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ABSTRACT: In previous Fourier transform infrared (FTIR) studies of the photocycle intermediates of
bacteriorhodopsin at cryogenic temperatures, water molecules were observed in the L intermediate, in the
region surrounded by protein residues between the Schiff base and Asp96. In the M intermediate, the
water molecules had moved away toward the PheZ1846 region. To evaluate the relevance of this
scheme at room temperature, time-resolved FTIR difference spectra of bacteriorhodopsin, including the
water O-H stretching vibration frequency regions, were recorded in the micro- and millisecond time
ranges. Vibrational changes of weakly hydrogen-bonded water molecules were observed in L, M, and N.
In each of these intermediates, the depletion of a watelrlGtretching vibration at 3645 cm originating

from the initial unphotolyzed bacteriorhodopsin, was observed as a trough in the difference spectrum.
This vibration is due to the dangling-&H group of a water molecule, which interacts with Asp85, and

its absence in each of these intermediates indicates that there is perturbation of-thigrQup. The
formation of M is accompanied by the appearance of wateHGtretching vibrations at 3670 and 3657
cm1, the latter of which persists to N. The 3670 chband of M is due to water molecules present in

the region surrounded by Thr46, Asp96, and Phe219. The formation of L at 298 K is accompanied by the
perturbations of Asp96 and the Schiff base, although in different ways from what is observed at 170 K.
Changes in a broad water vibrational feature, centered around 3620 am kinetically correlated with

the L—M transition. These results imply that, even at room temperature, water molecules interact with
Asp96 and the Schiff base in L, although with a less rigid structure than at cryogenic temperatures.

Bacteriorhodopsin is a light-driven proton pump. It state of the protein is maintained: unprotonated Asp85,
undergoes a photocycle initiated by the absorption of light protonated Schiff base, and protonated Asp96. In théL
by a retinal chromophore, which is covalently linked to transition, the Schiff base deprotonates and Asp85 becomes
Lys216, forming a protonated Schiff base. The initial protonated§, 6). After a slight delay, a proton is released
consequence of light absorptlon_ is the traois Isomeriza- to the extracellular medium from the proton-release complex
tion of the Gs=Ca4 bond of the retinal. Proton pumping takes  (PRC) (7, 8). The M—N transition is accompanied by the
place as the protein undergoes conformational changes fromyeprotonation of the Schiff base and deprotonation of Asp96
the initial unphotolyzed state with an all-trans retinal (9, 10). During the N-O transition, the cistrans re-
chromophore (BR),through a sequence of intermediates, jsomerization of the G=Ci4 bond (L1) is accompanied by
and back to the BR state. Spectroscopic and kinetic studies the uptake of a proton from the cytoplasmic medium to
in_cll_Jding Fourier transform i_nfrared (FTIR) studies have reprotonate Asp96LQ). Finally, the transfer of a proton from
distinguished a sequence of intermediates: BR — K, Asp85 to the PRC occurs as the O intermediate is converted
— L= M = M= N— O — BR (1-4). These  p,cy 19 the initial state (BR)IQ).
intermediates have different protonation states of Asp85, . .

Each proton-transfer step must be induced by changes in

the Schiff base, and Asp96. In the L intermediate, the initial o : y
the proton affinities of the residues involved. These changes
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changes by means of trapped, static intermediate sttdes ( develops strong hydrogen bonds after the loss of the proton
23), much remains unknown about the dynamics of the from the PRC 87). In in situ H,%0/H,'®0 exchange
changes in molecular interactions that take place during theexperiments, Garczarek and Gerwes¥)(also detected a
photocycle. FTIR spectroscopic studies have revealed changesvater vibrational band at 3642 ciin the initial state, which

in internal water molecules and key protein residues, Asp96 has been identified as arising from a water molecule that is
and the Schiff base, which occur during the photocycle. hydrogen-bonded to deprotonated Asp85 but whose second
These changing interactions between internal water moleculeshydrogen has no interactions.

and the protein play a major role in determining the pathways  There is also the possibility that internal water molecules
for proton transfers as well as the proton affinities of the play a role in long-range proton transfer from Asp96 to the
groups within the protein. Schiff base in the M-N transition @1). Such a water cluster
Studies performed at cryogenic temperatures on the waterhetween Asp96 and the Schiff base was detected by Schobert
O—H stretching vibration bands in the 3758450 cnt* et al. 8) in the crystallographic structure of N of V49A, in
region in the L-minus-BR, M-minus-BR, and N-minus-BR  which Asp96 is protonated (described a$).NA FTIR
difference spectra have shown that internal water moleculesspectrum obtained for a quasi-photosteady state at 260 K
undergo specific changes in location within the protein during showed vibration bands of water, probably due to such a
the photocycle (for a review, see r2#). Water molecules  structure in wild-type bacteriorhodopsid). Actual proton
stabilize the L intermediate by filling a cavity surrounded transfer, however, presumably takes place in the transition
by protein residues between the Schiff base and Asp96. Instate between M and N and thus cannot be observed directly,
the M intermediate, these water molecules move to the even by time-resolved spectroscopy.
Phe219-Thr46 region but return to the Schiff base region  The cyrrent systematic studies provide additional informa-
in N. A FTIR result shows that one of the< bonds of tjon apout the dynamics of internal water molecules during
water molecules around Asp85 forms a hydrogen bond in L the pacteriorhodopsin photocycle at room temperature. Time-
(25 and in M @6). These studies suggested that intermal resolved step-scan FTIR spectra reveal light-induced changes
water molecules play a critical functional role as a mobile j, o—H stretching vibrational bands of water in the 3750
structural element, filling cavities in specific conformations, 3500 cnrt region. The results are discussed by a comparison

which may regulate proton affinity of the Schiff base, ASp8S5, \ith those from static FTIR difference spectra obtained at
and Asp96 in the light-driven proton pump. However, some cryogenic temperatures.

of these interactions may be different at room temperature
than at cryogenic temperatures, where these observation3ATERIALS AND METHODS
were originally made. This possibility is suggested by the
observation that the hydrogen out-of-plane bending vibration ~Sample PreparationBacteriorhodopsin in the form of
(HOOP) of the Schiff base in L at 170 KT is different purple membranes frordlalobactrium salinarumS9 was
from the ones detected in L at room temperatu28).(  kindly provided by Sergei Balashov. A 100 aliquot of
Furthermore, the L intermediate produced by the photore- bacteriorhodopsin in the purple membrane 4RK0) supple-
action at 170 K forms little or no M intermediate upon mented with 4L of phosphate buffer (0.1 M, pH 7.0) was
warming of the sample at least at neutral pH and, instead,dried under vacuum to create a spot about 12 mm in diameter
returns to the unphotolyzed BR sta9(30). in the center of a 25 mm diameter Bakindow. The sample
The aim of the current work is to examine the changes in Was then hydrated with 0.6L of water (HO or H,'%O).
the O—H stretching vibrations of internal water molecules The space above the sample was sealed by means of a
at room temperature in the micro- to millisecond time range silicone rubber ring (s, in. thick), coated with vacuum
of the photocycle. Until recently, time-resolved FTIR grease, and asecond 25 mm window. This stack of windows
spectroscopic studies focused on changes in the-1800 and spacer was clamped together in a flow-jacketed cell
cm! frequency region 4, 28, 31—34), which includes holder (Harrick, TFC-3-M25), and the temperature was
information about protein residues and the chromophore Mmaintained by the circulation of water at 2& (298 K).
during the photocycle, but did not deal with the vibration The sample was allowed to sit in the compartment of the
bands of water molecules. Gerwert and his colleagues havespectrometer for at leas3 h before measurement. The
successfully obtained time-resolved FTIR difference spectracompartment was purged continuously with nitrogen gas. The
at room temperature for two broad vibrational features, one light-adapted state of bacteriorhodopsin (BR) was obtained
in the 22006-1700 cn1! region @5, 36) and the other inthe by exposing the sample t62000 laser shots (equivalent to
2900-2500 cmi?! region @5, 37). The former has been a single cycle of data acquisition; see below) immediately
assigned as a continuum band due to a proton delocalizedefore the start of data acquisition. Typical samples had an
in a hydrogen-bonding water network as proposed by Zundel @bsorbance of-0.4 at 568 nm, 1.31.7 at 3380 cm', and
(38) or to HsO,* (33, 36, 39, 40). Mutagenesis studies have 0.8-1.1 at 1658 cm.
shown that this protonated water network is located in the Data Acquisition Time-resolved step-scan FTIR spectra
region between Glu204 and Glu194 and helps to form the were recorded with a Varian FTS-6000 spectrometer. A
PRC. The broad vibration bands in the 29@500 cm* photoconductive MCT detector with a dc-coupled pream-
region have been inferred to be due to strongly hydrogen- plifier was used. Data were acquired for either 10 or 20 ms
bonded water molecules from two different internal clusters, in each repetition (10 Hz) with a time resolution of:5 per
largely based on mutagenesis studigS).(There are also  point. The photocycle was initiated using a frequency-
contributions in the initial state (BR) from a water cluster doubled Nd:YAG laser (Coherent Surelite I, 532 nm, duration
near the Schiff base that is disrupted in the early part of the of 5 ns). The laser was fired 2 ms after the start of acquisition.
photocycle (K and L) and from a second water cluster that Laser pulse energy at the sample was measured te2b@
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mJ/cn?. Spectra were collected in the 386800 cn1? region

(8 cn1? resolution, with a UDR-4 filter, Varian). The data
were typically summed for 96 scans (about 3 h) at a time.
For each type of sample, several such data sets were acquired
and processed together (see below).

Laser ArrangementTiming of the laser was controlled
using a pulse generator based on a CTM-50A counter time
card (Metrabyte). The laser beam was expanded appropriately
by a combination of concave and convex lenses, passed into
the sample compartment, through a window, and then
directed to the sample at an angle of about 5the IR
probe beam, using a laser mirror in a zero-overhang mirror
mount (Thorlabs, KG1), mounted backward. Germanium
windows (25 mm in diameter and 1 mm thick) with a
broadband antireflection coating (Kolmar Technologies) were
used to exclude scattered laser light from the detector
compartment and to exclude the internal HeNe laser from
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the sample com.partment. L ) Ficure 1: Averaged absolute value of residuals for the spectra
Data ProcessingAfter acquisition of the time-resolved  obtained by the fitting of five (black), six (red), and seven (green)

data, Fourier transformation was carried out using the Varian exponentials. (a) Residuals averaged for the whole time range to 8
Resoluion sotware (using N8 medium apodzation). and 1 (5 S PO, ) Sest Aue g b et
the results were saved as a single file. Subsequent processin . :

. . . f th dinat ds t bsorb f 0.000 07.
was carried out in MATLAB (The Mathworks, Natick, MA). © ordinate corresponds fo an absorbance o
The effect of the cyclic 16 kHz oscillation of the stationary  g|opal Fitting with Six ExponentialsThe appropriate
mirror was corrected for each repeating position of the ., ner of exponentials for a global fit can be judged from
oscillation by using average background spectra calculatedyg gj e of the residuals. Figure 1 shows the average absolute
from the first 2 ms (400 points) of pretrigger data. These a6 of residuals, the differences between the measured

spectra were then used to convert the time-resolved data 10,5 hance values and the fit results, calculated for the entire
absorbance difference spectra (with respect to the prepho+;,o range (Figure 1a) and for the first 266 (Figure 1b)

tolysis state). For bacteriorhodopsin in’f0 and H'0, 44 ¢ the data obtained in £fO. The residuals for the first
and 27 files, respectiyely, were averaged. Finally, correc;tions 250us (Figure 1b), which are larger than those for the whole
were made for baseline drift (and for a background signal (ime range (Figure 1a), decreased significantly at several
|ntrodu<_:ed when a short steplata acquisition delay was frequencies in going from the five- (black) to the six- (red)
used with some of the older data). . exponential fit. However, the residuals for the seven- (green)
A global multiexponential fit was then applied to the data exponential fit are nearly coincident with those of the
using SpIMod (Provincer and Vogel ; see also http://www.s- sjx_exponential fit (Figure 1b). There are very small differ-
provencher.com/). Three different spectral regions were usedances in the residuals for the complete time range (Fig-
for this. First, a fit was carried out using a matrix made up e 1a) between the five- (black) and six- (red) expo-
of the 2006-900, 2906-2600, and 37503600 cm™ regions  nential fits, the latter of which is coincident with the
(fit A). Subsequently, fitting was carried out using only the seyen- (green) exponential fit (Figure 1a). Also the six-
1800-900 cn1" region (fit B) and then the 3758630 cm™  eyponential fit gave results in agreement with previous
region (fit C). The number of time points (from the point of  ,pjished papers (see below). Thus, a six exponential
initiation by the laser flash) was reduced below 1000, with fynction is the most reasonable choice for the global fitting
an algorithm that averages adjacent data points, using agf gur current data.
window that begins with a width of one point and increases Spectra of Model Intermediates (b Spedtrahe spectra
in width as it moves up the time axis. SplMod was gptained in this way, together with the rate constants, were
dimensioned to accept a matrix 5¥21024 (frequencies then used to calculate the spectra for a reaction consisting
time) and was configured to try to fit functions of-Y  of 3 jinear sequence of intermediates, using the method of
exponentials, i.e., Chizhov et al. 43)

n kK k k k ks ke
AW, t) = co(v) + Zci(v) expkt) BREDL Q2| 21 =1l = IV —V —=VI
|=

BR is the preflash state. The transition of BR 0
wheren is the number of exponential componentss the corresponds to the unresolved rapid change that accompanies
frequency,t is the time,k; is the rate constant of thieh the laser flash. This step is not included in the kinetic model,
componentg; is the corresponding spectrum, aagis the which begins with intermediate 0. We will refer to O, |, Il
spectrum of the constant component. The rate constantsetc. as “model” intermediates to distinguish them from the
obtained from SplMod were used to calculate the componentcanonical intermediates of the bacteriorhodopsin photo-
spectraci(v) across all frequencies in the full data set using cycle: K, L, M, etc.

a Gaussian elimination method (the mldivide “backslash”  The result was a difference spectrum for each transition
function of MATLAB). in the reaction sequence (plus a constant spectrum). Because
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T T ' ' ' Contribution of L, M, N, and O to the b Spectrahe
global fitting procedure described above produced component
spectra (b spectra) for a reaction model consisting of a linear
sequence of irreversible steps. These “model intermediates”
are each linear combinations of the canonical bacterior-
hodopsin photocycle intermediates. The contributions of the
photocycle intermediates to the b spectra in Figure 2 were
estimated from the vibrational bands characteristic of the L,
M, N, and O intermediates (reviewed in réf). To scale

the subtraction factors between different b spectra, the 1739
cm™! band arising from Asp96 in the L intermediate and
the 1761 cm? band arising from Asp85 in M were used
with the assumption that these bands maintain a consistent

i 6 shape. First of all, spectrunmg ifFigure 2d) is due to pure
) ) ) ) ) M. The top of the 1185 cmi band in spectrumdis located
1800 1600 1400 1200 1000 below the baseline, which is a defining feature of bR
Wavenumber (cm-) and bands characteristic of L at 983 ¢nand N at 1671
FIGURE 2: Model spectra obtained by a six-exponential fit for cm™! are absent.
bacteriorhodopsin in H°0. (a) k. (b) bi. (c) . (d) bs. (€) bu. () Spectra b (Figure 2a), b (Figure 2b), and p(Figure 2c)

bs. (9) Spectrum obtained by subtracting 75% af flom b, show a negative band at 1739 chwhich is due to the
removing the contribution of M, and resulting in enrichment of

the O intermediate. (h)b (i) Absolute value of the residuals ~Perturbations of Asp96 and Asp115 typical of L. Spectrum
averaged for the whole time range. The full length of the ordinate b1 (Figure 2b) contains Kas indicated by the presence of a
corresponds to an absorbance of 0.045. positive feature at 1508 crh (45). The amplitude of this
feature in h is about 30% of what it is in d(Figure 2a),
the original absorbance data were calculated using theand the amplitude of the 1739 cfband in Iy is about 85%
unphotolyzed initial state as the baseline, the spectra associof that in . From these results, the contribution of t b,
ated with the transitions between the model intermediateswas estimated to be about 5%. The contribution pfirkb;
(I-minus-0, lI-minus-I, etc.) could be summed to obtain the can be removed by subtracting 50% of. 0The main
spectrum of each model intermediate with respect to the un-contribution to spectrumslis from L. Spectrum bexhibits
photolyzed initial state (BR). The spectra of model inter- some intensity around 1761 cf which was estimated to
mediates obtained in this way will be referred to as b spectra; be about 20% of the 1761 crhband of i (Figure 2d) due
by is the spectrum of | (the model intermediate formed in to Asp85 of M. Subtraction of 20% of;tfrom by leads to a
the kinetic phase with rati), b is the spectrum of Il (the  positive band at 1752 cm (see below, Figure 5a). The
model intermediate formed in the kinetic phase with kaje positive band at 1761 cm due to M is pronounced inzb
and so on. The rates of the sequential processes can also b@Figure 2c). The intensity of this feature is about 70% of
expressed as time constantg,(the reciprocals of the rate  what it is in the pure M spectrumgbSpectrum bshows a
constantsl). Thus,z; is the lifetime (i.e., time constants of  negative band at 1739 crhy which is characteristic of L.

decay) of the preceding intermediate with spectrum.b Subtraction of 30% of p(L) from b, gave the same spectral
Figure 2 shows the series of b spectra obtained by theshape as H(M).

six-exponential fit. In this spectral region (196900 cn1?), In by (Figure 2e), several features due to N appear, namely,

all of the spectra from films hydrated with,t30 (not shown) a slight extension of the 1761 crhband toward lower

coincided with the spectra from films hydrated with'fD frequencies, with a peak at 1759 cinthe appearance of a

shown in Figure 2. The spectral shapes of a series of our bnegative band at 1671 cth and an increase of positive
spectra are also similar to those ofdRpet al. £8). In Figure bands at 1557 and 1185 ct Removal of the contribution
2i, the residuals (average of the absolute value of the of M from b, (by subtraction of 60% of § results in the
difference between the fit and data) are depicted as a pair ofcomplete depletion of the negative band at 1661 cdue
curves, showing the positive value of the residuals and its to M and a shift of the 1761 cm band due to Asp85 toward
negative value at each frequency. These residuals are almost756 cnt® (see below, Figure 5c¢). Thus, spectrumi®
negligible as compared to the appreciable bands in spectracomposed of 60% of M and 40% of N. Spectrug(Bigure
Po—De. 2f) exhibits a positive band at 1504 ctndue to O 82). A

A large number of our time-resolved data sets were smaller negative band at 1167 charises from the cancel-
recorded with a time base extending to only 8 ms after the lation by the positive band at 1172 chof O. This spectrum
flash (2000 data points). In this time range, the photocycle also contains a contribution from M as judged from the
is apparently still incomplete. Nevertheless, the first five presence of the band at 1761 ¢niThis M would be present
component spectra {f of Figure 2) were almost identical ~ together with N as inb The composition of fwas estimated
in shape and amplitude to the corresponding b spectra fromas 45% M, 47.5% N, and 7.5% O. A spectrum without the
data extending to 18 ms after the flash (4000 data points). contribution from M can be obtained frong by subtracting
By 18 ms, the photocycle is almost complete. In what 75% of b from bs. The resulting spectrum (Figure 2g) shows
follows, we will focus on the 8 ms data because our presentthe characteristics of O more clearly, especially positive
concern is the reaction intermediates represented in spectrdands at 1507 and 1172 ciwith the latter as a shoulder
b,—bs and because we have a significantly larger quantity (Figure 2g). The content of O in this spectrum is estimated
of data for this time scale. to be about 30% by a comparison of the amplitude ratio of
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FiIGURE 3: Water O-H stretching vibration bands in 0 (—)

and KO (- - -) in the model spectra obtained by a six-exponen-
tial fit. (a) by. (b) . (c) bs. (d) hy. (e) k. (f) Absolute value of
residuals averaged for the whole time range. (g) L-minus-BR
spectrum upon illumination at 170 KR%§). The amplitude of the
170 K spectrum was normalized using the amplitude of the band
at 1202 cm?. The full length of the ordinate corresponds to an
absorbance of 0.0045.

3550 3500

the 1507 cm? band to that of the 1556 crh band in the
pure O-minus-BR spectrunB?). The rest of the content
(70%) should be due to N. This spectrum is identical to that
obtained by exchanging the order of the last two time
constantsKs andks, in our case), as proposed by Chizhov
et al. @3), and similar to the penultimate spectrum shown
in Figure 3A of Ralig et al. 8). Spectrum b (Figure 2h)
is roughly similar to b (Figure 2f) in shape but with only
one-sixth of the amplitude. This is probably the sum of a
bs-like spectrum and a spectrum that has a nearly mirror-
image shape (restoration of the initial BR state from the last
step of the photocycle). It is very similar to the final spectrum
shown by Rdlig et al. 8). We plan to discuss this spectrum
in a separate publication.

The L-minus-BR and N-minus-BR spectra calculated in
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(48 us, 160us, 570us, 1.8 ms, and 5.5 ms, respectively).
The lifetimes of these components are similar to the
corresponding values obtained with similar hydrated films
by Radig et al. 5) of 40 us, 134us, 544us, 1.6 ms, and 5
ms, respectively. The lifetimes determined by these FTIR
studies are also similar to results from visible spectroscopic
measurements on purple membranes in solution reported by
Chizhov et al. 89) of 30 us, 100us, 500us, 1.5 ms, and

5 ms.

We will discuss a set of five b spectra;{ths) obtained
by global analysis of the time-resolved FTIR difference
spectra at pH 7 (Figure 2). A comparison with static spectra
of the canonical bacteriorhodopsin intermediates allows these
component spectra to be further analyzed. We concluded
above that b(Figure 2b) is 75% L with 5% Kand 20% M,

b, (Figure 2c) is 70% M with 30% L, f(Figure 2d) is 100%
M, b, (Figure 2e) is 60% of M and 40% of N, and (-igure

2f) is 45% M and 47.5% N with 7.5% O (see the Materials
and Methods).

Broad Water O-H Vibrational Feature in the 37563500
cn ! Region.Figure 3 compares;{Figure 3a), b (Figure
3b), ks (Figure 3c), b (Figure 3d), and H(Figure 3e) in the
3750-3500 cn1? region for films hydrated with K%0 (—)
and H®0 (- --). In b (Figure 3a), this spectral region is
dominated by a broad positive feature centered near 3610
cm 1. The amplitude of this broad peak decreases fram b
(Figure 3a) to b (Figure 3b). Some intensity remains ig b
(Figure 3c), which does not contain any contribution from
L, but this feature seems to have disappeared entirely in b
(Figure 3d) and b(Figure 3e) with the appearance of N and
O. In all cases, the spectra in¥0 are more intense than
those in H'®O at frequencies above 3610 chand less
intense at frequencies below 3610 diiThis indicates that
a large part of the broad feature is due to waterHD
stretching vibrations. The L-minus-BR spectrum at 170 K
(Figure 3g) exhibits a broad positive feature in the 3550
3450 cm! region @5) (Figure 3 does not show the region
below 3500 cmt). No corresponding feature is observed in
the same frequency region of spectrumwhich is mainly
due to L at 298 K (Figure 3a). Note that the feature in the
170 K spectrum is larger in amplitude than the averaged
residuals from the time-resolved spectra (Figure 3f), indicat-
ing that, if this feature was present in the time-resolved

this analysis (see below, parts a and ¢ of Figure 5) and thegpactra, it would be observable.

M-minus-BR spectrum of f(Figure 2d) are nearly identical
in the 1806-1100 cn1! region with those obtained from the
factor analysis by Hessling et aB3).

RESULTS

Results of the Six-Component Hite first time constant
obtained from our datag;, which is the lifetime of the
unresolved zero-time componeng)bis typically 2-3 us.
Because this is shorter than our time resolution s

per point), it cannot be considered a real measured life-

time. We will therefore begin our discussion of the
kinetics of the photocycle withr,, which is the lifetime
(decay time constant) ofiband, following this convention,
generally refer to time constants as the lifetimes of specific
intermediates.

The lifetimes ¢,—16) in H0 for by, by, bs, by, and B,
43 us, 130us, 525us, 1.5 ms, and 6.1 ms, respectively, are
almost coincident with the corresponding values %8

Vibrational Bands at 3670, 3657, and 3645 ¢mOnto
this broad feature, a number of sharp positive and negative
bands are superimposed. Among them are positive bands at
3670 and 3657 cnt and a negative band at 3645 ¢n
These bands are observed in a region where the residuals
are significantly smaller. Corresponding bands are observed
in H'80 at 3657, 3645, and 3634 ci respectively,
showing that these bands arise from waterHDstretching

vibrations. As judged from their location at higher frequen-

cies, the water ©H bonds, responsible for these bands, have
no hydrogen-bonding partners.

The negative band at 3645 cicorresponds to the band
at 3642 cmit in the L-minus-BR spectrum at 170 K (Figure
30). It can be recognized in all five spectra-@in Figure
3) as a dip with similar intensity irrespective of the
composition of the intermediates. Thus, the disappearance
of the water G-H vibration band is constant through
intermediates L, M, and N.
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Perturbations of Water in M and NThe two positive L L L L L B
bands at 3670 and 3657 cfare observed in spectrum b
(Figure 3c), which is due to 100% M. Both bands are also
present in b (Figure 3b), which is 70% M, and;l{Figure
3d), which is 60% M. The 3670 cmi band decreases in
intensity in Iy (Figure 3e), consistent with a decrease in the
contribution of M to 45% in this spectrum. These results
suggest that the 3670 cihband is due to M. The 3657 crh
band persists inf{Figure 3d) and b(Figure 3e), suggesting
that this band may also be exhibited by the N intermediate.
We cannot judge whether these bands are present in O
because this intermediate makes only a very small contribu-
tion to b. The same trends can be observed in the
corresponding shifted bands in'fD (- - -) at 3657 and 3645
cm i,

The Broad Water Vibration Feature Changes in Concert
with the L—M Transition. The broad feature of water
vibrations is expected to be intimately correlated with L, in —_—
the same manner as similar bands of L at 170 K (Figure
30). It is important to distinguish whether the spectral
changes in these water vibrations take place in concert with
the L—M transition or whether this apparent linkage is the M I I B M PR
result of the global fit being driven by the larger absorbance 3740 3720 3700 3680 3660 3640
bands and lower noise in the 180800 cn1?! region. This Wavenumber (cnr')
was examined by comparing an independent fit to only the Figure 4: Water O-H stretching vibration bands in4$0 when
3750-3630 cni? region (fit C) to the results of a fit to only  the fitting of rate constants was applied to the 373630 cnr?
the 1806-900 cnt region (fit B). The 3756-3630 cn?t region -, fit C with five exponentials) and the 186®00 cnr*
region was selected because the residuals were smaller thaffdion (- - fit B with six exponentials). Spectra and b are

1 . shown by blue and red lines, respectively. The absolute value of
below 3630 cm*. The spectral shapes and the time constants egjquals averaged for the first 258 (50 data points) are shown
for fit B are almost completely coincident with the results py black lines. The full length of the ordinate corresponds to an
that were obtained by fitting to both regions (fit A; Figure absorbance of 0.0015.

3), indicating that the same underlying kinetics are driving
changes in the vibration bands in the 18@®@0 cn? region
due to the chromophore and the protein and also those in 1752 1395 1300 984
the 3750-3630 cm? region due to water. As shown in 2a__1 M J L :
Figure 4, the shapes of spectra(blue) and b (red) in a

five-exponential fit of the fit C spectral region are almost
exactly coincident with those of spectra(dashed blue line)
and b (dashed red line) of fit B (six-exponential fit). The
lifetime 7, from fit C (38 us) is also similar to that from fit

B (43 us). Together, these results strongly indicate that the
water structural changes that give rise to the broad band are
related to the EM transition.

Perturbations of the Schiff Base and Asp®8eviously,
Rodig et al. 8) have shown that the Schiff base HOOP
band of L at room temperature is located at 983 Erwhile
Maeda et al.Z7) have shown that the 1074, 1065, and 1057
cm! bands of L at 170 K are due to the HOOP bands of
the Schiff base. Figure 5 shows an L-minus-BR spectrum
(Figure 5a) that was obtained by subtracting the M-minus- : : : L :
BR spectrum (20% of § and the contribution of K (50% 800 1600 1400 1200 1000
of by) from b, as described above, together with the L-minus- Wavenumber (cr)

BR spectrum at 170 K (Figure 5b). The spectrum at 170 K Ficure 5: Vibration bands because of the Schiff base and Asp96
. ) e in the L-minus-BR spectrum at 298 K (a), the L-minus-BR spectrum
was obtained as described previousty)( The bands due at 170 K, obtained as described in & (b), and the N-minus-BR

to the retinal at 1202 and 1168 ctnare similar in the two  spectrum at 298 K (c). The full length of the ordinate corresponds
spectra. The larger bandwidth of these bands at 298 K (Figureto an absorbance of 0.022.

5a) could be due to the fact that this spectrum was recorded

at a resolution of 8 cnt, whereas the spectrum at 170 K are not seen in the room-temperature spectrum (Figure 5a).
(Figure 5b) was recorded at 2 ctn The HOOP band of L In the spectrum of L at 170 K (Figure 5b), there are two
at 298 K can be observed as a wide band with a peak at 984bands arising from the Schiff base in-plane bending vibra-
cm! (Figure 5a), but the three HOOP bands observed in tions, at 1312 and 1300 crh(46). In the spectrum at 298 K
the spectra taken at 170 K around 1065 értFigure 5b) (Figure 5a), the former peak has disappeared, while the latter
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has intensified. Another in-plane bending vibration band of measurements, the band was not observed in D83Najd

the Schiff base has shifted but retained its shape, movingit was also not observed in the light-induced difference
from 1400 cm* at 170 K (Figure 5b) to 1395 cn at 298 spectrum of the D85N mutant at 170 R5). As discussed

K (Figure 5a). These differences are clearly real despite thepreviously @7, 49), this water vibration is very likely due
different frequency resolutions. The out-of-plane and in-plane to the free G-H bond of Wat401 in BR, a water whose other
bending vibration bands of the Schiff base at 298 K are hydrogen interacts with Asp85 (i.e., Asp8&800O +--H—
located at lower frequencies than those at 170 K. This O—H), as seen in the crystal structure of BRO(. The
indicates weaker hydrogen bonding of the Schiff base in L present study shows that one-8 bond that does not form

at 298 K than at 170 K. a hydrogen bond in BR subsequently forms an hydrogen

The vibrational features of the Schiff base of L at room bond in L, M, and N under physiological conditions. An
temperature are rather similar to those observed in the O—H vibration due to the formation of a hydrogen bond
N-minus-BR spectrum (Figure 5c) at room temperature, in M has previously been detected at 3567-¢rim FTIR
which was obtained from the current results by subtracting Studies at cryogenic temperatur@6)( The hydrogen bond-
the M-minus-BR spectrum (60% of)from b,. The intense  ing partner can be inferred to be the indole of Trp86 from
1300 cnt! band of L at room temperature (Figure 5a) is Crystallographic resultslQ, 23).
similar to that of N at 1302 cnt (Figure 5¢). On initial Changes in Water Molecules Are Coordinated with the
inspection, the HOOP band of N might appear to be missing. L—M Transitions at 298 KPrevious studies at 170 K showed
However, the absence of the negative band at 1008 am that there are water vibrational bands in the 353850 cnt?
the N-minus-BR spectrum must be due to cancellation by region that appear in the L sta#g]. Mutational studies have
the HOOP band of N at around 1005 chnThe HOOP band  suggested that the water molecules in question are present
at 984 cmit in the spectrum of L at 298 K (Figure 5a) is inLat 170 K as a cluster between the Schiff base and Asp96
much closer in frequency to this HOOP band of N (Figure (27, 51). Similar vibrational bands of water were also shown
5¢) than to the HOOP bands of L at 170 K (Figure 5b). Thus, to be presentin N at 260 Kip). In the time-resolved room-

at 298 K, the environment of the Schiff base of L is similar temperature results, this set of features due to water bands
to that of N. at 170 K is replaced by a broad water vibrational feature in

The negative band at 1739 cfin the spectrum at 170 K the 3756-3500 cn1* region. A large part of this feature
is actually composed of two bands due to Asp96 and Asp115 disappears in the two-stepM transition characterized by
at 1743 and 1736 cm, respectively (Figure 5b5, 9). 72 (43 us) andrg (0.13 ms), but a small part remains until
Corresponding bands can also be seen in the spectra at 20§1€ formation of N ¢5; 0.53 ms). Garczarek et al3%)

K (Figure 5a). The €O stretching band of Asp96 in the L observed similarly decaying vibrational features in the 3000
intermediate at 170 K is observed as a positive feature at1800 cni* region by using a visible light-absorbing dye.
1748 ¢! (Figure 5b). In the L-minus-BR spectrum at 298 These features decayed with a time constant of 380

K, only a diffuse band with a much smaller intensity than roughly similar to our results. Part of the broad water
the 1748 cm’ band was observed at 1752 chiFigure 5a).  Vibrational feature is ascribable to heat emitted from the
In the previous papers, clear bands were not observed in thi€Xcited-state chromophore. However, the decay of this broad
region @2, 47). Nevertheless, the possibility that Asp96 is Water vibrational feature in spectra bnd b of fit C is
deprotonated is small because a band similar to the 1403Kinetically coordinated with structural changes of the chro-
cm~1 band of N (Figure 5c¢) due to deprotonated Asp96) ( mophore and the protein in thedM transition. Thus, these

is not detected around 1400 ch(Figure 5a). Thus, Asp96 changes in water molecules observed for the vibrations in
undergoes a perturbation in L at 298 K but in a different the 3756-3630 cm* region cannot be independent of the

way from that at 170 K. L—M transition, and the waters must be accommodated
within a specific structure for L. Free energy associated with
DISCUSSION relaxation of the light-activated chromophore in the course

of the bacteriorhodopsin photocycle may facilitate the

The time-resolved FTIR spectral changes that occur during assembly of the water cluster, which exhibits the broad
the bacteriorhodopsin photocycle contain a number of vibrational feature of water.
features that are due to perturbations of internal water |n our bacteriorhodopsin samples, about 4000 water
molecules, further emphasizing the critical functional roles molecules are present for each molecule of bacteriorhodopsin
of water. It is important that any absorption bands assigned (0.5 L of water versus 18@g of bacteriorhodopsin). The
as being due to water vibrations, either individual molecules maximum absorbance change of the feature in the 3750
or clusters, be verified by observing the frequency shift as a 3630 cm® region is about 0.001, which corresponds to
result of the exchange of O for H,™O. ~0.1% of the total number of water molecules. Hence, the

Water Forms Hydrogen Bonds around Asp85in L, M, and number of water molecules involved is more than 4 but not
N at 298 K A water vibrational band is observed as a trough a large number (for exampley10), even if we assume a
in the L-minus-BR and M-minus-BR spectra at 3645 ¢ém relatively small molar extinction for weakly hydrogen
This feature, which was initially discovered in studies of L bonding water on the basis of the fact that the water vibration
at 170 K and M at 230 K48), is observed as a depletion bands that we observe are located at higher frequencies (with
band upon the formation of L at 298 K, and this feature weaker hydrogen bonding) than environmental water, whose
persists in M and N. This band is also the same one thatvibrations appear around 3350 cinThis feature could thus
was recently detected in static difference spectra, obtainedarise entirely from internal water molecules. When we
using anin situ H,'%0/ H,'0 exchange technique with BR  observe changes in water molecules that are accommodated
at room temperature3dp). In the H'%0/ H,%0 exchange in an internal cavity in the protein associated with an
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vibrations associated with this water cluster in the L state at
cryogenic temperatures, results in a shift of equilibrium
between L and M to favor the M state at room temperature
(53). The T46V/D96N double mutant restores the water
vibrations at 170 K and also restores the equilibrium between
L and M back toward the L intermediate. It is reasonable to
propose that at room temperature Thr46 and Asp96 are
involved in a specific structure involving the local water
cluster and that perturbing this water network alters the
equilibrium between the L and M intermediates.
Neutron-scattering studies on the purple membrane by the
Zaccai group %4, 55) have shown that the ability of the
bacteriorhodopsin pigment to enter a functionally relaxed
state is correlated with the presence of an environment in
which large-amplitude atomic motions are possible. Such an
environment was described as “soft” and shown to occur
above 230 K for the hydrated bacteriorhodopsin in the purple
membrane. The present results show that vibrational bands
. because of water molecules and the Schiff base in L at room
% f/ temperature are different from those at 170 K, where the
1hall - b protein environment does not allow for the transformation
Ficure 6: Parts of a structural model of the M intermediate of of the rigid structure of water interacting with the Schiff base
wild-type bacteriorhodopsin showing water molecules (pink balls) into the M state, where the structure is quite different. Water
surrounded by protein in the region surrounded by Phe219, Asp96, molecules in L are present in the region surrounded by the
Thr46, Leu93, Trp182, Thrl78, and those interacting with Asp85 relatively apolar residues, Val49, Leu93, and Trpl182, in
gﬂdtﬁé’sc't'%TS.?oa'%n%fQ?nﬂggC(?fa%ﬁ’éﬁégest%?ep?écttelfﬁeéi tt;ased addition to the Schiff base, Thr46, and Asp96. In theNL
Bank en?r’y codg 15\,91 and was drawn using Rash&@) ( transition at room temperature, water relocates, not through
changes in direct hydrogen bonding, but as a mobile spacer
intermediate, they can arise either because of heating fromwith structured interactions in a relatively soft environment.
the chromophore or by reorganization of water molecules
in situ that changes the geometry and strength of hydrogen ACKNOWLEDGMENT
bonds or some combination of both effects. Even if some
part of a water band is produced by heat, the important result
here is that there are water molecules that change in concer

with the L=M transition, the time-resolved system, Lay Min Lee for collegial hel
Thus, in the L intermediate at 298 K, there are perturba- ith the i Y d h Y he Chemi ? nelp
tions of water, although the hydrogen bonds are weaker thanWIt the instrument, and the team at t e_C emical Sciences
! Machine Shop at the University of lllinois, Urbana/Cham-

Eaégeavzgtis;ggtzeagézooﬁé;?/gélrg?tlzcg;as }g f ;Ttiosu(;wfinpaign, IL, for their constant helpfulness and excellent work.

differe_nt ways than at_17_0 K. The er_wironment of the Schiff REFERENCES
base in L is rather similar to that in N, where the Schiff
base interacts with wated4?). Thus, a structured water
network between the Schiff base and Asp96 may also be
present at room temperature but as a less rigidly organized ,
structural element.

Water Molecules in the Phe22Thr46—Asp96 Region in 3.
M. Previous studies at 230 K have found that the water
vibration band of M at 3671 cnt was affected by F219L
and T46V, while the corresponding band of N at 3654 tm 4
was affected by VA9AF2). To explain these results, it was
proposed that water molecules are present in M in the region

Cytoplasmic

The authors are grateful to Thomas Ebrey for his critical
eading of the manuscript and valuable suggestions and
ndrei Dioumaev and David Drapcho for their advice on

1. Lozier, R. H., Bogomolni, R. A., and Stoeckenius, W. (1975)
Bacteriorhodopsin: A light-driven proton pumpingHtalobacte-
irum halobium Biophys. J. 15955-962.

. Xie, A., H., Nagle, J. F., and Lozier, R. H. (1987) Flash

spectroscopy of purple membrari&pphys. J. 51627-635.

Sasaki, J., Yuzawa, T., Kandori, H., Maeda, A., and Hamaguchi,

H. (1995) Nanosecond time-resolved infrared spectroscopy dis-

tinguishes two K species in the bacteriorhodopsin photocycle,

Biophys. J. 682073-2080.

.Vao, G., and Lanyi, J. K. (1991) Kinetics and spectroscopic
evidence for an irreversible step between deprotonation and
reprotonation of the Schiff base in the bacteriorhodopsin photo-

around Thr46-Phe219 and that in N some of them have
moved to the region around Val49 and the Schiff base. The
3671 cnt! band of M at 230 K was also detected at 298 K
(Figure 3). A crystallographic structure of M from a sample
in which the intermediate was produced at room temperature
and then cooled to 100 K for diffraction studie&3| shows
two water molecules in a cavity surrounded by Phe219,
Trpl82, Leu93, Thr46, and Thr178 (Figure 6), but none on
the cytoplasmic side in the neighborhood of the Schiff base.
Water Networks between the Schiff Base and Asp96 in L
and M. The T46V mutant, which eliminates the water

cycle, Biochemistry 305008-5015.

5. Braiman, M. S., Mogi, T., Marti, T., Stern, L. J., Khorana, H. G.,
and Rothschild, K. J. (1988) Vibrational spectroscopy of bacte-
riorhodopsin mutants: Light-driven proton transport involves
protonation changes of aspartic acid residues 85, 96, and 212,
Biochemistry 278516-8520.

6. Gerwert, K., Souvignir, G., and Hess, B. (1990) Simultaneous
monitoring of light-induced changes in protein side-group proto-
nation, chromophore isomerization, and backbone motion of
bacteriorhodopsin by time-resolved Fourier transform infrared
spectroscopyProc. Natl Acad. Sci. U.S.A. 8B774-9778.

7. Zimawyi, L., Varo, G., Chang, M., Ni, B., Needleman, R., and
Lanyi, J. K. (1992) Pathways of proton release in the bacterior-
hodopsin photocycleBiochemistry 318535-8543.



FTIR Study on Water Changes in L and M of BR

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24

25.

26.

Balashov, S. P., Imasheva, E. S., Ebrey, T. G., Chen, Y., Menick,
D. R., and Crouch, R. K. (1997) Glutamate-194 to cysteine
mutation inhibits fast light-induced proton release in bacterior-
hodopsin,Biochemistry 368671-8676.

. Gerwert, K., Hess, B., Soppa, J., and Oesterhelt, D. (1989) Role

of aspartate-96 in proton translocation by bacteriorhnodopsot.

Natl. Acad. Sci. U.S.A. 861943-4947.

Maeda, A., Sasaki, J., Shichida, Y., and Yoshizawa, T., Chang,
M., Ni, B., Needleman, R., and Lanyi, J. K. (1992) Structures of
aspartic acid-96 in the L and N intermediates of bacteriorhodop-
sin: Analysis by Fourier transform infrared spectroscopin-
chemistry 314684-4690.

Smith, S. O., Pardoen, J. A., Mulder, P. P. J., Curry, B.,
Lugtenburg, J., and Mathies, R. (1983) Chromophore structure
in bacteriorhodopsin’s §o photointermediateBiochemistry 22
6141-6148.

Souvignir, G., and Gerwert, K. (1992) Proton uptake mechanism
of bacteriorhodopsin as determined by time-resolved stroboscopic
FTIR spectroscopyBiophys. J. 631393-1405.

Balashov, S. P., Lu, M., Imasheva, E. S., Govindjee, R., Ebrey,
T. G., Othersen, B., lll, Chen, Y., Crouch, R. K., and Menick, D.
R. (1999) The proton release group of bacteriorhodopsin controls
the rate of the final step of its photocycle at low @ipchemistry

38, 2026-2039.

Luecke, H., Schobert, B., Richter, H.-T. Catrtailler, J.-P., and Lanyi,
J. K. (1999) Structural changes in bacteriorhodopsin during ion
transport 82 A resolution,Science 286255—260.

Luecke, H., Schobert, B., Cartailler, J.-P., Richter, H.-T., Rosen-
garth, A., Needleman, R., and Lanyi, J. K. (2000) Coupling
photoisomerization of retinal to directional transport in bacteri-
orhodopsinJ. Mol. Biol. 30Q 1237-1255.

Sass, H. J., Bdt, G., Gessenich, R., Hehn, D., Neff, D.,
Schlessinger, R., Berendzen, J., and Ormos, P. (2000) Structural
alterations for proton translocation in the M state of wild-type
bacteriorhodopsinNature 406 649-653.

Facciotti, M. T., Rouhani, S., Burkard, F. T., Betancourt, F. M.,
Downing, K. H., Rose, R. B., McDermott, G., and Glaeser, R.
M. (2001) Structure of an early intermediate in the M-state phase
of the bacteriorhodopsin photocycl8jophys. J. 81 3422—
3455.

Schobert, B., Brown, L. S., and Lanyi, J. K. (2003) Crystal-
lographic structures of the M and N intermediates of bacterior-
hodopsin: Assembly of a hydrogen-bonded chain of water
molecules between Asp-96 and the retinal Schiff bdseviol.

Biol. 33Q 553-570.

Lanyi, J. K., and Schobert, B. (2002) Crystallographic structure
of the retinal and the protein after deprotonation of the Schiff
base: The switch in the bacteriorhodopsin photocyéleMol.
Biol. 321, 727-737.

Lanyi, J. K., and Schobert, B. (2003) Mechanism of proton
transport in the bacteriorhodopsin from crystallographic structures
of the K, L, M1, Mz and My’ intermediates of the photocyclé,

Mol. Biol. 328 439-450.

Edman, K., Royant, A., Larsson, G., Jacobson, F., Taylor, T., van
der Spoel, D., Landau, E. M., Pebye-Peyroula, E., and Neutze,
R. (2004) Deformation of helix C in the low temperature
L-intermediate of bacteriorhodopsid, Biol. Chem. 2792147
2158.

Kouyama, Nishikawa, T., Tokuhisa, T., and Okamura, H. (2004)
Crystal structure of the L intermediate of bacteriorhodopsin:
Evidence for vertical translocation of a water molecule during
the proton pumping cyclel. Mol. Biol. 335 531-546.

Takeda, K., Matsui, Y., Kamiya, N., Adachi, S., Okumura, H.,
and Kouyama, T. (2004) Crystal structure of the M intermediate
of bacteriorhodopsin: Allosteric structural changes mediated by
sliding movement of a transmembrane helix,;Mol. Biol. 34]
1023-1037.

. Maeda, A., Morgan, J. E., Gennis, R. B., and Ebrey, T. G. (2006)

Water as a cofactor in the unidirectional light-driven proton
transfer steps in bacteriorhodopsiPhotochem. Photobiol. 82
1398-1405.

Maeda, A., Sasaki, J., Yamazaki, Y., Needleman, R., and Lanyi,
J. K. (1994) Interaction of aspartate-85 with a water molecule
and the protonated Schiff base in the L intermediate of bacteri-
orhodopsin: A Fourier transform infrared spectroscopic study,
Biochemistry 331713-1717.

Maeda. A., Tomson, F. L. Gennis, R. B., Kandori, H., Ebrey, T.
G., and Balashov, S. P. (2000) Relocation of internal bound

27.

30.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Biochemistry, Vol. 46, No. 10, 2002795

water in bacteriorhodopsin during the photoreaction of M at
low temperature: An FTIR studyBiochemistry 39 10154~
10162.

Maeda, A., Balashov, S. P., Lugtenburg, J., Verhoeven, M. A.,
Herzfeld, J., Belenky, M., Gennis, R. B., Tomson, F. L., and
Ebrey, T. G. (2002) Interaction of internal water molecules with
the Schiff base in the L intermediate of the bacteriorhodopsin
photocycle Biochemistry 413803-3809.

. Rdlig, C., Chizov, |., Weidlich, O., and Siebert, F. (1999) Time-

resolved step-scan Fourier transform infrared spectroscopy reveals
differences between early and late M intermediates of bacterior-
hodopsin,Biophys. J. 762687-2701.

.lwasa, T., Tokunaga, F., and Yoshizawa, T. (1980) A new pathway

in the photoreaction cycle of trans-bacteriorhodopsin and the
absorption spectra of its intermediat@sophys. Struct. Mech.,6
253-270.

Kalisky, O., Ottolenghi, M., Honig, B., and Korenstein, R. (1981)
Environmental effects on formation and photoreaction of the M412
photoproduct of bacteriorhodopsin: Implications for the mecha-
nism of proton pumpingBiochemistry 20649-655.

. Braiman, M., BouscheO., and Rothschild, K. (1991) Protein

dynamics in the bacteriorhodopsin photocycle: Submillisecond
Fourier transform infrared spectra of the L, M, and N photoint-
ermediatesProc. Natl. Acad. Sci. U.S.A. 82388-2392.

. Hessling, B., Souvignier, G., and Gerwert, K. (1993) A model-

independent approach to assigning bacteriorhodopsin’s intramo-
lecular reactions to photocycle intermediat&ophys. J. 65
1929-1941.

Rammelsberg, R., Huhn, G. lhiben, M., and Gerwert, K. (1998)
Bacteriorhodopsin’s intramolecular proton-release pathway con-
sists of a hydrogen-bonded netwofRijochemistry 37 5001~
50009.

Zscherp, C., Schlessinger, R., Tittor, J., Oesterhelt, D., and Heberle,
J. (1999) In situ determination of transier€grhanges of internal
amino acids of bacteriorhodopsin by using time-resolved attenu-
ated total reflection Fourier transform infrared spectroscBpyc.

Natl. Acad. Sci. U.S.A. 96498-5503.

Garczarek, F., Wang, J., EI-Sayed, M. A., and Gerwert, K. (2004)
The assignment of the different infrared continuum absorbance
changes observed in the 3600800 cnt! region during the
bacteriorhodopsin photocyclB8jophys. J87, 2676-2682.
Garczarek, F., Brown, L. S., Lanyi, J. K., and Gerwert, K. (2005)
Proton binding within a membrane protein by a protonated water
cluster,Proc. Natl. Acad. Sci. U.S.A. 103633-3638.

Garczarek, F., and Gerwert, K. (2006) Functional waters in
intraprotein proton transfer monitored by FTIR difference spec-
troscopy,Nature 439 109-112.

Zundel, G. (2000) Hydrogen bonds with large proton polarizability
and proton transfer processes in electrochemistry and biofalyy,
Chem. Phys. 1111—-217.

Le Courte, J., Tittor, J., Oesterhelt, D., and Gerwert, K. (1995)
Experimental evidence for hydrogen-bonded network proton
transfer in bacteriorhodopsin shown by Fourier transform infrared
spectroscopy using azide as catalyBigic. Natl. Acad. Sci. U.S.A.
92, 4962-4966.

Headrick, J. M., Diken, E. G., Walters, R. S., Hammer, N. I,
Christe, R. A., Cui, J., Myshakin, E. M., Duncan, M. A., Johnson,
M. A., and Jordan, K. D. (2005) Spectral signatures of hydrated
proton vibrations in water clusterScience 3081765-1769.

Cao, Y., Vab, G., Chang, M., Ni, B., Needleman, R., and Lanyi,
J. K. (1991) Water is required for proton transfer from aspartate-
96 to the bacteriorhodopsin Schiff baBochemistry 3010972
10979.

Maeda, A., Gennis, R. B., Balashov, S. P., and Ebrey, T. G. (2005)
Relocation of water molecules between the Schiff base and the
Thr46—Asp96 region during light-driven unidirectional proton
transport by bacteriorhodopsin: An FTIR study of the N inter-
mediate Biochemistry 445960-5968.

Chizhov, I., Chernavskii, D. S., Engelhard, M., Mueller, K.-H.,
Zubov, B. V., and Hess, B. (1996) Spectrally silent transitions in
the bacteriorhodopsin photocycBiophys. J. 712329-2345.
Maeda, A. (1995) Application of FTIR spectroscopy to the
structural study on the function of bacteriorhodoptsn,J. Chem.

35, 387-400.

.Maeda, A., Verhoeven, M. A., Lugtenburg, J., Gennis, R. B.,

Balashov, S. P., and Ebrey, T. G. (2004) Water rearrangement
around the Schiff base in the late K (Kintermediate of the
bacteriorhodopsin photocyclé, Phys. Chem. B 108096-1101.



2796 Biochemistry, Vol. 46, No. 10, 2007

46.

47.

48.

49.

50.

51.

Maeda, A., Sasaki, J., Pfeffere-M., Shichida, Y., and Yoshiza-
wa, T. (1991) Fourier transform infrared spectral studies on the
Schiff base mode of all-trans bacteriorhodopsin and its photoin-
termediates, K and LPhotochem. Photobiol. 5911-921.

Chen, W.-G., and Braiman, M. S. (1991) kinetic analysis of time-
resolved infrared difference spectra of the L and M intermediates
of bacteriorhodopsinPhotochem. Photobiol. 5405-910.

Maeda, A., Sasaki, J., Shichida, Y., and Yoshizawa, T. (1992)
Water structural changes in the bacteriorhodopsin photocycle:
Analysis by Fourier-transform infrared spectroscdpipchemistry

31, 462-467.

Hayashi, S., Tajikhorshid, E., Kandori, H., and Schulten, K. (2004)
Role of hydrogen-bond in energy storage of bacteriorhodopsin’s
light-driven proton pump revealed by ab initio normal-mode
analysis,J. Am. Chem. Soc. 1260516-10517.

Luecke, H., Schobert, B., Richter, H.-T. Cartailler, J.-P., and Lanyi,
J. K. (1999) Structure of bacteriorhodopsin at 1.55 A resolution,
J. Mol. Biol. 291 899-911.

Maeda, A., Herzfeld, J., Belenky, M., Needleman, R., Gennis, R.
B., Balashov, S. P., and Ebrey, T. G. (2003) Water-mediated
hydrogen-bonded network on the cytoplasmic side of the Schiff
base of the L photointermediate of bacteriorhodofiochemistry

52.

53.

54.

55.

56.

Morgan et al.

42, 14122-14129.

Yamazaki, Y., Kandori, H., Needleman, R., Lanyi, J. K., and
Maeda, A. (1998) Interaction of the protonated Schiff base with
the peptide backbone of valine 49 and the intervening water
molecule in the N photointermediate of bacteriorhodopBio;
chemistry 371559-1564.

Yamazaki, Y., Hatanaka, M., Kandori, H., Sasaki, J., Karstens,
W. F. J., Raap, J., Lugtenburg, J., Bizounok, M., Herzfeld, J.,
Needleman, R., Lanyi, J. K., and Maeda, A. (1995) Water
structural changes at the proton uptake site (the ThAEH96
domain) in the L intermediate of bacteriorhodop®&mchemistry

34, 7088-7093.

Ferrand, M., Dianoux, A. J., Petry, W., and Zaccai, G. (1993)
Thermal motions and function of bacteriorhodopsin in purple
membranes: Effects of temperature and hydration studied by
neutron scatterindg?roc. Natl. Acad. Sci. U.S.A. 90668-9672.
Zaccali, G. (2000) How soft is a protein? A protein dynamics force
constant measured by neutron scatterBgience 2881604-1607.
Sayle, R. and Milner-White, J. E. (1995) RasMol: Biomolecular
graphics for all,Trends in Biochem. Sci. 2674.

B10616596



