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of M at Low Temperatures: An FTIR Studly

Akio Maeda,** Farol L. Tomsorf, Robert B. Genni§,Hideki Kandori! Thomas G. Ebrey” and
Sergei P. Balashév

Center for Biophysics and Computational Biology, Department of Cell and Structural Biology, and Department of Biochemistry,
University of lllinois at Urbana-Champaign, Urbana, lllinois 61801, and Department of Biophysics, Graduate School of
Science, Kyoto Umeérsity, Kyoto 606-8502, Japan

Receied February 1, 2000; Résed Manuscript Receed May 16, 2000

ABSTRACT: Changes in the FTIR difference spectra upon photoconversion of the M intermediate to its
photoproduct(s) Mwere studied in wild-type bacteriorhodopsin and several mutants at low temperatures.
The studies aimed at examining whether internally bound water molecules interact with the chromophore
and the key residues Asp85 and Asp96 in M, and whether these water molecules participate in the
reprotonation of the Schiff base. We have found that three water molecules are perturbed by the
isomerization of the chromophore in the M’ transition at 80 K. The perturbation of one water molecule,
detected as a bilobe at 3567)(3550(—) cm1, relaxed in parallel with the relaxation of an Asp85
perturbation upon increasing temperature from 80 to 100 and 133 K (before the reprotonation of the
Schiff base). Two water bands of M at 3588 and 3570 tstift to 3640 cm! upon photoconversion at

173 K. These bands were attributed to water molecules which are located in the vicinity of the Schiff
base and Asp85 (Wat85). In the M to’' Mansition at 80 and 100 K, where the Schiff base remained
unprotonated, the Wat85 pair stayed in similar states to those in M. The reprotonation of the Schiff base
at 133 K occurred without the restoration of the Wat85 band around 3648 diis band was restored

at higher temperatures. Two water molecules in the region surrounded by Thr46, Asp96, and Phe219
(Wat219) were perturbed in the M to’Nransition at 80 K and relaxed in parallel with the relaxation of

the perturbation of Asp96 upon increasing the temperature. Mutant studies show that upon photoisomer-
ization of the chromophore at 80 K one of the Wat219 water molecules moves closer to Val49 (located
near the lysine side chain attached to retinal, and close to the Schiff base). These data along with our
previous results indicate that the water molecules in the cytoplasmic domain participate in the connection
of Asp96 with the Schiff base and undergo displacement during photoconversions, presumably shuttling
between the Schiff base and a site close to Asp96 in the L to M to N transitions.

Bacteriorhodopsin is a heptahelical transmembrane proteinand cytoplasmic domainsd), The L — M transition is
from the highly halophilic bacteriuntalobacterium sali- associated with proton transfer from the Schiff base to Asp85,
narum Bacteriorhodopsin uses light energy to transport which is located at the extracellular side of the Schiff base.
protons unidirectionally from the cytoplasm to the extracel- The Schiff base is then reprotonated in the#WN transition
lular medium [see reviewsl{-3)]. The light absorbed by by a proton from initially protonated Asp96, located on the
the pigment's chromophoregll-trans-retinal attached to  cytoplasmic side of the Schiff base. Internal water molecules
Lys216 through a protonated Schiff base linkage, causes theparticipate in stabilization of the protonated Schiff base in
isomerization from all-trans to 13-cis, which then induces L and N (6, 6) and in proton transport from and to the Schiff
the formation and decay of a series of intermediates: K, L, base $—7). They are also likely to play a crucial role in
M, N, and O. The bacteriorhodopsin witll-trans-retinal light-induced changes of thekp of key residuesg) and the
will be called BR in this text. The retinal’'s polyene chain formation of a pathway for proton transpoft, ©).
lies roughly in parallel to the membrane plane and near its In the M to N intramolecular transition, the proton affinity
center, conceptually dividing the protein into extracellular of Asp96 decreasesl, 11, and that of the Schiff base
increases. This causes transfer of a proton from Asp96 to
an;T:"ile"é‘inlvzgsstépFéO;ted by NIH Grants GM 52023 (to T.G.E) the Schiff base. The mechanism of this long-range proton
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and P433), which are stable below 100 K, were changed to
species with protonated Schiff bases (P56%575— P585)
upon warming before finally returning to the initial BR state
at 230 K.

An earlier FTIR study 29) reported changes in Asp85,
Asp96, and some other amino acid residues produced by the
photoreaction of M. We studied changes of the internal water
molecules in parallel with the changes in carboxyl and
chromophore bands, to reveal the role of internal water
molecules and the carboxylic acid residues in determining
the structure of the M intermediate and in effecting proton
transfer between the Schiff base and donor/acceptor groups.
To identify the origin of carboxyl bands and probable
location of water molecules, a number of mutants were
utilized in our studies: D115N, D96N, F219L, V49A, and
T46V. The questions we addressed were as follofjsAre
there any water molecules that interact with the chromophore
in M, directly or indirectly? These water molecules might
Extracellular domain be perturbed by the photoisomerization of the chromophore
A ] . . : during the primary M— M’ photoreaction at 80 K and

IGURE 1: Protein residues and internal water molecules of BR oS - . . - .
discussed in this paper, drawn on the basis of the X-ray crystal- exhibit a shift of their vibrational bands. Their possible
lographic structure by Luecke et allf). Water oxygens are location can be tested with the mutant studi@.Is there
depicted by larger spheres. SB stands for the Schiff base. some connection (or interaction) of the chromophore with

the proton donor (Asp96) in MPhotoisomerization of the
by the migration of internal water molecules from the region chromophore in L did not cause any noticeable perturbation
close to Asp96 in M to the Schiff base in N, as suggested of Asp96 €). Is this also true for the M state? A previous
by the previous FTIR studies) Recent X-ray structural  FTIR study @9) suggested that some perturbation of Asp96
data showed changes in Phe219 and a water molecule closenight occur. This is tested in studies of the D96N and D115N
to it in the transition from BR to the M-like stat&)( mutants.(iii) How does light-induced reprotonation of the

Low-temperature difference FTIR spectroscopy has pro- Schiff base correlate with changes in water structure?
vided important information on the changes of internal water Previous studies3(L, 32 suggest that the protonated state
molecules of bacteriorhodopsin during the photocyz2~ of the Schiff base is stabilized by a water molecule between
14). Changes of several water-® stretching bands were  the positively charged Schiff base and negatively charged
detected, and their possible locations were identified using Asp85. Photoconversion of M provides an opportunity to
different mutants [reviewed by Maed&)] before the first  follow the process of reprotonation of the Schiff base and
X-ray structural data on water molecules became available re-formation of the initial BR state graduall$@), and check
(7,15-18). Residues and water molecules that are discussedwhether this process correlates with changes in the water
in the present paper are shown in Figure 1 using coordinatespands.
of the 1.55 A structure of the wild-type bacteriorhodopsin
(18). MATERIALS AND METHODS

In the BR— L transition, changes of some amino acid ] ) )
residues and internal water molecules in the extracellular and Wild-type bacteriorhodopsin was prepared by the method
cytoplasmic domains have been detected by low-temperaturedf Oesterhelt and Stoeckenil3). The mutant proteins were
FTIR studies 19, 20. Studies of the back-photoreaction of €xpressed irHalobacterium salinarum(34). The D96N,

L at 80 K, a temperature at which the restoration to BR is D115N, T46V, T46V/D96N, V49A, and F219L pigments
blocked, revealed amino acid residues and internal waterwere described previousl,(39. T46V and T46V/D96N
molecules that interact with the chromophore in L. We Were generously provided by J. K. Lanyi and L. S. Brown
proposed that these water molecules are relocated from thUniversity of California, Irvine), and the other mutants were
cytoplasmic domain to a site near the Schiff base and Provided by Y. Yamazaki of Kyoto University. The dried
participate in stabilizing the protonated form of the Schiff films were prepared by placing an aliquot of a suspension
base §). of purified purple membranes in 0.01 M borate buffer (pH

In this study, we investigated FTIR difference spectra 10) ona Bakwindow under room air. After hydrating with
accompanying the photoconversion of the M intermediate 0-2uL of Hz0, D;O, or H*%0, the film was installed in an
in order to obtain information on the interaction of water Oxford cryostat Optistat, whose temperature was controlled
molecules and key residues with the Chromophore in M and by an Oxford Intelligent Temperature Controller. The Spectra

Cytoplasmic domain

Aspi115

Retinal

the relocation of water molecules during the + M were measured using a BioRad FTS6000 FTIR Spectrometer
transition. The photoproducts obtained by illuminating M as described previously).
were previously characterized by visible absorpti@d— The sample was light-adapted at 273 K by illumination

27), resonance Ramag§), and FTIR spectroscopp9), as with yellow light (Corning 3-73 filter, wavelengths 400
reviewed by Balashow3(). The restoration of the initial BR ~ nm) for 2 min from a slide projector with a 500 W halogen
state was achieved after several intermediate thermal stepstungsten lamp. The sample was then cooled to 230 K, and
Initial photoproducts with unprotonated Schiff bases (P421 illuminated with deep yellow light (369 filter, wavelengths
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Ficure 2: Comparison of the spectra of lvh the 1806-800 cn1?
region at various temperatures: (a) M minu&8® (b) M minus
M'100, (¢) M minus M133, (d) M minus M173, and (e) M minus

BR spectra. The bands that were not observed but were observe
in other spectra are represented by dotted lines at the correspondin
frequencies. Labels were omitted if the frequency of the corre-
sponding bands is identical with that in the first spectrum in which
it appeared. The amplitudes of the M minusli@0 (b), M minus
M'133 (c), and M minus KL73 (d) difference spectra were
normalized so that the bands at 1618 and 954 cmould be

identical because the temperature shift study (see text) shows thaﬂ

Maeda et al.

in the 18006-800 cn1! region for the photoreactions of M

at 80 K (a), 100 K (b), 133 K (c), and 173 K (d). The spectra
are arranged so that the contributions of M are in the positive
direction in all the spectra and those of the photoproduct of
M, M', are in the negative direction. Positive bands at 1618
and 954 cm? are present in all the spectra, indicating that
their frequencies reversed to those they had in BR upon the
photoisomerization of the chromophore. The spectra at
different temperatures were normalized so that the amplitudes
of M are identical at 1618 and 954 cfn(see the legend of
Figure 2). The photoproducts of M formed at 80, 100, 133,
and 173 K were named 80, M'100, M133, and M173,
respectively. Note that some of thédWvill have protonated
Schiff bases (see below). The M minus BR spectrum,
recorded at 230 K (e), is shown for comparison. The
corresponding spectra for the film hydrated with@did

not exhibit the hydrogen out-of plane bands at 951 and 986
cm? (data not shown), characteristic of the K and L
intermediates in BD, respectively 36), excluding the
possibility that these spectra were contaminated by the K
and L intermediates.

The difference spectra were also obtained by warming the
samples to 133 and 173 K after illumination at 100 and 133
K, respectively (data not shown). These spectra exhibited
nearly identical spectral shapes to those produced by the

hotoreaction at 133 K (c) and 173 K (d), respectively. These
esults show that the spectra obtained by illumination of M
at various temperatures can be regarded as the spectra of
the intermediate states formed in the processes that follow
the photoreaction of M at 80 K

Protonation State of the Schiff Base of Mrevious visible
21, 24, 25 and FTIR @9) spectroscopic studies have shown

these bands appear with the same intensity. The same was appliehat the Schiff bases of M0 and M100 are unprotonated,

to the similar spectra at 80 K (a) and 100 K (b). The M minus
M'173 (d) and M minus BR spectra (e) were adjusted by the 1762
cm! band of Asp85 and the=€C and C-C stretching vibration
bands of BR. All five spectra were depicted in these ways to allow
comparison of the intensities with each other. Full length of the

but about half of the photoproduct becomes protonated in
M'133. This protonated species exhibited g.x of 565 nm
(P565). In M173, the Schiff base is completely protonated,
and thedmax shifted to 575 nm (P575). These conclusions

ordinate corresponds to 0.081, 0.095, 0.126, 0.113, and 0.176were confirmed in our spectra. The-¥ bending vibrations

absorbance units for spectra-@, respectively.

>520 nm) to produce M. The M minus BR spectrum was
recorded. The film was then cooled to the temperature
indicated in the text, and M was transformed by illumination
with blue light (7-59 filter, wavelengths 3500 nm)
followed by red light (2-64 filter>650 nm) illumination to
convert K formed from residual BR. The M minus'M

of the protonated Schiff base of BR) at 1348 and 1255
cm ! (Figure 2, a through d) seen in the M minus BR
spectrum (e) are absent in'8 and M100 (a and b),
indicating that these species have an unprotonated Schiff
base. These bands appear iHLBB with an intensity half of
that in BR, indicating that only 50% of the photoproducts
have protonated Schiff bases (c). The band intensities of the
chromophore vibrations are in general much lower in a

spectrum at each temperature was obtained as a differenc«gpecies with an unprotonated Schiff base [see revigd].(
between the average of 8 absolute spectra, each obtained byhtensities of the &C and G-C stretching bands at 1531,

adding 256 interferograms, taken before and after the
illumination.

RESULTS

Photoreaction of M at Various Temperaturd$e photo-
reaction of M was studied at four temperatures: 80, 100,
133, and 173 K. At the first two temperatures, illumination
of M results in formation of its primary photoproducts (50%
of P421 and ca. 5% of P433) which have unprotonated Schiff
bases 71-25). At 133 K, part of these photoproducts

converts into a species with a protonated Schiff base (P565),

and at 173 K a larger fraction of the photoproducts has a
protonated Schiff base and the maximum shifts to 575 nm
(P575) @3—25). Figure 2 shows the FTIR difference spectra

1200, and 1169 cnt in M'133 (c) are about half of the
corresponding bands in BR (e). Their bands are absent in
M’'80 (a). Bands at 1532, 1200, and 1169 ¢érm M'100
(b) are likely due to amide Il and amide Il (mainly due to
the peptide amide) because these bands shift,(D (@ata
not shown). FTIR results do not show the isomeric state of
the unprotonated photoproducts of M, but previous resonance
Raman experiment28) indicated that the chromophore is
all-trans-retinal.

The C=C stretching band due to W73 (P575) at 1528
cmtis almost the same as the BR band at 1527 'c(d
and e), but different from that of M33 at 1531 cm.
Nevertheless, some protein structure still has not completely
recovered in ML73, because the M minus'W3 spectrum
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does not show the amide | bands at 1633 and 1623',cm T ' ' '

which are characteristic of the M minus BR spectrum (e).

The C=C stretching frequency of M33 (P565) at 1531 1762 1742

cmtis as expected for itdma, judging from the linear ! !

relation between thén.xand the G=C stretching frequency

(37) - < ]
Structural Changes around Glu204 Do NotRé in Any | | thae | 1754 1728

M’ SpeciesA small positive band at 1699 crhappears as T

a common feature of all the M minus'Mpectra (Figure 2,

a—d), but is absent in the M minus BR spectrum (e) probably

because a negative band at the same frequency cancels it. <

The 1699 cm! band was detected in the M minus BR

spectrum of E204Q at 230 K38) and at room temperature

(11, 39. Thus, the 1699 cnt band of the initial state is

sensitive to the E204Q mutation and most likely belongs to

Glu204 or a peptide carbonyl close to it. The fact that the

1699 cm! band is present in the M minus 'Mspectra

indicates that it is not canceled by the Glu204 band, implying N

that the environment around Glu204 was changed upon M BR

formation and the change persists in all thé $yecies.
Isomerization of the Chromophore Perturbs Tyr185e : s s s s

vibration at 840 cm’, seen as a positive band in the M minus 1780 1770 1760 1750 1740 1730 1720

BR spectrum (Figure 2, €), was assigned to the benzene ring Wavenumber (cm’")

out-of-plane vibration of Tyr18540). The corresponding  Fgure 3: Comparison of the perturbations of the=O stretching

vibration in BR is located at 833 cmh The Tyrl85 band vibrations of carboxylic acid residues in various Mates in the

undergoes a slight shift in frequency from 843 ¢rtoward 1780-1720 cnt* spectral region for (a) M minus M0, (b) M

835 cnT in M'80 (a). A reasonable explanation is that this Minus M100, (c) M minus M133, (d) M minus M173, and (e) M

o . N minus BR spectra. Solid lines are for the wild-type protein, dotted
shift is caused by the isomerization of the chromophore. ;..o (a-d) for D115N protein, and a broken line (a and b) for

Upon increasing temperature from 100 to 173 K, this band pggN protein. The bands that were not observed but were observed
gradually moves toward 834 crh (b through d). The in other spectra at the corresponding frequencies are represented
benzene ring of Tyrl185 is located relatively close to thg<C by dotted lines. Labels were omitted if the frequency of the
Cis bond of the retinal (about 4 A)l(?, 18. The slightly corresponding bands is identical with that in the first spectrum in

§ C . : which it appeared. Intensities of the spectra of mutant pigments
different frequencies in Mmight be caused by the different | oo adjusted by normalization at the 1618 and 954 dbands.

environments around the chromophore in émpared to Full length of the ordinate corresponds to 0.0069, 0.0069, 0.0067,
BR. and 0.0055 absorbance units for the spectra of D115N (dotted lines

Perturbation and Deprotonation of Asp85 in the-MM'’ in a—d), and 0.0055 and 0.0069 for the spectra of D96N (broken
Transitions The spectra in the 1780720 cm® region lines in a-b), respectively. For the wild type, see Figure 2.
contain the &0 stretching vibrations of the protonated

; ; : : . D96N and D115N mutants. In the D96N mutant, the 1742
carboxylic acids (Figure 3). Previous studies have shown that~ "~ . S '
the positive band at 1761 crhin the M minus BR spectrum cm ! band is greatly reduced (broken line in a). In the D115N

(e) is due to the protonation of Asp85 in M, 42. The mutant (piotted line in a), thg positive_ band at 1742 tin .
M — M'133 and the M— M'173 conversions to form the M minus M80 spectrum is only slightly smaller than in
protonated Schiff base species are accompanied by thdhe W|Id_type. These results indicate that the 174_chhand_
deprotonation of Asp85, giving rise to a positive band at at80Kis composed of two parts: the larger partis associated
1761-2 cnrt (c and d). The M— M’ transitions at 80 K with a pe.rturbanon of Asp96z and the minor part is due to a
(a) and 100 K (b), which are not accompanied by the Perturbation of Asp115. Takei et ad) showed the presence
reprotonation of the Schiff base, still exhibit the positive band Of the negative band at 1749 cirand tentatively assigned
at 1762 cm. These bands are accompanied by negative it for Asp96. The negative band around this frequency is
bands at 1754 cm due to the perturbation of protonated Smallerin D96N (broken line) but not in D115N (dotted line)
Asp85 in both M80 and M100, as observed by Takei et al. than the wild type (solid line), indicating that the negative
at 100 K @9). The perturbation at 100 K is smaller than at band at 1749 crt is due to Asp96. The 1736 crhband of
80 K, as indicated by the decrease in the intensity of the Asp96 in M, whose amplitude is much smaller than that of
1762 and 1754 cn# bilobe at 100 K relative to that at 80 K the 1742 cm* band @5), arose either from a small shift of
(a and b). the 1742 cm? band that takes place in all the molecules or
Perturbations of Asp96 and Aspll5 in the ™M M’ from a large shift (from 1742 to 1736 ct) that takes place
Transitions The M minus M80 spectrum (solid line in  in asmall fraction. The latter possibility suggests heterogene-
Figure 3, a) shows a positive band at 1742 &nTakei et ity of M in which part of Asp96 absorbs 1742 cfand a
al. (29) suggested that this band might be due to a minor partat 1736 cmt. Further study is necessary in order
perturbation of Asp96. According to Sasaki et &5) the to distinguish these two possibilities. Changes in the 1734
carboxyl group of protonated Asp115 also has a band at acm™! band, which appeared as a bilobe at 1734/1739-
similar frequency in M. To determine the contributions of (=) cm™ in the M minus M173 spectrum of the D115N
Asp96 and Aspl15 to the 1742 ciband, we studied the  mutant pigment (dotted line in d), might be due to reversal
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Ficure 4: Comparison of the perturbations of the=O stretching BR
vibrations of carboxylic acid residues in the 1780720 cnt?!
spectral region in the M to M0 transition in various mutants. (a) a6ls

Wild type, (b) V49A, and (c) T46V. (a) is from Figure 3, a.
Intensities of the spectra of mutant pigments were adjusted to that , , , ,
of the wild type by normalization of their 1618 and 954 drbands. 3680 3640 3600 3560 3520
The full length of the ordinate corresponds to 0.0037, 0.0054, and
0.0063 absorbance units for (a), (b), and (c), respectively.
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Ficure 5: Comparison of the perturbations of the-8 stretching
of the shift of the Asp96 band seen in the M minus BR Vvibrations of water molecules in various Btates of the wild type
spectrum 85) in the 3700-3520 cn1? spectral region for (a) M minus MO0, (b)
o . M minus M 100, (c) M minus M133, (d) M minus M173, and (e)
.The amplitude of t.he 1742 cthband of Asp96 in the M M minus BR spectra. Solid lines are for the film hydrated with
minus M spectrum in the D115N mutant decree}ses upon H,0, a broken line (in a) for the film with K80. Labels were
warming to 100 K, decreases further upon warming to 133 omitted if the frequency of the corresponding bands is identical
K (dotted line in b and c), and almost disappears at 173 K with that in the first spectrum in which it appeared. Full length of
(dotted line in d). The negative band at 1749 énalso the ordinate corresponds to 0.027 absorbance unit for the wild type.
decreases at 100 K. These results indicate that Asp96.

undergoes a perturbation at 80 K and then returns to the!S Worth examining the 1762 cti band in the M to M0
initial BR state at higher temperatures. transition (Figure 3, a) because here the 1762dnand is

As noted above, in the spectrum of the M M'80 due to the perturbation_rather than the deprotonation of
transition, the contribution from the perturbation of Asp115 AS?§5' The T46V mutation markedly decreases the 1762
to the 1742 cm? band is smaller than the contribution from €M~ band of Asp85 (Figure 4, c), suggesting an indirect
Asp96, but it increases at higher temperatures (Figure 3,interaction from Thr46 to Asp85 in M. The 1762 chband
b—d). The 1742 cm® band of Asp115 in M shifts to 1734 decreases even more in the V49A mutation (b). This suggests
cm1in M'80 and M100 (broken lines in a and b). At 173 that Val49 is at or near the locus that perturbs Asp85 in the
K, most of changes around 1742 chare due to Asp115 M to M" transition.

(compare solid line and broken lines in d). The latter Evidence for the Interaction of Thr46 and Asp96 in M.
observation suggests that Asp115 undergoes a small perturThe 1742 cm* band of Asp96 of M is not seen in the M
bation upon isomerization of the chromophore, but experi- Minus BR spectrum (see Figure 3, ), but as described above,
ences larger additional changes upon reprotonation of theit is present in the M minus MO spectrum (Figure 3, a).
Schiff base. This band shifts from 1742 crh in the M of wild type

Inhibition of the Perturbation of Asp85 in the M M’ (Figure 4, a) to 1747 cnt in the M of T46V (c). This shifted
Transition by Mutations of the Cytoplasmic Residues, Val49 band is due to Asp96 because it disappears in T46V/D96N
and Thr46.Some mutants in the cytoplasmic domain are (not shown). This shift of the €0 stretching vibration of
known to affect the formation and decay of the M intermedi- Asp96 to a different frequency in the M of T46V indicates
ate. T46V accelerates both the formation and the decay ofan interaction of Thr46 with Asp96 in M. A similar
M (19, 41). V49A enormously decelerates the formation of interaction between Thr46 and Asp96 is present irl®,

M, so that the steady-state amplitude of M is very laM)( 44).

To establish whether the mutation of these residues affects Changes in Internal Water Bands Produced by the
the environment of Asp85, we examined the FTIR difference Photocomersion of M The M to M transition at 80 K causes
spectra that accompany the photoconversion of M in thesetwo prominent spectral changes in the 373520 cm?
mutants. region which contains the ©H stretching vibrations of water

Figure 4 shows the effects in the M to’ Nfansition of (Figure 5): one is a sharp band of M at 3671 émwhich is
V49A (b) and T46V (c) on the 1762 crh band of Asp85, accompanied by a small negative band at 3661 crand
and on the 1742 cm band of Asp96 seen in the wild-type the other is a bilobe with 3567 and 3550¢) cm™* bands.
pigment (a). These mutations did not affect the 1761%tm These bands shift in £fO (a, dotted line) and can be
band of Asp85 in the M minus BR specti®).(However, it assigned to water molecules undergoing a perturbation upon
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the photoisomerization of the chromophore during the\M  experiments 24, 25 show that P565 (the species with the
M’ transition at 80 K. These changes of water bands producedprotonated Schiff base in M33) reverts to M by the
by the M— M' photoreaction are entirely different from photoreaction at 100 K. The absence of these water bands

what we observed for the = L' photoreaction at 80 K5} in the difference spectrum betweeri183 and M at 100 K

or those described for the BR K photoreaction 13, 45. (data not shown) further confirms that these water molecules
Upon reprotonation of the Schiff base at 133 and 173 K, are not perturbed in the > P565 transitions.

other changes occur. At 133 K, the bilobe of 3567 ¢fr) Perturbations of Wat219 in the M to ‘Mransitions A

and 3550 cm'(—) bands almost disappears (c). At 173 K, a water O-H band at 3671 crit and its shoulder band at 3662
broad positive band of M in the 366550 cni* region  cm ! seen in the M spectrun#) are completely depleted
appears simultaneously with a negative band at 3640:,¢m  in F219L and are affected in T46V and D96L6). These
and also a shoulder at 3662 ch{c) becomes visible. water molecules are called Wat219 in the present paper. The
To elucidate the origin of these bands and their probable frequencies at 3671 and 3662 chindicate that the ©H
location, it is necessary to consider the water bands identifiedbonds of Wat219 in M must be engaged in a very weak
earlier in the M minus BR spectrunt), Generally, water  hydrogen bond. The corresponding bands in BR have not
exhibits two O-H stretching vibrations, asymmetric and been detecteds) and so must be below 3520 ctor present
symmetric vibrations, that are separatedN00—150 cn1? even in the 36263520 cn1! region with a very low intensity
from each other in the region above 3000 ¢énDifferent or overlapping with other bands. Other water molecules in
hydrogen-bonding strength in a heterogeneous environmenthe cytoplasmic domain, which show the 3607 and 3577
of a protein would also contribute to the two bands. In this cm™ bands in the BR statel ), did not appear in the M~
case, the higher frequency band is due to weaker hydrogenM’ transitions.
bonding. The bands we observed were probably only the  The pand around 3671 crhin the M minus BR spectrum
higher frequency bands of different water molecules. The (Figure 5, e) exhibits an asymmetrical shape due to the
lower frequency bands (below 3520 cpare difficult to presence of a shoulder at 3662 ¢nf47). The 3671 cmt
observe because of band widening, larger noise, and baselingsnd continues to be asymmetrical in the M minu<L %8
distortions. Nevertheless, some speculation on the hydroger*spectrum (d), and in the M minus’B3 spectrum (c), but
bonding strength can be made regarding the higher frequencyappears symmetrical in the M minus'80 and M minus
bands (sed 2, 14 and references cited therein). M'100 spectra (a and b). A small negative band at 3661:cm
Perturbation of Wat85 in the M~ M’ Transitions.The is observed in these spectra. The symmetrical shape of the
3643 cn! band of BR is absent in the D85N muta#y. 3671 cn1! band did not arise from a sharpening of the band
The water molecules that comprise this band in BR must be py |owering the temperature, because the 3671 !doand
close to Asp85, and are collectively named Wat85 in the of M produced by illumination at 230 K (e) has the same
present paper. The 3643 cband of BR seen in the M asymmetrical shape, when recorded at 80 and 100 K (not
minus BR spectrum (Figure 5, e) is nearly missing ifBM  shown). Thus, the symmetrical shape must arise from the
(), M'100 (b), and ML33 (c). It appears as a broad band at gepletion of the shoulder at 3662 ci This shoulder
3640 cnit in the M minus M173 spectrum (d). A broad  pelonging to M must be present in all the spectra, and the
positive band in the 36063550 cn1* region in the Mminus  |ack of the shoulder near 3662 ciin the M minus M80
BR spectrum (e) shifts in #£O (6) and was previously  (a) and M minus MLOO (b) spectra must be due to its
assigned to the ©H stretching vibration of water in M. A" cancellation by a negative band at the same frequency, which
similar feature is present in the M minus"M3 spectrum,  eijther could arise by a slight shift of the 3671 chband to
but absent in the M minus Mspectrum at 80 K (c), 100 K 3662 cnt?, or be due to an unchanged position of the 3662

(b), and 133 K (a). Thus, this feature corresponds to the cm1 pand in the M— M’ transitions at 80 K, and 100 K.
negative band at 3643 crhand can be assigned to Wat85 The presence of the small negative band at 3661*¢m

in M'. . the M minus M80 spectrum of the wild type (Figure 5, a)
This broad positive band seems to be composed of tWo g the results on the V49A mutant (see below) can be better
bands at 3588 and 3570 ciSince the bandwidth of a water explained by assuming that the shoulder at 3662cm

O—H stretching vibration tends to be narrower with a slight undergoes a shift to a frequency below 3620 tmhereas
lower frequency shift at lower temperature, the M minus BR {2 3671 cm? band undergoes only a slight shift of the-&

spectrum was recorded at 80 K. Though the baseline wasgyeiching vibration to 3662 cri Superposition of these two
greatly distorted, it is clear that the broad water band in the ¢pifo (the large one for the 3662 cfnband and a small

spectrum of M is resolved into two bands at 80 K. The gna for the 3671 crit band) would correspond to the
frequencies of the maximum intensities of these bands Werechanges seen in Figure 5, a. The presence of both the 3671
determined in the second derivative of this spectrum at 3584 .,-1 hand and the 3662 c}rhshoulder in the M minus M

and 35611cm1 (not shown in figures). The corresponding  gpecira at temperatures above 133 K and the absence of a
3643 cnt® band of BR may arise from two water-  ghamy negative band at 3662 chic, d) indicate that both
bonds as suggested by its intensity decreasing by half in they s shift toward lower frequencies in the region below

L minus BR spectrum of V49A20). The positive band of 3650 ¢y, or are transformed into a very broad band in the
the bilobe at 3567 cnt observed in the M minus N30 3640-3560 cnT! region seen in the M minus Ni33
spectrum might correspond to the 3570 ¢rband of M at
230 K, though other water molecules cannot be excluded.

' ; 2The 3671 cm! band in the M minus BR spectrum appeared at
In M133, half of the Schiff bases are protonated. However, 3673 cnt in the corresponding spectrum of D96N, suggesting that

no substantial changes in water bands take place except fokyat219 is also close to Asp96 (Yamazaki, Kandori, Needleman, Lanyi,
the 3671 cm! band. The previous visible spectroscopic and Maeda, unpublished results).
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' ' ' : : ' of the 3662 cm* band in the M— M’ transition at 80 K as
3670 we found in this study. From these results, we conclude that
‘ in the wild type the M— M’ transition involves a change of

poce | (2) 3567 M interaction of Wat219b and Val49. Presumably this water
' M80 moves closer to Val49 in the M~ M’ transition at 80 K.
Il The inhibition in V49A is readily overcome by increasing

b 3662
oot | M the temperature to 133 K.

MH00 The M minus M spectra for the V49A mutant did not
p: ! exhibit the positive band at 3567 cfnseen in the wild type

(© u (compare Figure 5, a, with Figure 6, a). This band was not
0 \J\JM\‘\/ 133 detected in the M minus BR spectrum of V49A either (Figure
6, d). However, this could be a result of the cancellation by

|3|663 a large negative band at 3566 cinwhich is present in the

M M minus BR spectrum as in the L minus BR spectrif)(

0.004 BR It would cancel the 3567 cm band in the M minus N80

| spectrum and would leave the negative band at 3552.cm

3643 !
3582 DISCUSSION

0.008 1 L L n 1 N
3680 3640 3600 3560 3520 In this study we found that photoisomerization of the

Wavenumber (cm) chromophore in the M intermediate causes perturbation of

FiGUrRe 6: The O-H stretching vibrations of internal water  water molecules and several other identified residues (Tyr185,
molecules of V49A in the 37063520 cmr* spectral region  Asp115) along with earlier described perturbations of Asp85

observed as a difference spectrum between various species: (a ;
the M minus M80, (b) the M minus MLOO, and (c) the M minus hnd Asp96 29) at 80 K. Subsequent reprotonation of the

M'133 spectra, and (d) the M minus BR spectrum. Labels were Schiff basg and re-formation of .Inltla| pigment are also
omitted if the frequency of the corresponding bands is identical accompanied by further changes in water bands. Below we
with that in the first spectrum in which it appeared. The dotted discuss the possible origin of these changes and the probable
line in (a) shows the absence of the 3567 €tmand. Intensities of  |gcation of participating water molecules.

the spectra were adjusted by normalization at the 1618 and 954 . . .
cm bands. Full length of the ordinate corresponds to 0.0094, Relation of Wat8s to the Schiff Basasp8s lon PairThe

0.0123, 0.0123, and 0.0182 absorbance units. present results strongly suggest that the 3643'dmand of
Wat85 water molecules of BR changes to two bands at 3588

spectrum (c). We call the water-H bonds responsible for ~ and 3570 cm® in M. X-ray crystallographic structures show
the 3671 and 3662 cm bands Wat219a and Wat219b, that two water molecules (W402 and W401) are hydrogen-
respectively, because these bands are absent in the F219Ponded to Asp85 in BRI, 1§, and that W402, between
mutant. Asp85 and the Schiff base, is displaced in K8) and

Effect of the V4A9A Mutation on Wat218n interesting becomes invisible in M (7). The reason for the latter could
feature of the VA9A mutant is that instead of the 3671-tm  be due to the water moved out of the original site, or to the
band, a bilobe with 3676¢) cm~* and 3662¢) cm™! bands waters pecom!ng more moblle and so not giving rise to a
is present in the M minus MO spectrum (Figure 6, a). The well-deflngd dlffrac;t|ng site. The frequency at 3570 dm
3662 cnr! negative band becomes smaller at 100 K (b) and of Wat85 in M, which reflects a _relat|vely strong hydrogen
disappears at 133 K (c). The shoulder band at 3663 ¢sn bond, may be due to W401, which forms a hydrogen bond
however, present in the M minus BR spectrum (d). The with the protonat_ed Asp85 in M(7), though the possibility
appearance of the negative band at 3662 cim the M — that the band is due to Wat402 cannot be excluded
M’80 transition of the V49A mutant (a) can be explained completely. FTIR spectroscopy also shows that Wat85 water
by assuming that the V49A mutation abolishes the large shift molecules change to different states in the BR to K transition
seen in the wild type of the Wat219b band from 3662 &m (13, 49.
to <3620 cm?, which usually occurs in the M~ M’ In the M — M’ transition, the Schiff base does not
transition at 80 K (Figure 5, a). Under these conditions, a reprotonate at 80 K even though it should be oriented toward
slight shift of the 3671 cmt band of Wat219a (3670 crh Asp85 after the 13-cis to trans photoisomerization. Mean-
in the mutant) is clearly seen. In the wild type, this shift is While, Wat85 stayed almost in the same state as in M except
barely detectable because of its overlap with the 3662:cm for a possible slight shift of the 3567 ciband to 3550
positive band of M which undergoes a large shift. This cm*. Reprotonation of the Schiff base occurs ifi#3 even
inhibition of the shift of the 3662 crt band by the V49A without the restoration of the -©H stretching vibration band
mutation diminishes with increasing temperature; there to around 3640 cmt. However, the restoration of the same
remains a smaller negative band in th&lBD spectra (Figure ~ C=C stretching frequency was attained only with restoration
6, b) but none in ML33 (c). of the O—H stretching frequency in M73 to that of BR.

It is interesting to note that the T46V mutation affects the Thus, Wat85 is involved in determining the extent of electron
frequency of both the 3671 and 3662 ¢nbands in the M delocalization of the retinal chromophore, as reflected in the
state, causing them to downshift, indicating that the water C=C stretching frequency, by providing a polar environment
molecules responsible for these bands are close to Thr46 inaround the Schiff base and Asp85 ion pair.

M (6). The V49A mutation does not affect these frequencies  Environmental Changes around Asp85 and Asp96 in the
in M, as was shown previousi\6), but precludes changes M to M Transitions and Their Relationship with the
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Perturbations of Wat219 and Wat8®/hile the Schiff base =~ M'80 transition may be one of the reasons causing the
remains unprotonated in going from M to'80, the G=O perturbations of both Asp96 and Asp85 by the isomerization
stretching vibration of the protonated Asp85 changes from of the chromophore (see below). In agreement with this, the
1762 cmttin M to 1754 cntt in M’ (Figure 3, a). Some of  perturbation of Asp85 in the M to MO transition is
the perturbed Asp85 in Mat 80 K returns to the 1762 crh markedly suppressed in the V49A pigment (Figure 4, b).
state at 100 K (Figure 3, b) before its deprotonation. The Water Relocation in the L to M to N Transitian®ur
perturbation and relaxation of Asp85 occurs in parallel with previous studies on the photoreaction of L at 80 H (
a slight shift of a water band from 3567 to 3550 ¢rin the revealed that at least two internal water molecules have
M — M'80 transition and its relaxation in the M to’'M83 similar O—H stretching vibration frequency. This was taken
transition. In this regard, W401, which is hydrogen-bonded as evidence for a water cluster around the Schiff base in L
to Asp85 in the M-like structure of D96NY), is the best  and possibly in its photoproduct; (5). The size of the water
candidate for the water ©©H stretching vibration at 3567  cluster became smaller in T46V and was restored in T46V/
cm L. As described under Results, the 3567 ¢rband of D96N, in parallel with the speeding up and restoration of
M is most likely derived from the 3570 crhband of Wat85 the L to M transition 19). We suggested that this cluster is
in the M minus BR spectrum. formed by the water molecules that are present in the Fhr46
In M'80 the band of Asp96 at 1742 cihundergoes a  Asp96 region (Wat46) and another internal water molecule
perturbation (Figure 3, a). The fraction that exhibits the in the cytoplasmic domain. In contrast to the effect of the
perturbation decreases with increasing temperature. TheT46V mutation, enlargement of the water cluster by ad-
relaxation of these perturbations of Asp96 occurs in parallel ditional water molecules in the V49A pigmend)(is
with the relaxation of the perturbation of Asp85. The 3671 accompanied by a retardation of the+M transition @3).
cm! band of Wat219 undergoes a slight perturbation in the These results suggest that L is favored in the=L M
M — M'80 and M— M'100 transitions (Figure 5, a), and equilibrium when the size of the cluster of water molecules
nearly returns to the initial BR state along with the proto- is large. The water molecules in the cluster are in a strong
nation of the Schiff base, probably at 133 K. In M, this water hydrogen bonding state and may be involved in the stabiliza-
molecule is present in the region surrounded by Thr46, tion of the protonated form of the Schiff base. The hydrogen
Asp96, and Phe219 [see above aff.(Asp96 is perturbed  bonding state as reflected in the-® stretching frequency
at 80 K and relaxed by increasing temperature. Thus, of the water cluster is affected in the V49A mutant protein
perturbation of Asp96 is coupled with the perturbation of (5). Hence, this cluster must be located close to Val49 in L.
nearby water molecules that are also close to Phe219 and Water molecules act as a mobile mediator in the function-
Thr46. ing of BR, as suggested in this and in an earlier stUgy (
How are Asp85 and Asp96 affected by the isomerization The same might occur in other proteins also. Relocation of
of the chromophore in the M to MO transition? One internal water molecules was suggested by a similar FTIR
possibility is that water molecules interacting with Asp85 study in the functioning of bovine rhodopsid9). Other
and Asp96 are perturbed in the M to' kMansition at 80 K examples based on X-ray crystallographic results have been
in response to structural changes of the amino acid residueglescribed for serine proteaség), cytochromec (51, 52,
around the chromophore that occur upon isomerization. Theand cytochrome P45%38).
present study detected changes of environments of Val49 One important difference between thet L' and M—
(Figure 6), Aspl115 (Figure 3), and Tyrl85 (Figure 2), of M’ photoreactions is that Asp96 is perturbed only in the latter
the interaction between Thr46 and Asp96 (Figure 6), and of transition. It is reasonable to suppose that water molecules
the effects on Asp85 by V49A (Figure 6), T46V (Figure 6), are absent around Asp96 in L ant(k). On the other hand,
and F219L mutations (not shown). Thremethyl group of in M, Wat219 is present close to the Aspgbhr46—Phe219
Val49, which is separated by about 3.5 A from the side chain region and undergoes a perturbation. Thus, the water
of Lys216 in BR (see Figure 111{, 18 but upon isomer-  environment of Asp96 changes in the M M’ transition,
ization (in My) moves closer to theg-methylene of Lys216  but not in the L— L' transition. The perturbation of Asp96
(3.3 A), is a possible site that is affected by the isomerization. is not observed in the BR> K transition at 80 K either. In
Several effects of this contact were discussed previod§ly (  this photoreaction, relatively small changes of ® bands
An alternative possibility is that changes of the dipole presumably due to water molecules in the vicinity of Asp85
moment of the chromophore during the photoreaction perturb and the Schiff base (Wat85) were detect#&d, (45.
water molecules and residues interacting with th&®).( The cluster of water molecules in L forms strong hydrogen
Finally, one cannot exclude a possibility that one of the water bonds presumably with the protonated Schiff base. Our
molecules (Wat85) is bound to the Schiff base and is directly present results indicate the presence of at least two water
perturbed by photoisomerization. Such a water molecule molecules in the cytoplasmic domain that undergo perturba-
bound to the Schiff base in M was proposed earlier in tion along with Asp96 upon 13-cis> trans photoisomer-
molecular dynamics calculatio)(but has not been observed ization of the chromophore in the M> M’ transition.
in the X-ray study of the M-like intermediate of D96N mutant However, a hydrogen-bonded chain connecting Asp96 to the
pigment {7). Schiff base by only water molecules does not seem to exist
Relocation of Wat219b to Val49 in the™M M’ Transition. in the M state. Such a pathway was also not detected in the
In the M— M’ transition at 80 K, the shoulder band at 3662 X-ray structure of M, of D96N (7). A network of hydrogen
cm! due to Wat219b is perturbed. This perturbation is bonds might be formed in a transition state between M and
inhibited in V49A at 80 K (Figure 6, a), suggesting the N. An alternative possibility is that such a complete network
relocation of Wat219b closer to Val49 in'MThus, the does not form and the proton is conveyed by a water
relocation of Wat219 to the site close to Val49 in the M to molecule which shuttles between a site close to Asp96 and
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the Schiff base in the M to N transition. This suggests that 23.

the

relocation of Wat219 closer to Asp96 in Ng) (may

initiate the transfer of a proton from Asp96 to the Schiff

base. In N, Wat219 is closer to the Schiff base and may be

involved in stabilizing its protonated forn®y

It is worthwhile to point out some similar features of the
M to M' photoreaction and the M to N transition despite
different configuration of the chromophore: both reactions

are accompanied by the lower frequency shifts of the 1761

cm ! band of Asp85 to 1754 cm (54), and the 3671 cmi
band of Wat219 to 3654 cm (6). These similar perturba-
tions could be brought about by the relocation of Wat219
toward Val49 in M as in N @) from the site surrounded by
Thrd6, Asp96, and Phe219 in M.
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