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ABSTRACT: Below 195 K, the bacteriorhodopsin photocycle could not be adequately described with
exponential kinetics [Dioumaev, A. K., and Lanyi, J. K. (2007) Proc. Natl. Acad. Sci. U.S.A. 104,
9621—9626] but required distributed kinetics, previously found in hemoglobin and myoglobin at
temperatures below the vitrification point of the surrounding solvent. The aim of this study is to determine
which factors cause the switch from this low-temperature regime to the conventional kinetics observed at
ambient temperature. The photocycle was monitored by time-resolved FTIR between 180 and 280 K,
using the D96N mutant. Depending on the temperature, decay and temporal redistribution of two or three
intermediates (L, M, and N) were observed. Above ~245 K, an abrupt change in the kinetic behavior of
the photocycle takes place. It does not affect the intermediates present but greatly accelerates their decay.
Below ~240 K, a kinetic pattern with partial decay that cannot be explained by conventional kinetics, but
suggesting distributed kinetics, was dominant, while above ~250 K, there were no significant deviations
from exponential behavior. The ~245 K critical point is =10 K below the freezing point of interbilayer
water, and we were unable to correlate it with any FTIR-detectable transition of the lipids. Therefore, we
attribute the change from distributed to conventional kinetics to a thermodynamic phase transition in the
protein. Most probably, it is related to the freezing and thawing of internal fluctuations of the protein,
known as the dynamic phase transition, although in bacteriorhodopsin the latter is usually believed to

take place at least 15 K below the observed critical temperature of ~245 K.

Bacteriorhodopsin is a small heptahelical protein in the
purple membrane of Halobacterium salinarum that converts
solar energy into transmembrane potential for protons utilized
by the living cell (see ref / for a recent review). The entire
process, from absorption of a photon to the creation of a
proton gradient across the membrane, takes place in this
protein that undergoes a light-triggered reaction cycle (the
“photocycle”), which could be represented in a simplified
form as a sequence of spectrally distinct intermediates (bR’
— K< L <=M, - M; < N < O — bR). During the
photocycle, a proton is transported across the membrane,
utilizing a complex net of donor and acceptor groups with
transiently changing proton affinities. The combination of
site-directed mutagenesis and infrared (IR) spectroscopy
allowed identification of these groups as carboxylic amino
acids (see ref 2 for a review), specifically Asp-85 as the
proton acceptor (during the L-to-M transition) and Asp-96
as the proton donor (during the M-to-N transition) to the
retinal Schiff base. In the D96N-based family of mutants,
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the proton is provided from the cytoplasmic side by passive
transport with a rate that strongly depends on pH (3). This
impedes M decay (3) and, for purely kinetic reasons, prevents
accumulation of the O state and strongly affects the N state
kinetics and accumulation.

Spectroscopic studies of the photocycle of bacteriorho-
dopsin, independent of the particular measuring technique,
fall in one of two main categories: (i) time-resolved methods
at quasi-ambient temperature (see, for example, refs 4-9)
and (ii) static methods applied to cryogenically trapped states
(see refs 10 and 11 for reviews). These two approaches
produce similar but not completely identical results (6, 12).
Several attempts have been made to bridge the two ap-
proaches and to take measurements in the time-resolved
mode at low temperatures (/3-17).

Under ambient conditions, the apparent kinetics of the
photocycle can be phenomenologically described with
exponentials (4, 5) and does not show significant deviation
from conventional (exponential) kinetics, although the pos-
sibility of a description more complex than distinct expo-
nentials was discussed (I8, 19). However, when the inter-
conversions of K and L were studied with time-resolved
FTIR at 125—195 K, we found that, unlike under ambient
conditions, the photocycle dynamics could not be described
by distinct exponentials that would imply distinct Arrhenius
barriers, and conventional kinetic models led to unresolvable
contradictions (/7). Rather, the photocycle under these
conditions required distributed barriers (/7), in accord with
the prediction from studies of hemoglobin and myoglobin
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that this is a universal feature of protein reactions at low
temperatures (20, 27). Thus, the dynamics of these systems
is qualitatively different at low and ambient temperatures,
and this raised the possibility that there might be a critical
temperature between 195 K and ambient where one kind of
kinetics is switched to the other.

In hemoglobin and myoglobin, two soluble proteins which
have been studied in greatest detail (20, 21), the distributed
kinetics appeared to be the consequence of the freezing of
the protein at temperatures below the glass transition of the
surrounding solvent (27, 22), and this domineering influence
of the environment over the dynamic behavior of the protein
was called “slaving” (23). However, bacteriorhodopsin is an
integral membrane protein, and it is neither as exposed to
nor as influenced by (24) the surrounding solvent as soluble
proteins (21, 22).

Distributed kinetics is a consequence of the freezing of
an ensemble of substates of the protein, which are unable to
freely convert (to “thermolize”) on the time scale of the
spontaneous processes being studied (20, 217). The corre-
sponding temperature-induced change in the pattern of
internal fluctuations, which is observed in hemoglobin,
myoglobin, and bacteriorhodopsin (see refs 2/, 25, and 26,
respectively, for reviews), is usually termed the “dynamic
phase transition”. In bacteriorhodopsin, it occurs at or below
230 K (24—31). However, unlike in the soluble proteins
where the dynamic phase transition reflects the glass transi-
tion in the surrounding solvent (23), the <230 K temperature
point in bacteriorhodopsin was not correlated with any critical
temperature in either water or lipid, the only two components
of samples besides bacteriorhodopsin, and therefore, in this
system the dynamic phase transition is attributed to freezing
and thawing of the protein.

Here we report on further experiments on bacteriorho-
dopsin and its mutants in the temperature range of 180—280
K. We monitored the kinetic behavior of the photocycle at
increasing temperatures, with the aim of determining when,
why, and how the relaxation dynamics of the photocycle is
converted from distributed kinetics to a process with
conventional exponential components. We found that this
happens in a very narrow temperature range, like a thermo-
dynamic phase transition, with a midpoint at ~245 K. Since
we were not able to correlate this abrupt change with a
process involving either water or lipid, we attribute it to the
protein.

MATERIALS AND METHODS

Bacteriorhodopsin and its D96N and D96N/D115N mu-
tants were produced and isolated by a standard procedure
(32). Purple membranes were deposited on CaF, IR windows
(Harrick, Ossining, NY) from concentrated suspensions (in
1 mM buffer, HEPES or CAPS, at the desired pH) and dried
to approximately room humidity. The samples were rehu-
midified by placing a 2 uL. drop of H,O close to the purple
membrane film and then covered with a second CaF,
window, separated from the first by a 0.8 mm Teflon spacer.
The two windows were sealed by squeezing the Teflon
spacer. The sample was allowed to re-equilibrate with water
vapor for 48 h before the measurements. After this time, the
water content of the sample was constant on the time scale
of several weeks and survived repeated cooling—heating
cycles.
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IR measurements were performed on an IFS-66/s FTIR
spectrometer (Bruker) at 2 cm™! resolution for the 0—5250
cm™! spectral range. All measurements were taken in an
Optistat DN cryostat equipped with an ITC 601 temperature
controller (both by Oxford Instruments, Abingdon, U.K.).
An equilibration time of ~90 min was allowed after each
temperature change. Further details about the measurements
can be found in ref /7. Prior to any measurements, the
samples were light-adapted at 280 K for 20 min with an arc
lamp equipped with a 500 £ 20 nm filter.

For the faster measurements in the 240—280 K temperature
range, we employed single-flash excitation with a frequency-
doubled Nd:YAG laser (10 ns, 532 nm, ~2 mJ/cm?) using
rapid scan measurements with a scan rate of 240 kHz and
repeated excitation for further averaging. However, even at
280 K, the sample (D96N at pH 6.9) cannot be flashed more
frequently than once in ~30 s, restricting our ability to
average, and the acceptable level of the S/N ratio effectively
reduced the time resolution to ~1 s in this series.

For the slower measurements in the 180—240 K temper-
ature range, photoexcitation was provided either by laser
flashes as for the measurements at >240 K (see above) or
by illumination with an arc lamp (typically for 20 min)
equipped with a high-pass filter (>640 nm) that minimizes
the probability of secondary photochemistry. The slow
dynamics made averaging by repeated excitation impractical
below 240 K, and intermediates after the end of illumination
were measured from a single excitation in the rapid scan
mode at a slower scan rate of 40 kHz.

Kinetics of the spectral changes were monitored for 12 h
after either laser flash or the end of continuous light in the
rapid-scan mode. The time range was subdivided into 130
time intervals on a quasi-logarithmic time scale. The FTIR
spectrometer scans were co-added separately for each time
interval with the number of averaged scans doubled after
each 10 subsequent time intervals. Signal-to-noise consid-
erations effectively limited the time resolution to 10 s in the
data series =250 K, reducing it to ~1 min below this
temperature.

We estimate that the light flux from the lamp provides
photoinduced conversions with the following rates: kyr—k
~ 1/20 s7! and kg—pr ~ 1/2 s7! (33) [which are more rapid
than the rate of the K-to-L transition at <240 K (see more
below)]. In the case of laser excitation, the flash energy was
kept low, at ~2 mJ/cm?, to prevent photodamage.

To improve the signal-to-noise ratio, the data array was
subjected to singular-value decomposition (34, 35). Statistical
tests on singular values, residuals, and autocorrelations along
the time coordinate (see ref 36 for details) revealed that
depending on the temperature the observed absorption
changes in mid-IR could be ascribed to the presence of two
or three spectrally distinct species, i.e., two or three non-
random basis spectra, indicating the presence of the two or
three spectrally distinct intermediates. The rest of the SVD
basis spectra originated primarily from stochastic noise (34, 35).
We retained the two or three nonstochastic basis spectra and
one or two additional (primarily noise) basis spectra to ensure
the absence of a SVD-induced bias to SVD filter the data.
These three to five basis spectra were further routinely
corrected for water vapor variations and small baseline
distortions that were inevitable when IR spectra were
monitored on the time scale of many hours.



Switch from Conventional to Distributed Kinetics

When feasible (see Results and Discussion), the kinetics
of the photocycle was analyzed by global fitting (36); when
not feasible, we used the ethylenic stretch depletion recovery
for a less rigorous description of the overall recovery rate
of the photocycle. Formation of the L, M, and N states is
accompanied by this strong negative band, at ~1526 cm™!,
from the depletion of the ground state. The amplitudes of
the negative ethylenic bands in the differential FTIR spectra
of L, M, and N are not too different (/7), and we could use
their kinetics as a convenient measure of the ground state
recovery.

Alternatively, qualitatively correct spectra of the interme-
diates could be calculated from the measured spectra,
utilizing known features of their IR spectra (/7): (i) the lack
of the positive Asp-85 band at 1761 cm™! and (ii) the strong
positive band at 1400 cm™! in L, (iii) the shift of the Asp-
85 band from 1761 to 1753 cm™! during formation of the N
state, and distinct differences among the L, M, and N states
in (iv) the amide, (v) ethylenic, and (vi) fingerprint regions.
From the measured spectra (and their changes) during the
illumination at different temperatures, we constructed indi-
vidual L, M, and N spectra, which contain most probably
less than 10% contamination by the two other states. These
spectra were further used for evaluation of kinetics of the
intermediates. In matrix notation, the measured time-resolved
spectral changes, AA(v,t), could be represented as a product
of two matrices, that of the spectra of intermediates,
spectra(v,i), and their kinetics, kinetics(i,t) (where i values
of 1,2, and 3 correspond to L, M, and N states, respectively):

HAA(w, Hll=lIspectra(v, )l = llkinetics(i, f)ll
Using the intermediate spectra, we calculate the best-
matching kinetics for individual intermediates:

|lkinetics(i, 1)l =
pseudoinverse|llspectra(v, ll] « IIAA(v, D)l
where the pseudoinverse is a mathematical procedure, which
allows us to obtain an equivalent [in a least-squares sense,
by solving a mathematically overdetermined system of linear
equations (35)] for the inverse of a nonsquare matrix:
pseudoinverse[lIMI] = (M"+M)~'+M", where M and ({})!
are the matrix transpose and matrix inverse, respectively.
OPUS (Bruker), GRAMS (Galactic Industries Corp.,
Salem, NH), Matlab (The MathWorks Inc., Natick, MA),
CurveExpert (http://www.ebicom.net/~dhyams/cmain.htm),
and Fitexp (36) were used for data handling and evaluation.

RESULTS AND DISCUSSION

Photocycle Kinetics in the 180—240 K Range. Within the
first minute of continuous illumination (=640 nm), an
equilibrium between the bR and the K states is established,
which is strongly shifted toward bR, and the photocycle
reactions that follow are due to the relatively small leakage
from K to L. However, because the L-to-bR photoreaction
is negligible under >640 nm illumination, on the time scale
of tens of minutes (depending on temperature) a nearly 100%
conversion of bR to the photocycle intermediates takes place.

By the end of the illumination, a mixture of intermediates
is created, which is quasi-stable during the first minutes at
<240 K, and their relative contributions are fully determined
by the temperature for constant illumination conditions, in
full analogy with the way the time delay determines the
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FIGURE 1: (A) Light-induced spectral changes in the D96N mutant
(at pH 6.9) by the end of illumination with >640 nm light at 180,
220, and 240 K (cross-scaled by the depletion band of the all-trans-
retinal at 1254 cm™!). (B) Estimated percentage of L, M, and N
intermediates in the mixture formed by the end of the illumination.
With less humidified samples, these percentages are humidity-
dependent (not shown).

observed mixtures in time-resolved experiments at ambient
temperature. The spectra measured at the end of the
illumination are presented in Figure 1. On the lower end of
the measured temperature range (<200 K), the dominant
presence of the L state is evident. At =200 K, the rate of
the L-to-M reaction accelerates into the time scale of tens
of minutes, and increasing amounts of M are formed during
illumination. At =240 K, a substantial amount of the N state
becomes evident due to acceleration of the M-to-N transition.

The presence of complex mixtures of intermediates
becomes even more evident when their time evolution is
monitored on the time scale from ~1 min to hundreds of
minutes after the illumination. Not only the initial composi-
tion of the intermediates (Figure 1) but also their subsequent
thermal redistribution is changed at different temperatures.
Figure 2 presents the dynamics of the spectral changes: the
measured spectral changes (in panel A) and the normalized
spectra (in panel B) at an early (~1 min) versus late time
(~300 min) to highlight the corresponding redistribution. The
calculated individual kinetics for the L, M, and N intermedi-
ates are presented in Figure 3.

Even though our choice of constant illumination at >640
nm should not be expected to produce a significant contribu-
tion from secondary photochemistry from re-excitation of
the L, M, or N state, minor contamination could not be ruled
out. To check for this, we repeated the experiments with
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FIGURE 2: Transient spectral changes in the dark of the D96N mutant
at pH 6.9 and 240 K. (A) Selected spectra at 1, 10, 50, and 240
min. (B) Spectra obtained from data measured at 240 K by
interpolation to times “zero” (broken line) and “infinity” (solid line),
with the latter normalized to the former (x3.9) to account for the
decay. Spectral decomposition revealed that both the early and late
spectra contain contributions from L, M, and N intermediates. The
relative contribution of L is nearly unaffected by the decay and
accounts for ~25% in both spectra, while the concentration ratio
of M to N changes from ~4:1 to ~3:2 from the early to the late
spectrum, respectively.
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FIGURE 3: Calculated decay kinetics of the L, M, and N intermedi-
ates at 200 and 240 K.

single-flash excitation with a 10 ns laser at 523 nm. Unlike
excitation with continuous light where nearly 100% conver-
sion is feasible, the short laser flash produced conversion of
only ~15% (33), restricted by both the efficient K-to-BR
photoreaction and the need to use low intensities to prevent
photodamage. This led to an ~6—7 times lower S/N ratio,
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making these data sets inferior to those measured with lamp
excitation. Other than this difference, the two data sets were
indistinguishable within experimental error, and therefore,
the lamp-excited data sets seem to be virtually free of artifacts
from double photoexcitation.

Evidence for Distributed Kinetics below 240 K. Despite
the spectral and kinetic variations in the time courses at
different temperatures (Figures 2 and 3), in the 180—240 K
range two important features are in common for all measure-
ments. The first is the presence of a general decay process
(see Figures 2A and 3) both at low temperatures, where only
the L and M states are present (i.e., no N produced), and at
the high end of the temperature range (e.g., at 240 K), where
substantial amounts of the N state are also formed.

The second common feature of photocycle dynamics
throughout the 180—240 K temperature range is the presence
of an apparent end product (Figures 2 and 3), i.e., as if only
a portion of each intermediate population (be it the L, M, or
N state) undergoes decay while the rest appears stable on
the time scale of hundreds of minutes. The molecular
composition of this end product depends drastically on
temperature, ranging from mostly (>85%) L at 180 K to
large amounts (~55%) of M at 220 K and to significant
amounts (~30%) of N at 240 K, but the pattern of seemingly
unfinished decay persists. For any particular intermediate (L,
M, or N), such a pattern might be explained by two
kinetically distinct but spectrally similar substates connected
by a unidirectional transition (e.g., Li-to-L,) and in such a
way that only the first but not the second of the two substates
undergoes decay, leaving the second state in a kinetic cul-
de-sac. However, for this pattern to persist over a wide
temperature range (180—240 K) and affect similarly all three
different intermediates (L, M, and N), one would have to
assume that each of these intermediate has a spectrally similar
cousin state in a separate cul-de-sac. An attempt to construct
such a kinetic scheme for the low-temperature photocycle
runs into extreme problems, because one needs to reconcile
the observed apparent rates with the apparent percentages
of all these substates, since their branching ratios should be
determined solely by the observed kinetics.

Thus, as we reported before, the apparent partial decay is
very difficult to reconcile (see more in ref /7) with any
scheme based on distinct steps of conventional kinetics (over
fixed Arrhenius-like barriers). Conversely, it is a kinetic
signature of distributed kinetics (/7), which appears when
the potential barrier along the reaction coordinate is a
distribution around the mean over an ensemble of frozen
substates (21).

Mathematically, distributed kinetics can be viewed as a
limiting case of a fit with an infinite number of exponentials.
As a consequence, it can be difficult to distinguish distributed
from discrete kinetics, especially when (i) the process is not
a single transition and (ii) the dynamic range of the
measurements is limited in both time and amplitude, as is
in the case of L-to-M-to-N transitions in the 180—240 K
range. However, if a multiexponential fit is forced on a data
set of a truly distributed kinetics, two kinds of inconsistencies
are to be expected. First, distributed kinetics should be
possible to represent with sufficient accuracy in a limited
time range by a limited sum of exponentials, but any
noninfinite number of exponentials would produce an ac-
curate fit for only part of the whole amplitude of the kinetics,
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with more and more exponentials required as the dynamic
range of measurements is increased. Thus, the presence of
an unexpected apparent end product, not warranted by other
considerations, is a strong indication of potential deviations
from exponential kinetics. The second inconsistency would
be that irrespective of the number of exponentials needed,
the obtained exponentials differ in their apparent time
constants but share the same spectrum; i.e., the components
are kinetically distinct but spectrally similar. This is in stark
contrast with the multiexponential fits of truly conventional
kinetics, e.g., the photocycle at ambient temperatures, in
which the spectra (eigenvectors) for different exponentials
(eigenvalues) are different. In complex but conventional
kinetics, spectrum-oriented SVD analysis and kinetic-oriented
analysis based on global multiexponential fits produce
comparable estimates for the number of kinetic and spectral
components (see ref 36 for more details). In distributed
kinetics, however, the number of statistically valid SVD
components is far smaller than the number of apparent kinetic
components (/7). These inconsistencies could be used to
detect cases in which even in purely kinetic terms the
observed dynamics begins to deviate from the conventional
(exponential) kinetics.

Both features are strongly present in the kinetic data at
<240 K. While not a mathematically rigorous direct proof
of distributed kinetics, these features indicate sufficiently
strong deviation from the conventional (exponential) kinetic
pattern. Therefore, we believe that, together with our earlier
data on perturbation experiments at still lower temperatures
(I7), we have strong, although indirect, evidence that
distributed kinetics is a better description of the data in the
180—240 K range.

Temperature Dependence of the Kinetics between 180 and
240 K. Distributed kinetics cannot be represented by a
specific numeric value analogous to the time constant of
conventional exponential kinetics, but because its time course
in a log—log representation is nearly linear, an estimate of
an effective half-time for the corresponding decay can be
made. A temperature dependence of such half-times, though
lacking the theoretical basis of Arrhenius—Eyring plots,
provides a generally correct description of the temperature-
induced trend. When the decay data from the 180—240 K
range was reduced to an Arrhenius-like plot for these
effective half-times, it was linear for the 60 K range, but its
extrapolation to 300 K predicted a half-time of ~7 min (at
pH 6.9; see Figure 7). This prediction is in contradiction
with the measurements: at =260 K the cycle was too rapid
to detect with the ~1 min effective time resolution in our
lamp excitation experiments (data not shown). To explore
this discrepancy at an increased time resolution, all experi-
ments above 240 K, as shown below, were performed with
repetitive excitation by short laser pulses.

Photocycle Kinetics in the 240—280 K Range. Several
features, besides the much more rapid rates, distinguish the
temperature range above 250 K from that below 240 K (the
240—250 K range being a transition region). The most
evident one is that above ~250 K the photocycle goes to
virtual completion without forming apparent end products.
Statistical tests on both SVD and global multiexponential
fitting (see ref 36 for details) consistently favored the
presence of two distinct components in both spectra (from
SVD) and kinetics (from global multiexponential fitting). The
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FIGURE 5: Arrhenius plot for the two-exponential approximation
of the photocycle kinetics above 250 K. The absence of a strong
difference in the temperature dependence of both rate constants
leads to the qualitatively similar redistribution of intermediates for
the region of 250—280 K and allowed use of the “apparent half-
time” estimates in Figure 7.

dynamics of the mid-IR spectra in the 250—280 K range
give no indication of deviation from exponential kinetics,
in accord with data previously reported by many laboratories
under ambient conditions.

The two main intermediates, the M and N states, are
present in the spectra at >250 K, and a characteristic spectral
evolution (at 260 K) is presented in Figure 4A. Figure 4B
presents renormalized spectra calculated from fits by ex-
trapolation to the time before both kinetic components, and
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FIGURE 6: Kinetics of the ethylenic stretch depletion band recovery,
at 1526 cm™!, in the 180—280 K temperature range, as a qualitative
measure of the completion of the photocycle: (A) linear and (B)
logarithmic time scales. Note the striking temperature-induced
change: above 240 K the photocycle is not only much faster but
also completed rather than forming apparent end mixtures as at
<240 K.

that between the two processes as if the first kinetic
component were finished and the second has not yet started.
Figure 5 presents the temperature dependence of the two
apparent kinetic components. Note that the corresponding
Eyring enthalpy barriers have comparable values for these
two kinetic components, resulting in qualitatively similar
observed kinetics at any temperature in the 250—280 K
range, where, to a first approximation, only the absolute rate
but not the general pattern is affected. Further, this similarity
of the enthalpy barriers for the two exponentials (Figure 5)
allows qualitative description of the data at >240 K with
single half-times (see below).

A Temperature-Induced Switch from Distributed to Con-
ventional Kinetics. Figure 6 presents kinetic traces of the
recovery of the bR state, as monitored with ethylenic stretch
dynamics, for different temperatures in the 180—280 K range.
The solid curves are the results of fits with either two
exponentials for the 250—280 K range or a power law for
the 180—240 K range (as proposed in ref 37 and applied to
bR kinetics at <195 K in ref /7). The most evident feature
in the kinetic pattern of behavior is the abrupt change with
the onset just above 240 K. It takes place in a very narrow
temperature range (Figure 6), and the steepness of the change
exceeds by far that of any know temperature-induced change
in the bR photocycle.

There is no adequate method for rigorously comparing the
temperature dependencies of distributed and multiexponential
kinetics. We have chosen to use phenomenological half-times
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FIGURE 7: Temperature dependence of the apparent half-time of
the photocycle completion over the 180—280 K range. The filled
circles are the values obtained from the curves like those in Figure
6, and the solid line is a fit with two Arrhenius-like curves with
the following values: AH{ = 17 £ 1 kJ/mol at =240 K and AH}
= 63 £ 1 kJ/mol at =260 K [the latter being in accord with the
ambient temperature data (4, 5), and a transition between them
centered at ~245 K]. The dotted lines are the corresponding

Arrhenius dependencies for the two separate segments (180—240
and 260—280 K).

to illustrate the temperature dependence in Figure 7. This
presentation correctly demonstrates the presence of a transi-
tion, evident also from the change in the kinetic pattern in
Figure 6A. Alternatively, one could compare the temperature-
induced overall acceleration of the rates between 220 and
240 K, between 240 and 260 K, and between 260 and 280
K. In the region of transition, the observed acceleration of
>100-fold is in contrast with the corresponding temperature
effects outside the region where they amount to changes of
factors of <10.

The kinetically detectable phase transition in Figure 7
could have been a specific feature of the D96N mutant at
the given pH and/or hydration level and, thus, could lack
the generality expected of a phase transition. To test this,
additional measurements were performed on different samples.
Thus, besides the D96N mutant, analogous sets of kinetic
measurements were taken with wild-type bR and the DO6N/
DI115N mutant, both at physiological and elevated pH (pH
~10), using both highly hydrated samples and those with a
lower level of water present (~800 H,O molecules per bR
molecule, which is comparable to the level in samples
prepared by incubation at 100% humidity). The specific
mixtures of intermediates formed by the end of the illumina-
tion and their redistribution during their decay were different
in these samples. However, the general pattern, the presence
of a seemingly thermostable end product below ~240 K and
the disappearance of this feature above ~250 K, was the
same, indicating that the presence of distributed kinetics is
an obligatory feature in bR below ~245 K.

Thermodynamic Behavior of Water and Lipid in the
180—280 K Range. The purple membrane samples include
only three components: (i) bacteriorhodopsin, (ii) the native
lipids of the purple membrane, and (iii) water, confined in
the interbilayer spaces between the membrane sheets. On
the basis of an extinction coefficient of bR of ~63000 M™!
cm™! in the visible range (38) and the extinction coefficient
of water of ~100 M~! cm™! at 3404 cm™! (39), a typical
sample contained nearly 70% of water by volume (~5 um
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FIGURE 8: IR monitoring of interbilayer water freezing. (A)
Temperature dependence of the IR transmittance integrated over
the 900—4500 cm™! range, i.e., the raw amplitude of the IR signal
measured before Fourier transformation. (B) IR absorption spectra
in the two temperature ranges: (i) liquid water at 260—280 K
(dashed line with a maximum at ~3400 cm™') and (ii) ice at
220—250 K (solid line with a maximum at ~3200 cm™'). The
spectra are virtually indistinguishable within each of these ranges
but experience a distinct change at ~256 K due to freezing of the
interbilayer water. Although the IR spectra for the 220—250 K range
are slightly different from the spectrum of bulk ice (42), the
downshift of the whole main water band from ~3400 to ~3200
cm~! is typical for freezing (42).

of water out of the ~7.2 um overall thickness of the film),
which corresponds to ~3200 molecules of water per bR
molecule (~2.2 g of H,O/g of bR). These values are 4—5-
fold higher than those in the samples prepared by prolonged
incubation at a relative humidity close to 100% (see, for
example, refs 8, 26, 28, 29, and 40), and our typical sample
has a water to amide I absorption ratio (Asso/A16s7) of ~2.3.
This excess of water over the samples prepared by incubation
at ~100% relative humidy is due among other factors to an
effective concentration of ~40 mM buffer, which absorbs
water in the excess of that in the case of the low-salt films.

Because of its high concentration, water was the primary
suspect as the cause of the transition-like behavior in Figure
7. Confined water is known to freeze well below the freezing
point of bulk water at 273 K (e.g., ref 47). The IR spectrum
of ice is different from that of liquid water (42), and we
used the main water absorption (2900—3800 cm™!) region
to monitor the phase state of water in situ from the time-
resolved spectra. Figure 8 presents the freezing curve of the
interbilayer water. We find that the interbilayer water freezes
~10 K above the critical point in the temperature dependence
of kinetics (Figure 7), i.e., at ~256 K (Figure 8). The freezing
and thawing behavior of interbilayer water is complex (details
will be published elsewhere). Water sandwiched between the
purple membrane sheets is not homogeneous. When there
are 25—30 layers of water in each interbilayer space, as in
this report, it is the primary hydration shell, with a width of
a few water molecules, that affects bacteriorhodopsin the
most, and it might behave differently from the rest of the
interbilayer water (24, 26, 29, 31). However, these water
molecules account for only ~10% of the IR signal in Figure
8. This limits our ability to detect the specific influence of
the primary hydration shell, a question that would be better
addressed by using semidried samples. In this work, however,
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we attempted to study bacteriorhodopsin in its native aqueous
environment, with the aim of avoiding dehydration-induced
effects.

The second suspect was the lipids. Lipids are polymorphic,
and most lipids undergo a “main” phase transition (i.e.,
freezing of hydrophobic tails) above 250 K (43). Earlier
calorimetric measurements with purple membranes failed to
detect any pronounced thermodynamic transitions in the
240—300 K range (44). On the other hand, the main
transition in lipids creates a distinct IR signature (45), which
allows monitoring of their phase state by IR spectroscopy
(45). Our experiments with pure phosphatidylcholine lipids
(to be published separately) indeed revealed distinct shifts
in the methyl and methylene bands (2830—2970 cm™! range)
by 3—5 cm™, in accord with earlier reports for other lipids
(45). In contrast, we found no comparable shifts in the purple
membrane films for the entire range of 180—280 K. This
lack of a transition might be at least partly due to the dense
packing of proteins and lipids in the purple membrane and
is consistent with the above-mentioned calorimetric data (44).
Thus, we were not able to correlate the critical temperature
point in the kinetics [at ~245 K (Figure 7)] with either the
freezing of interbilayer water or a detectable phase transition
in the lipids.

While the critical point in the kinetics at ~245 K (Figure
7) is not correlated with the main transition of the lipids,
another potential candidate is their glass transition. Normally,
the main phase transition in lipids occurs at temperatures
(43) above the vitrification point (46, 47), and the absence
of the former, and in fact of any calorimetrically detected
transition in purple membranes at >240 K (44), argues
against a role for lipid vitrification in the measured effects
(Figure 7). However, the glass transition in lipids is a poorly
studied field, and there are currently no data on vitrification
of purple membrane lipids and no clues about the IR
signature of lipid vitrification. Therefore, a glass transition
in the lipids still might be considered as a distant possible
candidate for the cause of the change in the kinetic pattern
at ~245 K.

Correlation with the Dynamic Phase Transition of bR. The
critical point in the kinetic pattern of the photocycle reactions
(Figure 7) originates most likely from a thermodynamic
phase transition in the protein itself. As shown in studies on
hemoglobin and myoglobin, the kinetic pattern of the
functioning of a protein is closely coupled to the dynamics
of its internal fluctuations and the dynamic phase transition
defines the turning point, below which the frozen substates
dominate and give rise to distributed kinetics (27). According
to the data we present here, the corresponding change in the
kinetic pattern of the photocycle reactions occurs above ~245
K, while all previous studies on the dynamic phase transition
in bR place its critical point at or below 230 K (see, for
example, refs 25, 27—31, and 48). How significant is this
discrepancy? The change in the kinetic pattern of the
photocycle reactions in the 240—250 K region is abrupt
(Figures 6 and 7), leaving little room for significant
uncertainty in the value of the critical temperature (~245
K). On the other hand, the critical temperature assigned to
the dynamic phase transition in bR (at <230 K) was
determined from gradual changes in the temperature depen-
dence of the magnitude of spatial fluctuations (see refs 25
and 48 for reviews). Further, the critical point for the dynamic
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phase transition is usually defined as the point of onset of
the new pattern of fluctuations (25). It is not unreasonable
to assume that this new pattern has to develop to some
particular extent with increasing temperature to affect the
functional dynamics of the membrane protein to the extent
seen in Figures 6 and 7. Being a consequence of the changes
in the internal dynamics, the change in the relaxation
dynamics of the photocycle might occur at temperatures
above those of the onset of its cause. Therefore, the observed
switch in the kinetic pattern we report here (Figure 7) is most
probably a direct consequence of the thawing of internal
fluctuations described phenomenologically by the dynamic
phase transition.

The Photocycle Events Are Not Affected by the Switch from
Distributed to Exponential Kinetics. The decay at <240 K
(Figures 2 and 3) seems to be the direct shunt process from
L to bR, described in detail in a previous publication (/7).
If so, decay of M (Figures 2 and 3) would most likely imply
that, unlike the K-to-L transition that is unidirectional at
temperatures below 160 K (/7), the L-to-M transition
becomes reversible at temperatures in the 180—240 K range,
as at ambient temperature (49). At =240 K, the N state
appears, and the decay could proceed “backward”, through
M-to-L-to-bR shunt, as at lower temperatures, or ‘“forward”,
N-to-bR transition, as at ambient temperature. The details
of these alternatives are under study and will be published
elsewhere.

The critical temperature point in the kinetics at ~245 K
might have been specific for the photocycle per se, indicating
a temperature-controlled step in the progression of intermedi-
ates, with a specific transition being allowed above but not
below ~245 K. For example, it has been argued (26) that
the dynamic phase transition in bR (at <230 K) might mark
the temperature below which the M;-to-M; transition is
blocked and thus the photocycle does not proceed to M, or
N intermediates. Such a prediction was based on the
reasonable argument that liberation of small-scale protein
flexibility, marking the unfreezing of the rigid distribution
of microscopic conformational substates that leads to dis-
tributed kinetics at low temperatures, should be a prerequisite
for the large-scale conformational changes associated with
the M;-to-M, or M»-to-N transition. The data in this report
provide a surprising contradiction of this plausible idea. The
IR spectra of the two M states are very similar (7, 50) and
would have been difficult to distinguish, but the evident
presence of the N state in the photocycle of D96N at neutral
pH both below [at 240 K (Figure 2B)] and above [at 260 K
(Figure 4B)] the critical transition region indicates that neither
the M;-to-M; transition nor the M-to-N transition is coupled
to the critical temperature at which the pattern of the kinetics
is changed. Thus, it seems that the small-scale and large-
scale conformational changes in bacteriorhodopsin are not
as correlated as it is often assumed.

In principle, the two patterns of kinetics, the rapid one
above ~250 K and the slow one below ~240 K (Figure 6),
could coexist in kinetic competition with one another over
a wider temperature range (200—260 K). Extrapolation of
the high-temperature Arrhenius-like curve (the dotted line
in Figure 7) to below 240 K indicates that if the two
mechanisms were in kinetic competition, the faster one
should have won out at all temperatures above the crossing
point, i.e., above ~205 K. In reality, the faster pattern begins

Dioumaev and Lanyi

to win only at an ~35 K higher temperature, at >240 K,
indicating that there is a switch, which is not based on kinetic
competition.

Thus, the observed critical point at ~245 K is specific
not for the appearance or disappearance of particular reac-
tions in the photocycle, but rather for the general kinetic
pattern of the individual transitions, which proceed according
to different laws (distributed vs Arrhenius-like barriers) in
the frame of one unaltered scheme of the photocycle. The
correlation of this temperature point with a switch between
distributed and conventional kinetics is still somewhat
tentative, for we might have missed small deviations from
exponentiality in the data above ~250 K. However, the
drastic phenomenological change in the 240—250 K tem-
perature region (Figures 6 and 7) is beyond any doubt.
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