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Bacteriorhodopsin’s Intramolecular Proton-Release Pathway Consists of a
Hydrogen-Bonded Netwofk
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ABSTRACT. In its proton-pumping photocycle, bacteriorhodopsin releases a proton to the extracellular surface
at pH 7 in the transition from intermediate L to intermediate M. The proton-release group, named XH,
was assigned in low-temperature FT-IR studies to a single residue, E204 [Brown, L. S., Sasaki, J., Kandori,
H., Maeda, A., Needleman, R., and Lanyi, J. K. (1995Biol. Chem. 27027122-27126]. The time-
resolved room-temperature step-scan FT-IR photocycle studies on wild-type and E204Q-, and E204D-
mutated bacteriorhodopsin, which we present here, show in contrast that the FT-IR data give no evidence
for deprotonation of E204 in the L-to-M transition. Therefore, it is unlikely that E204 represents XH.
On the other hand, IR continuum absorbance changes indicate intramolecular proton transfer via an
H-bonded network to the surface of the protein. It appears that this H-bonded network is spanned between
the Schiff base and the protein surface. The network consists at least partly of internally bound water
molecules and is stabilized by E204 and R82. Other not yet identified groups may also contribute. At
pH 5, the intramolecular proton transfer to the surface of the protein seems not to be disturbed. The
proton seems to be buffered at the surface and later in the photocycle released into the bulk during BR
recovery. Intramolecular proton transfer via a complex H-bonded network is proposed to be a general
feature of proton transfer in proteins.

Proton-transfer reactions play a crucial role in the catalytic proton is released into the bulk medium about 1 ms delayed.
function of many enzymes. The light-driven proton pump The K, of the group that releases the proton from the surface
bacteriorhodopsin (bR)represents an excellent system to into the bulk was determined to be 5.8 in the M intermediate
study the proton-transfer mechanism in membrane proteins(21, 22). Below pH 5.8, proton release into the bulk occurs
(2). The severu-helices of bR span the membrane of the during BR recovery after proton uptake, which takes place
archaebacteriunHalobacterium salinarium. The chro- during M decay. Because the proton of the Schiff base is
mophore retinal is bound via a protonated Schiff base to transferred in the L-to-M reaction to D85 and D85 remains
K216, as in all retinal proteins3]. An atomic structural protonated until BR recovery, another group, termed XH,
model based on cryoelectron microscopic studies has beemmust be involved in the proton-release mechanid). (
proposed 4, 5). After light excitation, bR undergoes a Likely candidates in the putative proton-release pathway are
proton-pumping photocycle with the intermediates K, L, M, R82 and E2044, 5). Several investigations are focused on
N, and O in order of their appearanc®).( The different these two groups2B3—32). Recently, R82 was excluded
intermediates are characterized by their s (7), reso- from consideration as the proton-release grdg).( On the
nance-Ramangj, and infrared spectra®). Crucial events other hand, electrostatic calculations point to a possible
in the pump mechanism are the light-inducatitrans to upshift of the K, of E204 within the protein, and this

13-cis retinal isomerization in the BR-to-K transitiod@), presents the possibility that it may be protonated in the
the deprotonation of the Schiff base and the correspondingground stated9). Indeed, exchange of the carboxyl group
protonation in the L-to-M transition of the nearby D8BL{- by the E204Q mutation alters the proton-release kinetics,

15), the reprotonation of the Schiff base by D96 in the while the exchange from glutamate to aspartate restores the
M-to-N transition @3, 14), and the 13-cis toall-trans wild-type (WT) behavior ). Further support for its role as
reisomerization in the N-to-O transitiod ). XH has been presented in static BRI FT-IR difference
At pH 7, a proton appears at the extracellular surface of spectra of E204Q- and E204D-mutated bR. They seem to
bR with a time constant of about 83 (17—20). Then, the indicate that carbonyl bands disappear in-BR difference
spectra of the WT and E204D. This was interpreted as the
"This work was supported by the Deutsche Forschungsgemeinschaftdeprotonation of E204 or D204 in M, respectively.( On
SFB 394-C2. the basis of these results, several authors propose that E204

* Corresponding author. Phone:+49-234-700-4461. Faxi+49- represents the proton release group XH30—32).
234-709-4238.

1 Abbreviations: bR, bacteriorhodopsin; BR, light-adapted ground ~ Here we present time-resolved room-temperature step-scan
state; WT, wild type; FT-IR, Fourier transform infrared; residues (e.g., FT-IR studies with a time resolution of up to 30 ns of the

E204) are designated using the one-letter code for amino acids. Mutant, i
pigments are designated, e.g., E204Q, where the first letter and theentlre photocycles of WT, E204Q, and E204D. These studies

number represents the wild-type residue and the second letter represent@f the complete photocycle point to different explanations
the substituted residue. for the spectral changes between WT and E204X-mutated
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Ficure 1: Comparison of BRM low-temperature FT-IR difference spectra (1.5-émesolution) of the WT and E204Q-, E204D-, and
E204Q/R82Q-mutated bR. The carbonyl region of the spectra shown in a is enlarged in b, where the dotted lines represent the WT.
Conditions: WT (225 K, pH 8, without KCI), E204Q (222 K, pH 7, without KCI), E204D (223 K, pHL ™ KCI), E204Q/R82Q (235

K, pH 7, 1 M KCI). Slightly different conditions are used to obtain most pure-BRdifference spectra of the different proteins.

bR observed in the low-temperature BRI difference An aim of this work is the determination of the very small
spectra. It is shown that the IR data give no experimental and spectrally broad continuum absorbance changes during
evidence for the deprotonation of E204 or D204 in the the photocycle. A nonlinear response of the deteetor
L-to-M transition. Our results indicate instead that a preamplifier system causes an artifactual time course of the
complex, H-bonded network is involved in the translocation baseline in the difference spectra, which interferes with the
of a proton to the extracellular surface of bacteriorhodopsin. broad continuum absorbanc87f. Therefore, we used a
photovoltaic HgCdTe detector (Kollmar Technologies
MATERIALS AND METHODS KVMP11-1-J2), which provides a linear behavior between
the output signal and the IR intensity in contrast to a

Mutagenesis and Mutant ExpressioiThe site-specific  ,1oconductive HgCdTe detector. This is important for
mutants E204D, E204Q, and R82Q/E204Q of bR were very small absorbance changes. In addition, the heating of

prepared as described in ref 33 using the shuttle plasmidy,, sample due to laser excitation does not affect the

PEF191. Mutagenesis was followed by transformation and . niinuum absorbance under our conditions.

homologous expression k. salinariumstrain MPK40 84). Time-resolved UV-vis spectroscopy is performed with

The WT and mutagenized proteins were isolated as purple 5 ng time resolution as described previously in ref 37.

membrane sheets according to ref 35. The mutations were Global Fit Analysis The absorbance changes) in the

confirmed fromH. salinariumtrgpsformants by §equencing_ whole infrared spectral region at the wavenumberare

the bop gene fragments amplified by PCR using genomic 551764 with the sums of the exponentials with apparent

DNA as the template. time constants, and amplitudes,, where{z,} is the same
Sample PreparationPurple membrane sheets were sus- for all i

pended (20Qtg in 1 M KCI and 50 mM Tris-HCI buffer)

and then centrifuged fad2 h at200000g to concentrate the ne

sample into a pellet. The pellet was squeezed between two AAW, 1) = an(vi)e_”’“

CaF, windows separated by agm Mylar spacer. =

The BR-M steady-state spectra in Figure 1 were recorded _ o _
on a Bruker IFS66 FT-IR spectrometer equipped with a A detailed description is found inref9.
cryostat (Oxford DN704). The samples were light-adapted  The pH indicator fluorescein (Fluorescein-5-isothiocyan-
at 285 K and then cooled to 225 K. The low-temperature ate, Molecular Probes) is covalently linked to K129 at the
difference spectra were measured with 1.5-Emspectral extracellular surface of bR as described in ref 19. The
resolution by averaging 200 interferograms before and after absorbance changes of fluorescein are obtained at 490 nm
illumination of the sample by the light of a 100-W halogen by subtraction of the traces of labeled and unlabeled bR under
lamp, which passes through a Schott KG2 and OG515 filter. the same salt and pH conditions.

Time-resolved step-scan FT-IR measureme86 yere RESULTS
performed on a Bruker IFS66v spectrometer as described
previously @7). Spectra were recorded with up to 30-ns  Figure 1 shows static low-temperature, so-called-BR
time resolution and a spectral resolution of 3.5 ¢imetween difference spectra of the WT and the E204Q-, E204D-, and
950 and 1950 crt. The bR samples were excited by an E204Q/R82Q-mutated bR. All four proteins show the typical
excimer-pumped dye laser system at 540 nm (Lambda Physikfeatures of BR-M difference spectra, especially in the
LPX240i, FL105). fingerprint region between 1300 and 1100 ¢nmn Figure
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la. In the enlarged carbonyl region in Figure 1b at 1700 1186 ¢cm!

cm™1, a negative band is missing in E204Q, as compared to a , ‘ - »
the WT. This band appears to be upshifted to 1712'dm S wild-type
E204D-mutated bR. According to these observations, the ~ [....? o Teeeeo.

band at 1700 cmt has been assigned to the carbonyl )
vibration of E204 and the band at 1712 cnto the carbonyl
vibration of D204 ().

Besides these spectral changes, additional spectral features
appear in E204Q at 1670 and 1660¢nim a spectral region, T
that was not presented in ref 1. These additional features I [2x10-3
indicate that not only do spectral changes appear in the .

E204Q mutant due to the disappearance of E204 carbonyl b R - ‘ ‘ J
vibrations but also other protein groups change their spectral lps  10ps 100pus lms 10ms 100ms
behavior due to the mutation. Therefore, the former given . .
assignment) is not unequivocal because other groups could E204D
also cause the band at 1700 ¢m

Nevertheless, the BRM difference spectrum of the
E204D mutant shows a better overall agreement to the WT
difference spectrum and seems to allow, at first sight, an
assignment of the band at 1712 dmto the upshifted
carbonyl vibration of D204. But contrary to this assignment
are the spectral changes in the difference spectrum of the - ---------°7% ,
E204Q/R82Q double-mutated bR. Its difference spectrum 2,2ms LXIOJ
shows similar spectral changes as E204D, i.e., missing a .
negative band at 1700 crhand an additional negative band P----3-°-", . s s
at 1712 cm?, without a D atposition 204. Ins 10 ps 100 ps Ims 10 ms 100 ms

In summary, the difference spectra in Figure 1 show that CcC [ ‘ ' E204Q
the band at 1700 cm cannot unequivocally be assigned to L .

E204 and the results on E204Q/R82Q contradict the assign- : T~
ment of the band at 1712 crhto D204.

To elaborate all deviations in the spectra induced by the
mutation of E204, we used time-resolved step-scan FT-IR
spectroscopy with 30-ns time resolutiadi’) to investigate
the complete photocycles of the WT, E204Q, and E204D at
room temperature. In Figure 2, the absorbance changes of
the C-C retinal stretching vibrations at 1186 chare given
as an indicator of photocycle kinetics. In WT, its appearance .
(not time-resolved) reflects thall-trans- to 13<is-retinal 100ps Tms  10ms 100ms 1s
isomerization. The time constami indicates the K-to-L time
transition,z; andzs indicate the deprotonation of the Schiff  Figure 2: Time courses at 1186 crhwith 30-ns time resolution
base in the L-to-M transition, and indicates the reproton-  monitored the photocycle kinetics of the WT and E204D-, and
ation of the Schiff base in the M-to-N transition. The final E204Q-mutated bR with multiexponential fit curves as revealed

; ; ; by global fit analysis. The dotted lines are single exponentials, which
disappearance of absorption tyandrs marks the relaxation compose the fitted curve. All measurements were performed at 293

to theall-trans bR ground Stateg). Kin 1 M KCI at pH 7.0 (E204D: pH 7.5).
In E204Q-mutated bR (Figure 2c!), the overall photocycle

is slowed (note the different time scales). The appearance The absorbance changes in the carbonyl region are
of M is faster as compared to WT, and L does not quantitatively seen in the corresponding amplitude spectra
accumulate. The M-to-O transition is slowed, as indicated of the WT and E204D in Figure 3. As compared to the
by the slower reappearance of the band at 1186'crithe difference spectra, the amplitude spectra contain only the
concomitant appearance of a band at 1509'c(data not absorbance changes of the respective transition. Therefore,
shown) indicates that, in contrast to WT, an O intermediate amplitude spectra are more useful than the conventional used
accumulates without significant amounts of the N intermedi- difference spectra, which represent the absorbance changes
ate (L6). Also the final relaxation to the BR ground state is between the ground state and the respective intermediate.
slowed. The deviations from the WT are too large to Difference spectra also contain, in addition to amplitude
compare the difference spectra of the WT and E204Q directly spectra, absorbance changes that are not due to the respective
with each other. transition. For example, an absorbance change, which takes
In the E204D-mutated protein, the photocycle is similar place in the BR-to-K transition and remains until M, appears
to that of the WT (Figure 2b), but less L and more O in the BR-M difference spectra but not in thg and
accumulate. Interestingly, the N-to-O transition is resolved, amplitude spectra describing only absorbance changes in the
which is not the case in WT. The reappearance of the bandL-to-M transition. In contrast to the difference spectra,
at 1186 cm? is described by two time constants (2.2 and disappearing bands are positive and appearing bands are
13 ms). negative in the amplitude spectra. For a more detailed
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Ficure 3: Amplitude spectra of the single exponentials in the 2 / i T
i 2
spectral range between 1690 and 1800~ trdescribing the < j5x10’4 77777777777777777777777777777777 ls;do“
photocycle reactions of (a) WT and (b) E204D as revealed by global

fit analysis. Both photocycles of WT and E204D can be described 10ps 100ps Ims  10ms 100ms 1s  10ps 100ps lms  10ms 100ms s
by a sum of six exponentials. In contrast to difference spectra, time

appearing bands have negative amplitudes. For example, the bang; ze 4: Time courses of the WT and E204D-, and E204Q-
at 1762 cmi* appears with negative bands in th@ndzs amplitude mutated bR at (a) 1700 and (b) 1712 dmThe 150us time
spectra of the WT. Experimental conditions as in Figure 2. constant in E204D bR is highlighted. Experimental conditions as

o . in Figure 2.
description of the amplitude spectra of the WT, see ref 9. In

the WT, the appearance of the D85 carbonyl vibration at the different amplitude spectra, which would indicate a
1762 cn1! (indicating its protonation by a negative band) is transient deprotonation of D204. Instead, a broad absorbance
seen in thes andz, amplitude spectra, its downshift to 1753 change appears in the M-to-N transition with time constants
cm ! in the 7, amplitude spectrum (indicating its environ- of 150 us and 13 ms and disappears within 48 ms. In
mental change in M by a difference band), and its final summary, the absorbance changes in the carbonyl region
disappearance in thg andts amplitude spectra (indicating exclude a deprotonation of D204 and most likely of E204
its deprotonation in BR by a positive band). Assuming that during M’s appearance.
the negative band at 1700 cfvis due to E204 and that E204 But how can one explain the spectral changes in the
deprotonates in M, then a positive band, comparable in sizecarbonyl region between the WT and the mutants as
to the negative band at 1762 cishould appear at 1700 discussed for Figure 1? One possibility arises by comparison
cm! in the 75 and 7, amplitude spectra. Because the of the absorbance changes at 1700 and 1712 cas shown
appearance of such a band is not observed either irsthie in Figure 4. All three proteins exhibit an instantaneous, not
in the 7, amplitude spectra, the data in Figure 1 and ref 1 time-resolved, absorbance disappearance at 1708 cihe
cannot be used as arguments for the deprotonation of E204ime courses of the WT and the mutant E204D deviate
during the L-to-M transition. The band appearing at about slightly at 1700 cm®. The WT absorbance remains nearly
1693 cnt! with contributions at 1700 cmi in the 74 constant during M formation in the first 500s and does
amplitude spectrum is not affected by the mutation (Figure not decrease, as would be expected for a deprotonation of
1) and, therefore, does not represent E204. For comparisonE204. Therefore, the time course of the absorbance changes
see the amplitude spectra at 2.2 ms of E204D in Figure 3b.of the WT at 1700 cmt gives no indication of a disappearing
However, a deprotonation of XH should take place earlier carbonyl vibration in the L-to-M transition. The absorbance
in the L-to-M reaction but not in the M-to-N reaction, which of E204D disappears at 1700 chafter M formation with
is described byt,. a time constant of 15Q«s. The 15Qus time constant

In the E204D-mutated protein, the kinetics are changed describes a broad absorbance decrease between 1700 and
as compared to the WT: the band at 1762 &nndicative 1730 cn1?, as can be seen in the amplitude spectra in Figure
of M, appears within 810 ns much faster than in the WT 3b.
and increases further with a time constant ofyi@0(Figure In the WT, the absorbance at 1712 ¢nincreases during
3b). It undergoes a downshift to 1753 chindicative of M formation. In contrast, in E204D, the time course at 1712
N and O, within 15Qus, 2.2 ms, and 13 ms, and disappears cm™* does not change with the two time constants of 810 ns
within 48 ms. The 15Q«s time constant has no direct and 30us, which mainly describe M formation. The time
equivalentin the WT. It shows a broad absorbance decreaseourse of the absorbance changes of E204D at 1712 cm
between 1730 and 1700 ¢t The amplitude spectrum of gives no indication for a disappearing D204 carbonyl
the 2.2-ms time constant indicates, better resolved than invibration in the K/L-to-M transition. Further, the absorbance
the WT, deprotonation of D96 in N at 1740 ciand decreases with the 1565 time constant, which describes
corresponds ta, (14). The amplitude spectrum of the 13- the broad absorbance decrease between 1700 and 1730 cm
ms time constant resolves the N-to-O transition even better This absorbance decrease at 1712 %nin addition to a
than in the WT. It indicates the reprotonation of D96 in O negative band at 1712 crhthat occurs already in the BRK
in agreement with the results on the W3).( As compared difference spectra (data not shown) and remains until M,
to 1762 cn1!, at 1712 cm? no specific band disappears in  gives the false appearance of a negative band at 1712 cm
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in the static BR-M difference spectra of E204D (Figure 1b). continuum absorbance
The difference spectra presented in Figure 1 also contain, in e — ,

contrast to amplitude spectra, absorbance changes that appear 5, ., wildtype
in K and remain up to M. Furthermore, at 225 K and steady- T T . PHT

state illumination, not only pure M but also some amount
of other preceding and following intermediates accumulate,
and therefore, the 150@s rate may also contribute to the
BR—M spectra of E204D.

In E204Q (bottom in Figure 4), the absorbance changes
at 1700 and 1712 cm are completely different than in the E204Q
WT. Due to this different kinetics, a negative band seems
to disappear in the BRM difference spectrum at 1700 ct
in Figure 1. But this band does not disappear due to the

]zxw**

.........

lus 10ps 100us Ims  10ms T00ms

absence of the carboxyl group of E204. Rather, the time- g

resolved data now show that this is due to the different §

photocycle kinetics of the WT and of E204Q. Therefore, & 10us 100us Ims 10ms [00ms Is

their difference spectra cannot simply be compared to each g 15003 E204D

other for band assignment. < ]
If we now exclude the deprotonation of E204 in M, the o - ST

questions arise, why does the mutation E204Q influence the T i

proton-release kinetics and why is the proton-release kinetics ) R I4x1()5

of the WT restored in E204D-mutated bR? Lo 100};5' 1;15 T
For an answer, we consider the continuum absorbance 3 wild-type

change in Figure 5. The continuum absorbance change is S Y S

unperturbed between 1850 and 1800 ¢tmecause there are 0 bttt s e PO

no specific bands in this spectral region. Continuum R

absorbance changes can be used to monitor the polarizability o

changes of a delocalized proton within an H-bonded network I 1x104 : 13

(38). The continuum absorbance changes presented in Figure =~ el :

. lus 10pus 100ps Ims 10ms 100ms
5 are analyzed together with all absorbance changes between

1000 and 1900 crt by a global fit procedure. In the WT time

; ; IGURE 5: Time courses of the broad continuum absorbance
at pH 7, the continuum band decrease can be described b L veraged between 1800 and 1850 &fior WT at pH 7, E204D at

the characteristic time constant an_d to a much small_er pH 7.5, E204Q at pH 7, and WT at pH 5. The experiments are all
amount byzs. It decreases further in the M-to-N reaction  performed at 293 K ah1 M KCI. The time courses are analyzed
with the time constant;. The further continuum absorbance by a global fit procedure, which considers all IR absorbance changes

decrease in the M-to-N transition is proposed to indicate a between 1000 and 1900 ctn The following time constants are
proton transfer between D96 and the Schiff base via an gaelsculated:_WT pH 71(1_= 1.2us,7s = 22”5’122 130“3’_“ P

! ) .6 ms,73 = 7.8 ms,1s = 24 ms), E204Q1, = 26 us, 1. = 1.2
intramolecular H-bonded network3g). The continuum g 7'~ 35 ms,7, = 320 ms), E204D1, = 810 ns,z, = 30 us,
absorbance kinetics deviate relative to the baseline asz, = 150us, 7q = 2.2 ms,ze = 13 ms,7; = 48 ms), WT pH 5 ¢
compared with the earlier published kinetic39). This = 1.3us, 15 = 22 us, 7, = 128us, 74 = 3.5 ms,13 = 11 ms).
derives from the small nonlinearities of the photoconductive

HgCdTe detectors used in the former experiments instead Assuming an H-bonded network represents the group that
of the current photovoltaic detectd). These nonlineari-  releases the proton into the bulk, then the continuum
ties lead to a time-dependent baseline shift in the difference absorbance should not decrease in the L-to-M transition at
spectra. In E204Q-mutated bR, no continuum absorbancea pH below the K, of this group. Below pH 5.8, the proton
change is observed at all. This proves in addition that release into the bulk is delayed and takes place during BR
artifacts due to possible heating of the sample by the laserrecovery R2). Surprisingly, in the WT at pH 5, the
pulse do not cause broad absorbance changes under outontinuum absorbance change is not altered as compared to
measuring conditions. It shows, furthermore, that proton pH 7. The absorbance decrease is still described by the time
release into the bulk water also does not contribute signifi- constantsz, and zs. The amplitudes of the continuum
cantly to the continuum absorbance change under ourabsorbance change at pH 7 and 5 are the same when
measuring conditions because the proton uptake from thenormalized to the 1527-cmhband. Therefore, the process,
bulk, which occurs during the M decay, and the proton Which is described by the continuum absorbance change,
release into the bulk, which occurs in the O-to-BR transition, does not have alf of 5.8, and the continuum absorbance
do not influence the continuum absorbance. A further change cannot indicate the proton release into the bulk.
decrease of the continuum absorbance in the M-to-N transi- In Figure 6, the appearance of a proton at the extracellular
tion is not seen because in the E204Q mutant, the N surface and the continuum absorbance change (same data
intermediate does not accumulate. In E204D-mutated bR, as in Figure 5) are compared. The appearance of the proton
in which the proton-release kinetics is restored, the con- is measured by the pH-indicator dye fluorescein, which is
tinuum absorbance change reappears as in the WT proteircovalently bound to K129 at the extracellular surface of bR.
atpH 7. Now, both absorbance changes are analyzed separately
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wild-type M-BR (500 ps)
Fluorescein T T
495 nm

-1761

pH7.0

76 us

A absorbance

12b0 1760 1720 1680

wavenumber [cm!]
FiIGUrRe 7: Comparison of time-resolved BRM FT-IR difference
spectra, which are taken 5@ after laser excitation at pH 7 and
5. Experimental conditions: 293,KL M KCI.

16.00 1400

continuum absorbance
1800 - 1900 cm!

A absorbance

a slightly more hydrophobic environment of D85. Apart
from this difference, the two spectra are almost identical,
especially in the carbonyl region above 1700 ¢ém A
deviation at 1700 crmt would be expected for a deprotona-
tion of E204 Q). This gives further indication that E204
does not represent XH.

DISCUSSION

Based on the results of static FT-IR experiments, it was
time proposed earlier that the proton-release group called XH is
FicURe 6: Comparison of the time course of the appearance of the E204 @). The negative bands at 1700 and 1712 &in
proton at the extracellular surface of bR measured by convalently the BR-M difference spectra have been interpreted as the
bound fluorescein and the IR continuum absorbance, which is disappearing carbonyl vibrations of E204 and D204, respec-

10us 100us 1ms 10ms 100ms

averaged between 1800 and 1900 ¢énThe time courses are not
analyzed with the global fit procedure but alone. The continuum
absorbance is measured at 2931KM KCI, and 50 mM Tris, pH
7.0. The fluorescein signal is measured in auM bR suspension

at 295 K, 100 mM KCI, pH 7.4, and without buffer.

tively.

The results presented here show that the E204Q mutation
induces large deviations in the photocycle as compared to
the WT. Therefore, the BRM difference spectra of E204Q

and of the WT cannot simply be compared to each other for

without considering absorbance changes at other wavenum-band assignments. Furthermore, the amplitude spectra of
bers, which represent the photocycle kinetics. The fluores-the WT do not show a distinct disappearing band at 1700
cein absorbance decreases with a time constant gfs76 cm! in the L-to-M transition, which would be expected if
This indicates the appearance of a proton at the proteinE204 would deprotonate. The photocycles of the WT and
surface, in agreement with refs 19 and 20. There is a smallE204D-mutated bR are more similar to each other, and
contribution of a 1Q«s time constant. However, we cannot therefore, the arguments in ref 1 place more stress on this
exclude that this is due to a small influence of the bound mutant. Nevertheless, the results presented above negate the
fluorescein on the photocycle, which would cause an artifact possibility that the band at 1712 cfnis caused by D204
in the subtraction. If the continuum absorbance is analyzed because the same features seen in E204D-mutated bR are
separately from the other IR absorbance changes, then itaalso observed in E204Q/R82Q double mutated bR, which
disappearance can be described by a single exponentialacks a carboxyl group at position 204. The spectral
similar to the fluorescein absorbance change. The residualdeviations between the WT and E204D observed in the low-
plots of the two different fits of the continuum absorbance temperature BRM difference spectra are caused by an
in Figures 5 and 6 are almost identical. Therefore, it cannot absorbance change at 1712 ¢mwhich appears in K and
be distinguished if the continuum absorbance disappears withremains up to M. Furthermore, small deviations in their
the rates describing the L-to-M transition or the apparent photocycle kinetics also seem to contribute. These results
rate that describes the appearance of the proton at the surfaceshow that the data given in ref 1 cannot be used as arguments
The small deviation between the two apparent time constantsfor a deprotonation of D204 in the L-to-M transition. In
(90 us vs 76us) seems to be caused by slightly different pH summary, there is no experimental evidence from the FT-
and temperature conditions. The IR experiments are per-IR data for deprotonation of E204 or D204 in the L-to-M
formed in thin films, whereas the fluorescein measurementstransition. It is very unlikely that the deprotonation of E204
are performed in suspension. would not be reflected in the IR spectra. Conclusively, E204

In Figure 7, time-resolved BRM difference spectra at  does not seem to represent the proton-release group XH.
pH 5 and 7 are compared. The spectra, which are taken On the other hand, the E204Q mutation disturbs the
500 us after laser excitation, show the typical features of proton-release kineticsl). In this mutant, proton uptake
the BR—M spectra. The fingerprint region between 1300 precedes proton release, contrary to the WT-release kinetics.
and 1100 cm® shows a deprotonated Schiff base. The Thus, E204 seems to be involved in the proton-release
proton acceptor D85 is protonated at pH 7, indicated by the mechanism. An alternative explanation of the results would
positive carbonyl band at 1761 cin(enlarged part of Figure  be that, instead of being the group XH itself, E204 could be
7). At pH 5, this band shifts to 1763 crh which indicates part of a highly coupled H-bonded network, which is
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involved in the proton-release mechanism. A proton might removal of the protonable carboxyl group in E204Q disturbs
be delocalized within this network. In this case, the this complex, well-balanced network. It is proposed that in
negatively charged E204 would be a stabilizing part of such E204Q, the proton is released from D85 when it becomes
a network, but it would not represent the protonated group deprotonated in the O-to-BR back-reaction.
XH itself. Zimanyi et al. have shown that the release of a proton

There is accumulating experimental evidence for H-bonded into the bulk medium has akp of 5.8 22). By comparing
networks in bR. Different biophysical techniques provide a time-resolved FT-IR measurements above and below pH 5.8,
model in which the negatively charged counterion of the itis possible to distinguish whether the continuum aborbance
positively charged Schiff base does not seem to be a singlechange is directly coupled to the release of a proton into the
residue but rather a complex hydrogen-bonded network bulk or represents another step in the release mechanism.
spanning from the Schiff base to the extracellular surface of Our measurements show the same time dependence of the
bR. It contains D85, D212, Y185, Y57, R82, E204, and a continuum absorbance change at pH 5 and 7, although at
few firmly bound water molecules40—44). Neutron pH 5, the release of the proton into the bulk is delayed until
scattering experiments show bound water molecules in a topthe O-to-BR transition. Therefore, the H-bonded network
view below and above the Schiff base regiofb)( in that causes the continuum absorbance change cannot be the
agreement with resonance Raman experimetfis (Four terminal proton-release group itself. The proton is not
of the water molecules are firmly bound and resist extraction directly released from the network into the bulk.
even under vacuun#p). Further evidence for bound internal At pH 7, the proton appears at the surface with a time
water molecules undergoing H-bond changes during the constant of about 8@s. There are not yet pH indicators
photocycle is provided by FT-IR experiment(48). Also, available with a i, near 5.8, which can be bound covalently
electron microscopy studies point to internal water molecules. to the protein. Therefore, the time course of the appearance
In these studies, three cavities between D85, R82, and E204of the proton at the surface of bR is not resolved below pH
are proposed. Each possibly contains a water mole&jle (  5.8. From our data, it seems that the proton-transfer
Energy minimized molecular dynamics calculations based mechanism to the surface is the same at pH 5 and 7 because
on this structural model propose a string of water molecules the continuum absorbance change is not altered between pH
from D85 via R82 and E20449, 50). Such a string ofwater 7 and 5. Only the release from the surface to the bulk
molecules could represent a large part of a hydrogen-bondedmedium seems to differ within this pH range. However, this
network. Further, carboxyl groups such as E9, E74, and has to be proven in further studies with covalently bound
E194 are located in a cluster at the extracellular surface ( pH indicators, which have akp below 5.8.
51) and could also contribute. Nevertheless, one has to Consitent with this conclusion are the WT B dif-
consider that the structural resolution is about 3.5 A ference spectra taken 5@ after light excitation at pH 5
horizontal and abdus A vertical to the membrane plane. and 7 (Figure 7). These spectra do not show obvious
This causes some uncertainties in the exact positioning ofdeviations, which could indicate a different protonation state
the side groups and bound water molecules in the proposedof a single residue or the H-bonded network between pH 5
model 6, 52). and 7. Balashov et al. predict a groupHX which should

The polarizability of a delocalized proton in an H-bonded have a K, of 9.7 in the BR ground state and &pof 4.8
network causes a spectrally broad continuum absorbancevhen D85 becomes protonated in the blue membr@sge (
(38). In the WT at pH 7, such continuum absorbance 53). X'H is proposed to be identical with the proton-release
disappears in the L-to-M transition and shows a further group XH and should have &gof 5.8 in the M intermedi-
decrease in the M-to-N transition (Figure 5). The further ate. In contrast, the BRM difference spectra give no
decrease in the M-to-N transition is assigned to the proton indication for a different protonation state oftXin the M
transfer via an H-bonded network from D96 to the Schiff intermediate between pH 5 and 7. Nevertheless, ¢ould
base 89). In a global fit analysis, which considers all IR be represented by the H-bonded network. But in this case,
absorbance changes between 1000 and 1900 cthe the K, of X'H has to be below 5 in the M intermediate.
disappearance of the continuum absorbance can be described Three glutamates (E9, E74, and E194) are located in a
by the time constant, = 130us, and with a much smaller  cluster at the surface of bR and could form a protonable
amplitude,zs = 20 us (Figure 5) of the L-to-M transition.  network, which may release the proton into the bulk about
But it is also possible to describe this disappearance whenl ms after light excitation of bR. But unfortunately, the time
analyzed separately with only one exponential, which has scale of this process overlaps with the proton-uptake reaction
the same time constant as the appearance of a proton at thand the reprotonation of the Schiff base. Therefore, more
extracellular surface of bR (Figure 6). When E204 is detailed investigations of the pH dependence of the con-
mutated to Q, the continuum absorbance change in thetinuum absorbance in this time range are necessary to
L-to-M transition is no longer observed. The transfer of the determine the release process from the surface of the protein
proton to the surface as measured with fluorescein (data notinto the bulk.
shown) and the release are delayed from the L-to-M transition Experimental evidence for proton transfer via an intramo-
to the O-to-BR transition. In E204D, the WT proton-release lecular H-bonded network on the proton-release pathway is
kinetics is restored again, and the continuum absorbancealso given by the kinetic isotope effect i@ (54). The
changes again show the same time dependence as in the Wiime constant, mainly describing the deprotonation of the
at pH 7. For these reasons, we conclude that an intramo-Schiff base and protonation of D85 in the L-to-M transition
lecular H-bonded network is involved in the mechanism that is slowed by a factor of 6 in BD (54). This is the typical
leads to the appearance of a proton at the extracellularkinetic effect expected for proton transfer via a highly ordered
surface. E204 seems to stabilize this network, and theice-like H-bonded network54). In addition, the proton-
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R N |
h Schiff base
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Ficure 8: Postulated model of the retinal binding site and the
extracellular half of the proton-release channel. Blidrans- to

13<cis-retinal isomerization results in a proton transfer from the
Schiff base to D85 in the L-to-M transition. In the same transition,

an H-bonded network releases a proton to the extracellular surface

of bR. The proton release into the bulk medium is pH-dependent.
At pH 7, the proton leaves the surface after 1 ms, whereas at pH
5, it remains at the surface until the O-to-BR transition.

release kinetics in the L-to-M transition is slowed by the
same factor {7, 55). Furthermore, studies of the pH-

dependent protonation changes during bacteriorhodopsin’s

reconstitution from apoprotein and retinal also point to a
hydrogen-bonded network in the proton release pathway,
which has the capacity to bind two protor&s).

The conclusions are summarized in a model presented in
Figure 8. Thalll-trans- to 13-cis-retinal isomerization results
in a pK, decrease of the Schiff base and &, fincrease of
D85. This enables the proton transfer from the Schiff base
to D85 in the L-to-M transition. Due to the protonation of
D85, a proton is released to the extracellular surface by an
H-bonded network, which is stabilized by several residues
including R82 and E204. Internal bound water molecules
and further not yet identified groups also seem to contribute
to the network. At pH> 5.8, about 1 ms after the proton of

the network appears at the surface, a proton is released into 19,

the bulk medium 19, 20, 22, 57). At pH < 5.8, D85 seems

to have to reprotonate the H-bonded network until a proton
is released from the surface into the bulk. The proton transfer
from the highly ordered, ice-like, H-bonded network to the

less ordered surface increases the entropy and seems to make

a back-reaction of the pumped proton back into the protein
unlikely. This entropy increase may contribute to the
unidirectionality of the pump and, therefore, to the repro-
tonation switch.

After submitting this paper, (i) a substantially improved
bR structure was published, which shows, in agreement with
our proposal, bound internal water molecules between D85
and the surface, supporting the existence of an H-bonded
network 68); (ii) a recently published electron microscopy

Rammelsberg et al.

study also points to a deprotonated E204 in the BR ground
state, in agreement with the presented res@ig. (
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