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The photoreaction of the E194Q mutant of bacterio-
hodopsin has been investigated at various pH values by
ime-resolved step-scan Fourier-transform infrared dif-
erence spectroscopy employing the attenuated total re-
ection technique. The difference spectrum at pH 8.4 is
omparable to the N-BR difference spectra of the wild
ype with the remarkable exception that D85 is depro-
onated. Since the retinal configuration is not perturbed
y the E194Q mutation, it is concluded that there is no
nteraction of D85 with retinal during the lifetime of the

state. At pH 6, a consecutive state to the O intermedi-
te is detected in which D212 is transiently protonated.
he comparison with wild-type bacteriorhodopsin re-
eals that protonation of D212 represents an intermedi-
te step during proton transfer from D85 to the proton
elease group in the final stage of the reaction cycle. The
escribed effects are more pronounced in the E194Q
utant than in the E204Q mutant demonstrating differ-

nt roles of these two glutamates/glutamic acids at least
n the final stages of the catalytic cycle of bac-
eriorhodopsin. © 2001 Academic Press

Key Words: proton transfer; Fourier transform infra-
ed; photocycle; purple membrane; attenuated total
eflection spectroscopy.

Bacteriorhodopsin (bR) is a 26 kDa integral mem-
rane protein which is capable of proton pumping (for
ecent reviews see (1–3)). Light absorption by the chro-
ophore retinal starts the reaction cycle which in-

olves several intermediate states (J, K, L, M, N, and
). The structure of unphotolyzed bR (4–7) and of

everal photocycle intermediates (8–12) have recently

Abbreviations used: ATR/FT-IR, attenuated total reflection
ourier-transform infrared; bR, bacteriorhodopsin; E4Q, quadruple
utant E9Q/E74Q/E194Q/E204Q.
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rankfurt, Theodor Stern-Kai 7, Haus 74, 60590 Frankfurt am
ain, Germany.
2 To whom correspondence should be addressed. Fax: (149) 2461-

1-2020. E-mail: j.heberle@fz-juelich.de.
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esolution is extraordinary, the location and the dy-
amics of the protons are still not resolved. Time-
esolved infrared spectroscopy has been proven to be a
aluable tool to directly detect protonation changes of
nternal amino acid side chains (13–16). Moreover, the
ynamics of structural changes involving the retinal
nd the protein moiety are also observable with FT-IR
pectroscopy.
The first change in the protonation states occurs in

he L to M transition. The proton of the Schiff base
hich links retinal to the side chain of K216, is trans-

erred to D85 (17). At the same time scale another
roton appears at the extracellular surface (18, 19). At
H values below 5–6, proton release is delayed until
he O to bR reaction (20, 21). Thus, the pK a of the
roton release group is between 5 and 6 in the M
ntermediate. In the unphotolyzed state its pK a is
bout 9.5 (22, 23).
To identify the proton release group several mutants

ave been investigated. Late proton release at neutral
H is observed in the single point mutants E204Q (24),
194C (25), and E194Q (26). In contrast, the photore-
ctions of E9A (27) and the double mutant E9Q/E74Q
28) are unperturbed as compared to the wild-type
eaction. Therefore, it can be concluded that E194 and
204 play a crucial role in proton release and E9 as
ell as E74 are not necessary for normal proton trans-

er to the extracellular membrane surface. Recently,
everal authors suggested that the released proton
riginates from E204 (or several groups including
204: the E204 site), whereas E194 acts as the accep-

or of the proton from the E204 site and as the proton
onor to the membrane surface (27, 29, 30). Because a
and due to deprotonation of E204 (28, 31) or E194 (28)
s not observed in time-resolved infrared difference
pectra it was concluded that the proton is released by
hydrogen-bonded network connecting D85 and E204

nd possibly including E194 and bound water. Al-
hough normal proton release is prevented at low pH,
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
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at the end of the photoreaction D85 donates its proton
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o the extracellular membrane surface, allowing vecto-
ial proton transport across the membrane even at low
H. At high pH, D85 reprotonates the proton release
roup which is protonated throughout the photoreac-
ion at low pH. Whether the proton pathway is the
ame at high and low pH is unknown. The recently
ublished structural model of the bR ground state
ased on X-ray data with 1.55 Å resolution (5) includes
complex branched network of 11 residues, seven wa-

er molecules, and 23 hydrogen bonds in the extracel-
ular region. Among others the Schiff base, D85, D212,
82, E194, and E204 are participating.
In a previous study, we have shown that a carboxylic

ide chain is transiently protonated during the final
tage of the photoreaction of wild-type bR (32). Re-
ently, evidence was provided that it is D212 which
ecomes transiently protonated during deprotonation
f D85 as observed in mutants containing substitutions
f either E194 or E204 (33). In this study, we present
nfrared difference spectra of the late part of the pho-
oreaction of the single-site mutants E194Q and
204Q at several pH values as well as of the quadruple
utant E9Q/E74Q/E194Q/E204Q (E4Q) at pH 5.1. Our

esults are in line with the assignment of D212 to the
ifference bands resulting from protonation of a car-
oxylic acid investigated by Dioumaev et al. (33). How-
ver, the appearance of a strong band of D212 is only
bserved in the E194 mutant. The amplitude of this
and is strongly dependent on the pH of the surround-
ng medium with an optimum around pH 6. The results
resented here contradict the widely assumed view
hat D212 remains deprotonated throughout the pho-
ocycle (see, e.g., 34). In addition, we demonstrate that
he E194Q mutant forms an N intermediate at ele-
ated pH where D85 is deprotonated but the retinal
onfiguration is not influenced as compared to wild-
ype bR. This result provides evidence that the inter-
ction of the counterion D85 with retinal in the ground
tate of bR is lost in the N state.

ATERIALS AND METHODS

Wild-type bR, the point-mutants E194Q, E204Q and the quadru-
le mutant E9Q/E74Q/E194Q/E204Q were obtained as reported pre-
iously (28). Infrared spectra were recorded on a Bruker IFS 66v
quipped with a MCT (mercury cadmium telluride) detector and a
orizontal “out-of-compartment” attenuated total reflection (ATR)
ccessory. A 45° ZnS trapezoidal internal reflection element was
sed. The sample was flashed by the second harmonic of a Nd:YAG-

aser (532 nm, 8 ns, 3 mJ/cm2). Difference spectra have been mea-
ured with the rapid-scan and the step-scan technique (5 ms time
esolution, for details see (32, 35)). If not otherwise stated, experi-
ents have been performed at 20°C. The bulk buffer was an aqueous

olution of 1 M KCl and either 25 mM citrate, phosphate, or carbon-
te for the respective pH. For H/D-exchange, the dry salts have been
issolved in D2O. The pD was adjusted by taking into account the
ltered autoprotolysis of heavy water.
58
ESULTS

The infrared difference spectra between the interme-
iate states (positive bands) and the initial state (neg-
tive bands) of bR are sensitive for changes of the
tructure and the environment of the chromophore, for
hanges of the structure of the amide backbone of the
rotein, and even for changes in the protonation state
f single amino acid side chains (14, 36, 37). Therefore,
imultaneous observation of all processes important
or proton transfer across bR is possible with light-
nduced FT-IR difference spectroscopy. Here, we focus
n the late part of the photoreaction of the E194Q
utant.
Time-resolved FT-IR experiments have been per-

ormed at pH 6 and 20°C and the resulting difference
pectra are presented in Fig. 1. In the top spectrum
20–35 ms after laser excitation), bands appear that
re typical for the O intermediate (marker band at
506 cm21) with an admixture of the N state (see for
nstance the negative band at 1668 cm21). Remarkably,
positive band at 1713 cm21 shows up. This band has

lready been detected in the O-BR difference spectrum
f the wild type (32) but the intensity is much stronger
n the E194Q mutant. The band at 1757 cm21 demon-
trates, that D85 is still protonated. Likewise to the M
ntermediate (28), this band is up-shifted by 2 cm21 in
he E194Q mutant as compared to the N and to the O
tates of the wild type (32).
In the 100–200 ms difference spectrum (bottom spec-

rum in Fig. 1) absorbance changes above 1750 cm21

ave disappeared indicating that D85 is deprotonated
t that time. Instead, another carboxylic acid is formed
rom a carboxylate. This proton transfer reaction is
educed from the concomitant appearance of bands at

FIG. 1. Infrared difference spectra of the E194Q mutant at pH 6,
0°C. Upper trace, 20–35 ms; lower trace, 100–200 ms after photo-
xcitation. The lower trace is magnified by a factor of 2 to facilitate
he comparison.
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m21 (COO2 symmetric stretch vibration, negative).
esides the symmetric vibration, the asymmetric
tretching vibration of the carboxylate should also ap-
ear in the spectral region between 1500–1600 cm21.
ndeed, a difference band is discernible at 1541 cm21.

Protonated carboxylic acids can be assigned by iso-
opic replacement. H2O/D2O exchange shifts the band
t 1713 cm21 down to 1708 cm21 (spectrum not shown
ut see Fig. 3B). The downshift of 5 cm21 is not as large
s for protonated D96 (in the ground-state of bR) and
85 (in the M, N, and O state) where it is about 10–12

m21 (28, 32). The smaller isotope effect is characteris-
ic for a strongly hydrogen-bonded carboxylic acid, or in
ther terms, for a medium pK a of D212 in the O9 state.
s expected for carboxylate vibrations, the bands at
386 cm21 and 1541 cm21 are not affected by H/D
xchange (data not shown).
The differential band feature at 1742 cm21 (positive)

nd 1732 cm21 (negative) in the 100–200 ms difference
pectrum (bottom spectrum in Fig. 1) originates from a
and shift of the CAO stretch of (protonated) D115
38). The absence of a band around 1670 cm21 (amide I,
egative) demonstrates that there are no contributions
rom the N intermediate. The negative band at 1639
m21 can be assigned to the CANOH group of the
chiff base in the unphotolyzed state (39). This band is
hifted to 1630 cm21 during the lifetime of the late
ntermediate. The downshift of 15 cm21 in D2 O for both
f these bands (data not shown) supports the assign-
ent to the CANOH stretching vibration. The CAC

tretching modes of the chromophore can be attributed
o bands at 1532 (negative), 1522 (positive), and 1506
m21 (positive). The latter originates from contribu-
ions of the O intermediate. Other chromophore bands
re located at 1440 cm21 (CH3 bending mode, positive),
nd 1252 (COC stretch, negative), 1203 (COC stretch,
ositive), and 1190 cm21 (COC stretch, positive). It is
et difficult to decide whether these bands are due to
ontributions from O or not. The absence of COH and
OH in-plane bending vibrations (at 1301 and 1398

m21, see top spectrum) indicates a relaxed retinal
onfiguration. In summary, a late photocycle interme-
iate is found whose structure significantly deviates
rom the preceding O state. This final intermediate is
amed O9 in agreement with the definition provided by
ioumaev et al. (33).
The positive difference band at 1713 cm21 of O9 is of

articular relevance since it allows to represents a
roton transfer step during the final stage of the reac-
ion cycle of the E194Q mutant. As mentioned above, it
s assigned to the protonation of a carboxylate (D or E).
ince E194 is close to E204 in the ground-state struc-
ure of bR (5, 6), one might expect a perturbation of
204 in the E194Q mutant of bR. However, the differ-
nce spectrum of the mutant E204Q does not exhibit
he strong band at 1713 cm21. Rather, the difference
59
pectrum is very similar to the wild-type O-BR spec-
rum (Fig. 2) where the band is low in amplitude. This
oints towards a specific effect by the replacement of
194.
The assignment of the band at 1713 cm21 to a par-

icular amino acid residue was done by using the qua-
ruple mutant where all glutamates (or glutamic
cids—the protonation state of these residues is not yet
ertain) are replaced by glutamine. Since the band at
713 cm21 can still be observed in the quadruple mu-
ant E9Q/E74Q/E194Q/E204Q (E4Q in Fig. 2) it is
traightforward to conclude that it is due to D212, the
nly acidic residue left at the extracellular side of bR.
The kinetics of the acid/base reaction of D212 is

epicted in Fig. 3. The time course of the band at 1713
m21 tally with that at 1386 cm21 albeit with opposite
mplitudes (Fig. 3A). This substantiates the assign-
ent of these bands to the CAO stretch and the re-

pective symmetric COO2 stretching vibration of
212. It is evident from the time trace at 1713 cm21

nd 1754 cm21 that the protonation of D212 occurs
ith about the same time constant as the deprotona-

ion of D85 (Fig. 3A). Thus, we conclude that D85
onates the proton directly to D212 during the O to O9
ransition. The kinetic isotope effect (KIE 5 t(D2O) /t(H2O))
or both the protonation and the deprotonation reac-
ion of D212, is about 2 (Fig. 3B). This corroborates
ith other proton transfer reactions during the slow
art of the photocycle (40, 41) where the proton trans-
er is rate-limited by structural changes of the protein.

Characteristic for a proton pump, proton transfer
eactions are influenced by the pH of the surrounding
edium. Therefore, difference spectra of the E194Q

FIG. 2. Comparison of FT-IR difference spectra in the carbonyl
egion of wild-type BR (pH 4.0, 40°C, taken and averaged at 5–10 ms
fter photoexcitation), the E204Q mutant (pH 6.0, 20°C, 200–400
s), the E194Q mutant (pH 6.0, 20°C, 100–200 ms), and the

uadruple mutant E9Q/E74Q/E194Q/E204Q (E4Q, pH 6.0, 20°C,
00 ms).
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utant have been recorded at various pH values (Fig.
). The strong band at 1713 cm21 is clearly observed at
H 4 and 6, but only weak at pH 7.4 and completely
issing at pH 7.8 and 8.4. This behavior indicates an

ptimum around pH 6 for the transient accumulation
f protonated D212. The negative band at 1743 cm21 in
he difference spectra at pH 7.4 and higher is repre-
entative for the deprotonation of D96 (42). Like in the
ild type, this band is missing at pH 6 and 4 because

he transient pK a of D96 is 7.1 (28). This demonstrates
hat the E194Q mutation does not influence the repro-
onation of the retinal Schiff’s base. Surprisingly be-
ause not observed in wild-type bR, the intensity of the
and of the CAO stretch of D85 (located between 1763
nd 1755 cm21 depending on the respective photocycle
ntermediate, (32)) decreases at alkaline pH. This cul-

inates in the complete deprotonation of D85 at pH 8.4
n the late stage of the photocycle of the E194Q mutant.

Figure 5 depicts the difference spectrum in the range
850–1000 cm21 of the E194Q mutant (top spectrum).
t is very similar to the N-BR difference of the wild type

FIG. 3. Time-resolved absorbance changes at 1754, 1713, and
386 cm21. Data are plotted on a logarithmic time scale. The kinetics
f the E194Q mutant have been extracted from step-scan experi-
ents. At 100 ms after light excitation, rapid-scan data have been

ppended. The dashed lines are biexponential fits to the respective
ime trace. Resulting time-constants are: t1 5 5.8 ms, t2 5 68 ms for
754 cm21, t1 5 34 ms, t2 5 167 ms for 1713 cm21, and t1 5 17 ms,
2 5 323 ms for 1386 cm21. (B) Kinetic isotope effect of the
rotonation/deprotonation reaction of D212. Measurements have
een performed in H2O and D2O, respectively.
60
middle spectrum) taken under the same conditions
32). Specifically, the bands in the fingerprint region
1250–1150 cm21) are identical in both spectra provid-
ng evidence for the same retinal conformation. The
ransient concentration of the N state is slightly higher
n wild-type bR as can be deduced from the larger
bsorbance at 1185 cm21. The band at 1553 cm21 com-
rising amide II and the CAC stretching vibration of
he chromophore, is also congruent. The CAC stretch
f retinal in the ground-state bR is slightly shifted in
he mutant (1529 cm21) as compared to the wild type
1523 cm21, Fig. 5). The shift correlates with the re-
orted blue-shift in the visible wavelength region (25).
he difference spectrum of the E194Q mutant deviates
ignificantly from that of wild-type bR in the amide I
egion. Whereas the positive band at 1648 cm21 is not

FIG. 4. Infrared difference spectra in the carbonyl region of the
194Q mutant at pH 8.4, 7.8, 7.4, 6.0, and 4.0 (from top to bottom)
etected 70 ms after photoexcitation.

FIG. 5. Time-resolved infrared difference spectra of the E194Q
utant, wild-type bR, and the E204Q mutant (from top to bottom) at

H 8.4 and 70 ms after photoexcitation.
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s smaller in size. These amide I changes have been
ttributed to transient change in the backbone confor-
ation of the transmembrane a-helices. Even more

bvious (Fig. 5) is the almost complete disappearance
f the negative band at 1693 cm21 in the E194Q mu-
ant. We have previously attributed this band to a
ackbone change of a b-turn type I motif in the vicinity
f E194 (32). The bottom spectrum in Fig. 5 corre-
ponds to the E204Q mutant taken under the same
onditions. Most of the bands are at the same fre-
uency as in the E194Q mutant and in the wild-type
pectrum, albeit with slightly different intensities. Re-
arkably, the positive amide I band at 1648 cm21 has

ost intensity whereas the negative band at 1670 cm21

s present as compared to the wild type and the E194Q
utant. The very different effects of the mutations of
194 and E204 on the amide I difference bands point to
rather specific influence of these residues on the

hanges in secondary/tertiary structure during cata-
ytic activity of bR. Yet, the most intriguing deviation
rom the E194Q spectrum is the presence of the CAO
tretching mode of protonated D85 in the E204Q dif-
erence spectrum. The fact that the protonated D85 is
bserved both in wild-type bR and in the E204Q mu-
ant but not in the N-BR difference spectrum of the
194Q mutant demonstrates that only the mutation of
194 decreases the high pK a of D85 which eventually

eads to deprotonation of D85 during the lifetime of the
state.

ISCUSSION

The present study deals with the role of E194 and
204 both being located close to the extracellular sur-

ace, in proton transfer during the final stages of the
atalytic cycle of bR. It has been previously shown that
he exchange of either of these residues by a non-
rotonatable residue severely impairs the proton re-
ease reaction. As we demonstrate here, this functional
imilarity is suspended in the final proton transfer
teps where the E194Q mutation exerts distinct effects
ardly observed in the E204Q mutant.
Proton release by bR is initiated by proton transfer

rom the retinal Schiff’s base to D85. Thereafter, R82
elivers the information from D85 via a Domino effect
o the still unknown group to release a proton to the
xtracellular surface. In the late stage of proton trans-
ocation across bR, D85 needs to be deproteinated to
eset bR to the original state. The proton of D85 is
upposed to be transferred to the proton release group
r it is directly released into the extracellular medium.
he latter proton translocation reaction corresponds to

ate proton release. It is observed if the proton release
roup remains protonated in M (pH ,5–6 depending
n the ionic strength (22, 43)) or if the proton release
61
esidues R82 (44), E194 (25, 27), or E204 (24).
By time-resolved infrared spectroscopy on the
194Q mutant, we could visualize a proton transfer
tep during the late reaction steps (Fig. 1). The data
uggest that D85 directly donates the proton to the
earby D212 (Fig. 3). The frequency of the CAO
tretching vibration of D212 is at 1713 cm21 in this
tate (coined O9 by Dioumaev et al. (33)). The corre-
ponding carboxylate modes are at 1386 cm21 (symmet-
ic stretch) and 1541 cm21 (asymmetric stretch) for the
round state. The assignment of the CAO stretch and
he symmetric COO2 stretch agrees with previous
ork by Dioumaev et al. on the double mutant E9Q/
194Q who used the labeling approach with

4-13C]aspartic acid (33). However, the low content of
abel and the overlap of the thereby shifted bands with
ther difference bands prevented a clear-cut interpre-
ation of the data. Since the difference band at 1713
m21 appears also in the quadruple mutant E9Q/E74Q/
194Q/E204Q we are able to exclude that this band is
ue to protonation of one of the glutamates at the
xtracellular surface. The only residue with a carbox-
lic side chain that is left in the extracellular domain of
R, is D212. With this procedure of exclusion, we sub-
tantiate the assignment of a protonation change of
212 in the final stage of proton translocation of bR. At

his point, it would be desirable to employ a D212
utant for band assignment. However, the exchange of
212 leads to a functionally strongly impaired enzyme

45, 46) prohibiting such a strategy.
In a previous study on wild-type bR, we were able to

etect the bands at 1713, 1386, and 1541 cm21 in the
ifference spectrum of the O intermediate, albeit with
eak intensity (32). This is probably due to less tran-

ient accumulation of this intermediate in the wild
ype. We are now able to conclude that after the well-
nown O intermediate a consecutive intermediate is
ormed in wild-type bR whose peculiar property is a
rotonated D212 with a deprotonated D85. This leads
o a different interaction of these residues in O9 as
ompared to the preceding O state. The altered elec-
rostatic environment in the vicinity of retinal Schiff
ase leads to a slight red-shift of the absorption of this
ntermediate as compared to ground-state bR (1522
m21 in O9 versus 1527 cm21 in ground-state bR). The
argest bands in the O9 difference spectrum (at 1639/
630 cm21) are due to a shift of the CANOH group of
he Schiff base indicating different environments
hydrogen-bonding and/or electrostatic interaction) of
he Schiff base in O9 as compared to the ground state.
ince the retinal configuration is supposed to be very
imilar as can be judged from the absence of large
ifference bands in the fingerprint region, the main
ifference between O9 and the ground state is the
hange in interaction between D212 and the retinal
chiff base. The structure of the surrounding protein
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n the amide region are absent.
The time course of protonation and subsequent de-

rotonation of D212 is only slightly influenced by re-
lacing the proton by a deuteron. We find a kinetic
sotope effect (KIE) of about 2 in the E194Q mutant
Fig. 3). This value is typical for proton transfer reac-
ions taking place in the slow part of the bR photocycle.
or example, the proton uptake reaction of wild-type
R exhibits a KIE of 1.6 (40). For the rise and the decay
f the O intermediate it is around 2 (32, 47). The low
IE’s suggest that the kinetics are not rate-limited by

he actual proton transfer reaction. However, large
IE’s have been reported for the decay of the O inter-
ediate in the mutants E204Q, Y57F and E194Q as

etected by visible spectroscopy (48). In light of our
esults on the E194Q mutant where we have been able
o directly determine the kinetics of the protonation of
212, the high KIE reported for the E194Q mutant

48) is surprising.
The appearance of the protonated D212 in the late

tage of the photoreaction of the E194Q mutant exhib-
ts a pH-optimum at around pH 6 (Fig. 4). In the
lkaline pH region, reprotonation of the Schiff base by
96 is rate-limiting for the subsequent proton transfer

teps. Reprotonation of the Schiff base corresponds to
he formation of the N intermediate. The pK a of D96
rops from higher than 11 down to 7.1 during this
eaction (28). The pK a of 7.1 represents the upper pH-
imit for the transient accumulation of the protonated
212. The lower limit can be the deprotonation reac-

ion of the proton release complex. In wild-type bR, it
as determined to be between pH 5 and 6 (depending
n the ionic strength). However, the proton release
omplex is impaired by the exchange of E194. Conse-
uently, we are forced to conclude that it is the isomer-
zation of retinal from 13-cis to all-trans that triggers
roton transfer from D85 to D212. Indeed, the obser-
ation that the O9 intermediate succeeds the O inter-
ediate (see Figs. 1 and 3) supports this view. The

hysical origin of the pH-dependence of the retinal
e-isomerization is not clear. It can be driven by a
hange in the local electric field around the retinal
nd/or by a slight change in the conformation of resi-
ues lining the retinal binding pocket that drives the
elaxation of retinal back to the all-trans state.

In contrast to previous work (33), we find that O9 can
e significantly accumulated only by the replacement
f E194. In E204 mutants as well as in wild-type bR,
he protonated state of D212 is hardly observed (Fig.
). This fact points to a specific (long-distant) interac-
ion of E194 with D85 and/or D212. This finding agrees
ell with the conclusion drawn by Lazarova et al. (49).
At elevated pH, an N-BR difference spectrum is ob-

erved that is nearly identical to that of wild-type bR
ith the surprising exception that the band due to
rotonation of D85 is missing (Figs. 4 and 5). This
62
cceptor of the retinal Schiff’s base (D85) does not
nteract with retinal during the lifetime of the N inter-

ediate. Otherwise, vibrational bands of the chro-
ophore would be altered which can be definitely ruled

ut from the vibrational spectra displayed in Fig. 5.
his finding agrees with resonance-Raman spectros-
opy on wild-type bR in which only the chromophore
ibrations are selectively enhanced. The spectra of the

and the N intermediate are very similar (50) al-
hough the counterion D85 is deprotonated during the

state while it is protonated in N. Obviously, the
nfluence of the ionization state of D85 on the vibra-
ional spectrum of the chromophore is only of minor
mportance in these states. It might be concluded that
hen the retinal is in 13-cis configuration with a pro-

onated Schiff’s base then the electronic state of the
etinal is not susceptible to the interaction with the
ounterion.
The comparison with the data obtained from mu-

ants where E204 was exchanged (Fig. 5), clearly
hows that the effect is specific for the E194Q muta-
ion, again. It is concluded that E194 controls the de-
rease in acidity of D85 to deprotonate in the final
tage of the wild-type photoreaction. The long range
nteraction between E194 and D85 is most probably

ediated by the hydrogen-bonded network in the ex-
racellular proton pathway (9, 31).

Finally, it should be pointed out that the methodol-
gy used in this work is superior to previous studies on
he photoreaction of the E194Q mutant. Lazarova et al.
49) trapped the M and N intermediate at low temper-
ture. This procedure suffers from the fact that the
inetics of the E194Q mutant is different from wild-
ype bR and hence the composition of the trapped
tates at a given temperature is altered as compared to
he wild type. Dioumaev et al. (33) employed rapid-
can spectroscopy with millisecond time-resolution. To
ully record the relevant kinetics with the low time-
esolution, the sample was cooled down to 8°C. More-
ver, both of the studies used transmission FT-IR spec-
roscopy. The ATR technique applied in our work
llows for the precise adjustment of the sample condi-
ions (pH, water content, salt concentration) which is
rucial for drawing conclusions on specific details of the
eaction mechanism. In addition, we could investigate
he sub-millisecond kinetics of the E194Q mutant with
he high temporal resolution of the step-scan tech-
ique.
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