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ABSTRACT. Protein structural changes during the photocycle of bacteriorhodopsin were examined by time-
resolved ultraviolet resonance Raman (UVRR) spectroscopy. Most of the 244-nm UVRR difference signals
of Trp were assigned to either Trp182 or Trp189 using the Trpt8Rhe and Trpl89~ Phe mutants.

The W17 mode of Trp182 shows a wavenumber downshift in the-MM, transition, indicating an
increase in hydrogen bonding strength at the indole nitrogen. On the other hand, Trp189 shows Raman
intensity increases of the W16 and W18 modes ascribable to an increased hydrophobic interaction. These
observations suggest that the tilt of helix F, which ensures that reprotonation of the Schiff base is from
the cytoplasmic side, occurs in the; M~ M, transition. In the M — N transition, the environment of
Trpl89 returns to the initial state, whereas the hydrophobic interaction of Trp182 decreases drastically.
The decrease in hydrophobic interaction of Trp182 in the N state suggests an invasion of water molecules
that promote the proton transfer from Asp96 to the Schiff base. Structural reorganization of the protein
after the tilt of helix F may be important for efficient reprotonation of the Schiff base.

Bacteriorhodopsin (BR),a transmembrane protein of cellular side, which subsequently results in a proton release
Halobacterium salinariumutilizes light energy to transport  to the extracellular medium from a site near the extracellular
protons across the cell membrarig. BR consists of seven  surface. The deprotonated Schiff base is reprotonated in the
helices, A-G, with a chromophoreall-trans-retinal, co- M — N transition by the protonated Asp96 located in the
valently linked to Lys216 near the middle of helix G via a cytoplasmic half of BR. Asp96 then acquires a proton from
protonated Schiff base2). lllumination of BR with visible  the cytoplasmic medium, and the retinal reisomerizes to a
light triggers isomerization of the retinal chromophore from twisted all-trans configuration in the N~ O transition. In
all-trans to 13-cis, and the photoexcited protein relaxes to the last step of the ©- BR transition, a proton is transferred
the initial light-adapted BR state via intermediates J, K, L, from Asp85 to the proton release site, and the twisted retinal
M, N, and O @, 4). During the photocycle, a proton is  relaxes into the initial state. A key component in the transport
tr_anslocated from the cytoplasmi_c _side_to th_e extracellular ig the switch of the proton path around the Schiff base from
side of the membrand). By combining diffraction data on  {he extracellular side in the-tM phase to the cytoplasmic
the ground and photointermediate states with spectroscopicgige in the M-N phase, which may involve changes in

and mutational data, molecular models for the proton ,.qtein structure during the formation and decay of the M
translocation across the cell membrane have been prOpose?jntermediate'( 9).

(for recent reviews, see refsand6). . . : .
According to a current model, the initial proton transport Changes in protein tertiary structure during the photocycle

takes place from the interior to the extracellular side of BR Nave been detected by diffraction and spectroscopic methods.

in the transition from L to M. The protonated Schiff base in Subramaniam et al. examined by electron diffraction the
the interior loses its proton to anionic Asp85, and this induces Structure of along-lived M intermediate of the D96G mutant
displacement of the side chain of Arg82 toward the extra- (9), which was later shown to be in an N-like protein
structure and named WM(10). According to their result, the

* To whom correspondence should be addressed. Phone: 08-836-Cytoplasmic end of helix F is shifted away from the center
88-4532; Fax: 08-836-88-3844; E-mail: shinji@ed.yama.tus.ac.jp.  of the protein, and helix G becomes more ordered in the
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C—D loops increased in the M> N transition (14). X-ray
diffraction of the M, intermediate of D96N revealed
structural disorder of the cytoplasmic end of helix F and the
E—F interhelical loop 15). Recently, the structure of wild-
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The flow velocity and the distance between the pump and
probe beams were adjusted to obtain the desired delay time.
The temperature of the sample suspension was kept-at 16
18 °C during spectral acquisition. Raman scattered light was

type BR in the M state has been reported at 2.25 A resolution collected with a quartz lens and introduced to a fore-prism

by X-ray diffraction, and the crystal structure shows a bend
rather than a tilt of the F helixt@). In contrast, the outward
tilt of helix F has been supported by a recent electron
diffraction study on the D96G, F171C, F219L triple mutant,
which is locked in the cytoplasmically open staig)( The
crystallographic structure of the M state of the E204Q mutant

UV Raman spectromete?®) equipped with a liquid nitrogen
cooled CCD detector (Princeton Instruments, LN/CCD-
1752). Typically, individual Raman spectra were recorded
with an accumulation time of 2 h, and difference spectra
between the photointermediate and light-adapted BR were
computed by using the sums of spectra recorded o4 3

had suggested that the tilt is caused by the repacking of sidefresh samples. Wavenumber calibration was effected using
chains between helices F and G, initiated by displacementthe Raman spectrum of a cyclohexaneaeetonitrile mix-
of the 13-methyl group against Trp182 as the retinal assumedture (1:1, v/v), and peak wavenumbers were reproducible to

a more relaxed 13-cis configuratioh§]. In this “early” M

within +1 cnm ™.

state already, several additional water molecules appeared
near Asp96, probably the beginnings of a hydrogen-bondedRESULTS

chain that later extends to the Schiff base.

Recently, we have found a large decrease in the hydro-

phobic interaction of the indole ring of a Trp residue in the
N intermediate of wild-type BR and assigned it to Trp182
(19). Since Trp182 belongs to helix F and is interacting with
the retinal polyene chain from the cytoplasmic sig@)(the
decrease in hydrophobic interaction is ascribed to an increas
in water permeability in the cytoplasmic half of the protein
caused by the tilt of helix F. To study the structural changes
around helix F during the photocycle, we have examined
the structures and environments of Trpl82 and Trpl89,
which are, respectively, located on the cytoplasmic and
extracellular sides of helix F, in the-tN phase by time-

resolved UV resonance Raman (UVRR) spectroscopy. The
UVRR spectra have revealed structural changes around thes

Trp residues during the proton transport across the cell
membrane.

MATERIALS AND METHODS

Sample PreparationiThe W182F and W189F mutants of
BR were prepared as described previougy, (22. Purple
membranes of wild-type and mutant BR were purified by
the standard metho@3®) and suspended at a concentration
of 120uM (for probing at 244 nm) or 2@M (229 nm probe)
in 10 mM HEPES N-(2-hydroxyethyl)piperaziné¥-(2-
ethanesulfonic acid)] buffer (pH 7.0) or in 10 mM CHES
[2-(N-cyclohexylamino)ethanesulfonic acid] buffer (pH 9.5)
containing 200 mM KCI. Both buffers contained additional
10 (244 nm probe) or 5 mM (229 nm probe) Ki@vhich

Time-Resaled 244-nm Raman Spectiehe UVRR spec-
trum of light-adapted wild-type BR recorded with the 244-
nm probe beam is shown in the upper panel of Figure 1. In
the lower panel, we show time-resolved difference spectra
obtained by subtracting the spectrum of light-adapted (ground

estate) BR from the spectra recorded at delay times Qi20

(A), 200 us (B), and 2 ms (C). During this time frame, the
L—M equilibrium shifts in stages toward M, an observation
generally interpreted as the formation of several sequential
M substates (reviewed ). For simplicity, we consider here
only the sequence +M;—M,—N—0O. The fractional con-
centrations of the intermediates at individual delay times are
calculated to be L:MM3,:N = 0.70:0.20:0.05:0.00 at 25,

8.30:0.11:0.55:0.02 at 2Q@s, and 0.00:0.00:0.65:0.25 at 2

ms by using the reported rate constants of the photocycle
(26). The fractional concentrations indicate that the difference
spectra in traces A, B, and C mainly show changes of the
UVRR spectrum on going from the ground state to the L
(+My), M3 (+L), and M, (+N) intermediates, respectively
(the second major component is indicated in parentheses).
Accordingly, if a peak is observed only in spectrum A, it
may be associated with the,Mtermediate. Likewise, peaks
unique to spectrum C are assigned to the N intermediate.
On the other hand, peaks commonly appearing in spectra A
and B but not in C are ascribed to L, and those seen only in
spectra B and C are assigned te. Most peaks in the UVRR
difference spectra in Figure 1 arise from Trp and Tyr side
chain vibrations as denoted with labels W and Y, respec-
tively, followed by their mode number&7). In this paper,

was used as an internal standard of Raman scatteringwe focus on the changes of Trp Raman bands during the

intensity. All the chemicals used were of the highest grade,
and no further purification was attempted.

Time-Resaled UVRR Spectroscoplime-resolved UVRR

photocycle.

Wavenumber shifts and intensity changes are observed for
the Trp W3 (~1550 cn1?), W7 (~1360 cn1?), W16 (~1010

spectra were recorded by using a dual-beam flow apparatussm™), and W18 760 cnt?!) bands. The Trp signals in the

described previously 10, 24. The shortest delay time
achievable with the apparatus was 26. A line-focused
(height, 2 mm; width, 4Qm) visible beam (514.5 nm, 150
mW) from an Art laser (NEC, GLG-3302) was employed
to initiate the photocycle in the sample recirculated by a
peristaltic pump from a 30 mL reservoir through a quartz
capillary (i.d., 1.5 mm). A UV probe beam (244 or 229 nm,
3 mW) from an intra-cavity frequency-doubled Alaser
(Coherent, Innova 300 FReD) was focused (height, 2 mm;
width, 40 um) downstream from the visible pump beam.

UVRR difference spectra in Figure 1 are possibly contributed
from eight Trp residues in wild-type BR. To reveal the
contribution from a specific Trp residue, mutation of the Trp
residue to Phe is useful as demonstrated previo@8§)y This

is because the UVRR intensity of Phe is much lower than
that of Trp when probed at 244 and 229 nm and the-Prp
Phe mutation simply erases the contribution from the mutated
Trp residue in the UVRR spectrum. In this study, we have
used the W182F and W189F mutants to obtain the UVRR
spectra of Trp182 and Trp189, respectively.
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Ficure 1: Upper panel: 244-nm-probed UVRR spectrum of light- Figure 2: Time-resolved UVRR difference spectra (244-nm probe)
adapted wild-type BR (120M) in 10 mM HEPES buffer (pH 7.0) of W182F (120uM, upper panel) and W189F (12@M, lower
containing 10 mM KNQ. Lower panel: time-resolved difference  panel). Delay times: 2@s (A), 1.5 ms (B), and 15 ms (C) for
spectra recorded at 2@s (A), 200us (B), and 2 ms (C) after ~ W182F; 20us (A), 200us (B), and 2 ms (C) for W189F. The
photoexcitation with a 515-nm pump beam (150 mW). The solution conditions and the laser powers are the same as in
difference spectra were obtained by subtracting the 244-nm probe-Figure 1.

only spectrum from the pumpprobe spectrum by using the 1048-

cm! band of NQ~ as an internal intensity standard. The power the fractional concentrations of intermediates at each delay

gf the prt?be dbeamlwgsl Bdm\'/:/hfS\r/ a"éh$ SPECtrat-, Thle ?ﬁ and dTgr time, difference spectra A, B, and C of the W182F and
man n I Wi n I 1V W : .
thz v?t)rat?:)nasi amgdizl neo('?ationﬁ'(). ?he bén§S£e1C66g zfﬁci)s?iug g W189F mutants in Figure 2 are Suppqsed to corres_pond to
to an overlap of the amide | vibration and the=C stretch of difference spectra A, B, and C, respectively, of the wild type
unsaturated lipid. in Figure 1. Comparison between the spectra of the wild type
and mutants helps us to assign the peaks observed in the
Figure 2 shows time-resolved UVRR difference spectra time-resolved difference spectra of wild-type BR.
of the W182F (upper panel) and W189F mutants (lower Wild-type BR exhibits a pair of positive (1565 c#) and
panel) obtained by using the 244-nm probe beam. A transientnegative (1551 cm) peaks in the W3 mode region of the
absorption spectroscopic study on the W182F mutant hasdifference spectra (Figure 1). The corresponding peak pair
shown that the mutation causes a large delay of the M is not seen in the difference spectra of the W182F mutant
transition and the concentrations of M and N intermediates (Figure 2, upper panel) but is conserved in the spectra of
become maximal at around 1.5 and 15 ms, respecti@8y ( the W189F mutant (Figure 2, lower panel). Therefore, the
Spectrum A of the W182F mutant was therefore recorded W3 peak pair of wild-type BR in Figure 1 is ascribed to
at the same delay time (265) as that for the wild type, but  Trp182. Generally in difference spectra, if a band shifts to a
the recording of spectra B and C was made at much latersmall extent without change in intensity, a derivative-like
time points (1.5 and 15 ms). On the other hand, the M feature appears with positive and negative peaks of the same
intermediate of the W189F mutant is generated at a rate veryheight. The heights of the positive and negative peaks of
similar to that of wild-type BR 30), suggesting that the the Trp182 W3 band are comparable in spectra A and B in
photocycle of the W189F mutant is not much affected by Figure 1, but the negative peak is larger than the positive
the mutation. Accordingly, the time-resolved UVRR spectra one in spectrum C. This observation suggests that the W3
of the W189F mutant were recorded at the same delay timesmode of Trp182 shifts to a higher wavenumber in thell,
as employed for wild-type BR, i.e., 265 (spectrum A), 200  states and undergoes intensity decrease in the N state.
us (B), and 2 ms (C). Although the lack of kinetic data on ~ The 1370-cm? negative peak in difference spectra A, B,
the photocycles of the mutants does not permit us to evaluateand C of wild-type BR (Figure 1) disappeatrs in the difference
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spectra of W182F (Figure 2, upper panel), whereas the

W189F difference spectra give a corresponding negative peak z uu";g o«fg WT. 229 nm
at 1372 cm? (Figure 2, lower panel). The disappearance of § '|' - § o e
the 1370-cm' negative peak in the W182F spectrum z 2 e T 2 Q
confirms the previous assignment that the 1370“caom- ‘|' 8o g ¢ | g
ponent of W7 band arises from Trp182 as a result of strong f,g;a?_

repulsive interaction with the methyl groups of retin28); ‘ §~°‘-v‘1‘]’

The 1370-cm* component of W7 is characteristic of Trp182 L

and can be used as a marker of structural change around
Trpl82 9).

The W16 mode of wild-type BR gives a pair of peaks at Al

T T T T

Difference

1013 and 1007 cnt in the difference spectra, though the ’1 Lo

1013-cn! component is prominent only at 2Q% and 2 : M
ms (Figure 1). The W182F mutant, on the other hand, shows ‘ L &'}‘ l ‘

only a positive peak at 1013 crhwithout any negative peak B 8 = MY

around 1007 cm' (Figure 2, upper panel). Conversely, the >

W189F mutant exhibits only the lower-wavenumber com- e m |

ponent at 1009 cnt (Figure 2, lower panel, traces B and E

C). These observations indicate that the positive peak at 1013

cm™! of wild-type BR, which disappears in the W189F

mutant, is assignable to Trp189 and the negative peak at 1007 © Mz (+N)

cm1, which disappears in the W182F mutant, is ascribed |

to Trpl182. Since the 1007-crhnegative peak of wild-type | 1 m

BR is observable at any delay times from20to 2 ms (A, © ||| 38 |«>
B, and C in Figure 1), it is concluded that the W16 band 2 K88 oo ° | Y
intensity of Trp182 is reduced before the formation of the L ES T *z 3 ~g
intermediate. On the other hand, the positive 1013¥qmeak | 2 g °°§°

of wild-type BR is clearly seen only in spectra B and C of ol i 2 e
Figure 1, suggesting that an intensity increase occurs for the =r s
W16 band of Trp189 in the M— M, transition. 1600 1400 1200 1000 800

In the wavenumber region of the W18 mode, wild-type Wavenumber / cm 1

BR shows a negative peak at 767 ¢nhin spectrum A and Ficure 3: Upper panel: 229-nm-probed UVRR spectrum of light-

L ” . adapted wild-type BR (2@M) in 10 mM HEPES buffer (pH 7.0)
an additional positive peak at 759 chin spectra B and C containing 5 mM KNQ. Lower panel: time-resolved difference

(Figure 1). These spect_ral feqtures are not much affected byspectra recorded at 2@s (A), 200 us (B), and 2 ms (C) after
the Trp182— Phe mutation (Figure 2, upper panel), whereas photoexcitation with a 515-nm pump beam (150 mW). The

the 759-cm? positive peak in spectra B and C does not difference spectra were obtained by subtracting the 229-nm probe-
appear in the corresponding difference spectra of the W189F2nly spectrum from the purmiprobe spectrum by using the 1048-

Ei o | ). The 759-chmband i cm! band of NQ~ as an internal intensity standard. The power
mutant (Figure 2, lower panel). The 759-Cmband is ¢ the probe beam was 3 mW for all the spectra.
assigned to the W18 mode of Trp189, which gains intensity

in the My — M;, transition. wild type become significantly smaller in the W182F mutant
In addition to the prominent peaks described above, a smallwhen the Tyr signals in the 1183.170-cn1? region are used
negative peak is seen at 1620 ¢rin the difference spectrum  as an intensity reference. This observation indicates that
at 2 ms (Figure 1C). The corresponding peak is absent inTrp182 is mainly responsible for the decrease of 229-nm
the W182F spectrum (Figure 2, upper panel, trace C) but isRaman intensity of wild-type BR. The large intensity
clearly seen at 1622 cmiin the W189F spectrum (Figure decrease may be due to a blue shift and/or an intensity
2, lower panel, trace C). These observations indicate thatdecrease of the Bransition of Trp182 in the VN phase.
the 1620-cm’ negative peak of wild-type BR is due tothe  ap advantage of using the 229-nm probe is that the Trp
W1 mode of Trp182 and its intensity decreases in the N state.\y/17 mode, which was covered by the Tyr Y1 bands in the
Time-Resaled 229-nm Raman Spectta.the lower panel 244-nm-probed spectra, is no longer interfered by the Tyr
of Figure 3, we show UVRR difference spectra of wild-type Raman scattering (compare Figures 1 and 3). In spectra B
BR recorded with the 229-nm probe beam at the same delayand C of Figure 3, a pair of negative (877 tihand positive
times as those employed for the 244-nm probe. In the upper(869 cn?) peaks is clearly seen. The large amplitude of
panel, the original spectrum of light-adapted BR is shown. the negative peak compared to that of the positive peak may
In contrast to the spectra probed at 244 nm, negative peakdndicate an overlap of a derivative-like peak pair with purely
dominate the 229-nm difference spectra. The wavelength of negative peaks. The peak pair disappears in the spectra of
the 229-nm probe beam is very close to ihg. (~220 nm) the W182F mutant (Figure 4, upper panel) but is conserved
of the indole B transition, and the intensities of resonance- in the spectra of the W189F mutant (Figure 4, lower panel).
enhanced Raman bands are strongly influenced by a changé wavenumber downshift of the W17 band of Trp182 in
in Amax @nd/or absorption intensity. Figure 4 shows the 229- the M; — M, transition must be the origin of the peak pair.
nm-probed time-resolved difference spectra of the W182F On the other hand, the W17 wavenumber of the Trp189 side
and W189F mutants. The negative peaks observed for thechain does not change significantly during the photocycle.
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Ficure4: Time-resolved UVRR difference spectra (229-nm probe) Figure 5: Time-resolved UVRR difference spectra of wild-type
of W182F (20uM, upper panel) and W189F (2(M, lower panel). BR suspended in 10 mM CHES buffer (pH 9.5) containing 200
Delay times: 2Qus (A), 1.5 ms (B), and 15 ms (C) for W182F; 20 mM KCl and 5 mM KNGs. Light-adapted BR was pumped at 515
us (A), 200 us (B), and 2 ms (C) for W189F. The solution  nm (150 mw) and probed at 244 (3 mW, upper panel) or 229 nm
conditions and the laser powers are the same as in Figure 3. (3 mW, lower panel). The delay times are 149 (A) and 10 ms

In the 1300-1200-cnT! region of the 229-nm-probed (B) in both panels.
spectra of wild-type BR (Figure 3), new negative peaks are its molar fraction rises to no more than 0.3 during the
seen at 1246 and 1225 ci which are assignable to the photocycle 26). Accordingly, definitive detection of spectral
Trp W9 and W10 modes, respectiveBA]. The former peak  changes characteristic of the N intermediate is difficult at
disappears in the spectra of W189F, and the latter does inpH 7.0. At alkaline pH, however, the N intermediate
the spectra of W182F, indicating that the W9 band of Trp189 accumulates to a significant amount because of delayed
and the W10 band of Trp182 both decrease in intensity. Therecovery of the BR state38—35). For example, the N
W9 intensity decrease of Trp189 occurs in the ™ M, intermediate becomes the major component with molar
transition because the W9 negative peak shows up only infactions of 0.6 for N and 0.2 for Mat 10 ms after
the spectra at 200s and 2 ms (Figure 3B,C). In contrast, photoexcitation in alkaline suspension at pH 9.5, while the
the W10 intensity decrease of Trpl82 is observed at any M intermediate is predominant at 13 under the same
delay times of 2Qis, 200us, and 2 ms (Figure 3), indicating  conditions 85). Figure 5 shows time-resolved UVRR dif-
that the intensity decrease has already occurred in the Lference spectra of wild-type BR at pH 9.5 probed at 244
intermediate and is maintained in the M and N intermediates. (upper panel) and 229 nm (lower panel). The delay times
The W10 band of Trp is usually very weak in UVRR spectra are 100us (A) and 10 ms (B) in both panels and spectra A
(31, 32, but the band of Trp182 appears clearly in both 244- and B are regarded as representing changes on going from
nm (28) and 229-nm spectra of wild-type BR in the ground the ground state to the Mind N (+M,) states, respectively.
state (Figure 3, upper panel). Since the intensity of the W10 The negative (876 cm) and positive (866 cmi) peak
band decreases with the decrease of the 1370-compo- pair in the W17 wavenumber region of the 229-nm-probed
nent of W7, a marker of steric repulsion, in the BRL spectra (Figure 5, lower panel) well corresponds to the peak
transition, the unusual intensity of the W10 band of Trp182 pair at 877/869 cmt observed for the M intermediate
may be related to the strong steric repulsion between its (Figure 3B,C) and assigned to Trpl82. In addition to the
indole ring and methyl groups of retinal in the ground state spectral features common to the; nd N states, several
of BR. features characteristic of the N state are also seen. In the

UVRR Difference Spectra of the N Intermedidteneutral 244-nm-probed spectrum of the N-1,) state (Figure 5,
pH, the N intermediate of wild-type BR decays rapidly, and upper panel, trace B), a new strong negative peak appears
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Table 1: Raman Signals of Protein Structural Changes in thei., M Structural Changes in the+M, States.The W7 (1370
M,, and N Intermediatés cm™1), W10 (1225 cm?), and W16 (1007 cm') modes of
Trp182 lose Raman intensity in the L state compared to the

residue  mode v(cm?) L M: Mz N . . . .

Tplg2 Wi 618 m BR ground state, and the intensity decrease persists in the
W3 1565/1552 (1552) ot ot o 1 I\/_Il and M, states (Table 1). The W7 mode of Trp usyally
W7 1370 [T T gives a doublet at 1360/1340 ci(36). The unusual third
W10 1225 Vool T component at 1370 cniof Trp182 arises from a strong steric
Wi6 1007 N LA L repulsion between the indole ring of Trp182 and the 9- and
W17 877/869 (876/868) v 13-methyl groups of retinal as reported previouslg)( As

Trpl89 W9 1246 f the intensity decrease of the 1370-dncomponent occurs
wig %gés { before formation of L, it is ascribed to a partial reduction of

= Changes compared fo the lightadapted ground-state (BR). | the steric repulsion a}s;ociated with th_e_ retinal isomeri_zation
intensity;v, wavenumbert, increase or upshift, decrease or downshift. ' from a.”'trans tp 13._CIS n _the—} K. transition. .The reduct|or_1
b\Wavenumbers in parentheses are in the N state. of steric repulsion is consistent with the previous observations
X - — that the isomerization of retinal accompanies a large dis-
at 1619 le. Th_IS negat|ve peak IS I|ke|y to COI_’reSpond to p|acement of the 13_methy| group_&, and that the W28
the small negative peak at 1620 chuetected in the M mode, which is an out-of-plane vibration and has an elevated
(N) spectrum at pH 7.0 and assigned to the W1 mode of wayenumber due to the repulsion in the ground state, is
Trp182 (Figure 1C). The W1 intensity of Trp182 largely shifted to a lower wavenumber in the L intermedia28)(
decreases in the M- N transition (Figure 5, upper panel).  The intensity decreases of the W10 mode, which is clearly
Another difference between the.Mnd N (-M;) spectrais  seen in the UVRR spectrum of Trp1828], and of the W16
seen for the W3 mode. The 1566/1552-¢npeak pair in - mode may also be ascribed to the reduction of steric
the M, spectrum (Figure 5, upper panel, trace A), which was repulsion. The wavenumber upshift of the W3 mode (1565/
also observed in the M(+N) spectrum (Figure 1C) and 1551 cni?) is seen for the L, M and M intermediates. The
ascribed to an upshift of the W3 mode of Trp182, becomes \y3 wavenumber is sensitive to the absolute value of the
a single negative peak at 1552 chin the N (+M,) spectrum torsion angle|xY, about the bond connecting thg &tom
(Figure 5, upper panel, trace B). The W3 wavenumber of t5 the indole ring of Trp 87, 3§. The upshift of the W3
Trp182 increases in thetM; states but goes back to that pand is therefore ascribed to an increasg#| of Trp182,
of the BR state in the N state with a concomitant intensity which occurs in concert with the reduction of steric repulsion.
decrease. In addition to the spectral differences describedyamazaki et al. have reported that the hydrogen bond of
above, the negative peaks assigned to the W7, W10, andryp182 becomes very weak specifically in the L intermediate,
W16 modes of Trp182 are enhanced upon transition from on the basis of an infrared band at 3486 &i(80). However,
M to N both in the 244- and in the 229-nm spectra (Figure \ye cannot detect any change of the W17 band (a hydrogen
5). The UVRR bands of Trp182 generally show a large pond marker, vide infra) in our L4Mj) UVRR spectra.
intensity decrease on going fromoNb N. The weakening of the Trp182 hydrogen bond might occur

Structural differences around Trp189 between theaktl in an early stage of L formation.
N states are also suggested by the UVRR difference spectra. |, aqdition to the changes described above, a wavenumber
The positive peaks at 1013 (W16) and 759 €nfw18) downshift was observed for the W17 mode in the-M M,
assigned to Trp189 in the Mstate (Figure 1B,C) are not  yansition (Table 1). It is known that the W17 mode decreases
seen in the 244-nm-probed N-M2) spectrum (Figure 5, iy wavenumber with increase of the strength of hydrogen
lower panel, trace B). The negative peak at 1246°c(w9) bonding at the indole nitrogen39). The wavenumber
of Trp189 in the M state (Figure 3B,C) is not clearly seen qownshift, therefore, indicates an increase in hydrogen
either in the 229-nm-probed NtHM;) spectrum (Figure 5, ponding strength of the Trp182 indole ring in the M M.
lower panel, trace B). These positive and negative peaks argyansition. In a previous study, we showed that the Trp182
the markers of structural changes around Trp189, and theirjnqole ring of BR was hydrogen bonded to a water molecule
disappearance in the N+-M;) spectra indicates that the pyried in an adjacent hydrophobic cavig], which was
protein structure around Trp189 in the N state is very similar |gter confirmed by X-ray diffraction20, 49. Generally, the
to that in the BR state. UVRR bands of Trp are enhanced in resonance with the B
DISCUSSION Fransition .62, 47), and their U_VRR intensities.increase with_

increase in hydrogen bonding strength or in hydrophobic

The time-resolved UVRR difference spectra of wild-type interaction 81). The increase of hydrogen bonding strength
BR show several features that may be related to proteinof Trp182 predicts an increase in UVRR intensity in the
structural changes near Trp residues during the photocycle M1 — M, transition, though the actual intensity does not
By using the W182F and W189F mutants, most of the much differ from those in the L and Mstates. This
Raman signals are assigned to either Trp182 or Trp189 asobservation can be explained by assuming that the hydro-
summarized in Table 1. Among eight Trp residues of BR, phobic interaction of Trp182 decreases in the ™ M,
Trpl82 and Trpl89 on helix F are good probes of the transition and compensates the intensity increase associated
structural changes during the photocycle. One of the novel with the change in hydrogen bonding.
findings of this study is that Raman signals from these Trp  According to the atomic model of ground-state BR)
residues differ between the,Mnd M, intermediates, which ~ a water molecule (Wat501) bridges Trp182 on helix F and
enables us to discuss the structural change in the-MM, the amide GO of Ala215 on helix G through interhelical
transition. hydrogen bonding. The hydrogen bond of the water molecule
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with Ala215 G=0 is disrupted, and a new hydrogen bond the indole nitrogen of Trp189 is hydrogen bonded to the
is formed with the hydroxyl group of Thrl78 in the wild- phenolic oxygen of Tyr83 on helix C. The M-state model
type M-state modell(6, Wat501 in the ground-state model of wild-type BR shows that the indole ring is displaced
corresponds to Wat721 in the M-state model). Similar toward the extracellular side with little change in hydrogen
structural changes have been reported for the M intermediate$onding between Trp189 and Tyr836]. The persistence
of the E204Q 18) and D96N mutantslf). Since Trpl182 of hydrogen bonding is consistent with our UVRR observa-
and Thrl78 are located on the same side of helix F and thetion, and the increased hydrophobic interaction of Trp189
water molecules are readily accessible to both Trp182 andmay be a consequence of an increased interaction with the
Thr178, the hydrogen bonding between the water and Trp1825-ionone ring associated with the tilt of helix F. Since the
in the Trp182-water-Thr178 bridge of the M-state model Trp189 indole ring is in contact with the methylene group
may be stronger than that in the interhelical Trpt8&ter— of the Glu194 side chain, it is possible that the environmental
Ala215 bridge of the ground-state model. This is consistent change of Trp189 is partly due to a change in interaction
with the UVRR finding that the hydrogen bond of Trp182 with the side chain of Glul94, which plays a key role in
is strengthened in the Mstate. The M-state model of wild-  releasing a proton to the extracellular medium in the-M
type BR also exhibits an additional water molecule, Wat722, M, transition and may be affected by the resultant redistribu-
between Wat721 and Ala215. The presence of Wat722tion of the electrical charge.
possibly indicates an increase in water accessibility in this A large outward tilt of helix F from the center of the
region associated with a decrease in the hydrophobic protein was proposed by electron and X-ray diffraction
interaction of Trp182 in the Mintermediate as suggested studies of the M and N intermediate3, (11-13). A recent
by the present UVRR study. The increased water accessibilityelectron diffraction study on a triple mutant in the open
in this region probably contributes to a proton transfer from structure has supported the outward tilt of helixi)( while
Asp96 to the Schiff base in the M— N step of the the M-state model of wild-type BR obtained by X-ray
photocycle. The present UVRR difference spectra show thatdiffraction shows a bend of helix F with an outward tilt of
steric conflict between the indole ring of Trp182 and retinal the cytoplasmic half of the helixLg). A kinetic analysis of
is partly resolved in the L state but the disruption of the transient EPR and visible absorption spectra has revealed
interhelical hydrogen bond associated with a relocation of that the outward tilt of helix F occurs during the lifetime of
water molecules takes place in the M M, transition. the M intermediate43). In this study, we have found that
The 244-nm UVRR intensities of the W16 (1013 cin the hydrophobic interaction of Trpl89 is significantly
and W18 (759 cm?t) bands of Trp189 increase only in the increased in the Mstate. The environmental change of
M, state (Figure 1, Table 1). This observation indicates that Trp189 probably indicates that the outward tilt of helix F
the protein structure around Trp189 is significantly affected starts in the M — M, transition.
neither by the retinal isomerization in theJ K transition Structural Changes in the M-N Phase One of the major
nor by deprotonation of the Schiff base in the—+ M; events during the W— N transition is the proton transfer
transition. Since the W16 and W18 bands of Trp are from Asp96 to the Schiff base. The proton transfer is
enhanced in resonance with the tBansition 82, 41, the considered to be promoted by lowering th€,mf Asp96,
intensity increases of these bands can be explained by a redwhich has an unusually highKp in the hydrophobic
shift of the B, absorption maximum of Trp189 in theaM  environment of ground-state BR4, 45. It is interesting to
state. In contrast, the 229-nm-probed spectra show andiscuss the relationship between the tilt of helix F and the
intensity decrease of the W18 (756 chhband of Trp189 reprotonation of the Schiff base on the basis of the present
(Figures 3 and 4). We have shown that thetiansition of UVRR findings. The hydrogen bonding state of Trp182 does
Trpl89 is already red-shifted in the BR sta8)( If the not change on going from the Mo N state because the
Amax Of the B, transition of Trpl89 further shifts to a downshift of the W17 mode of Trp182 in the Mtate is
wavelength longer than 229 nm but shorter than 244 nm in maintained in the N state (Table 1). In contrast, the W3,
the M intermediate, the Raman bands would show intensity W7, and W16 modes of Trpl82 exhibit large intensity
decreases in the 229-nm-probed spectra and increases in théecreases in the M~ N transition (Table 1). The intensity
244-nm-probed spectra. A largely red-shifted excitation decreases are attributed to a large change of the Trp182
profile (Amax = 230 nm) has been reported for single Trp environment from hydrophobic to hydrophilic. The environ-
residue in horse-heart cytochromé?2). A similar red-shift mental change may also affect thg #Bansition, which is
is likely to occur for Trp189 in the Mstate. The Btransition located at a shorter wavelength than thgfnsition and is
undergoes a red-shift when the strength of hydrogen bondingthe origin of the UVRR intensity of the W1 modaZ, 4J).
at the indole nitrogen or hydrophobic interaction of the indole Actually, the W1 mode shows a large intensity decrease in
ring with the environment increase®lj. The 229-nm UVRR the M, — N transition (Table 1). The opening of the
difference spectra have shown that the W17 wavenumber,cytoplasmic side initiated by the tilt of helix F in the;M>
which is sensitive to the hydrogen bonding, does not changeM; transition is probably completed by a further conforma-
for Trp189. Therefore, the intensity increases of W16 and tional change around helix F and a rearrangement of
W18 in the 244-nm difference spectrum are ascribed to ainterhelical loops on the cytoplasmic side in the M N
red-shift of the B transition caused by an increase in transition (l4). The large decrease in the hydrophobic
hydrophobic interaction of Trp189 in the;M> M, transition. interaction of Trp182 in the W— N transition is consistent
The indole ring of Trp189 faces tlfkionone ring of retinal with an entry of water molecules that may constitute a
and is buried in a hydrophobic cavity formed by the side proton-conducting pathway from the cytoplasmic surface to
chains of Ala126 (helix D), Trp138 (E), Phe135 (E), Leul190 Asp96 and to the Schiff base. Increased hydration is likely
(F), Phe208 (G), and Glu194 {5 loop) 0). In addition, to promote deprotonation of Asp96 and protonation of the
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Schiff base. It is also noted that the side chain conformation
of Trp182 becomes similar to that of ground-state BR as
monitored with the W3 wavenumber (Table 1). In contrast

to the development of structural changes on the cytoplasmic g

side on going from M to N, the structural tension caused
by the My — M, transition may be reduced on the
extracellular side because the hydrophobic interaction of
Trpl189 returns to that in the Mntermediate as demonstrated
by the UVRR intensity (Table 1).

In summary, the dynamic structural and environmental

changes around two Trp residues located on the cytoplasmic

and extracellular halves of helix F have been examined by
time-resolved UVRR spectroscopy under physiological con-
ditions. In the M — M, transition, the strength of hydrogen

bonding at the indole nitrogen of Trp182 on the cytoplasmic

side increases with a concomitant decrease in hydrophobic 15
interaction. The structural change around Trp182 is consistent

with the M-state model of wild-type BR, which shows
disruption of the water-mediated interhelical hydrogen bond
bridge and relocation of water molecules on the cytoplasmic
side of retinal. Concomitant with the change on the cyto-
plasmic side, hydrophobic interaction of Trp189 on the
extracellular side increases transiently. These structural
changes suggest that the tilt of helix F occurs in the-M

M. transition. In the M — N transition, on the other hand,

a large decrease in hydrophobic interaction take places for
Trpl182, indicating that the channel created by the tilt of helix
F allows entry of water molecules even to the vicinity of
Trpl82. Concomitantly, the environment of Trp189 returns
to the initial state. The large increase in water permeability
on the cytoplasmic side associated with the M N
transition is probably correlated with the structural changes
in the E-F loop regions on the cytoplasmic surface.
Although the switch for reprotonation of the Schiff base is
turned on in the M— M, transition with the tilt of helix F,
subsequent structural reorganization of theFHoop regions

in the M, — N transition may be essential for the entry of
water molecules into the hydrophobic channel on the
cytoplasmic side of BR.
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