solution was left to dry between consecutive deposits. When

;15.4 mg PM had been deposited, it was left to dry for ;12 h in ambient

RH. The sample was alternated between a desiccator (for 3–10 h) with sat-

urated KCl (86% RH) and ambient RH (;30%). After 3 days of this al-

ternated slow drying, the sample was a dry flat film.

To rehydrate, the sample was put into a desiccator at 100% RH. Equil-

ibration proceeded for 5–7 days until the weight of the sample and sam-

ple holder did not vary by .0.5 mg. The gained water weight was ;6.5 6

0.2 mg, corresponding to h � 0.4 (h ¼ mass H2O/mass of PM). After

measurement, the membrane was put into a desiccator at equilibrium with

a saturated KCl solution for 6–10 days, giving 86% RH The membrane lost

;3.3 6 0.2 mg compared to the 100%-RH-equilibrated PM, corresponding

to h � 0.2.

The same PM fragments used for the dielectric low-frequency measure-

ments (10�2–107 Hz) were also used for the dielectric high-frequency mea-

surements (106–109 Hz) and the DSC measurements. Samples lost,10 wt %

of the hydrated water content during the course of all measurements. Dry

membrane was achieved by drying the membrane fragments in a vacuum

oven for 9 days at 73�C. After this drying procedure the fragments had lost

30–35% of the 100%-RH weight.

To achieve a fast cooling rate, the samples in the sample cell were

quenched, i.e., plunged directly into liquid nitrogen. Thereafter, the dielec-

tric measurements started at 120 K. With this fast cooling, ;3–4 layers of

amorphous, ‘‘nonfreezing’’ metastable water (for the h � 0.4 sample) and

one to two layers (for the h � 0.2 sample) is trapped between adjacent

membrane layers (19). (The notation used in the text to distinguish between

samples is h ¼ 0.4 for the sample hydrated at 100% RH and h ¼ 0.2 for the

sample hydrated at 86% RH.)

Dielectric measurements were performed using a high-resolution Novo-

control (Hundsangen, Germany) Alpha system covering a broad frequency

range (10�2–109 Hz) over the temperature range 120–300 K. In performing

dielectric spectroscopy, the interaction of electromagnetic field with matter

is investigated. For further reading about theory and applications, see Kremer

and Schönhals (25). Isothermal (within60.02 K) frequency ( f ) scans of the

complex dielectric function e*( f ) ¼ e9( f ) – ie$( f ) were performed at 5 K

intervals. The measurements took ;20 min for each temperature step.

Electrodes with diameter 20 mm and 8 mm were used for the dielectric

low-frequency and high-frequency measurements, respectively. In the high-

frequency measurements, 3–4.2 mg of PM fragments were used.

DSC (Q 1000, TA Instruments, New Castle, DE) was performed on the

PM sample hydrated at 100% RH using scan rates of 20 K/min and 30

K/min. A PM sample with a weight of 2.5 mg was enclosed in a DSC pan

(Alumina (Brisbane, Queensland) plates, diameter ;5 mm) and plunged

directly into liquid nitrogen. The sample was held for 5 min at 93 K, after

which the measurements were performed during the heating upscan. After

the measurements the pan with PM was put in a vacuum oven at 50–60�C to

dehydrate to a lower water content. When the sample had lost 13–14% of

weight (i.e., when h had been reduced to ;0.2) it was quenched as above,

and measurements were run at 20 K/min and 30 K/min heating rates. Also,

dry membrane was measured as described above. An empty pan was

measured as reference, as described above, and with two additional heating

rates of 10 and 40 K/min, to specifically study hydration effects on the pan

surface.

RESULTS

Fig. 1 shows the frequency dependence of the measured

dielectric loss, i.e., the imaginary part (e$) of the permittivity

at the indicated temperatures for the h ¼ 0.4 sample. The

dielectric response features one clear dielectric loss peak,

which moves to higher frequencies with increasing temper-

ature. Above;165 K, direct-current conductivity and polar-

ization effects show up and dominate the spectra at low

frequencies. At low frequencies, partially obscured loss peaks

are also seen for the higher temperatures.

A comparison of the dielectric loss at 180 K is shown in

Fig. 2 for the two hydration levels. The loss peak is at a

similar position for the two hydration levels, although it is

weaker and wider for the h ¼ 0.2 sample. The peaks shown

in Fig. 2 are both broad and essentially symmetric and were

therefore curve-fitted using a Cole-Cole function. To account
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for conductivity and polarization effects, as well as other

relaxation processes, at lower frequencies the data were de-

scribed by one power law and at least two Cole-Cole func-

tions.

e$ðvÞ ¼ s

e0
v

�s
1 +

n

k¼1

Im
Dek

11 ðivtkÞak
� �

: (1)

In this equation, v ¼ 2pf, De ¼ es – eN, where es and eN
stand for the static and high-frequency limiting values, re-

spectively, of the dielectric constant, a is the shape param-

eter of the relaxation function, and t is the relaxation time.

The first term in Eq. 1 is due to conduction and polarization

effects.

Derivative technique reveals relaxation processes

To reveal more details from the frequency dispersion at low

frequencies and high temperatures, where conductivity and

polarization dominate, we used a one-dimensional derivative

technique (24),

e$
der

¼ �p

2

@e9ðvÞ
@lnv

� e$rel; (2)

which approximately equals the Ohmic-conduction-free di-

electric loss e$
rel
.

Fig. 3 shows the result of this technique for the sampling

temperature 235 K. The derivative reveals additional pro-

cesses that were hidden by the conductivity at this high

temperature. Note that the contribution from polarization ef-

fects is dominant, since only a small difference in e$ and e$
der

is observed for low frequencies.

In Fig. 4, we show the relaxation times obtained from fits

of the dielectric e$ and e$
der

spectra. The very weak and fast

process at low temperatures and high frequencies coincides,

within experimental accuracy, with relaxation times obtained

for ice (26). This ice process is only observed in a limited

temperature range, and only for the h ¼ 0.4 sample.

Process 1, the most pronounced relaxation process for both

hydration levels, follows an Arrhenius temperature depen-

dence until there seems to be a slight deviation from this be-

havior at T . 190 K and a relaxation time of ;10�6s.

Process 2 for h ¼ 0.4 shows a nearly Arrhenius behavior

for temperatures up to ;200 K and a relaxation time of

;10�4s, after which its activation energy decreases with in-

creasing temperature. Process 3, for h ¼ 0.4, appears around

200 K and is present with an Arrhenius behavior up to 250 K,

where it disappears. The data points for process 2 for h¼ 0.2

are scattered at low temperatures, but above 215 K this

FIGURE 1 The imaginary part e$( f ) of the dielectric function e*( f ) of
the quenched purple membrane with the hydration level h ¼ 0.4. Selected

temperatures show the temperature and frequency dependences. One clear

relaxation process is seen over a wide temperature range.

FIGURE 2 Frequency dependence of e$( f ) at 180 K for PM at the two

hydration levels h ¼ 0.4 and h ¼ 0.2.

FIGURE 3 Frequency dependence of e$
der

compared with e$ of the PM at

235 K and hydration level h ¼ 0.4. After the one-dimensional derivative

technique was used, additional processes that were hidden by the conduc-

tivity were revealed at higher temperatures and/or lower frequencies.
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relaxation process is more clearly observed, and its tem-

perature dependence is accurately described by the Arrhe-

nius law up to 250 K, where this peak disappears.

Dielectric fitting parameters

The dielectric relaxation strengths, De, of the processes

obtained from the fits are shown in Fig. 5. The strong main

process 1 has an almost temperature-independent relaxation

strength for both hydration levels; only a weak increase

above 190 K is observed. The other processes increase more

strongly in relaxation strength above 190 K.

The shapes of the loss peaks, as parameterized by a in

Eq. 1 are shown in Fig. 6. The main process (process 1) for

h ¼ 0.4 is very broad (a � 0.4) and shows a slight increase

(i.e., reduced peak width) with increasing temperature (at

least up to 190 K). Possibly, compensation effects in the fit-

ting procedure may explain the small drop of the a parameter

at ;190 K. The peak width of process 1 for h ¼ 0.2 is even

broader with a � 0.35. Processes 2 and 3 are less broad and

increase more rapidly with increasing temperature. At the

highest temperatures the two slow processes are almost Debye-

like (a ¼ 1).

Activation energy fine structure analysis

To gain more information about the dynamical processes in

the hydrated PM, the dielectric measurements were subject

to an activation energy fine-structure analysis (22,23), which

invokes the ratio of the derivatives of the real part e9(v, T ),
with respect to temperature and the logarithm of the fre-

quency:

Eaðv; TÞ ¼ �RT2 @e9=@T
@e9=@lnv

: (3)

Ea represents the apparent activation energy of the relaxation

process that is most dominant at v and T (v is the applied

frequency and T is the temperature). Thus, in the activation

energy landscape, loss peaks from mechanisms with a high

activation energy will be enhanced with respect to loss peaks

from low activation energy, i.e., peaks due to main relaxa-

tions are accentuated compared to those of local relaxations

(22).

The calculated activation energy landscape Ea (v, T) for
h¼ 0.4 is shown in Fig. 7. From the figure it can be seen that

there are three regions—A, B, and C—with increased acti-

vation energy. Region A is at low temperatures and high

frequencies, with the peak situated above the MHz region,

although the scattered data points make this low-temperature

FIGURE 4 Relaxation times obtained from fits of the dielectric e$ spectra,

and from the e$
der

spectra. Process 1 for both hydration levels shows a small

deviation from Arrhenius temperature dependence close to 200 K and at

a relaxation time of ;10�6 s.

FIGURE 5 Temperature dependence of the dielectric strength of the dif-

ferent processes observed in h ¼ 0.4 and h ¼ 0.2 PM.

FIGURE 6 Temperature dependence of the shape parameter a (see Eq. 1)

on the processes in PM with h ¼ 0.4 and h ¼ 0.2.
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region of the energy surface uncertain. Region B, which is

composed of two processes at lower frequencies, merges to

one process at ;200 K and 103 Hz. Region C, in the high-

temperature region, depends on the frequency but is activated

at a constant temperature close to 260K. The process in region

C continues into theGHz region,where regionB is veryweak.

The energy surface for h ¼ 0.2 in Fig. 8 reveals two re-

gions, D and E. Region D is temperature- and frequency-

dependent, and region E is frequency-dependent, activated at

a high and constant temperature.

The temperature dependency is clearly seen in Fig. 9,

which shows the local activation energy Ea at 0.60, 117,

and 2005 Hz for the two hydration levels. We first look at

h ¼ 0.4, and the peak that is related to the slower pro-

cess in region B of the energy landscape. For the lowest

measured frequencies (e.g., 0.60 Hz), the onset of this pro-

cess is at 185 K, but the highest intensity is ;2000 Hz at a

temperature of 195 K, when it merges with the other pro-

cess in region B. Process C is at 260 K for all frequencies

but the apparent activation energy is varying. The highest

value is achieved for the lower frequencies, and when

process B has its highest value around 2000 Hz, process C
has decreased, but returns to higher apparent energy values at

higher frequencies. Process A has an onset in the low-kHz

frequency region at T ¼ ;140 K, but the maximum is

situated in the MHz region, not shown.

With h ¼ 0.2 (see Fig. 9 b), process D has a maximum for

the lowest measured frequencies at 204 K. Process E is

located at 250 K for all frequencies, but the value of Ea is

highest at ;0.6 Hz. A third process at the lowest temper-

atures is hardly noticeable in this less-hydrated sample.

DSC heating scans for h ¼ 0.4 and h ¼ 0.2 are shown in

Fig. 10. Note the difference in scale on the y axis for the two
figures. An endothermic process is observed at;185–190 K

for h ¼ 0.4 and ;200 K for the h ¼ 0.2 sample, each

followed by an exothermic heat release shortly afterward.

Endothermic melting is seen at ;260 K for h ¼ 0.4 and just

below 250 K for h ¼ 0.2.

DISCUSSION

Biological membranes are not rigid, but instead behave more

like liquid crystals. They exhibit a high flexibility, which en-

ables thermally excited undulatory and peristaltic (thickness

fluctuation) motions (27). In addition to these global three-

dimensional deformations of the membrane surface, there are

lipid motions on almost all timescales and membrane com-

ponents that reorient and move around laterally in the system

(28).

Here we discuss the temperature dependences of the di-

electrically observed relaxation processes. In Fig. 4, we can

distinguish four separate relaxation processes for h¼ 0.4 and

two separate processes for h ¼ 0.2. In Table 1 we show the

major characteristics of the temperature dependences of these

relaxation processes. The fast process for h ¼ 0.4 was com-

pared with relaxation times obtained for ice (26), and

FIGURE 7 Activation energy landscape for h¼ 0.4 PM obtained from the

fine-structure analysis given by Eq. 3. The data are shown in two different

orientations in a and b. In b the high-frequency measurement up to 109 Hz

is included.

FIGURE 8 Activation energy landscape for h¼ 0.2 PM obtained from the

fine-structure analysis given by Eq. 3.
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coincide within the experimental accuracy. We therefore at-

tribute this process to crystalline water that left the interlayer

space during the quenching. Process 1, the most pronounced

relaxation process for both hydration levels, coincides well

with previously obtained relaxation times for supercooled

water in several hydrated systems (29). We therefore attri-

bute process 1 in the system described here to a local relaxa-

tion of ‘‘nonfreezing’’ metastable water, most of it situated

in the confined interlayer space. Less water in the system

makes process 1 slightly slower and the small deviation from

Arrhenius behavior occurs closer to 200 K. Process 2 appears

to be more hydration-dependent than process 1, suggesting

that process 2 may be due to motions from the regions that

strongly attract water molecules, such as the polar lipid

region (30,31). If the relaxation time of this process for the

h ¼ 0.4 sample is extrapolated to room temperature (295 K)

a value around 10 ns is reached, in good agreement with the

findings of Ermolina et al. (32). With less water present the

kinetics of the lipids is reduced, resulting in a slower and

weaker process 2 for the lower hydration level (see Figs. 4

and 5). Process 3 is activated above 200 K, that is, above the

temperature where process 1 deviates from Arrhenius be-

havior. It is possible that the hydration water undergoes some

change in character at this temperature, from viscous flow to

a liquid-like dynamics, which increases the diffusion con-

stant due to more frequent breaking and recombination of

hydrogen bonds. This increased diffusion of the hydration

water may cause the activation of process 3. The physical

origin of process 3 is not clear, but assuming that the relaxa-

tion time increases with the size of the moving structural

unit, it is reasonable to assume that this process is due to

global motions in either the bR protein or the lipid part of the

PM. The reason a similar third process is not observed for

h ¼ 0.2 may be that the total water content is too low to

promote such a motion, at least on a similar timescale.

Considering the variety of scenarios for understanding

the anomalous properties of supercooled water (9,33–35) in

FIGURE 9 Local activation energies for (a) h ¼ 0.4 from Fig. 7 and

(b) h¼ 0.2 from Fig. 8 as a function of temperature for the frequencies 0.60,

117, and 2005 Hz.

FIGURE 10 (a) Comparison of DSC heating scans of quenched purple

membrane with hydration levels of h ¼ 0.4 and h ¼ 0.2. The heating rate is

30 K/min for h ¼ 0.4 and 20 K/min for h ¼ 0.2. (b) Expanded scale for the

h ¼ 0.2 sample.

TABLE 1 Relaxation characteristics from Fig. 4

h ¼ 0.4 Process

Relaxation

interpretation Trange t100s Tc

Ice 130–165 K

1 Water/strong local 135–220 K ;127 K ;192 K

2 Lipids/bound water 155–260 K ;143 K

3 bR molecule/global

motions

200–260 K

h ¼ 0.2

1 Water/strong local 145–215 K ;127 K ;198 K

2 Lipids/bound water 170–255 K ;153 K

Trange is the temperature range for which the relaxation process could be

observed, t100s is the temperature where the relaxation time has reached

100 s, and Tc is the Arrhenius to non-Arrhenius crossover temperature

where t ¼ ;10�6 s.
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the difficult-to-probe region below 235 K, the temperature

region between 200 and 230 K (27,36) may be physically the

most interesting to study. In this study, it is possible that the

changed dynamics occurs when the local b-relaxation is

merged with a weak or invisible a-relaxation of the confined

water (37), together with the change in character mentioned

above. This interpretation is consistent with the fact that at

190–200 K the main water process is within the reported

relaxation time t, which marks a dynamic crossover in glass-

forming liquids at 10�7 6 1 s (38), where a and b relaxa-

tions commonly merge. Due to the confinement-prevented

extension of a 3D hydrogen-bonded network that is neces-

sary for the low temperature a-relaxation to be clearly observed

(29,39) the b relaxation is dominant in this confined system

(see Table 1).

The activation energy fine-structure analysis (22) of the

data in Fig. 7 shows a merging of two processes in region B

at ;190–200 K. In Fig. 9 a, we see that the smaller process

in region B becomes visible around 150 K at the lowest

frequencies and shifts to a higher temperature with increas-

ing thermal energy. It is likely that this process is strongly

promoted by the intramembrane water, since with less water

present in the h ¼ 0.2 system, it is not clearly visible (see

Fig. 8). Thus, the process is directly or indirectly related to

the motion of the hydration water and probably caused by

motions of either the lipids or the bacteriorhodopsin mole-

cule. At;195 K and;2 kHz the small process merges with

a slower broad process in region B (see Fig. 7). This slower

process becomes visible around 185 K at the lowest fre-

quencies and may be due to more global membrane and/or

protein motions. The merging produces an enhanced acti-

vation energy peak in Fig. 9.

The peaks at 250 K for h ¼ 0.2 and 260 K for h ¼ 0.4 in

the energy plots and calorimetric measurements show the

melting of ice, which is formed during both the quenching

and heating (at;200 K) procedures when some of the water

leaves the intermembrane space and crystallizes outside the

confinement. This melting increases the speed and amplitude

of the dynamics even more. Thus, a thermodynamic transi-

tion occurs when some of the water leaves the intermem-

brane space, which is most likely responsible for the large

endotherm in the DSC data (see Fig. 10) at ;200 K for the

most hydrated system. The extra amount of crystallized

water is, furthermore, clearly seen in the DSC data at 260 K,

where the sample with the higher hydration level produces

a considerably more pronounced endotherm due to the melt-

ing of this ice. The system with h ¼ 0.2 contains mainly

tightly bound water, which is located in a first hydration

layer or bound in intramembrane sites, leading to very small

amounts of water leaving the intermembrane spacing and

crystallizing during the quenching and heating processes.

This stiffer system with less water also needs more thermal

energy for the transition, raising the crossover temperature

slightly to ;205 K.

However, more pronounced surface effects make the

melting appear at a lower temperature for the lower hydra-

tion level. It is also clear from the calorimetric measurements

that the thermal effects are more pronounced in the more

hydrated system and that the endothermic peaks are in close

agreement to those seen in the activation energy fine-

structure analysis (see Table 2).

Several neutron spectroscopy studies have shown various

dynamical onsets of motions on an experimental timescale

of 10�12–10�10 s for PM hydrated in D2O. Onsets of

anharmonic motions have been observed at temperatures

from 150 to 270 K (13,19,20,31,40–42). In the case of an

observed low-temperature onset at ;150 K, a further in-

crease in diffusive motions at 200–220 K was also observed

(42) and above 250 K (19,20). However, a comparison to

neutron spectroscopy data is not straight forward since the

temperature dependence of the lipid/protein dynamics has

not been determined in these studies. This would be nec-

essary to fully investigate the coupling between the hydra-

tion water and the lipid/protein motions by comparing

dielectric and neutron spectroscopy data. The only compar-

ison that can be made is between the temperature at which

the fastest motions of our observed water process reach

relaxation times similar to the experimental timescale in

neutron spectroscopy studies and the temperature at which

significant quasielastic neutron scattering is observed. How-

ever, this is also difficult since the neutron spectroscopy

studies have given onset values in the range 150–250 K,

TABLE 2 A comparison of DSC and dielectric results from activation energy analysis

Dielectric DSC

h ¼ 0.4 Temperature (K) Process Frequency (Hz) Remarks Endotherm

140 A low kHz Peak position

150 Bsmall ;0.60 Hz Peak position

185 Bbroad ;0.60 Hz Peak position 185–190 K

195 B ¼ Bbroad 1 Bsmall ;2000 Hz Merging position

260 C All measured

frequencies

Peak position ;260 K

h ¼ 0.2

204 D ;117 Hz Peak position ;200 K

250 E All measured

frequencies

Peak position ;250 K
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depending on the experimental energy resolution and mo-

mentum transfer (Q) range. Most likely, only very local

motions are observed below ;200 K and the more biolog-

ically important motions are observed at higher temperatures

(on an experimental timescale of 1–100 ps). Due to the width

of the water process (which means that some water mol-

ecules move on a timescale .1000 times faster than the

average relaxation time at a given temperature), it is clear

from our study that we also have water dynamics on a similar

timescale in the same temperature range (200–250 K). Thus,

the only conclusion we can draw from such a comparison is

that some lipid/protein motions occur on a timescale similar

to that of our water process (at least in the temperature range

200–250 K). It is furthermore evident from this study that

considerably slower lipid/protein motions also occur (pro-

cesses 2 and 3).

Finally, it should be noted that in the calorimetric mea-

surements an endotherm was observed in the 125–129 K

temperature region that could be reproduced in cyclic heat-

ing scans if the scan was stopped at ;125 K before being

recooled. If the scan was stopped at a higher temperature it

was not reproducible. A higher heating rate gave a slightly

higher onset temperature of the endotherm, and the same

result was achieved with an empty DSC pan. It is therefore

possible that this endotherm around 125–130 K is related to

a glass transition (or some sort of b-relaxation) of amorphous

solid water (43) that was built up on the surface of the

quenched DSC pan when it was removed from the liquid

nitrogen to the DSC. This glass transition would then be fol-

lowed by an immediate crystallization at T $ 125 K, which

explains why the endotherm cannot be reproduced once the

temperature has exceeded this value. Further investigations

are needed to clarify this issue.

CONCLUSION

The dielectric and calorimetric response of quenched hy-

drated purple membrane in the temperature region 120–300

K indicates a coupling between water dynamics and lipid/

protein motions, although the motions are generally occur-

ring on different timescales (i.e., considerably faster in water

than in lipids and proteins). Processes related to lipid/protein

motions are, however, strongly enhanced by increased water

content. In fact, these processes are affected more by the

water content than the relaxation process of the water itself,

at least on the timescales studied here.

There is no indication that the observed water process

corresponds to a cooperative a-relaxation of the confined

water, despite the fact that the water is confined in only one

dimension. Rather, the most pronounced dielectric process is

probably due to a local (b) relaxation of the interlayer water,

since the behavior of this process is almost identical to what

has been found for a wide range of other water-containing

systems (29). It appears that this b relaxation is essentially

independent of the environment and seems to be a universal

local process.

In the case of the fully hydrated membrane some kind of

dynamic transition appears at a crossover temperature of

;195 K. A possible merging of the b-relaxation with a non-

observable a-relaxation may occur for the interlayer water at

190–200 K. Furthermore, at this temperature a thermody-

namic transition occurs, which generates a pronounced endo-

thermic effect when some of the interlayer water leaves the

membrane and crystallizes outside it, as has been reported

previously (21). With less water, these effects are less

pronounced and the crossover temperature is slightly in-

creased to;205K. Themelting of the ice appears at 250–260

K, and further increases the dynamics.

The findings presented are likely to be of importance for

a better understanding of biological systems, since water con-

fined in a membrane is a key system in biology. The results

contribute to the understanding of the dynamical coupling

between hydration water and PM motions and their possible

relation to bR function.
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