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ABSTRACT. pharaonisphoborhodopsingpR, also calleghharaonissensory rhodopsin IpsRIl) is a receptor

for negative phototaxis iNatronobacterium pharaonidt forms a 2:2 complex with its transducer protein,
pHtrll, in membranes and transmits light signals through the change in the prgiitein interaction.

We previously found that thppR« minusppR spectrum in BO possesses vibrational bandsppR at

3479 (+)/3369 (+) cm~* only in the presence qdHtrll [Furutani, Y., Sudo, Y., Kamo, N., and Kandori,

H. (2003)Biochemistry 424837-4842]. A D/H-unexchangeable-XH group appears to form a stronger
hydrogen bond upon retinal photoisomerization inpp&—pHtrll complex. This article aims to identify

the group by use of various mutant proteins. According to the crystal structure, Tyr-1p®Rdbrms a
hydrogen bond with Asn-74 gdHtrll in the complex. Nevertheless, the 3479)(3369 () cm™ bands

were preserved in the Y199F mutant, excluding the possibility that the bands-dfles@etches of Tyr-

199. On the other hand, Thr-204 and Tyr-174 form a hydrogen bond between the retinal chromophore
pocket and the binding surface of thpR—pHtrll complex. These FTIR measurements revealed that the
bands at 3479+)/3369 (+) cm! disappeared in the T204A mutant, while being shifted to 3498and

3474 (+) cm™1 in the T204S mutant. They appear at 3439/8402 () cmt in the Y174F mutant.

From these results, we concluded that the bands at 3473369 (+) cm™! originate from the G-H

stretch of Thr-204. A stronger hydrogen bond as shown by a large spectral downshift (1)&Gegyests

that the specific hydrogen bonding alteration of Thr-204 takes place upon retinal photoisomerization,
which does not occur in the absence of the transducer protein. Thr-204 has been known as an important
residue for color tuning and photocycle kineticgopR. The results presented here point to an additional
important role of Thr-204 ippR for the interaction wittpHtrll. Specific interaction in the complex that
involves Thr-204 presumably affects the decay kinetics and binding affinity in the M intermediate.

pharaonisphoborhodopsinpgpR}! also calledpharaonis chemotaxis proteins (MCPsY,(10). It is well-known that
sensory rhodopsin IpsRII) is one of the archaeal rhodopsins MCPs exist as homodimers composed of—80 kDa
that haveall-transretinal as a chromophorel{5). The subunits and form a ternary complex with CheA and CheW.
retinal forms a Schiff base linkage with Lys-205 in the Chemical stimuli activate phosphorylation cascades that
middle of the seventh transmembrane hedix7). ppR serves modulate flagella motorsl(—13), where MCPs act not only
as a photoreceptor Natronobacterium pharaonisind forms as signal receptors but also as transducers. In contrast, light
a signaling complex in archaeal membranes withphara- signal is received bypR, a protein different fronpHtril.
onis halobacterial transducer protejoHitril (8). Therefore, specific interaction is required betwepR and
pHtrll is a transmembrane two-helix protein and belongs pHtril (8, 14). ppR transmits light signals tpHtrll through
to a family of transmembrane two-helix methyl-accepting the change in such an interaction, apidtrll eventually
activates phosphorylation cascades that modulate flagella
T This work was supported by grants from Japanese Ministry of motors. By usmg.the s!gnallng system, the archea aYO'd
Education, Culture, Sports, Science, and Technology. harmful near-UV light, displaying what is called a negative
* To whom correspondence should be addressed. Phone and FaxphototaxisppR absorbs maximally at 498 nm, and the light

81-52-735-5207. E-mail: kandori@ach.nitech.ac.jp. triggers trans—cis photoisomerization of the retinal chro-
*Hokkaido University.

s Nagoya Institute of Technology. mophore in its electronically excited stateb), followed by
I'Kyoto University. rapid formation of the ground-state species such as the K
“Japan Science and Technology Corp. intermediate. Relaxation of the K intermediate leads to

1 Abbreviations: ppR, pharaonisphoborhodopsingHtrll, truncated . . .
pharaonishalobacterial transducer |l expressed from position 1 to 159; functional processes during the photocycle, where protein

PPRk, K intermediate ofppR; DM, n-dodecyl-p-maltoside; Y174F, structural changes are transmitted frgopR to pHitrll
Y199F, T204S, and T204ApR mutants in which Tyr-174, Tyr-199,  presumably in the M and/or O statekg).

and Thr-204 are substituted with Phe, Phe, Ser, and Ala, respectively; . . .

ppRu, M intermediate ofppR; ppRo, O intermediate oppR; FTIR, PPR is stable in membranes and DM micellds,(18),
Fourier transform infrared; PQ;a-phosphatidylcholine. and expression ifEscherichia colicells can provide large
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-1 Ficure 2: Details of the X-ray crystallographic structure of the
Wavenumber (cm') ppR—pHtrll complex @) focusing on specific hydrogen bonds. (a)

FiGURE 1: ppR¢ minus ppR infrared difference spectra in the Hydrogen bond between Tyr-199 ppR and Asn-74 opHtrll,

absence-¢+) and presencef) of pHitrll in the 3580-3300 cntt the length of which is 2.7 A. This view is from the cytoplasmic
region. Published spectra are reproduced fromagef side along the membrane normal. (b) Hydrogen bond between Tyr-
174 and Thr-204 ipHitrll, the length of which is 3.2 A. This view

. . - . is from the C helix side along the membrane, where helices F and
amounts of this protein (several milligrams per Ilte_r of g of PpR that involve Tyr-174 and Thr-204, respectively, are
culture) (L9). Therefore,ppR has been well characterized sandwiched by the retinal chromophore and helices TM-1 and TM-2
over the past few years using various methods, e.g., X-ray of pHtrll.
crystallography §—=8, 20), electron paramagnetic resonance
(EPR) @1, 22), electrochemistryd3, 24), vibrational spec-  of pHtrll, providing the marker bands of the specific
troscopy 5—29), mutagenesis3Q, 31), solid-state NMR interaction ofppR andpHtrll. The identical spectra for the
(32), etc. On the other hand, characterizationpbftrll is complex of the unlabelepbR and“*C- or *N-labeledpHitrll
less advanced, although ESER)(and X-ray crystallographic  further indicate that they originate froppR, notpHtril (40).

analysis 8) have shown that the binding surfaceppR with What is the origin of the 3479+)/3369 (+) cm™! bands?
pHtrll consists of helices F and G. The frequency at 3479 cmh for the unphotolyzed state is
We and Wegenegt al. succeeded in expressipéitrll in considerably higher than amide A vibrations, implying that

E. coli (21, 33), and thispHtrll protein has the ability to the X—H stretching vibration originates from an amino acid
bind with ppR (22, 33). Thus,ppR—pHitrll (complex between  side chain, such as an-® or N—H group. We have so far
ppR and pHtrll) is a good model system for the signal identified vibrational bands in this frequency region for
transduction mechanism. By using this system, we demon-bacteriorhodopsin and bovine rhodopsin. In the case of
strated 1:1 stoichiometry in thepR—pHtrll complex and bacteriorhodopsin, the 3486 cfrband for the L intermediate
determined binding constants betwgxgaiR andpHtril under was assigned to the D/H-unexchangeableHNstretch of
various conditions33—35). In addition, we showed that Tyr-  indole of Trp-182 41). In bovine rhodopsin, isomer-specific
199 of ppR is an important amino acid residue for binding bands at 3463 (1tis), 3487 @ll-trans), and 3481 cm* (9-
to pHtrll (35). However, detailed structural studies have not Cis) were assigned to the D/H-unexchangeabtetOstretch
been conducted. of Thr-118 @2). These findings provided insights into the
FTIR spectroscopy is a powerful tool for investigating spe_cific protein _structural changes in bacteriorhodopsin and
protein structural changes of rhodopsins in atomic detail. Povine rhodopsin.
Earlier, we reported structural changesppR detected by It should be noted that in the case @iR, the complex
means of low-temperature FTIR spectroscap§28, 36— with the transducer is required for the appearance of the 3479
39). We also recently applied FTIR spectroscopy to the (—)/3369 () cm™* bands. In this regard, the first candidate
ppR—pHtril complex @0).2 In general, the spectra of the May be the GH stretch of Tyr-199, because the X-ray
ppR—pHtril complex for the primary K intermediate were ~ crystallography revealed that Tyr-199 @pR forms a
very similar to those oppR withoutpHtrll, being consistent ~ hydrogen bond with Asn-74 gfHtrll in the ppR—pHitril
with the crystal structure of thppR—pHtril complex that ~ complex (Figure 2a)§). We have also reported that Tyr-
exhibited little structural modification qfpR @8). There were 199 is an important residue in the interaction whitril

some interesting differences in the spectra ofppie—pHtrll (39). The O-H stretching frequency of phenol is located at
complex though. The most characteristic spectral feature of 3620-3590 or 3406-3230 cn* without or with a hydrogen
the ppR—pHitrll complex was the appearance of, @ bond, respectively43). Another candidate may be found in

insensitive X-H stretching vibrations. Figure 1 shows the the interaction between Tyr-174 and Thr-204 (Figure 2b),
reportedppR« minusppR difference spectra in the absence Poth of which possess-€H groups and are hydrogen bonded
(dotted line) and presence (solid line)itril measured in to each other. They are located near the retinal Schiff base
D,O at 77 K @0). As clearly seen, the negative 3479¢m  bound to Lys-205 and the binding surface of p&—pHtrll
and positive 3369 cnt bands appear only in the presence complex. Tyr-174 is completely conserved in archaeal
rhodopsins (the corresponding amino acid in bacteriorhodop-
2S00n after our paper() had been published, Berga al. (51) sin is Tyr-185) 44). In contrast, Thr-204 is unique f@pR.

reported time-resolved FTIR spectra of the complex. They found several Bacteriorhodopsins, halorhodopgins, a'ﬁq sensory rhodopsins
spectral changes for late intermediates. | commonly possess Ala at this positiod4}, and only
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phoborhodopsins possess threonine or serine, suggesting acalculated from the spectra constructed from 128 interfero-

important role for the ©-H group. Thr-204 has been known grams before and after the illumination. Twenty-four spectra

as an important residue for color tuningpf and photocycle  obtained in this way were averaged to obtainghB« minus

kinetics @0) in ppR. ppR spectra except for that for Y174F. In the case of Y174F,
In this study, we attempted to assign the pair of bands at the spectrum by photoreversion bR« to ppR was not a

3479 () and 3369 ¢) cm ! (Figure 1) by usingppR mirror image of theppR« minus ppR spectrum (forward

mutants. Low-temperature FTIR spectroscopy of the complex Photoreaction). Therefore, three spectra obtained by il-

suggested that the 3479-)/3369 (+) cm! bands do not  lumination with 450 nm light were averaged to obtain the

originate from O-H stretches of Tyr-199 and Tyr-174 but  PPR« minusppR spectrum of Y174F.

originate from the G-H stretch of Thr-204. The ©H group RESULTS

proton cannot be exchanged in@ and the hydrogen bond

is greatly strengthened upon retinal photoisomerization. Since Formation of the Complex between the Mutant ppR and

such structural change takes place only in pp&—pHtrll pHtrll. Before using FTIR spectroscopy, we examined
complex, Thr-204 should play an important roleppR for various properties of the mutant proteins. First, HPLC
the interaction withpHtrll. column chromatography showed that all the mutants (Y199F,
Y174F, T204A, and T204S) havall-transretinal only,
MATERIALS AND METHODS similar to wild-type ppR. This fact suggests that these

. , mutations do not cause structural changes in the retinal

Preparation of the ppRpHirll Complex Expression  pinging pocket. Y199F has a visible absorption spectrum
plasmids of the wild-type, Y199F mutant, and T204A mutant yentical to that of the wild typelfuax = 498 nm). In contrast,
proteins ofppR andpHiril were constructed as previously {he other mutants possess red-shifted visible absorption
described 26, 33, 35, 45). For preparation of the Y174F  gnecira  thel,a values of which were 502, 504, and 509
and T204S gene oppR, a Quickchange site-directed nm for Y174F, T204S, and T204A, respectively. This fact
mutagenesis kit (Stratagene, La Jolla, CA) was used with g,ggests that the hydrogen bonding interaction between Tyr-
the template for polymerase chain reaction gip/His. The 174 7and Thr-204 is involved in the blue spectral shifpjR.
ppR andpHirll proteins possessing a histidine tag at the  \ gecay kinetics were then compared in the absence and
C-terminus were expressedtn coli, solubilized with 1.0%  yresence ofHtrll for all mutants. We found that the M decay
n-dodecyl f-o-maltoside (DM), and purified with @ Nii inetics of all mutants were delayed in the presenqeHfll
column as described previousl@€). The chromophore (a3 not shown), confirming the complex formation in these
configuration of the mutaripR was examined by using an  mtant proteins. In addition, kinetic measurements with
HPLC column chromatography as described previow,(gitferentppR concentrations allowed determinations of the
which showed that all mutants (Y199F, Y174F, T204A, and issociation constants and the stoichiometry of the complex
T2048) havell-transretinal only, similar to wild-typepR. betweermppRy andpHitrll. For all mutants, the stoichiometry
The puriﬁedppR .andetrII proteins were mixed ina 111 ;45 1:1. While thep value of Y199F (14.M) was close
molar ratio, and incubated fd. h at 4°C. to that of the wild type (15.2M), the Kp values of T204A

Complex formation in the mutant proteins was confirmed and T204S were estimated to be 3.8 and #M§ respec-
by comparing the decay kinetics ppRy in the presence tively, implying a stronger binding gfpRy with pHtrll in
and absence giHtrll, taking into account the fact that the  the T204 mutants. In the wild type, th& of the unphoto-
decay of M is ca. 2-fold slower in thgpR—pHtrll complex  |yzed state is 0.1%M, which increases-100 times in the
(33). If the complex is formed in mutants, this measurement M state 83, 34). This indicates that signal transduction from
also provides binding parametet§( dissociation constant,  ppR to pHitrll involves weakening of their interaction in M.
and n, the number of binding sites) in the M state as |ess pronounced weakening of the interaction in M for the
described for wild-typ@pR (33). In the study presented here, T204 mutants suggests the important role of Thr-204 in the
the pHtrll concentration was kept constant (@8), and the  signal transduction. In case of Y174F, the M decay could
rates of M decay were measured by flash spectroscopy undehot be fitted by a single exponential, which made it difficult
the varying concentrations of thgpR mutant. From the  to determine the accuratép value. It should be noted,

titration curvesKp andn values were determined. however, that the M decay was delayed in Y174F in a
FTIR Spectroscopy.ow-temperature FTIR spectroscopy manner analogous to that of the other mutants.
was performed as described previoustg,(27). For the IR FTIR Spectrum of the Complex between the Y199F Mutant

measurements, thgpR—pHtrll mixture was reconstituted  ppR and pHtrll.Figure 3 shows thppR« minusppR infrared

into L-a-phosphatidylcholine (PC) liposomgspR:PC molar difference spectra of Y199F (solid line) and the wild type
ratio of 1:50), where DM was removed by dialysis. The (dotted line) in the presence pitrll. Both spectra coincide
ppR—pHtrll complexes in the PC liposomes were washed well in the 35863-3300 cm! region, and the spectrum of
three times with a buffer at pH 7.0 (2 mM phosphate). Then Y199F possesses the bands at 3479/3369 @) cm™.

90 uL of the ppR—pHtrll complex sample was dried on a Therefore, these bands do not originate from anHD
BaF, window with a diameter of 18 mm. After hydration stretching vibration of Tyr-199. In addition, both spectra
by DO, the sample was placed in a cell, which was mounted coincide well in other frequency regions, indicating that the
in an Oxford DN-1704 cryostat placed in the Bio-Rad FTS- mutation of Tyr-199 does not affect protein structural changes
40 spectrometer. lllumination with 450 nm light at 77 K for upon formation of the K intermediate in thgR—pHtrll

2 min convertepR to ppR«, and subsequent illumination  complex.

with >560 nm light forcedppR« to revert to ppR as FTIR Spectrum of the Complex between the Y174F ppR
described previously26, 40). The difference spectrum was Mutant and pHtrll. Figure 4 shows th@pR«x minus ppR
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FicurE 3: ppR« minusppR infrared difference spectra of Y199F
(—) and the wild type 1) of ppR in the presence gdHtrll in the
3580-3300 cnt? region. Spectra were recorded at 77 K and pH 7
upon hydration with RO.
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Ficure 4: ppR« minusppR infrared difference spectra of Y174F
(—) and the wild type {-) of ppR in the presence gdHtrll in the
3580-3300 cnt? region. Spectra were recorded at 77 K and pH 7
upon hydration with RO.

infrared difference spectra of Y174F (solid line) and the wild
type (dotted line) in the presence pifitrll. In contrast to
those of Y199F, the spectra look very different for Y174F.
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FiGURE 5: ppR« minusppR infrared difference spectra of T204A
(solid line in part a), T204S (solid line in part b), and the wild type
(dotted lines) ofppR in the presence giHtrll in the 3586-3300
cm! region. Spectra were recorded at 77 K and pH 7 upon
hydration with BO.

suggesting that the bands at 3479)/3369 (+) cm™* do
not originate from the ©H stretching vibration of Tyr-174.
Thus, multiple spectral differences of Y174F made it difficult
to conclude if the bands originate from the-@ stretch of
Tyr-174, whereas the mutation of Tyr-174 clearly influences
the bands.

FTIR Spectra of the Complex between the T204A or T204S
ppR Mutant and pHtrll.Solid lines in Figure 5 represent
the ppR« minus ppR infrared difference spectra of T204A
(a) and T204S (b), being shown with that of the wild type
(dotted line). In these mutants, there are some spectral
differences from the wild type in other frequency regions.
For instance, the ethylenic=€C stretches at 1553+)/1544
(+) cm?! of the wild type are shifted to 1549-(/1536 (+)
and 1550 {)/1537 ) cm™! in T204A and T204S,
respectively, being consistent with the spectral red shifts in
these mutants (data not shown). However, spectral differ-
ences were much smaller in the Thr-204 mutants than in

3300

Such spectral differences caused by the mutation wereY174F.
observed in the entire mid-infrared region, although the 1204  Figure 5a shows that both 3479 and 3369 {) cm*!

(—)/1194 &) cm™* bands clearly demonstrated normal
photoisomerization frorall-trans to 13-cis-retinal in Y174F

bands disappear in T204A. Disappearance of the 34799 (
and 3369 {) cm! bands was also observed in T204S,

(data not shown). Tyr-174 forms a hydrogen bond not only whereas new bands appeared at 3498and 3474 ¢) cm™t
with Thr-204 but also with Asp-201, one of the participants (Figure 5b). These observations strongly suggest that the

in the counterion complex gipR. Cleavage of the important

bands at 3479-) and 3369 {) cm* originate from the

hydrogen bond between Tyr-174 and Asp-201 may signifi- O—H stretch of Thr-204. The ©H stretch of Ser-204 in
cantly affect the FTIR spectra. A similar observation was T204S should be at 3498 and 3474 ¢rfor ppR andppR,

reported for the corresponding Y185F mutant of bacterior-

hodopsin 47).
It should be noted that the negative band at 3430'dm
Y174F looks similar to that at 3479 crh Our previous

respectively.

Secondary alcohols possess theirlstretches at 3626
3629 and 33463355 cn! in CCl, solution and in neat
liquid, respectively 43). The O-H stretching vibration of

reports on bacteriorhodopsin and bovine rhodopsin showedthreonine, therefore, must be located anywhere fre8630
that there is a limited number of vibrational bands that appearto 3340 cm?, depending on its hydrogen bonding conditions.

in the >3400 cm! region in DO for the photoreactions at

The observed frequency {ppR at 3479 cm! corresponds

77 K (42, 48). Therefore, it is possible that the negative 3479 to moderate hydrogen bonding. Similar-® stretches have

cm ! band in the wild type is shifted to 3430 cfin Y174F.
If it is, the corresponding positive band may be at 3402%¢m

been reported for Thr-17 (3462 c#) in bacteriorhodopsin
(48) and Thr-118 (3463 cm) in bovine rhodopsin42). The
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retinal photoisomerization induces a frequency downshift of Thr-204
the O—H stretch of Thr-204 by 110 cm in ppR. The \ ‘ .
observed frequency ippR« at 3369 cm? is close to the

value in neat liquid, indicating that the hydrogen bond is

very strong 43). Similar O—H stretches have been reported  LY$-205
for Thr-89 in bacteriorhodopsin and Thr-79 ppR, which
are D/H-exchangeable and appear@510 cm! as O-D
stretches 49, 50).

DISCUSSION

In this paper, we attempted to assign thgBinsensitive
X—H vibrational bands oppR at 3479 £)/3369 (+) cm™?,
which appear in th@pR« minus ppR infrared difference
spectra only for th@pR—pHtrll complex (Figure 1). Using
the X-ray crystallographic structur®)( we first examined
the possibility that the bands originate from the-B
stretches of Tyr-199 (Figure 2a). However, the bands were

reserved in Y199F (Figur h n not origin
preserved 99F (Figure 3), so the bands do not originate Ficure 6: X-ray crystallographic structure of the region of Thr-

fr_om the O-H stretch of _Tyr-:!.99. TheppR« minus ppR .., 204 and Tyr-174 in th@pR—pHtrll complex @). The membrane
difference spectra were identical for Y199F and the wild normalis roughly in the vertical plane of this figure. Top and bottom

type, indicating that the mutation from Tyr to Phe at position regions correspond to the cytoplasmic and extracellular sides,
199 does not affect protein structural changes upon formationrespectively. Retinal chromophore and peptide backbones except

of the K intermediate in thepR—pHtrll complex. Since the for Leu-200 and Thr-204 are shown Wiph wireframe drawings.
ide chain of Tvr-199 is located more than 10 A from th Hydrogen atoms and hydrogen bonds are inferred from the structure,
side chain of 1y S located more tha OM N€  \here the numbers give the hydrogen bonding distances in ang-

retinal chromophore, no spectral changes forphig« minus stroms. It should be noted that the transducer{gR (6, 7) shows
pPPR spectra could be expected. essentially similar structure in this region, though the distance

Then, we focused on a hydrogen bond inspidR. The bgtween Thr-204 and Tyr-174 is slightly longer (3.5 A). The greatest
distance between the side chain oxygens of Tyr-174 and Thr-d;_ffel'rle”‘:e blet""eer? thﬁ. ”ans.duc?r'fr'fﬁﬂ @, 7|) a”? theppR— |

is 3.2 A (Figure 6), and it is sandwiched by the retinal pHtril complex @) in this region is the retinal conformation. In

204 is 3.2 A (Fig » and y the ppR—pHtril complex, the C14C15 single bond possesses a
chromophore and the binding surface of thgR—pHtrll cis conformation (more clearly shown in Figure 2b), which is
complex (Figure 2b). The bands at 34793369 (+) cm™* entirely different from the relaxedll-trans chromophore in the

disappeared in T204A, while being upshifted to 3498/( unphotolyzed state of archaeal rhodopsins. As a consequence, the

- . Schiff base N-H group points toward the cytoplasmic side, being
3474 (+) cmtin T204S (Figure 4). Although we have not in the opposite direction in the transducer-figgR. However, no

used isotope labeling of threonine, the mutant analysis gpeciroscopic evidence has been provided in support of the-C14
presented here strongly suggests that the bands at 3498 ( C15 cis conformation.

and 3474 {) cm™! originate from the G-H stretch of Thr-
204. Unlike in the freeppR, the O-H group of Thr-204 exhibits
The O—H stretch of Thr-204 in thepR—pHtrll complex a frequency downshift of 110 crh upon retinal photoi-
at 3479 cm? corresponds to moderate hydrogen bonding. somerization in th@pR—pHtrll complex. The G-H stretch
According to the X-ray crystal structure of tippR—pHtrll in ppR« at 3369 cm* corresponds to very strong hydrogen
complex B), the hydrogen bonding distance from the side bonding, because the value is close to those in neat liquid
chain oxygen of Thr-204 to the peptide carbonyl oxygen of of secondary alcoholstB8). What is the hydrogen bonding
Leu-200 and the phenolic oxygen of Tyr-174 is 2.8 and 3.2 acceptor inppR«? Although the X-ray crystal structure of
A, respectively (Figure 6). The presence of such hydrogen the ppRc—pHitrll complex has not been reported, the FTIR
bonding acceptors is consistent with the present IR observa-study of mutants presented here may provide suggestions.
tion. Upon retinal photoisomerization, the frequency of the If threonine is replaced with serine at position 204, the
O—H stretch of Thr-204 is lowered by 110 ctin the spectral downshift is only 24 cm (Figure 5b), and the ©H
ppR«—pHtril complex, whereas no such bands were ob- stretch at 3474 crit in ppRk is not strong. This fact suggests
served in the absence pHtrll (Figure 1). Why does the that the hydrogen bonding alteration of the-B group is
O—H group of Thr-204 change its hydrogen bonding only highly sensitive to its environment. If Tyr-174 is replaced
in the presence giHtrll? Why does it not in the absence of with Phe, the G-H stretch of Thr-204 seems to appear at
pHtrll? Interestingly, the hydrogen bonding network around 3430 () and 3402 {) cm™* (Figure 4). While the G-H
Thr-204 is essentially similar in the fregpR 6, 7) andppR— stretch at 3430 cnt in Y174F indicates a strong hydrogen
pHtrll complex @) (Figure 6), suggesting that structural bond for Thr-204, a small spectral downshift of 28 ém
changes are different between them. The latter question mayupon retinal isomerization in Y174F also implies that the
be examined by structural comparison of transducergpée hydrogen bonding alteration of the—<® group is highly
(6, 7) and ppR« (20). There are no changes in distances sensitive to its environment.
between Thr-204 and Tyr-174 (3.3 A ppR and 3.4 A in Strong hydrogen bonds of threonine have been so far
ppR«) and between Thr-204 and Leu-200 (2.9 AppR and reported for Thr-89 in bacteriorhodopsin and Thr-7 iR,
ppPR«) (6, 7, 20), being consistent with absence of the spectral which are D/H-exchangeable and appear2610 cn1?! as
shift of the O-H stretch of Thr-204 in the transducer-free the O-D stretches49, 50). In case of Thr-89 in bacterior-
PPR. hodopsin, the corresponding-® stretches were estimated
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to be 3378 and 3317 crhfor the unphotolyzed state and REFERENCES

the K intermediate, respectivel49). In these cases, strong
hydrogen bonds of threonine side chains are reasonable,

because their hydrogen bonding acceptors are negatively 2.

charged aspartates (Asp-85 in bacteriorhodopsin and Asp-
75 in ppR). In the ppR«—pHtril complex, the hydrogen
bonding acceptor of the-©H group of Thr-204 could be (i)

the peptide carbonyl of Leu-200, (ii) the phenolic oxygen
of Tyrl74, or (iii) the side chain oxygen of Asp-201 (Figure

6). Among them, only Asp-201 possesses a hegative charge,
whereas the distance between the side chain oxygens of Thr-

204 and Asp201 is 4.6 A in thepR—pHtrll complex. Since

the protein structural changes are limited for the formation
of K at 77 K, a significantly shortened distance between Thr-
204 and Asp-201 would be unlikely. If the hydrogen bonding
acceptor is Tyr-174, such a frequency downshift may be the
consequence of the partial negative charge on the phenolic
oxygen of Tyr-174 inppRk.

We have studied hydrogen bonding alterations of threonine
side chains in bacteriorhodopsin, and bovine rhodopsin. It
is particularly important to note that at 77 K the frequency
changes are not large in general, since protein structural
changes are very limited. We have reported that the
frequency shifts at 77 K are 18 cfnfor Thr-17, 13 cm?
for Thr-121, and~60 cn1? for Thr-89 in bacteriorhodopsin
(48, 49), and 24 cm* for Thr-118 in bovine rhodopsint@).
Accordingly, the observation of a spectral shift of 110ém
is unique among rhodopsins, implying a specific structural
change. Complex formation witpHtrll allows specific
hydrogen bonding alteration of Thr-204 upon formation of
PPR«.

Several functionally important roles of Thr-204 have been
reported so far. Thr-204 is an important residue for color
tuning of ppR, since T204A has a significantly red-shifted
absorption maximum4®). Thr-204 should be involved in
the regulation mechanism of the decay procesppio,
because the decay gipRo in T204S becomes greatly
accelerated like that of bacteriorhodopsin (unpublished data).
In addition, Engelhard and co-workers suggested that Thr-
204 may be important for the creation of bacteriorhodopsin-
like functional properties by using a quadruple mutant, which
includes T204A 80). The study presented here has provided
an additional important role for Thr-204 in tippR—pHitrll
complex. Specific interaction in the complex that involves
Thr-204 presumably affects the decay kinetics and binding
affinity in the M intermediate.

In conclusion, we have assigned thgdbinsensitive G-H
stretching bands at 3479-}/3369 (+) cm* as the G-H
stretch of Thr-204 ippR. A large spectral downshift of 110
cm ! at 77 K is unique, indicating that hydrogen bonding
interaction is greatly altered, which takes place only in the
ppR—pHtrll complex. While Thr-204 has been known as
an important residue for color tuning and photocycle kinetics
of ppR, the results presented here provide an additional
important role for Thr-204 irppR for the interaction with
pHtrll.
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