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ABSTRACT: Using FTIR spectroscopy, perturbations of several residues and internal water molecules have
been detected when light transforms all-trans bacteriorhodopsin (BR) to its L intermediate having a 13-
cis chromophore. lllumination of L at 80 K results in an intermedidtatsorbing around 550 nm! L
thermally converts to the original BR only atL30 K. In this study, we used the light-induced transformation

of L to L' at 80 K to identify some amino acid residues and water molecules that closely interact with the
chromophore and distinguish them from those residues not affected by the photoreaction. The L'minus L
FTIR difference spectrum shows that the chromophore€ is In the all-trans configuration. The perturbed
states of Asp96 and Val49 and of the environment along the aliphatic part of the retinal and Lys216 seen
in L are not affected by the = L' photoreaction. On the other hand, the environments of the Schiff base

of the chromophore, of Asp115, and of water molecules close to Asp85 returnédartheir state in

which they originally had existed in BR. The water molecules that are affected by the mutations of Thr46
and Asp96 also change to a different state in the-LL' transition, as indicated by transformation of a
water O-H vibrational band at 3497 cm in L into an intense peak at 3549 ciin L'. Notably, this

change of water bands in the+ L' transition at 80 K is entirely different from the changes observed

in the BR— K photoreaction at the same temperature, which does not show such intense bands. These
results suggest that these water molecules move closer to the Schiff base as a hydrogen bonding cluster
in L and L, presumably to stabilize its protonated state during the BR to L transition. They may contribute
to the structural constraints that prevent L from returning to the initial BR upon illumination at 80 K.

Bacteriorhodopsin is a heptahelical transmembrane protein.Asp85 comprises the locus for the proton pumping mecha-
The retinal polyene chain lies roughly in the center of the nism. The L— M transition involves proton transfer from
membrane, parallel to its plane, and is joined to a lysine the Schiff base to Asp856( 7). This proton transfer is
residue in the seventh helix through a Schiff base linkage accompanied by nearly instantaneous proton release to the
(reviews in refs3 and4). The Schiff base is protonated in  extracellular medium from a set of interacting groups on the
the unphotolyzed state of the pigment. The retinal chro- extracellular side of BR, composed of Glu204, Glul94,
mophore can assume the all-trans and the 13-cis, 15-synArg82, and one or more bound water molecuks17). The
configurations that are in the thermal equilibrium; the species Schiff base is subsequently reprotonated in the—MN
with all-trans retinal is active in light-dependent proton process by Asp96 which is located on the cytoplasmic side
pumping. This state will be termed BRUpon absorption  of the retinal {8, 19).
of a photon, the all-trans retinal isomerizes around the=C The isomerization of the chromophore results in the

Cis bond to the 13-cis, 15-anti form during BR- K displacement of the Schiff base, thus changing the relative
photoreaction, and a linear sequence of subsequent thermglitions of Asp85, the Schiff base, and the water molecule
reactions K= L — M — N — O — BR () results in jneracting with them 17). The relation among them can

transmembrane proton translocation. The ionic pair consistingpe gjtferent in various intermediates. The conformation of
of a positively charged Schiff base and a negatively charged e retinal moiety around the Schiff base in L, which occurs

just before proton transfer from the Schiff base to Asp85, is
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and HL 16101 (to R.B.G.). distorted, as detected by both FTIR and solid-state NMR
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produced by illumination of L at 80 K1{ 2); Wat85, water molecule ~ relative to those in BR may contribute to this distorted
responsible for the ©H stretching frequencies which are affected by = conformation 20). The conformational changes in L, how-

the mutation of Asp85; Wat46, water molecule responsible for thélO ; i ;
stretching frequencies which are affected by the mutation of Thr46; ever, are not confined to the region around the Schiff base

HOOP, hydrogen out-of-planeim, wavelength for the maximum ~ and Asp85, but also extend to several residues on the
absorption. cytoplasmic side of the retinal. The perturbation of Asp96
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Cytoplasmic side

Extracellular side

Ficure 1: Locations and mutual relationships among some of the
residues which are affected by the BRL transition based on the
coordinates of Luecke et alL]). Trp182, which is located between
Aspl115 and Thr90 in this presentation, was omitted so the figure
was not too clustered. Water molecules are depicted with dark balls.
Wat402 and/or Wat401 described by Luecke et al7) (may
correspond to our Wat85. The positions of Wat46 are not
determined in the structure of Luecke et al7) Solid lines
connecting two atoms of nitrogen and oxygen represent possible
hydrogen bonds. A hydrogen bonding network extends from the
Schiff base to Asp115 through Thr89. Retinal and Lys216 are drawn
as balls and sticks, to distinguish them from the amino acid residues
near these chains.

and Asp115 is well documentef, 23, 24). Perturbation of
the indole N-H of Trp182 @5), the peptide carbonyl of
Val49 (26), and water molecules that are affected by mutation
of Thrd6 @27) in the cytoplasmic region upon formation of

L have also been detected. These residues along with relate

structural coordinates of Luecke et dl7). So far, only two
crystallographic structures of BR17, 28) include the
positions of internal water molecules. We will discuss various
residues and water molecules using the latest structje (
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The presence of water molecules was proposed to be
crucial for stabilization of the charged states of ionizable
residues 31, 32) and might be essential for efficient proton
transport. FTIR studies showed that upon formation of the
L intermediate several water bands undergo spectral shifts
caused by changes in hydrogen bonding. TheH3tretching
band of water at 3642 cmh, which undergoes frequency
shifts during the photocycle8, 34), is abolished in a mutant
that lacks the negative charge of Asp85, D83%)( The
water molecules that comprise the 3642 ¢érhand will be
referred to as Wat85 in this text. They can be ascribed to
the water molecule, Wat402, or the set of two molecules,
Wat401 and Wat402, which are detected in the proximity
of Asp85 in the crystallographic structuré7j (see Figure
1).

Two water O-H stretching bands of BR at 3607 and 3577
cm ! seen in the L minus BR difference spectrum are
affected by mutation of Thr4&{, 36). They are not affected
by mutation of the other residues except for Val49 and Asp96
(26). These water bands are restored by the additional
mutation of Asp96 (T46V/D96N). A cavity to accommodate
one or two water molecules was detected around Asp96 in
the several versions of the BR structurds, (28, 37, 38).

The water molecule(s) responsible for these twe-HD
stretching bands is likely to be present in the cytoplasmic
region, more specifically at a site close to the pair of Thr46
and Asp96, whose side chains face each other at a distance
of 0.36 nm (7), and will be termed Wat46 in this text.
Currently, Wat46 has not been identified in the X-ray
structure, and is not shown in Figure 1. However, this
designation does not exclude the possibility that Wat46
occupies the Thr46-Asp96 site transiently and shuttles among
other sites in the cytoplasmic region. Changes in the water
nds produced by mutations of Thr46 and Asp96 correlate

a
: . g . éz/ith changes in the rate of proton transfer from the Schiff
residues are depicted in Figure 1, drawn according to theb g P

ase to Asp85 in the = M transition 7).

Visible spectroscopy at low temperatures indicated that
the L intermediate is photoactiv89). Upon illumination at
80 K, the L intermediate is transformed into a photoproduct,

and FTIR data. One of the two carboxylate oxygens of Asp85 L'» Whose absorption maximum is shifted 5 nm to the red,
acts as a hydrogen bond acceptor of a water molecule (Figurd® ¢a- 555 nm, so'lcan be considered the bathoproduct of
1, Wat402), and Wat402 is also a hydrogen bond acceptorl (1, 2, 40). The L— L' photoreaction is photoreversible

for the protonated Schiff base. The other carboxyl oxygen
of Asp85 is hydrogen bonded to threoxygen of Thr89. It
is at the correct distance for a hydrogen bond to the peptide
amide of its neighbor, Thr90. Thr90’g-oxygen forms a
hydrogen bond with Aspl15. Thus, these residues are

and is accompanied by absorption changes instiands,
indicating that the 13-cis> all-trans isomerization of the
chromophore takes place during thetL' photoreaction.
The L— L' photoreaction interrupts the photocycle, prevent-
ing deprotonation of the Schiff base which normally occurs

connected through hydrogen-bonding interactions and a fewduring the L— M transition, and leads to restoration of the

covalent bonds. Rothschild et al29) have shown that
mutation of Thr89 abolishes the perturbation of Val49 seen

initial state. At temperatures above 130 K, the photoproduct
L' returns thermally to BR. The existence dfduggests that

upon L formation. The methyl groups of these residues are the formation of L is accompanied by structural changes of
located relatively close to each other in the X-ray structure BR that cannot be reversed upon illumination at 80 K. In

(see Figure 1). Previous studies have shown that the carboxykhis paper, we used low-temperature FTIR spectroscopy to
carbonyl of Asp96 is affected in L by mutations of Thr46 examine what part of the protein, including bound water

(27, 29) and Val49 26) but not by mutations of Thr82Q), molecules, retains the structure inherent in L when the
suggesting that the perturbation of Asp96 is not achieved chromophore is forced to return to the all-trans form. The

through Thr89, but through direct interaction of the side chain FTIR difference spectra of the £ L' photoreaction give

of Lys216 with the side chain of Val4®(), and through a
conformation change around these residues in the BR
transition.

further clues about the structure of L, and especially changes
in hydrogen bonds of internal water molecules upon L
formation.
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MATERIALS AND METHODS
Recording of the FTIR Spectrdhe wild type and the

mutant bacteriorhodopsins were prepared by the standard

method 41). The mutant strains of T46V, T46V/D96N, and
V49A were described previousl$Q). The pigments of T46V
and T46V/D96N were provided by J. K. Lanyi and L. S.
Brown, and V49A was provided by Y. Yamazaki. About 50
ulL of a purple membrane suspensidg4.m~ 5) was placed

on a Bak; window 13 mm in diameter and dried in moderate
vacuum to form a~10 mm diameter film. The film was
hydrated with 0.3uL of H,O, D,O, or K0 (99.5% in
isotope content obtained from ISOTEC Inc.), and sealed with
another BagFwindow with a 2 mmthick Teflon spacer. The
sample was installed in a homemade brass cell holder
attached to an Oxford cryostat Optistat, and placed into a
Bio-Rad model FTS6000 FTIR spectrometer. The temper-
ature was controlled by an Oxford Intelligent Temperature
Controller. Before and after each illumination, the FTIR
spectrum was constructed from 256 interferograms at2 cm
resolution. Recording each spectrum takes about 2.5 min.
The sample was illuminated by light from a 550 W slide
projector. A mirror directing the light to the sample was
operated from a computer. Light was passed through a 5
cm 5% CuSQ solution to remove heat and an appropriate
optical filter (Corning) as described below.

Light-Induced Transformations and Registration of the L
Minus L SpectrumThe film was illuminated at 273 K with
yellow light (Corning 3-73 filter,>400 nm) for 2 min to
light-adapt the sample. Light-adapted BR was then cooled
to 170 K and illuminated with red light (2-62 filter; 590
nm) for 1 min to form the L intermediate. The mixture of
BR and L was then cooled to 80 K and illuminated first
with blue light (4-96 filter, 356-500 nm light) for 1 min to
produce L, the photoproduct of L, and then with deep red
light (2-64 filter, >650 nm light) for 1 min to convert K
back to BR. The complete recovery of the initial BR state
was achieved by warming the sample t&@) and the whole
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FiIGURE 2: FTIR difference spectra in the 180800 cnr? region
produced by (a) illumination of a mixture of BR and L at 80 K
with blue light (356-500 nm) to produce Land K (the K+ L'
minus BR+ L spectrum) and (b) additional illumination with red
light at >650 nm to remove K (the'Lminus L spectrum). The full
length of the ordinate corresponds to 0.05 absorbance unit for both
spectra.

(Figure 3b). The amplitudes were adjusted so that the
common hydrogen out-of-plane (HOOP) band of L at 951
cm ! had the same amplitude; to do this, the L minus BR
spectrum was multiplied by a factor for the fraction of L
that undergoes the transition t§ 0.42 under the conditions
described here. The L bands appear on the positive sides
and the L or BR bands on the negative sides in traces a and

process was repeated several times to attain a higher signalp, ¢ Figure 3, respectively. Besides the HOOP band—&C

to-noise ratio. In the difference spectrum between before and
after the illumination with blue light (356500 nm) (Figure
2a), intense HOOP bands at 974 and 957 tna C-C
stretching band at 1194 crh and a G=C stretching band

at 1514 cm? on the positive side were elucidated. These
bands are characteristic of the K intermedidt2 43), which

was formed from BR upon blue light illumination at 80 K,
and were completely removed by subsequent illumination
with deep red light ¢ 650 nm), which photoreverses K back
to BR (see below).

RESULTS

L Minus L' FTIR Difference SpectruniThe difference
spectrum produced by successive illumination of a mixture
of L and BR at 80 K with blue and then red light reveals
bands (Figure 2b) of the photoproductthat must have been
photochemically produced from L. This photoproduct (also
called P555 and K was discovered and characterized using
visible spectroscopyl( 2, 40). In this paper, we call this
state L to avoid confusion with the frequently used name
KL for a subspecies of K44, 45).

The L minus L spectrum (Figure 3a) can be compared
with the L minus BR difference spectrum obtained at 170 K

stretching vibration of the chromophore at 1192 ¢rim L

has exactly the same intensity in both difference spectra
(traces a and b of Figure 3). The two bands of theCC
stretching vibration of L at 1549 and 1540 chwhich were
observed in the resonance Raman spectds)) ére detected

in these difference FTIR spectra as a peak and a shoulder,
respectively, though the latter in the L minu'sdpectrum is
obscured because of overlap with a negative band at 1534
cm . These features clearly show that the L intermediate
undergoes phototransformation at 80 K.

Evidence for the All-Trans Configuration of the Chro-
mophore in L The negative €C stretching band at 1528
cmtin BR appears in Lat 1534 cm?! and with a lower
intensity. This is also the case for the bands at 1202 and
1166 cmt of the L' (Figure 3a). These frequencies show
that L' has an all-trans chromophord7j, but different
intensities suggest a somewhat different structure compared
to the all-trans chromophore of BR. This may reflect a
different electronic structure, since the HOOP band at 959
cm ! has an identical shape i bnd BR (see traces a and
b of Figure 3).

The G=C stretching vibration of retinal in the'Istate at
1534 cm! (Figure 3a) is located at a higher frequency than
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Table 1: Changes in Vibrational Frequencies (&nin the BR— L
and L— L' Transition$

vibration BR L L

(A) Vibration Frequencies Which Change
in the L— L' Transition
retinal HOOP 959 951 959

: ; retinal C-C stretching 1168, 1202 1192 1166202
(1348) (1009959 Schiff base N-H bending 1254 1301 1249
| 1249l 1186 retinal C=C stretching 1528 1540, 1549 1834
1641 1202 Schiff base &N stretching 1641 1648 1641
Aspl115 carboxyl 1737 1726 1737

C=0 stretching
(B) Vibration Frequencies Which Remain Unchanged

/ /7 L in the L— L' Transition
- retinal G-CHjz bending 1009 1009 1009
BR Lys216 Gx—H bending 1348 1398 1393
1009959 Val49 amide | 1618 1625 1625
taan I 1\ Asp96 carboxyl 1741 1748 1748
1254| 1168 C=0 stretching
1202 (C) Water O-H Stretching
Wat85 3642 <3525 3642
Wat46 3607,3574 3497 3549
—— 1528 aSee the text for details and citatiofsSmaller in intensity than
L L L L that in BR.€ Coupled further with retinal G—H bending.¢ Observed
1800 1600 1400 1200 1000 800

Wavenumber (cm ')

Ficure 3: Difference spectra in the 186@00 cnt? region: (a)

in the resonance Raman spectrifivalue at 80 K.f Not identified by
isotope labeling of the € of lysine, but was assigned to a related mode
with the 1348 cm! band of BR.

L minus L' spectrum obtained at 80 K, as described in the text and

the legend of Figure 2b (spectrum was additionally multiplied by \;inrations @3). The corresponding band in L is located at
—1 for convenience of comparison with the L minus BR spectrum)

and (b) L minus BR spectrum obtained at 170 K. Positive bands in 1301 cn™. The G=N stretching vibration of L cannot be
spectra a and b are due to the L intermediate at 80 and 170 K,resolved in these difference FTIR spectra. It was located at

respectively. Negative bands in a and b are due'tand BR,
respectively. The amplitude of the L minus kpectrum was
normalized using the intensity of the 951 tinThe bands which

were not observed in spectrum a but were observed at the'!

1648 cm! in the resonance Raman spectrum of 46)(
These results indicate that these vibrational bands due to the
protonated Schiff base are shifted toward higher frequencies

corresponding frequencies in spectrum b are represented by dotted” L, @nd in L' largely return to the original frequencies seen
lines with the frequencies in parentheses. The full length of the in BR (see Table 1A).

ordinate corresponds to 0.034 and 0.080 absorbance unit for spectra Changes Produced by the BR L Transition That Are

a and b, respectively.

in the BR state (1528 cm) but at a lower frequency than
in L (1540 and 1549 cmt). According to the empirical
inverse relation between the absorption maximim,, and
the G=C stretching frequencies of the chromopho48)(

this would be consistent with the absorption maximum of
L' being red shifted relative to that of L, but blue shifted

Not Reversed by the L— L' Transition The environment
along the aliphatic chains of the retinal and Lys216 persists
in the L— L' transition. Thus, the 1348 crhband in BR
(Figure 3a), a coupled mode of4H and Gr—H vibrations
of Lys216 in BR @3, 51), does not appear in'L(Figure
3b). A shoulder at 1393 cm in L (Figure 3a) may
correspond to this band., 43), though not identified by

relative to that of BR, as shown indeed by visible spectros- isotope labeling of the & of lysine, as was done for the

copy (1, 2, 40, 49).
Changes in the Interaction of the Schiff Base InThe

1348 cnit band by Gat et al.51). It may stay at the same
frequency in L. A small dip at this position in the L minus

C=C stretching vibration frequency depends on the degreel’ spectrum may arise from cancellation by a negative band
of electron delocalization in the chromophore. This is at the same frequency in.LThe C-CHjs in-plane bending

modulated through its interaction with the environmest)
The C=C stretching band at 1534 crhof L' (Figure 3a)

vibration in BR at 1009 cm, which appears by virtue of
its loss of intensity in L (Figure 3b), is persistently absent

indicates a less delocalized electronic structure compared ton L' (Figure 3a).

that for BR at 1528 cmt (Figure 3b). This is probably due
to a stronger interaction of the chromophore fnwith its

environment than in BR, despite the otherwise identical

chromophore configuration. A 1641 ciband in L (Figure
3a), which is shifted to 1629 cmin D,O (data not shown),
can be ascribed to the=€N stretching vibration of the Schiff

base of L. This is located at the same frequency as the

corresponding band of BR (Figure 3b). The 1249 ¢ivand
in L' (Figure 3a) is also sensitive to,D substitution (data

The spectra in the 186QL500 cn* region are shown on
an expanded scale in Figure 4. The pair of 16138 &nd
1625 (+) cm ! bands in the L minus BR spectrum (Figure
4b) is attributed to amide | (a coupled mode of the@
stretching and €N stretching vibrations of peptide bond)
of Val49 (26). The 1618 cm! band does not appear ir L
(Figure 4a). The small intensity remaining at 1618 and 1625
cm* can be attributed to other modes, because similar bands
are also detected after the amide | band of Val49 was shifted

not shown). This corresponds to one of two overlapping away in [1+3C]Val-labeled BR 26). Since the side chain of
bands at 1254 cnt in BR (Figure 3b), which was assigned Val49 is near the lysine side chain (Figure 1), this result is
to the coupled mode of the Schiff base-N and Gs—H consistent with an unchanged environment along the aliphatic
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Ficure 4: Spectra in the 18601500 cnt? region expanded from FIGURE 5: Spectra in the 37663450 cnt? region of the corre-

the corresponding spectra shown in Figure 3. The L minus L sponding spectra in Figure 3. The L minusdpectrum (a) was

spectrum (a) is compared with the L minus BR spectrum (b). The compared with the L minus BR spectrum (b). The L minus L

unobserved bands in spectrum a, which were observed at thespectrum represented by a dotted line in part a was recorded for

corresponding frequencies in spectrum b, are represented by dottedilms hydrated with H!80. The corresponding L minus kc) and

lines with the frequencies in parentheses. The full length of the L minus BR spectra (d) were recorded for the films hydrated with

ordinate corresponds to 0.034 and 0.080 absorbance unit for spectrd,O. The normalization was carried out for the HOOP band at

a and b, respectively. 951 cml. The full length of the ordinate corresponds to 0.013,
0.030, 0.010, 0.018, and 0.018 absorbance unit for speetch a

chains of the retinal and Lys216 in the transition from L to and the dotted line in part a, respectively.
L'. Another amide | band at 1658 cfin BR (Figure 4b),
which is affected in the D115N mutant protei24f, does
not appear in the L minus'lspectrum at this frequency. A
shoulder at 1650 cnt might be a candidate for the
corresponding band in the L minus épectrum (Figure 4a).

spectra obtained from films hydrated with® (traces ¢ and

d of Figure 5), which eliminated all other bands in this region
(52), exhibit nearly the same amplitude. This indicates that
the L — L' photoreaction eliminates strong interaction of
Trp182 with the chromophore peculiar for the L state and

Perturbation of Aspll5 Is Rersed in the L— L' that the environment of Trp182 in’ lreturned to a state
Transition but Not That of Asp9dn the L minus BR similar to the original BR.
spectrum, the spectral region of the=O stretching vibra- Changes in Water ©H Bands in the L— L' Transition

tiqns of carboxylic acids (Figure 4b) is composed of a bilobe The 3642 cmt band of BR (Figure 5b), attributed to Wat85,
with 1737 (-) and 1728 {) cm™* bands due to Asp115and  persists in L (Figure 5a). This indicates that a water molecule
a bilobe with 1748 ) and 1741 ¢) cm™* bands due to  cjose to Asp85 shifted in L below 3525 chreturned in L
Asp96 6, 24). In the L minus L spectrum (Figure 4a), the g the same state as it had in BR. An intense negative band
former at least partially remains but the latter is almost at 3549 cmtis a distinctive feature of L(Figure 5a), which
entirely absent. This indicates that the environment of is gpsentinthe BR spectrum (Figure 5b). This band is clearly
Aspl15 changes in thet L' transition while that of Asp96  ghjfted in H80 (Figure 5a). Hence, it is assigned to a water
does not. O—H stretching vibration in L The origin of the 3549 cnt
Structural Change around Trp182 Is Resed by the L band will be considered below. The positive band of L
— L' PhotoreactionThe sharp band at 3484 cin the L around 3497 cmt shifts toward lower frequencies of 3484
minus L spectrum (solid line in Figure 5a), which remains cm in H,'80 (Figure 5a); it was therefore assigned to the
unaltered in the spectrum in,HO (dotted line in Figure = O—H stretching vibrations of water in L. The 3497 cihn
5a), corresponds to the 3486 chband of the indole NH band is sharper in shape and larger in intensity than the
stretching vibration of Trp182 in the L minus BR spectrum corresponding broad band in the L minus BR spectrum at
(27, also see Figure 5b). The extremely large molar absor- 170 K (Figure 5b).
bance of this band in the L minus BR spectrum was attributed Effects of T46V and T46V/D96N Mutations on the Water
to an especially polar environment as a consequence ofBands.Previous studies showed that the wateriDbands
Trp182’s interaction with the 9-methyl group of the retinal at 3607 and 3574 cn of BR and the wide positive band of
in L (25). The amplitude of this band in the L minus L L ranging from 3525 cm! to the region beneath the 3486
spectrum (Figure 5a) appears to be slightly smaller than thatcm™ band (Figure 5b) are absent in the T46V mutant and
in the L minus BR spectrum (Figure 5b). The difference are restored after an additional mutation of Asp96 in T46V/
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FIGURE 6: L minus L spectra in the 37003450 cn1? region of
T46V (b), TA6V/DI6N (c), and V49A (d) in comparison with that

of the wild type (a). Spectra represented by dotted lines in parts ¢

and d were recorded for films hydrated with!fO. The spectra
were normalized by the intensity of the 1192 ¢nband. The full

length of the ordinate corresponds to 0.0125, 0.0078, 0.0069,

0.0083, 0.0156, and 0.0067 absorbance unit for speetthand
the dotted lines in parts ¢ and d, respectively.
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stretching band in BR at 3565 crj in addition to the other
water O-H bands observed in the spectrum of the wild-
type protein. This new band may arise from water molecules
filling the void that was produced with the replacement of
valine by alanine.

Since this frequency is very similar to that of the large
water band of Lat 3549 cm* and the position of the side
chain of Val49 is close to Thr89 (see Figure 1), we obtained
the L minus L spectrum for V49A (Figure 6d). The spectrum
in the 18006-800 cnt? region is similar to that of the wild
type, except that the vibrations due to the Schiff base are
affected (data not shown), as is also observed in the L minus
BR spectrum. The spectrum in the 3708450 cn1? region
in Figure 6d exhibits a much larger-€} stretching vibration
in L' at 3538 cm? than the 3549 cnt band of the wild
type (Figure 6a). This band along with the positive band at
3512 cmt shows a clear shift in F1%0, despite some
baseline distortion. Hence, these bands are due to water
molecules. Thus, the water molecules responsible for the
3549 cm! band of L in the wild type are located at the
position that is affected by mutation of VVal49, and the water
molecules filling in the void produced by the V49A change
to a single narrow band at 3538 chtogether with the water
molecule whose ©H vibrations comprise the 3549 crh
band in the wild type.

DISCUSSION

Differences betweer land BR Table 1 shows a compila-
tion of the frequencies of the salient vibrational modes that
are detected in the BR- L — L' transitions. The bands

D96N (27). Hence, these bands are assigned to waterwhich are shifted in the BR> L transition and returned more

molecules in the Thr46Asp96 region (Wat46). The L minus

or less to their original frequencies it (Table 1A) are due

L' spectra were recorded for these mutant proteins. Theto vibrations from the retinal side chain, the Schiff base, and

spectra in the 1800800 cn1? region are similar to that of
the wild type (data not shown), indicating that the effects of
the mutations are local. In Figure 6, the spectra in the 3700
3450 cn1? region for these mutants were compared with that
of the wild type (Figure 6a). The T46V mutation decreases
the intensity of the intense negative band at 3549cai
L' by half with the remaining band now absorbing at 3542
cm™! (Figure 6b). In T46V/D96N, the intensity is restored
to that of the wild type, but the frequency is shifted to 3542
cm! (Figure 6¢). This band is entirely due to water because
it is completely shifted in K%0. Wat46 in the BR state (3607
and 3574 cm!® bands in Figure 5b) likewise exhibits an
intensity decrease in T46V and a restoration in T46V/D96N
(27). Thus, half of the 3549 cn band is due to the two (or
more) water molecules of Wat46, while the other half is
unidentified. Since they have the same frequency, this
suggests that two water-€H bonds are present in the same
environment. The band around 3497 ¢nm L' of the wild
type disappears in the T46V pigment (Figure 6b). The band
at 3506 cm? that remains in L of T46V may correspond to
the 3542 cm? band in the L state. The intensity is restored
in the T46V/D96N pigment, but its position has moved to
the higher frequencies, relative to the 3497 ¢érband of
the wild type, forming a band around 3503 ch{Figure
6¢). This band is clearly shifted in4O.

Effect of the V49A Mutation on Water Bandife previous
measurement of the L minus BR difference spectrum of the
V49A mutant protein 26) showed a large water €H

Aspl15. The restoration of the vibrational frequencies
associated with the side chain of retinal in the L tb L
transition is due to the reisomerization of the chromophore
from the 13-cis back to its all-trans form. The hydrogen bond
of the protonated Schiff base, which is stronger in L than in
BR (43), returns to a weaker state iri,las judged by both
the frequencies of the €N stretching and NH bending
vibrations 47). However, these bands do not always return
to exactly the same frequencies ih s in the initial BR,
indicating a different environment around the Schiff base in
BR and L and indicating that the chromophore in does

not attain a state identical to that in BR. Hydrogen bonding
changes of Wat85 (Table 1C) and the carboxylic carbonyl
of Asp115 (Table 1A), which occur in the BR L process,
are reversed in'L These are connected by hydrogen bonds
and a few covalent bonds as shown in Figure 1. Also, the
perturbed indole NH of Trp182 in L returned to the initial
BR state in L. On the other hand, the environment along
the aliphatic part of the retinal, as reflected by the persistent
loss of the intensity of the C-methyl bending vibration of
retinal and the persistent shift of the coupled mode consisting
of both bending vibrations of the lysine side chain and the
Cis—H of the retinal at 1348 cni, does not change during
the L— L' photoreaction (Table 1B). Also, the perturbations
of the amide | mode (a coupled mode of theeG and C-N
stretching vibrations of the peptide backbone) of Val49 are
preserved almost completely irl.LThese residues are not
directly influenced by photoisomerization.



8806 Biochemistry, Vol. 38, No. 27, 1999

Structural Changes and Mement of Water Molecules
in the Schiff BaseAsp85 and the Cytoplasmic Regions in
the BR— L and L — L' Transitions Wat85 returns
completely to the initial BR state in the £ L' transition
(Table 1C), as expected from it being located close to the
Schiff base. Wat46 is also altered, but to a state different
from that in BR. The alteration is accompanied by the

Maeda et al.

ate 36). This study suggests that the movement of water
molecules to the proximity of the Schiff base stabilizes its

protonated state in L. Water could function as a mobile

mediator changing the protonation state of Asp85, the Schiff
base, and Asp96 in the apolar environment and form a proton
transfer pathway.
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