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ABSTRACT We report on room temperature electron transfer in the reaction center (RC) complex purified from Rhodobacter
sphaeroides. The protein was embedded in trehalose-water systems of different trehalose/water ratios. This enabled us to get
new insights on the relationship between RC conformational dynamics and long-range electron transfer. In particular, we
measured the kinetics of electron transfer from the primary reduced quinone acceptor (QA

�) to the primary photo oxidized
donor (P�), by time-resolved absorption spectroscopy, as a function of the matrix composition. The composition was
evaluated either by weighing (liquid samples) or by near infrared spectroscopy (highly viscous or solid glasses). Deconvolution
of the observed, nonexponential kinetics required a continuous spectrum of rate constants. The average rate constant (�k� �
8.7 s�1 in a 28% (w/w) trehalose solution) increases smoothly by increasing the trehalose/water ratio. In solid glasses, at
trehalose/water ratios �97%, an abrupt �k� increase is observed (�k� � 26.6 s�1 in the driest solid sample). A dramatic
broadening of the rate distribution function parallels the above sudden �k� increase. Both effects fully revert upon rehydration
of the glass. We compared the kinetics observed at room temperature in extensively dried water-trehalose matrices with the
ones measured in glycerol-water mixtures at cryogenic temperatures and conclude that, in solid trehalose-water glasses, the
thermal fluctuations among conformational substates are inhibited. This was inferred from the large broadening of the rate
constant distribution for electron transfer obtained in solid glasses, which was due to the free energy distribution barriers
having become quasi static. Accordingly, the RC relaxation from dark-adapted to light-adapted conformation, which follows
primary charge separation at room temperature, is progressively hindered over the time scale of P�QA

� charge recombina-
tion, upon decreasing the water content. In solid trehalose-water glasses the electron transfer process resulted much more
affected than in RC dried in the absence of sugar. This indicated a larger hindering of the internal dynamics in trehalose-
coated RC, notwithstanding the larger amount of residual water present in comparison with samples dried in the absence of
sugar.

INTRODUCTION

Proteins assume an extremely large number of conforma-
tions (conformational substates), which reflect their com-
plex energy landscape. At physiological temperature, suit-
able nonharmonic contributions to internal motions (often
called protein-specific motions) enable the protein to sam-
ple the above landscape by continuous jumps among the
different conformations. This conformational flexibility is
intimately connected to protein reactivity (see e.g., Frauen-
felder et al., 1988, 1991; Frauenfelder and Wolynes, 1994,
Frauenfelder and McMahon, 1998). Since the pioneering
work of Austin et al. (1975), most of the information on the
interplay between protein dynamics and reactivity has come
from kinetic studies of ligand binding to heme proteins as a
function of temperature. At cryogenic temperatures protein-
specific motions are slowed down on the time scale of the
studied reaction, and a continuous spectrum of reaction rates
is usually observed (inhomogeneous reaction kinetics). This

spectrum reflects the heterogeneity of the ensemble of the
protein molecules frozen in different conformational sub-
states, each characterized by a different reaction rate. In
recent years inhomogeneous reaction kinetics have been
detected both in carboxy-myoglobin (Hagen et al., 1995,
1996) and in carboxy-hemoglobin (Gottfried et al., 1996)
embedded in room temperature glasses. The freezing of
conformational substates can be achieved at room temper-
ature by embedding the protein within a dry trehalose ma-
trix. In this environment protein-specific motions appeared
to be severely hindered as shown by Mössbauer and optical
absorption spectroscopy, neutron scattering, and molecular
dynamics simulation (Cordone et al., 1998, 1999; Cottone et
al., 2001). Moreover it has been shown that in carboxy-
myoglobin embedded in a trehalose glass the thermal inter-
conversion among conformational A substates (Makinen et
al., 1979; Vojtechovsky et al., 1999) is progressively hin-
dered by decreasing the sample water content (Librizzi et
al., 1999 and work in progress). In particular, such inter-
conversion was barely detectable in extremely dry samples,
which contained only traces of residual, tightly bound water
molecules.

Trehalose is a disaccharide found in large amounts in
organisms that can survive conditions of extreme dehydra-
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tion and high temperatures (�60°C) remaining in the ab-
sence of metabolic processes (anydrobiosis) for several
years. Among saccharides, trehalose has the highest glass-
transition temperature (Green and Angell, 1989) and has
been found to be the most active for the preservation of
biostructures (see e.g., Leslie et al., 1995; Uritani et al.,
1995; Crowe et al., 1996).

In the present work, the reduction of protein dynamics by
incorporation into a trehalose glassy matrix has been used to
investigate, in bacterial photosynthetic reaction centers
(RC), the coupling of long-range electron transfer to internal
protein dynamics. This integral pigment-protein complex,
spanning the intracytoplasmic membrane, catalyzes the pri-
mary events of photosynthetic energy transduction by pro-
moting light-induced charge separation across the mem-
brane dielectric (Gunner, 1991). In the RC of the purple
bacterium Rhodobacter (Rb.) sphaeroides, absorption of a
photon excites the primary electron donor, a bacteriochlo-
rophyll dimer (P), to the first singlet state (P*). An electron
is subsequently transferred (via a bacteriopheophytin, I)
from P* to a first ubiquinone-10 electron acceptor (QA).
This generates the primary charge separated state P�QA

� in
�200 ps. The electron is then delivered from QA

� to a
secondary ubiquinone-10 acceptor, QB. In the lack of elec-
tron donors to P� the electron on QB

� recombines with the
hole on P�. In QB deprived RCs charge recombination
occurs in the P�QA

� state by direct electron tunneling
(Feher et al., 1989).

The low temperature kinetics of these reactions suggest
that RC exists in a distribution of conformational substates,
this distribution being different in the charge-separated state
(i.e., in the light) as compared with the dark-adapted state
(Kleinfeld et al., 1984). Feher and co-workers (Kleinfeld et
al., 1984) have shown that the recombination kinetics from
the primary quinone is accelerated, with respect to room
temperature, when RCs are frozen to 77 K in the dark. At
variance, the above process is sizably slowed down when
cooling takes place under illumination; at cryogenic tem-
peratures, in both cases, kinetics become strongly nonexpo-
nential. This behavior has been interpreted as reflecting the
freezing of conformational substates, which, in turn, results
in a quasi-static distribution of electron transfer rates. Such
a behavior is not observed at room temperature due to the
rapid substates interconversion over the time scale of the
electron transfer reaction (Kleinfeld et al., 1984), which
brings about averaging of free energy barriers. In a recent
work (McMahon et al., 1998), it has been reported on the
kinetics of P�QA

� recombination as a function of temper-
ature (5–300 K), illumination protocol, and warming rate.
Such a systematic study enabled the authors to characterize
the relaxation processes by putting in evidence that, at high
temperature, after the light-induced charge separation, the
protein relaxes from a dark-adapted to a light-adapted con-
formation. Moreover, as suggested by Graige et al. (1998),
a further conformational change is needed for transferring

the electron from the primary to the secondary quinone.
This change in conformation, according to x-ray data by
Stowell et al. (1997), should cause an �5 Å QB displace-
ment. More recent work (Xu and Gunner, 2001) character-
ized a new conformational intermediate in RCs that, after
having been frozen under illumination in liquid nitrogen,
were rewarmed at 120 K. The above-mentioned and others,
less-direct evidences (Arata and Parson, 1981; Malkin et al.,
1994; Mauzerall et al., 1995; Brzezinski and Andreasson,
1995; Kalman and Maroti, 1997) indicate a close relation
between electron transfer and internal protein dynamics in
the RC.

In the present paper we focus on the charge recombina-
tion of the P�QA

� state induced by a short light-flash. We
show that incorporation of the RC into dry trehalose-water
matrix results, even at room temperature, in inhomogeneous
kinetics similar to the ones observed at cryogenic
temperatures.

MATERIALS AND METHODS

Except where otherwise stated, all chemicals were from Sigma (Darmstadt,
Germany) of the highest purity and used without further purification.
Trehalose was from Hayashibara Shoij Inc. (Okayama, Japan).

The RCs were isolated and purified from Rb. sphaeroides R-26 accord-
ing to Gray et al. (1990). The secondary quinone acceptor (QB) was
removed (�98%) according to Okamura et al. (1975).

The concentration of trehalose in the samples is reported as percent
trehalose weight fraction (wt%), i.e., (grams of trehalose/grams of treha-
lose plus water) %, not taking into account the contribution of RC, buffer,
and detergent to the sample’s weight.

Liquid samples (28% and 67% trehalose) were prepared by dissolving
on aqueous buffer (5 mM Tris, pH 8.0, 0.5 mM EDTA, 0.025% lauryl
dimethylamine-N-oxide) suitable amounts of RC; the sample composition
was evaluated by weight.

Glassy samples were prepared by drying on optical glass plates of 1 	
3 cm2 surface (Hellman) a thin layer of concentrated solution containing
RC (26 �M), aqueous buffer (5 mM Tris, pH 8.0, 0.5 mM EDTA, 0.025%
lauryl dimethylamine-N-oxide) and trehalose (0.144 g/mL). Leaving the
sample under dry N2 flow performed drying. This procedure led to a
transparent, glassy sample in which the protein was incorporated. Leaving
the sample under dry nitrogen atmosphere for several days produced
additional drying. It was not possible to perform exhaustive drying by
heating the sample at 353 K, as for trehalose-coated carboxy-myoglobin
(Cordone et al., 1998, 1999); indeed, the heating at 353 K caused a
dramatic increase of the pheophytin bands in the sample absorption spec-
trum, indicative of irreversible damages on RC. Data were collected at
various times during the drying. Dry RC films were prepared by the same
procedure, starting from RC solutions not containing trehalose. As the
drying process proceeded, the integrity of the RC and the water content of
the glasses were assayed by visible and near infrared (NIR) spectroscopy
on a Lambda 19 spectrometer (Perkin-Elmer Applied Biosystems, Foster
City, CA) (see Results).

The kinetics of charge recombination was measured spectrophotometri-
cally on an apparatus of local design (Mallardi et al., 1997). To limit the
exposure of the sample to the measuring light, the monitoring beam was
gated shut until �1 s before the actinic flash. During averaging cycles,
samples were routinely allowed to dark adapt for more than 1 min between
consecutive flash activations. For measurements in liquid samples ordinary
fluorescence cuvettes were used. In the case of glasses and dry films, the
plate was placed at 45° with respect to both the measuring beam and the
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actinic flash; moreover, its orientation was such to avoid that the pulse
reflection at the sample surface would fall on the detector. Experiments
were performed at 298 K. The re-reduction of P�, generated by a short
(3-�s half-duration) Xenon flash, was monitored at 605 nm (Feher and
Okamura, 1978). On selected samples, flash-induced absorption changes
were recorded also at 450 nm, a wavelength that includes contributions
from both P� and semiquinone formation on the acceptor complex (Feher
and Okamura, 1978). When properly normalized, the decay kinetics re-
corded at the two different wavelengths were found in complete agreement.

P� re-reduction kinetics were fitted to a power law (see Eq. 4 in the next
section) by a modified Marquardt algorithm (Bevington, 1969). Given the
cross-correlation between deconvolution parameters, confidence intervals
were estimated numerically by an exhaustive search method (Beechem,
1992; Holzwarth, 1996). To evaluate the error associated with the ith fitting
parameter, a series of nonlinear minimizations was performed varying the
ith parameter over a range of values. The other fitting parameters were
allowed to adjust so as to minimize �2 at each value of the ith parameter.
An error graph was obtained by plotting the minimized �2 versus the value
of each fixed ith parameter. The confidence interval was obtained by using
an F-statistic to determine the probability of a particular fractional increase
in �2 according to

�2/�2
min � 1 � 
m/�n � m�
F�m, n � m, 1 � p�

in which m is the number of parameters, n is the number of data points, and
F is the upper (1 � p) quantile for Fisher’s F distributions with m and (n �
m) degrees of freedom. Confidence intervals within two standard devia-
tions (p � 0.95) calculated by this procedure are shown (see Fig. 4).

The cumulant analysis of charge recombination kinetics was previously
introduced by us (Palazzo et al., 2000). The starting point is the observation
of the formal correspondence between the survival probability N(t) as
described by Eq. 2 (in the next section) and the moment generating
function M(�t, k) � �e�kt�. The logarithm of M(�t, k) is the cumulant
generating function k(�t, k) � � �m(K)(�t)m/m!, in which �m is the mth
cumulant and can be expressed as a function of the central moments �m of
the rate distribution function p(k), which characterizes N(t) (see Eq. 2). In
practice, the experimental kinetics have been fitted to the equation N(t) �
exp(��k�t � �2t2/2! � �3t3/3! � (�4 � 3 �2

2)t4/4!), in which �2 � �2 is
the variance of the distribution.

RESULTS AND DISCUSSION

Water content and RC spectral features

The evaluation of the composition of glasses at different
degree of hydration is not trivial. The low amount of ma-
terial and the constraint of not destroying the sample drove
us to the use of NIR spectroscopy. In the NIR spectral
region, water has an important combination band at �1930
nm (due to the combination of scissoring and asymmetric
stretching vibrations) and a weaker OH stretch (first over-
tone) at 1440 nm (Weyer, 1985).

During the course of dehydration, in parallel with mea-
surements of P�QA

� recombination kinetics, spectra were
collected in the visible-NIR region in the range 600 to 2100
nm. Three representative spectra measured in the same
sample at different degrees of hydration are shown in Fig. 1.
The combination band of water centered at �1950 nm is
considerably and progressively reduced upon dehydration
(Fig. 1, inset). A decrease can be detected at 1440 nm as
well. Under the most dry conditions a shift toward higher
wavelengths of the combination band is also clearly observ-

able. Such a shift is characteristic of water progressively
involved in strong H-bonds (Bonner and Choi, 1974). In
fact, in dilute vapor, water absorbs �1887 nm, the absorp-
tion is shifted to 1930 nm for liquid water, and can reach
2000 nm in reverse micelles of low water content (Su-
namoto et al., 1980). The area, A, delimited by the tangent
to the two minima of the combination band (Fig. 1, inset)
was used to estimate the sample water content. This is under
the assumption that A is proportional to the water concen-
tration and that the band oscillator strength is not affected
by the sample hardening. A proportionality constant of 100
absorbance unit nm M�1 cm�1 inferred from water absorp-
tion in reverse micelles (Giustini et al., 1996) was used.
Because the average thickness of the glass, i.e., the effective
optical path, is not known and it likely depends on the water
content, we use the RC absorption at 802 nm as an internal
standard. This allows an estimate of the relative glass com-
position, when assuming that the molar ratio RC/sugar and

FIGURE 1 Visible-NIR absorbance spectra of an RC-containing treha-
lose glass at different degrees of dehydration: (a) after 5 h of N2 flow (�96
wt% in trehalose); (b) after �4 days storage under dry N2 atmosphere (�97
wt% in trehalose); (c) after extensive dehydration (�98 wt% in trehalose).
The spectra were corrected for scattering artifacts by subtracting a straight
line fitted to the 1000- to 1400-nm region. For the sake of visual clarity,
spectra a and b have been offset by 0.10 and 0.05 optical density units,
respectively. Arrows indicate the water absorption bands and the peaks of
the special pair (P), of bacteriopheophytins (	) and monomer bacteriochlo-
rophylls (Bchl) of the reaction center. (Inset) Magnification of the water
combination bands; the dashed straight line is the baseline used to evaluate
the area of the band for the most dry glass. Spectra shown in the inset have
not been offset. The evaluation of glass composition is described in the
text.

560 Palazzo et al.

Biophysical Journal 82(2) 558–568



the extinction coefficient of the RC at 802 nm (
802 � 288
mM�1 cm�1) remain unchanged upon dehydration.

In all the glassy samples containing trehalose, stored at
room temperature, the RC retains its spectral features and
does not show any evidence of degradation for more than 2
weeks. This indicates that trehalose glass provides a “pro-
tein friendly” environment not only for small soluble pro-
teins but also for a large integral membrane protein of high
complexity, surrounded by a detergent belt. The only rele-
vant changes upon dehydration are a blue shift and a de-
crease of the P long wavelength absorption maximum (at
�860 nm). Both effects are fully reversible upon increase of
the water content by exposing the glasses to a water vapor
atmosphere. Shifts in the Qy band of the bacteriochlorophyll
dimer are widely reported in response to changes in deter-
gent type (Wang et al., 1994) and concentration (Gast et al.,
1996) in both wild-type and mutant RCs (Farchaus et al.,
1993). In general, this shift is not coupled with relevant
changes in the rate of P�QA

� recombination. Most likely,
therefore, the small changes in the RC absorption detected
in dehydrated trehalose glasses have no direct physical
relation with the effects observed on the kinetics of charge
recombination.

Overview of the electron transfer kinetics and
discussion of raw data

The photo-induced charge separation and the subsequent
charge recombination for RCs with only the QA site occu-
pied is described by

PQA-|0
hv

kap

P�QA
� (1)

At room temperature the P�QA
� recombination is well

enough described by an exponential decay, P�(t) � P�(0)
e�kAPt in which kAP represents an effective rate constant
resulting when both interconversion among the relevant
substates and protein relaxation take place within a time
window much smaller than kAP

�1
. Obviously the same

exponential decay would hold true in the case that RCs
would exist under a single conformation.

On the contrary, if the fluctuation among different con-
formational substates (characterized by individual rate con-
stants k) is slow with respect to kAP

�1, N(t) is well described
by a rate distribution p(k), i.e.,:

N�t� �
P��t)

P��0�
� �

0

�

p�k�e�ktdk (2)

When the rate distribution function, p(k), giving the prob-
ability that the process occurs with rate coefficients between
k and k � dk, is not known a priori one can still determine
the mean rate constant, �k�, and the variance �2 of p(k) by
means of cumulant analysis of the experimental decays

(Palazzo et al., 2000). Fig. 2 shows the normalized kinetics
of P�QA

� charge recombination, measured after a single
flash, in RCs suspended in a trehalose dilute solution or
embedded in trehalose glasses of two different hydration
levels. In solution, the electron transfer from P� to QA

� can
be described by a single exponential decay with a rate
constant of 8.2 s�1. It must be mentioned, however, that a
slightly better fit is obtained by using two exponential
components with close rate constants. When RCs are em-
bedded in trehalose glasses the overall time course of charge
recombination is sped up, the mean rate constant being
larger in “dry” than in “wet” glasses (Fig. 2). In addition to
the acceleration of P� decay, incorporation of RCs in
glasses leads to a markedly nonexponential behavior of the
kinetics. This is better evidenced in the log-log plot shown
in Fig. 3. We note that the nonexponential character of the
decays increases in parallel with drying of the sample. The
kinetics measured in the dehydrated glasses cannot be sat-
isfactorily described by the sum of two exponential compo-
nents, and cumulant analysis requires at least fourth order
terms. No evidence exists for a specific decomposition into
discrete multiple processes, whereas the smoothness and the
breadth of the decays, particularly in the most dehydrated
glasses (Fig. 3), strongly suggest that the kinetics reflect a
continuous distribution of rate coefficients. The changes in
the P� decay, observed upon incorporation into dry treha-
lose glasses, are fully reversible upon sample rehydration.

Both increase in rate and nonexponential behavior are
features of the P�QA

�3 PQA electron transfer kinetics in
RCs at cryogenic temperatures (Kleinfeld et al., 1984; Mc-
Mahon et al., 1998).

FIGURE 2 Survival probability, N(t), of P� in 28% (wt) trehalose so-
lution (32 averages), 96% (wt) trehalose glass (100 averages), and 98%
trehalose glass (100 averages). The abscissa represents the time after the
light flash. Continuous lines are the fitting according to Eq. 4.
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The amplitude of the flash-induced P�QA
� signal de-

tected in trehalose glasses decreases progressively upon
dehydration, being approximately halved in the driest sam-
ple (data not shown). The original amplitude is fully re-
stored when the glass is rehydrated after exposure to water
vapor. This effect could reflect an increased probability of
recombination between P� and the photoreduced bacterio-
pheophytin I� in the more dehydrated glasses. Interestingly,
the appearance of a subnanosecond reduction phase of P�

(not resolvable in our measurements), attributed to P�I�

recombination, has been reported in Rb. sphaeroides RCs
upon H2O-D2O isotope replacement or partial substitution
of water by organic solvents (Paschenko et al., 1987).

Analysis of the electron transfer kinetics

The nonexponential charge recombination kinetics mea-
sured in trehalose glasses contain information on the rate
distribution function p(k) in Eq. 2. In principle p(k) can be
obtained by performing the inverse Laplace Transform of
the experimental data set in the time domain. The inversion
of the Laplace Transform is ill conditioned, and several
alternative numerical methods have been proposed to over-
come this problem (for a critical review see Štêpánek
(1993)). In the present case, however, we preferred to use a
model function and fit the data in the time domain. By
considering that numerical analysis of nonexponential
P�QA

� recombination kinetics at cryogenic temperatures
yielded a unimodal p(k) (McMahon et al., 1998), we chose

to approximate our unknown distribution, assumed to be
unimodal, by a �-distribution, i.e.,

p�k� �
kn�1

k0
n

exp��
k

k0
�

�(n)
(3)

in which �(n) is the � function. The advantage of this
assumption is twofold: on the k-domain this distribution is
very flexible (it can describe both symmetrical and asym-
metrical unimodal distributions); on the time domain it
yields a simple description of the P� decay, because its
Laplace transform is given simply by

N�t� � l
p�k�
 � �1 � k0t�
�n (4)

This power law has been widely used in the analysis of
ligand binding to myoglobin (Austin et al., 1975) and was
found to satisfactorily account for P�QA

� recombination in
RCs cooled at cryogenic temperatures both in the dark and
in the light (Kleinfeld et al., 1984). It turned out that Eq. 4
could also accurately describe our experimental data under
all the conditions (see the fits in Figs. 2 and 3). From the
best fit parameters k0 and n the first moment (�k� � n � k0)
and the variance (�2 � n � k0

2) of the �-distribution can be
evaluated and compared with those independently obtained
from the model-free cumulant analysis of the kinetics (Fig.
4). The close agreement between the results of the two
approaches confirms that Eq. 3 well describes the rate
distribution p(k) (of course cumulant analysis gives only the
moments of p(k) and not the distribution itself). Using Eq. 3,
with n and k0 values obtained from the fits to Eq. 4, we
calculated p(k) for all the samples. To allow an easy com-
parison of these distributions to those obtained from the
analysis of P�QA

� recombination at low temperature by
McMahon et al. (1998), in Fig. 5 we show our rate distri-
bution functions, f(k), defined on a logarithmic k scale (the
distribution functions defined on linear and logarithmic
scale are related by: p(k)dk � f(k)d log(k)).

Two features of Fig. 5 deserve some comments. The first
is the remarkable agreement between the rate distributions
obtained in trehalose glasses at room temperature and those
obtained at cryogenic temperature in water/glycerol (com-
pare with Fig. 1 of McMahon et al., 1998). Indeed, in the
most dry trehalose glass �Log(k/s�1)� � �Log(k)f(k)
dLog(k) is 1.3. This value compares with �Log(k/s�1)� �
1.6 for RCs cooled in the dark at 5 K (McMahon et al.,
1998). The standard deviation of f(k) (defined as [�f(k)
(Log(k) � �Log(k)�)2dLog(k)]1/2) reveals the same agree-
ment, being 0.32 (decades) in the room temperature dry
glass and 0.2 (decades) at 5 K (McMahon et al., 1998). The
second point is that already in solution, both in the presence
of 0.144 g/mL trehalose (Fig. 5) and in the absence of
trehalose (see caption of Fig. 6) the decay of P�, when fitted
to Eq. 4, yields a distribution of rate constants p(k) of small
but finite width. Nonexponential kinetics of P�QA

� recom-

FIGURE 3 Log-log plot of P� decays in solution (28% wt in trehalose)
and in glasses at different degree of dehydration (indicated in the label as
trehalose %wt). The abscissa represents the time after the light flash. For
the sake of readability, the traces, digitized in 2000 equally spaced points,
have been logarithmically sampled. The whole information has been used
in numerical fitting to Eq. 4 (continuous lines).
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bination have been observed in solution, at room tempera-
ture, in systems in which the time scale of P�QA

� recom-
bination is of the order of few milliseconds. Such systems
are e.g., RCs from Rps. viridis (Sebban and Wraight, 1989)
and RCs from Rb. sphaeroides reconstituted with low po-
tential quinones (Sebban, 1988; Xu and Gunner, 2000). The

nonexponential kinetics have been attributed to two popu-
lations of RCs, characterized by different protonation states

FIGURE 4 Mean (�k�, A) and standard deviation (�, B) of the rate distribution function p(k) governing the P�QA
� recombination in trehalose solutions

and glasses. Both parameters are shown as a function of the wt% of trehalose (lower scale) and of the molar ratio water/reaction center (upper scale). �k�
and � were evaluated from the experimental traces using two different methods: 1) by fitting the data to Eq. 4, i.e., assuming that p(k) is a �-distribution
(see Eq. 3) (Œ); 2) by fitting the data to a fourth order cumulant expansion (see Materials and Methods) (E). The vertical bars correspond to confidence
intervals within 2 standard deviations evaluated numerically as described in the Materials and Methods section. In A the viscosity values (mPa s) of the
solutions (inferred from Rampp et al., 2000) and at the glass transition (assumed to be 1014 mPa s (Debenedetti and Stillinger, 2001)) are reported. Both
panels also show �k� and � values determined in dry films of RCs in the absence of trehalose (�); of course for these values the only relevant abscissa
is the ratio water/RC (upper scale).

FIGURE 5 Rate distribution functions, f(k), defined on a logarithmic
scale, for the P�QA

� recombination of RC in mixtures of water and
trehalose at different wt% of sugar. Samples with wt%� 90 are liquid, the
other glasses. Distributions have been calculated using Eq. 3 with k0 and n
values obtained by fitting kinetic traces to Eq. 4. See text for details.

FIGURE 6 Experiments on RC dried without trehalose: normalized P�

decays of RC in buffer (trace a) and in a dry film (trace b). Solid lines are
fit to Eq. 4. From the fitting parameters k0 and n, the following values of
the mean and standard deviation � of the rate distribution function were
evaluated: �k� � 8.2 s�1 and � � 2.9 s�1 in soluton; �k� � 10.8 s�1 and
� � 5.0 s�1 in the dry film. (Inset) Visible-NIR spectrum of a dry RC film;
the position where water absorption is expected is indicated by the arrow
(compare with Fig. 1).
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of residues close to the QA binding site. For P�QA
� recom-

bination occurring on a time-scale 100-fold slower (as for
Rb. sphaeroides R-26 in solution) it is generally considered
that room temperature kinetics can be adequately described
by a single exponential decay, due to fluctuation averaging.
As stated above, however, fitting a single exponential to the
kinetics measured in solution results in small (less than 2%
of the signal) but detectable nonrandom deviations. A nar-
row rate distribution spectrum (Fig. 5) yields a significantly
improved description of the kinetics, indicating that aver-
aging is quite effective but not complete over the time of the
reaction, even in room temperature solutions.

Protein dynamics

The similarities between the kinetics we measured in treha-
lose glasses at room temperature and the ones observed at
low temperature (McMahon et al., 1998) lead to a straight-
forward interpretation of our results. The generation of the
charge-separated state P�QA

� is a substantial perturbation
of the protein, inducing conformational changes, which in
turn affect the subsequent electron transfer events. Several
investigations give a clear evidence that after light-induced
charge separation at room temperature, the protein relaxes
from a dark-adapted conformation to a light-adapted con-
formation that can be trapped by cooling to cryogenic
temperature (Kleinfeld at al., 1984; McMahon et al., 1998;
Xu and Gunner, 2001). Suppression of relaxation, which
normally follows charge separation at room temperature
yields a faster P�QA

� recombination, occurring in the dark-
adapted conformation of RCs. Moreover, when the inter-
conversion among the substates, which characterize the
dark-adapted state is hampered, the kinetics of P�QA

�

recombination become strongly nonexponential.
In solution the relaxation is rapid as compared with the

lifetime of P�QA
� and charge recombination occurs with

�k� � 8.7 s�1 in a protein that has adapted to the charge-
separated state. At variance in extremely dry glassy samples
the kinetics of P�QA

� recombination are characterized by
an average rate constant �k� � 26.6 s�1 that is three times
larger than in solution. Hagen et al. (1995, 1996) reported
that both substates interconversion and protein relaxation
are hindered in a trehalose-coated sample of carboxy-myo-
globin. This fully agrees with the findings that in a dry
sample of trehalose-coated carboxy-myoglobin 1) the pro-
tein dynamics approaches the one of a harmonic system
(Cordone et al., 1998; 1999), and 2) the extent of thermal
interconversion among conformational A substates (Maki-
nen et al., 1979; Vojtechovsky et al., 1999) is vanishing
(Librizzi et al., 1999 and work in progress). Based on the
above observations, one can interpret the continuous spec-
trum of rate coefficients p(k) we obtain, by considering that,
in our dehydrated samples, electron transfer mainly occurs
in nonrelaxed proteins belonging to a inhomogeneous sys-
tem in which both inhomogeneity (reflected in the param-

eter �) and average rate constant �k�, increase by lowering
the sample water content (Figs. 4 and 5). It appears there-
fore that in relatively “wet” glasses interconversion between
conformations and relaxation take place over a time-scale
comparable with that of charge recombination. This brings
about the observed p(k) distribution, which results from
partial averaging of the static conformational heterogeneity
of RCs and is modulated by the amount of residual water. In
the dry sample, trapping of conformational substates in
deeper traps and the related slowing down of relaxation
yields larger distributions shifted toward higher k values.

We attempt here a closer comparison between the rate
distribution functions determined at cryogenic temperatures
and those obtained by us in dry trehalose glasses at room
temperature on the basis of the model developed by Mc-
Mahon et al. (1998). These authors describe P�QA

� recom-
bination in terms of quantum-mechanical nonadiabatic elec-
tron transfer theory (Fermi’s golden rule and spin-boson
model). In the high-temperature limit, this model repro-
duces the semi-classical Marcus expression for the electron
transfer rates

k�
� �
2�

�
V2

1

�4�
kBT
exp��

�
 � 
�2

4
kBT � (5)

in which 
 is the difference in energy between P�QA
� and

PQA states, 
 is the reorganization energy, V is the elec-
tronic interaction matrix element describing the weak cou-
pling between the initial and final electronic states involved
in electron transfer, kB is the Boltzmann constant, and T is
the absolute temperature. The authors also assume a cou-
pling between V and 
 of the form

log V � log Vo � ��
 � 
o� (6)

in which Vo is the value of V at the (arbitrarily chosen)
energy gap 
o. The heterogeneity in the RC ensemble is
modeled entirely by the distribution function g(
) of the
energy gap between P�QA

� and PQA. The relation

g�
�d
 � f�k�dlog�k� (7)

correlates the energy distribution with rate distributions by
means of the calculated k(
) at the appropriate temperature.
Using this approach, McMahon et al. (1998) concluded that
in samples cooled in the dark, below 160 K, the protein is
effectively frozen in the PQA conformation on the time
scale of electron transfer and that the static heterogeneity is
described by a Gaussian distribution g(
).

By using Eqs. 5 through 7 with g(
) and the temperature-
independent parameters determined by McMahon et al.
(1998), we calculated the rate distribution function f(k)
expected at 298 K in our driest sample by assuming that
both substate interconversion and relaxation are inhibited on
the time scale of the electron transfer reaction. This distri-
bution (data not shown) is characterized by �Log(k/s�1)� �
1.33 and standard deviation equal to 0.15 (decades). The
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value obtained for �Log(k/s�1)� is in excellent agreement
with the experimentally determined one at the same tem-
perature in the most dry trehalose glass (�Log(k/s�1)� �
1.34). A less good agreement was obtained (a factor 2) for
the width of rate distribution � whose experimental value
was 0.32. These observations strongly suggest that the f(k)
determined in the most dry glass reflect a conformational
heterogeneity of the RC not averaged on the time scale of
electron transfer.

A closer inspection of the dependence of �k� and � on
sample composition (Fig. 4) reveals, however, that the in-
fluence of the glassy matrix on electron transfer kinetics is
complex. Both parameters smoothly increase up to a 97%
trehalose/water ratio and exhibit a sudden rise at extremely
low water content. The numerical value of 97% should be
taken with caution due to the approximations implicit in the
evaluation of water content. However, data in Fig. 4 unam-
biguously show that considerable changes in the rate distri-
bution function, reflecting the slowing of internal protein
dynamics, are observed only in extremely dry samples, i.e.,
when the protein dynamics approaches the one of a har-
monic solid (Cordone et al., 1998, 1999). At variance, the
viscosity increase that must be extremely high when the
trehalose/water ratio approaches 97%, only slightly affects
the electron transfer process (Fig. 4).

Role of trehalose

Several observations suggest that water acts as a molecular
lubricant in proteins and polypeptides (Griebenow and Kli-
banov, 1996; Barron et al., 1997). Below a minimal hydra-
tion level, lysozyme does not function (Careri, 1992), and
several enzymes do not undergo denaturation in organic
solvents (see references in Klibanov, 2001). Clayton (1978)
reported that, upon dehydration of RC films, the fast phase
of P� decay after a flash of light is accelerated and becomes
temperature independent between 300 and 70 K.

To evaluate to which extent dehydration per se can con-
tribute to the effects observed in glasses and to better
understand the role of trehalose we have performed the
experiments previously described also in dry films of RCs,
in the absence of the disaccharide. The results can be
summarized as follows. 1) In the absence of trehalose, the
dehydration of samples is faster and, within our sensibility,
proceeds essentially to completion. Already after 2 h of
exposure to an N2 flow a dry film is obtained. As shown in
Fig. 6, no water band could be detected in the NIR spectrum
of the film. 2) The reaction center spectrum exhibits the
same blue shift and decrease of the P long wavelength band
observed in dehydrated trehalose glasses. 3) Under these
conditions, i.e., at an extremely low water content as judged
from the NIR spectrum, P�QA

� recombination is only
slightly accelerated in the dry RC film as compared with RC
solutions (Figs. 4 and 6). Moreover, analysis of the kinetics
in terms of a continuous spectrum of rate coefficients, yields

a relatively narrow distribution function, p(k). A value of �
equal to 5.0 s�1 was obtained in the dry film, as compared
with 2.9 s�1 in solution and � � 16.9 s�1 in extensively
dehydrated trehalose glasses. It appears therefore that a
substantial conformational averaging still occurs in the dry
film as compared with dehydrated trehalose glasses, despite
the higher water content of trehalose matrices with respect
to the dry film (Fig. 4). 4) In films dried in the absence of
trehalose, the photochemical activity of RCs does not with-
stand room temperature storage of the film longer than �1
week. The loss of photochemical activity in the film is
paralleled by a progressive increase of the pheophytin band
of the RC at 760 nm (data not shown).

These results show that, under our experimental condi-
tions, protein dehydration has almost no effect on the RC
dynamics coupled to P�QA

� charge recombination,
whereas sizable effects are observed when the protein is
embedded within a glassy matrix containing trehalose and
traces of residual water. This is notwithstanding the fact that
the trehalose-coated sample contains more residual water
than the sample dried in the absence of sugar.

The role of residual-bound water on protein function has
been deeply studied by Careri and coworkers (see e.g.,
Careri, 1992), who showed the emergence of function (en-
zymatic activity for lysozyme) to coincide with the perco-
lation threshold for proton conductivity. The extension of
this concept from a small globular protein to a large mem-
brane protein surrounded by a detergent belt is not straight-
forward. However, it is conceivable that patches of residual
water (below the detection limit of our method) are bound to
RCs dried in the absence of trehalose after 2 h of drying.
This minimal hydration of the RC, in the absence of the
disaccharide, could account for the essentially unaffected
conformational dynamics of the RC coupled to charge re-
combination. In dehydrated trehalose glasses a peculiar
state of the protein hydration layer is expected. A molecular
dynamics study (Cottone et al., 2001) showed, in agreement
with experimental results, that in a myoglobin/water/treha-
lose system containing 89% (w/w) trehalose/(trehalose �
water) the overall mean square fluctuations of all protein
atoms are sizably reduced. Moreover, the same simulation
seems to suggest (work in progress) that in such system
structures are formed involving a high fraction of water
molecule hydrogen bonded both to the protein and to the
sugar OH groups. This gives a clue to understand why,
despite the larger total water content, a dramatic inhibition
of protein dynamics occurs in trehalose-coated samples as
compared with RC films dried in the absence of trehalose.

Our results show that trehalose also plays an important
role in preserving the integrity of the RC at room temper-
ature and allowing cycles of dehydration and rehydration of
the samples. In particular, for RC embedded in trehalose
glasses the level of hydration could be finely tuned both by
prolonged storage under a nitrogen atmosphere at room
temperature and by exposure to water vapor for different
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time intervals. At variance, in the absence of trehalose, it is
extremely hard to regulate the level of sample hydration.

Several studies have been, in the recent past, addressed to
the study of the effects of trehalose coating on the dynamics
of myoglobin. The results (Hagen et al., 1995, 1996; Cor-
done et al., 1998, 1999; Librizzi et al., 1999) have shown
nonambiguously that the protein motional freedom is
largely reduced, approaching the one of a harmonic solid for
extremely dry systems. Analogous findings have also been
reported by Gottfried et al. (1996) in a study on carboxy-
hemoglobin. Our results show that insertion into a trehalose
glass sizably affects the room temperature dynamics also in
a large membrane protein, screened by a detergent belt
(Roth et al., 1989), as the photosynthetic RC, leading to
severe hindrance of conformational dynamics when hydra-
tion drops below a critical level.

Kramer theory has provided a basis for describing uni-
molecular processes in condensed phases such as confor-
mational changes in a protein. In the limit of strong friction
(overdamped region) the rate constant of the interconver-
sion, �, is given by (Billing and Mikkelsen, 1996):

� �
A

�
exp��

E0

kBT� (8)

in which kB is the Boltzmann’s constant, E0 is the average
height of the potential energy barrier separating protein
substates, A is a T-independent parameter depending only
on the shape of the potential surface. In Eq. 8 the single
friction constant (�) fixes the strength of the interaction
between the reaction coordinate and the remaining degrees
of freedom. In some cases the interpretation of � is straight-
forward: for myoglobin in several solvents � has been
essentially identified with the bulk viscosity � of the me-
dium (Ansari et al., 1992). Therefore, Eq. 8 enabled to
rationalize, at molecular level, the effect of the environment
and to conclude that the surface diffusive motions are
strongly coupled with the reactive modes of the protein, the
former being slowed down by a mere solvent viscosity
effect.

Fig. 4 evidences that the dynamics of RCs in a trehalose
matrix is not simply related to viscosity. Indeed, at treha-
lose/water ratios �90%, i.e., under conditions in which a
trehalose water system is in a glassy state (Green and
Angell, 1989), no dramatic viscosity effects are detected on
the kinetics of P�QA

� recombination, notwithstanding the
extremely large bulk viscosity increase at the glass
transition.

The relevance of parameters, other than viscosity as the
elastic modulus and the compressibility of the environment,
in determining internal protein dynamics has been recently
suggested by an infrared vibrational echo study performed
in myoglobin (Rector et al., 2001). These authors reported
that protein structural fluctuations involving displacements
of the protein surface can take place even in highly viscous

fluids but are severely hindered when a solid external matrix
fixes the protein surface topology. Accordingly, one expects
the sizable decrease in protein volume that accompanies the
formation of the charge separated state in RC (Edens et al.,
2000) be severely hindered when the trehalose-water matrix
approaches the dynamic behavior of a harmonic solid (Cor-
done et al., 1998, 1999; Cottone et al., 2001). In turn, the
internal dynamics of the protein, on the time scale of the
electron transfer reaction examined, also is expected to be
constrained.

The above reported arguments enable us to rationalize the
behavior of the rate constants distributions reported in Fig.
5. Indeed, for trehalose concentration �90% the (nonsolid)
external matrix affects the internal protein dynamics by a
mere viscosity effect. Under such condition, substates in-
terconversion, although slowed down, can take place. Ac-
cordingly, both averaging of free-energy barriers and pro-
tein relaxation, whose rates decrease with increasing
viscosity, can take place. As Fig. 5 shows, the above rate
decrease brings about 1) slight displacements toward higher
rates of electron transfer due to the slowing down of the
relaxation process and 2) slight broadening of the distribu-
tions due to the lower rate of averaging of free energy
barriers.

For trehalose concentration �90%, the matrix behaves as
a solid glass. This can be inferred from the phase diagram of
the water/trehalose system (Green and Angell, 1989; Con-
rad and de Pablo, 1999). In this concentration range, the
distribution in Fig. 5 exhibits dramatic variations similar to
the ones observed at cryogenic temperature (McMahon et
al., 1998). As mentioned above, in a solid trehalose matrix,
the internal dynamics of a protein approach the one of a
harmonic solid in which no interconversion among confor-
mational substates and protein relaxation can take place.
Accordingly, as shown in Fig. 5 one has 1) a sizable
broadening of the distributions due to the fact that the free
energy barriers have become quasi static and 2) a displace-
ment toward higher rates of electron transfer due to lack of
protein relaxation. As evident from Fig. 5, both of the above
effects increase with trehalose concentration, i.e., with in-
creasing matrix rigidity.

CONCLUSIONS

The reported results indicate that embedding RCs in a
trehalose matrix strongly affects protein internal motions
coupled to long-range electron transfer. Indeed, the thermal
fluctuations among conformational substates are progres-
sively (but slightly) hindered with increasing “solvent” vis-
cosity, up to trehalose concentration �90%. For larger
sugar concentrations, the matrix increasingly approaches a
solid glass, thus causing the observed hindering of substates
interconversion. This results in a broad distribution of rate
constants for electron transfer. Dehydration of trehalose-
coated samples inhibits in a parallel way the relaxation from
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dark-adapted to light-adapted conformation, which follows
primary charge separation at room temperature. This brings
about displacements toward larger rates of electron transfer
that become particularly large for sugar concentrations at
which the matrix is a solid glass. Interesting information is
obtained by comparing the inhomogeneous recombination
kinetics we observed at room temperature in extensively
dried water-trehalose glasses with those measured in glyc-
erol-water mixtures at cryogenic temperatures (McMahon et
al., 1998). Such a comparison confirms that, in the dehy-
drated solid matrix, both interconversion among substates
and relaxation are essentially blocked, over the time-scale of
P�QA

� charge recombination (i.e., hundreds of millisec-
onds). Analogous effects increasing with the sugar/water
ratio have been detected for the internal dynamics of treha-
lose-coated carboxy-myoglobin (Librizzi et al., 1999 and
work in progress).

The driest trehalose-coated samples we studied contain
larger amount of residual water than the sample dried in the
absence of sugar; this notwithstanding, the dynamics of the
latter sample is barely affected by the lack of water, whereas
the dynamics of the former is extremely hampered. The
comparison between the dynamic behaviors of samples re-
spectively dried in the presence and in the absence of sugar
puts forward the relevance of residual water in blocking
trehalose coated RCs in suitable, nondamaged
conformations.

The function-dynamics coupling in protein is usually
studied by analyzing the functional behavior in wide tem-
perature intervals, spanning from cryogenic to room tem-
perature (Austin et al., 1975; Hagen et al., 1996; McMahon
et al., 1998). This enables us to study the functional behav-
ior under conditions in which protein dynamics approaches
the harmonic behavior, thus hampering substates intercon-
version and protein relaxation. However, under such con-
ditions the motional thermal energy of the “harmonic” pro-
tein is not the room temperature one, i.e., the one at which
the protein function takes place. At variance, the measure-
ments reported in this paper have the advantage of studying
electron transfer in the RC, when the protein dynamics
approaches the one of a harmonic solid at constant (room)
temperature.

We think of particular relevance is the fact that the
functional behavior of a RC sample under six different
solvent conditions and exhibiting six different “dynamic”
behaviors at room temperature (Fig. 5) can be coherently
rationalized within the framework of an extremely simple
model. This gave insights on the function-dynamics cou-
pling at room temperature in the reaction center.
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