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FTIR spectroscopy of the two-photon product of sensory rhodopsin I
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A halophilic archaeon, Halobacterium salinarum, cxhibits phototactic behaviors, by which the
organism is guided to red-orange light and evades shorter wavelengths of light. The photo-
taxis is mediated by two retinal proteins, sensory rhodopsin I and II (SRI and SRII), whose
structures are analogous to the cognate protein bacteriorhodopsin, a light-driven proton pump.

SRI mediates both attractant and repellent swimming bchaviors to orange light and near-UV
light, respectively. The two different signaling through the single photoreceptor have been as-
cribed to the presence of two active structures of SRI (Sazs and Pszp), which are produced upon
orange light illumination of SRI and upon subsequent ncar-UV illumination of S373, respectively.

In the present study, we have measured the difference FTIR spectra of S373 and Psg¢ states. In Pgyg, the
isomeric structure of the chromophore is assignable to all-trans, and the Schiff base of the chromophore is
protonated with concomitant deprotohation of Asp76, a combination which allows for the formation of a salt bridge
between them. It was suggested that the way.of interaction between the Schiff base and the counterion, which
is different among SRlsg7, S373 and Psy0 and which has been shown to drive the conformational changes in the
cognate protein, bacteriorhodopsin, is the key to controlling conformational changes for the attractant and the
repellent signaling by SRI.
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INTRODUCTION by the presence of two signaling states of SRI, S373 and

. ) . Ps20, which are produced upon photoreaction of SRI
Halobacterium salinarum, an archaeon, living under

extremely halophile conditions utilizes light as the source
of energy by use of retinal containing membrane protein,
bacteriorhodopsin (BR) and halorhodopsin (HR), which
generate electrogenic membrane potential by pumping

with red-light and upon photoreaction of S373 with near-
UV light, respectively (3).

These four retinal protcins share a common architec-
ture in which a retinal chromophore is linked to a lysine
residue in the middle of the 7th hcelix via a protonated
Schiff base, which is stabilized by forming a salt bridge
with the negatively charged aspartic acid on the 3rd

protons and chlorides, respectively, across the plasma
membrane.

This organism uses the same types of retinal proteins,
sensory rhodopsin I (SRI), sensory rhodopsin II (SRII),
as sensors for the phototactic swimming behaviors (1,
2). SRII mediates only a photophobic response of the
cells to evade blue-green light, while SRI mediates both

helix or with a chloride in the case of HR. In the pro-
ton pump BR, photo-isomerization of the chromophore
from all-trans to 13-cis and subsequent disruption of the
salt-bridge upon proton transfer from the Schiff base to
Asp85 plays a key role in inducing a vectorial proton
an attractant responsc to orange light and a repellent . .

. movement and the opening of the cytoplasmic chan-
response to ncar-UV light. The response of the cells

. nel that follows. This machinery, which is conscrved
to the two different wavclengths of light is rationalized

in the SRs, may also be relevant for the conformational

1To whom correspodence should be addressed.
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changes for the signaling by the SRs (2).
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The mechanism of SRI to produce two different sig-
naling states may well be explained by analyzing the ac-
tive site structure, the isomeric statc of the chromophore
and the protonation state of the Schiff base counteion,
AspT76.
in.SRI, which is supposed to cxpress a conformation at-

In the dark state, this residuc is protonated

tributable to the O intermediate of BR. S373, a signaling
state for the attractant swimming behavior, is thought
to correspond to the M intermediate of BR having a
13-cis chromophore with unprotonated Schiff base.

In the present study, we performed Fourier transform
infrared (FTIR) spectroscopy for the purpose of charac-
terizing Psog state in terms of the active site structure,
which is believed to define overall protein structure.

RESULTS & DISCUSSION

SRI was overproduced in a H. salinarum strain Pho81
transformed with a plasmid vector pSO12, which con-
tains the sopl gene under the control of the bop pro-
moter. Purification of SRI and the subscquent recon-
stitution into halobacterial lipid membrane were car-
ried out as described in (4). The SRI-containing mem-
branc was pelleted by centrifugation at 10,000 rpm and
squeczed between two BaFo windows spaced with a 25-
pm thick Teflon sheet O-ring. The specimen was set in
a cryostat placed in a FTIR spectrometer.

S373 was produced at 243 K by illumination of SRIsgr
with >510-nm light. Figure la presents the difference
spectrum in the UV-visible region before and after the
illumination. The maximum absorption ncar 373 nm
substantiates the formation of S373 at the expense of
SRIss7 upon the photorcaction. Sz7s was further light-
converted at 243 K with a near-UV light (~ 40-nm band
width centered at 390 nm) to a photoproduct, which
absorbs near 530 nm, as is shown in the difference spec-
trum versus S373 (Fig. 1b). Since at 243 K this product
was unstablc and decayed to SRIsg7 in minute time scalce
(Fig. 1b), cven the spectrum measured immediately af-
ter the illumination was suspected to be contributed to
substantially by SRIsg7. To obtain the spectrum with-
out the significant contribution of SRIzg7, we conducted
another sct of measurement in which S3z3 produced at
243K was light-converted at 223 K, where the decay of

the photoproduct was prevented. Because the maximum
absorption of the photoproduct was ncar 520 nm (not
shown), we denote it as Pgap.
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Figure 1: Difference spectra in the UV-visible region at 243
K. (a) S373 was produced upon illumination of SRlss» with
>510-nm light. The difference spectrum before and after
the illumination represent the difference of S37s and SRIss7.
(b) Difference between the spectra measured immediately
after illumination of with 390-nm light vs. that before the
illumination(bold linc) and the spectrum measured 1 hr after
the illumination vs. that before the illumination (dotted
linc).

The difference FTIR spectrum of S373 minus SRI as
shown in Fig. 2a reproduced the previous measurement
of the corresponding spectrum (5). The 1762 and 1747
cm™! bands in the negative and the positive side of the
C=0 stretching frequency region have been assigned to
those of Asp76 in the SRI and S373, respectively, demon-
strating that Asp76 is protonated in both SRI and S373.
In the finger print region (1250 - 1100 ¢cm™!), coupled
C-C stretching and bending modes exhibit characteris-
tic patterns of bands depending on the isomeric state
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of the chromophore. The absence of the bands in the
positive side indicates that the Schiff base is deproto-
nated in Ss73, whereas in the negative side the 1197 and
1164 cm™! bands arc ascribablc to those of the all-trans
chromophore in SRIsg7.
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Figure 2: Difference FTIR spectra of S3zs minus SRlssr
(a) and Ps20 minus Ss73 (b) at 243 K. )

S373 was further illuminated with the near-UV light
at 243 K to produce Psyp. The difference FTIR spec-
trum of Psop minus Sz73 (Fig. 2b) shows a new positive
band in the finger print region at 1178 cm™ as well as
at 1197 and 1164 cm™!. Although the assignment of the
1178 cm™! band has yet to be conducted, we assume that
the chromophore in Psyg is all-trans, because the lat-
ter two bands arc attributable to thosc of the all-trans
chromophore. Perhaps, also in SRIsg7, the vibrational
mode ncar 1178 em™! exists, though with lower intensity,
in view of the presence of the negative amplitude ncar
1178 cm™! in Fig. 2a. Thesc changes in the amplitudes
of the bands in the finger print region between SRisgy
and Psyp is ascribable to the difference in the electronic
structurc on the chromophore or in the distortion of the
chromophore

In the C=O0 stretching mode region, only the nega-
tive band at 1747 ¢m™! is scen, indicating that Asp76
deprotonated in Pgop.

Our conclusion, drawn from these results, is that, in
going from S373 to Psgg, the chromophore is photo-
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isomerized from 13-cis to all-trans with concomitant
proton transfer from Asp76 to the Schiff base. Since this
active site structure would be relevant for cstablishing
the salt bridge between the protonated Schiff base and
the Asp76, the conformation for the repellent signaling
is thought to correspond to the dark state structure of
BR.

If the conformations of the cognate halobacterial rhod-
opsins arc to undergo conformational changes in the
samc manner as in the case of BR, the signaling con-
formation of SRI for the attractant swimming behavior
is likely to be the results of the cytoplasmic half channel,
which is opened by tilting 6th and 7th helices, whercas
the conformation for the repellent signaling is thought to
be more compact as the result of the salt bridge between
the protonated Schiff base and Asp76. The dark state
SRI presumably has a conformation poised in between
the two extremes, in view of the fact that the protonated
Asp76 could weaken the interaction with the protonated
Schiff base, without completely abolishing it.

REFERENCES

1. Spudich, J. L. (1998) Variations on a molecular switch:
transport and sensory signalling by archacal rhodopsins,
Molecular Microbiology 28, 1051-1058.

2. Sasaki, J., and Spudich, J. L. (2000) Proton transport
by sensory rhodopsins and its modulation by transducer-
binding, Biochim Biophys Acta 1460, 230-239.

3. Swartz, T. E., Szundi, 1., Spudich, J. L., and Bo-
gomolni, R. A. (2000) New photointermediates in the
two photon signaling pathway of sensory rhodopsin-I,
Biochemistry 39, 15101-9.

4. Krebs, M. P, Spudich, E. N., and Spudich, J. L.
(1995) Rapid high-yicld purification and liposome re-
constitution of polyhistidine-tagged sensory rho-dopsin
1. Protein Ezpr Purif 6, 780-788.

4

5. Rath, P., Spudich, E., Neal, D. D., Spudich, J., and
Rothschild, K. J. (1996) Asp76 is the Schiff base coun-
terion and Proton acceptor in the proton-translocating
form of scnsory rhodopsin I, Biochemistry 35, 6690-
6696.



