Biophysical Journal Volume 75 November 1998 2435-2440 2435

The Transducer Protein Htrll Modulates the Lifetimes of Sensory
Rhodopsin Il Photointermediates

Jun Sasaki and John L. Spudich
Department of Microbiology and Molecular Genetics, University of Texas Medical School, Houston, Texas 77030 USA

ABSTRACT We studied the photochemical reaction cycle of sensory rhodopsin Il (SRII) by flash photolysis of Halobacterium
salinarum membranes genetically engineered to contain or to lack its transducer protein Htrll. Flash photolysis data from
membranes containing Htrll were fit well in the 10 us—10 s range by three rate constants and a linear unbranched pathway
from the unphotolyzed state with 487 nm absorption maximum to a species with absorption maximum near 350 nm (M)
followed by a species with maximum near 520 nm (O), as has been found in previous studies of wild-type membranes. Data
from membranes devoid of Htrll exhibited similar M and O intermediates but with altered kinetics, and a third intermediate
absorbing maximally near 470 nm (N) was present in an equilibrium mixture with O. The modulation of SRII photoreactions
by Htrll indicates that SRIl and Htrll are physically associated in a molecular complex. Arrhenius analysis shows that the
largest effect of Htrll, the acceleration of O decay, is attributable to a large decrease in activation enthalpy. Based on
comparison of SRII photoreactions to those of sensory rhodopsin | and bacteriorhodopsin, we interpret this kinetic effect to
indicate that Htrll interacts with SRIl so that it alters the reaction process involving deprotonation of Asp”®, the proton
acceptor from the Schiff base.

INTRODUCTION

Sensory rhodopsin Il (SRIl; Spudich et al., 1986) (alsoblue-shifted absorption maximum at 412 nm due to the
called phoborhodopsin; Tomioka et al., 1986) is one of fourdeprotonation of the Schiff base. The protonation of Bsp
retinylidene proteins present in the membranes of the arthen induces proton release from &ltiand possibly GIt™*
chaeonHalobacterium salinarumBacteriorhodopsin (BR) to the periplasmic side of the membrane (Brown et al.,
and halorhodopsin (HR) function as light-driven ion pumps1995; Balashov et al., 1997; Dioumaev et al., 1998). The
for protons and chloride, respectively (Rothschild, 1992;breakage of the interhelical salt bridge between%Rsmd
Oesterhelt et al., 1992; Lanyi, 1997). Sensory rhodopsin the Schiff base by the proton transfer drives the opening of
(SRI) and SRII are phototaxis receptors that transmit atthe cytoplasmic channel, causing the hydration of Rsp
tractant and repellent signals, respectively, to their transrelease its proton and reprotonate the Schiff base in N
ducer proteins Htrl and Htrll, which in turn modulate a formation (Subramaniam et al., 1993; Kamikubo et al.,
phosphotransfer cascade producing flagellar motor re1996). In O, the retinal configuration is returned to the
sponses (Hoff et al., 1997). Despite their differing functions,all-trans form, but Asg® is still protonated, giving rise to a
the archaeal rhodopsins share a similar architecture, cospectrum red-shifted relative to the original state (Bousche
sisting of seven transmembrarehelices surrounding a et al., 1992; Kandori et al., 1997). SRII contains the inter-
retinal chromophore that is covalently bound through ahelical salt bridge between the protonated Schiff base and
protonated Schiff base linkage to a lysine residue in thehe counterion Asp (Spudich et al., 1997; Zhu et al.,
middle of the seventh helix. They also all exhibit similar 1997), corresponding to A&pin BR, but lacks the acidic
cyclic photochemical reaction pathways (photocycles), inresidues corresponding to G, GIu?®4 and As® of BR
that photoisomerization of the allansretinal to the 1%is  (zZhang et al., 1996).
configuration triggers conversion to spectroscopically dis- A major difference between the light-driven ion pumps
tinct intermediates and final recovery of the initial state. (BR and HR) and photoreceptors (SRI and SRII) is that the
The photocycle reactions have been most extensivelyatter associate with transducer proteins (Htrl and Htrll).
studied in BR §,,x 568 nm), which exhibits sequential Htr| (Yao and Spudich, 1992) and Htrll (Zhang et al., 1996)
intermediates named K, L, M, N, and O. In M formation, the are homologous to eubacterial methyl-accepting chemotaxis
protonated Schiff base on helix G donates its proton to itgransducers (Falke et al., 1997). They are each made up of
primary counterion Asp’ on helix C. M has a strongly two transmembrane helices, connected to cytoplasmic
methylation and signaling domains and a short (Htrl) and
long (Htrll) periplasmic domain. Their signaling domains
Received for publication 6 May 1998 and in final form 22 July 1998.  ~gntrol the activity of a histidine kinase that phosphorylates
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two proteins were bound in a molecular complex (SpudichFlash photolysis
and Spudich, 1993; Krah et al., 1994). In the presence of _ _ _ . -

. . . . Flash-induced absorption transients in the microsecond and millisecond
Hrl the M intermediate of SR, §3’ forms with a half-time time domains were acquired on an Olis RSM-1000 and a Nicolet Integra20
of 300 us and returns thermally to the unphotolyzed stategigital oscilloscope, respectively, after a Nd-YAG laser flash (532 nm, 6
SRyg4, with a half-time of 800 ms (23°C) (Bogomolni and ns, 40 mJ) in a laboratory-constructed flash photolysis system. For calcu-
Spudich, 1987). In the absence of Htrl the rise of M afterla_tion pf the amplitude spectra of the ex_ponentia_lly decaying components
photoexcitation of SR, is ~30 times slower (10 ms), and with different rate constants, 26 absorption transients were collected from

. ' 600 to 350 nm at 10-nm intervals. Each trace was obtained by averaging

the decay of M at neutral pH is also very slow (6 S) (See32—128 acquisition sweeps. The measurements were made at 490, 360, and
discussion in Hoff et al., 1997). The rate of M decay, whichs40 nm for optimal detection of the initial state, the species with unpro-
requires reprotonation of the Schiff base, is insensitive tdonated Schiff base (M), and the species with red-shifted absorption spec-
pH over a broad range (pH 4-8) in the SRI-Htrl complex, trum (O). respectively.
whereas Htrl-free SRI M decay is strongly pH sensitive,
varying from 80 ms ta>10 s in the same range (Spudich . .
and Spudich, 1993). These kinetic effects have been interc—;alclJIatlon of the amplitude spectra
preted in terms of Htrl binding preventing the opening of aThe 26 time-dependent traces were subjected to singular value decompo-
proton-conducting channel from the cytoplasm to the phosition, which gave 26 spectrdJ(spectra), each with the corresponding

: : L eight factor (singular valu&) to be multiplied by it, and with a time-
toactive center of SR (SDUd|Ch’ 1994)’ which is Sl'Ipportedclmlvependent trace/(vector) representing the time-dependent transient of the

by the “ght'mduced eXChange of protons with the a'queouﬁmplitude of each spectrum (Hug et al., 1990; Sasaki et al., 1994, 1995).
phase by SRI that is blocked by Htrl (Olson and Spudich;the number of the kinetic components) (present in the photoreaction
1993) and the light-driven proton transport by SRI, alsoprocess was deduced from the numberlbispectra orV vectors that
blocked by Htrl (Bogomolni et al., 1994). exceeded the noise level. All of thevectors above noise leveV{to V,)

P . .. were fitted withn exponentials. For example, thi# vector {/;) was fitted
Given the anaIOQOUS functions of SRIl and SR, Slmllarwith 3L A expkt). The amplitude spectra of each of tfik exponential

modulation of the SRII photocycle by Htrll binding might components was calculated 58 ,U, X § X A,; as described (Hug et al.,
be expected. However, there are significant differences berogo; sasaki et al., 1994, 1995).

tween the two receptors in the proton transfer reactions

sensitive to Htrl binding in SRI. In SRI the A&presidue

that corresponds to the Schiff base counterion’AgpSRII  RESULTS AND DISCUSSION

!s protonated in the initial SR, state, and. therefore Aé‘b Htrll modulates the kinetics of the

is not the proton ac_ceptor from the Schiff base_ during thephotocycle of SRII

process of M formation (Rath et al., 1996). SRIl, in contrast,

has an unprotonated A?pserving as the primary counter- To eXamine the eﬁect Of Htrll on SR”, we Compared the
ion to the protonated Schiff base and as the proton accept@Psorption transients in the photocycle of SRIl at times
during SRII M formation (Spudich et al., 1997; Zhu et al., more than 1Q0us after photoexcitation in the absence and
1997). Furthermore, in SRI reprotonation of the Schiff basgPresence of Htrll. The absorbance transients most sensitive
occurs in the final spectral transition in the photocycle,to the formation of the M intermediate with putatively
whereas in SRIl reprotonation is an intermediate evenfleprotonated Schiff base were monitored at 360 nm, at pH
(Tomioka et al., 1986). In the work reported here we haved-8, 4 M NaCl, and 35°C (Fig. &). In Hitrll-free SRIl, M
tested for modulation of each step of the SRII photocycle byises with a half-time of 1Qus. The rate is retarded when
Htrll to better understand these differences and the relationHitr!l is present with SRII to 36us (Fig. 1b). The later

ship of SRII photocycle transformations to its signaling viaPoints used for the fits as shown in the figure are the most
interaction with Htrll. reliable in the data, because a flash artifact may have

influenced earlier values in the traces. Because the counter-

ion of the protonated Schiff base in SRII is AS{Zhu et

al., 1997), and Schiff base deprotonation is blocked in the
MATERIALS AND METHODS D73N mutant (Spudich et al., 1997), we concluded that M
formation involves proton transfer from the Schiff base to
Asp’®. A carboxylate protonation band evident in light-dark
Transformefc::l|£ Islalinarumn:jemb(;a;aneslcont_zining SR!I in_th;a%&r:f:f: and Fourier transform infrared spectra of SRIl froma-

resence o ril were produce: asmia expression in tne H H H H

ﬁwtant Pho81Wr, Whifh also Iaclgspthe other tphree archaeal rhodopsinstronObaCterlum pharaonifurther supporf[s this Con'cluglon
(BR, HR, and SRI), as described (Spudich et al., 1997; Zhu et al., 1997)(Engelhard et al., 1995). Therefore our interpretation is that
Expression of Htrll-free SRII used the highly efficiebbp promoter, ~ Htril is associated with SRIl, and this association modulates
whereas expression of the SRII-Htrll complex used tité promoter  the proton transfer reaction from the Schiff base to Rép
placed in front of thentrll-sopll gene pair. This construction produces the the interior of SRII.

complex at higher levels than therll promoter. Membranes were pre- Fig. 2 shows absorbance transients of SRII in the absence

pared by sonication as described (Spudich and Spudich, 1993). In the fingl_. .
step before use in this study, the membranes were pelleted by centrifugzizlg' 2 a) and presence (Flg. @ of Htrll recorded at 360,

tion at 48,000 rpm (Beckman, rotor type 70 Ti) for 60 min at 4°C and 490, and 540 nm in the ms to 8-s time window measured at
resuspended in 25 mM Tris buffer (pH 6.8) containih M NaCl. 35°C. M behavior is monitored at 360 nm, and that of the

Membrane preparation
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half-time evident both in the decay of the absorbance at 540
nm and the recovery at 490 nm (Figa®
The long lifetime of O may be attributable to the absence
of carboxylate groups at positions 194 and 204 of BR,
which are replaced by Ala and Tyr in SRII, respectively.
The side chains of these residues in BR apparently form part
of the proton release path, because in the mutants E204Q
and E194Q, proton release is delayed until the end of the
photocycle. O decay, which requires ASpeprotonation, is
retarded in E204Q and E194Q (Brown et al., 1995; Di-
oumaev et al.,, 1998). The similar red-shifted absorption
maximum of the O intermediate in SRIl argues that the
) A B L 1 1 1 Schiff base is reprotonated during M decay, with Asp
0 w0 %00 400 remaining protonated until the end of the photocycle, re-
time ( psec) leasing its proton with O decay. This picture is in agreement
FIGURE 1 Flash-induced absorption transients at 360 nm of SRIl in theWith our preliminary observation for Htrll-free SRII by
absenced) and in the presencé) of Htrll. 532-nm laser flash was &= pyranine measurements as described for SRI (Olson and
0. Measurements were made with membranes in 25 mM Tris-HCI bufferSpudich, 1993), which demonstrate proton uptake from the
(pH 6.8) 4 M NaCl, and at 35°C. Negative values from a flash artifact of medium with M decay (O formation) and release with O
0-10 ;.L_s and 0-20us have been deleted from the data forand b, decay (data not shown).
respectively. In the f Hirll there is an i d amplitude of
presence of Htrll there is an increased amplitude o
the 540-nm trace relative to the 360-nm and 490-nm traces

red-shifted intermediate (O) at 540 nm. The data for SRII in(F19- 2b) as compared to those in the free SRII photocycle

the presence of Htrll showing a half-time for M decay and(Fid- 2 @. The rate of the M-to-O conversion is slightly
O rise of 30 ms and decay of O in 170 ms (Figb)Zis in higher in the presence than in the absence of Htrll, and the

keeping with the analysis of wild type in the first study of rate of O decay to SR}k, (170 ms) is greatly accelerated
the SRII photocycle (Tomioka et al., 1986), taking into Over the 1.0-s value for transducer-free SRIl.

account the lower temperature (20°C) used in that study. '€ above results show that the presence of Hirll mod-
We measured slower rates of M decay and O rise and deca_HJateS the rate of formatlon. and decay of the mtermedlates
in the absence of Htrll (Fig. ). In the Htrll-free SRiI 11 the SRl photocycle. Similarly, Htrl presence in the
photocycle, M decays with a 66-ms half-time simulta- 'membrane'modulates M formathn (Jung et aI.', manuscrlpt
neously with the rise of absorption at 540 nm, showing thafh Preparation) and decay (Spudich and Spudich, 1993) in
M is converted to O. O then returns to SRHwith a 1.0-s SRI. In that gase, tlhere |s.corr'1pell|ng evidence that SRI and
Htrl are physically interacting in a molecular complex. Most

directly, Htrl copurifies with His-tagged SRI during nickel-
affinity chromatography (Spudich and Spudich, unpub-
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2r onm - onm (@) lished result). Our interpretation from the results here is that
] S o= SRII and Htrll also form a molecular complex.
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sF | - Htrll affects the equilibrium between late
s} - photocycle intermediates of SRl

For investigating spectral features of the intermediates, the
same measurements as in Fig. 2 were performed across the
spectrum between 350 and 600 nm at 10-nm intervals for
SRIl in the absence and presence of Htrll. The number of
kinetic components involved in the reaction process was
deduced by subjecting the sets of 26 traces to singular value
. decomposition (SVD). The result of SVD provided 26 spec-
i ' 1 tra, corresponding weight factors, and time-dependent

00 o5 10 15 20 traces, with only the first two of them above noise level,

time (sec) indicating that the photocycle a&ms times involves two
_ _ _ _ kinetic components as noted above as M-to-O conversion

FIGURE 2 Flash-induced absorption transients of SRIl in the absence .
(a) and in the presenceb) of Htrll in times greater than milliseconds. and _O decay. The trgces can be separated into 'EWO expo-
Conditions are as in Fig. 1. Note thex&expanded time axis incompared ~ N€ntial components with rate constants corresponding to the
toa. decay rates of M and O, and the amplitude spectra of the
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two exponential components were calculated from the reef the absorption maximum of the unphotolyzed form of
sultant spectra of SVD. The amplitude spectra for the firstSRII relative to BR and SRI (Takahashi et al, 1990).

and second exponential components in the photocycle of In a similar manner, the amplitude spectrum of each
free SRII that have time constants of 66 ms and 1 sexponential component was obtained for SRII in the pres-
respectively, are shown in Fig. B,andc, with the appear- ence of Htrll. In this case also, SVD produced only two
ing and the decaying components represented as positivgpectra and two time traces above noise level. The spectral
and negative values, respectively. The spectrum in Flg. 3 change with a half-life of 30 ms corresponds to the disap-
represents the spectral change that occurs with a half-life giearance of a species absorbing near 350 nm (M) and an
66 ms. The spectrum shows that the species absorbing neacrease in the absorbance near 520 nm (Fig). Because
350 nm (M) is converted to another species absorbing neahe absorption band generated is not as broad as the one in
500 nm. The width of this band indicates formation of morethe free SRII photocycle and its width is consistent with a
than one species, evidently in rapid equilibrium, because aingle species, our interpretation is that the equilibrium of N
single rate constant characterizes this spectral change. Waad O is strongly biased toward O, so that the population in
tentatively attribute this to the equilibrium of N and O, and N is very small. The difference spectrum of the conversion
therefore we interpret Fig. ® as corresponding to the that occurs with a 170-ms half-life time (FigfBshows that
difference spectrum of M= (N + O). The equilibrium is O returns to the original state. The inversion of the sum of
then converted back to the unphotolyzed SRlin 1 s; Fig.  the spectra in Fig. 3¢ and f, produces the difference

3 ¢ corresponds to the difference spectrum for{NO) —  spectrum for SRlg; — M (Fig. 3d) and is nearly identical
SRIl,g, The inversion of the sum of the spectra in Figh3, to that of free SRII (Fig. 3a).

andc, produces the difference spectrum for SRil— M
(Fig. 3 a).

The absorption maximum of M of SRII is more greatly
blue-shifted compared to the corresponding unprotonate
Schiff base species of BR (M,) and SRI ($,9). Thismay  The most noticeable effects of Htrll on the reaction cycle of
reflect the molecular mechanism of SRII for tuning the SRII other than the elimination of N is the retardation of the
absorption maximum to establish the considerable blue shif¥1 rise and the acceleration of the kinetics of M and O

decay. To interpret the effects in terms of thermodynamic
parameters, the rate constants of M rise, M decay (O rise),
—_— — —— and O decay were measured at 20, 25, 30, 35, and 40°C in
a) SRl 5> M | (d) SRI>M A the free and complexed SRII photocycle, and the natural

N I
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2—(b)M — (N+O) i 2_(9) M—=O - '\.\1\

0
.2,.,/ — /

4 -
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FIGURE 3 Amplitude spectra of the exponentially decaying components 3.20 325 3.30 ; 335 3.40x10

after the excitation of free SRI&E¢) and Htrll-complexed SRIld—f) in 25 1/T(K™)

mM Tris-Cl buffer (pH 6.8) 4 M NaCl, and at 35°C. Plotted values are

maximum amplitudes of absorbance changes calculated from exponenti?l GURE 4 Temperature dependence of the rate constants of M forma-
fits to the V vectors produced by SVDa é&ndd) Inversion of the sunb + tion (O, —Htrll; @, +Hitrll), M-to-O conversion [(J, —Htrll; W, +Htrll),

c ande + f, respectively. lf ande) Absorption difference spectra of the and O decay ¢, —Htrll; #, +Htrll). The rate constants were obtained by
66-ms and 30-ms decaying components, respectivengf) Absorption exponential fitting of the traces at 360 nm (for the rise and decay of M) and
difference spectra of the 1.0-s and 170-ms decaying components, respeat 540 nm (for the decay of O) measured at 20, 25, 30, 35, and 40°C, and
tively. the natural logarithm of the rates were plotted again$§t 1/
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TABLE 1 Activation enthalpy (AH*) and activation entropy (AS*) of M formation, M-to-O conversion, and O decay for SRl in the
absence and presence of Htrll calculated from the fit of the plots in Fig. 4

M-rise M-to-O O-decay
Free Complex Free Complex Free Complex
AH* (kJ/mol) 105.6+ 9.2 46.6*+ 7.5 55.9+ 3.0 59.7+ 6.8 88.3+ 3.0 49.4x 3.4
AS* (J/mol - K) 193.9+32.1 —9.4+242 —40.1+ 10.1 —-21.3+225 42.1+ 10.0 -67.8+ 11.7

logarithms of the rates were plotted against the reciprocal obbserved in the SRI and Htrl complex for the decay of the
the temperatures (Fig. 4). Each plot fit well to a single line,M-like intermediate, §,5(Yan et al., 1997), indicating that
confirming the validity of separating the kinetics into three Htrl binding changes the hydrogen-bonding network around
components in the photocycle irus times. Activation the Schiff base to facilitate its protonation. Becauge; &
enthalpy AH") and activation entropyAS’) of each kinetic ~ a signaling state in the SRI photocycle, the similar modu-
component were given by the fit of each plot with the lation of O decay (and to a lesser extent M decay) in SRII
equation by Htrll suggests that O, as well as M, is a signaling state.
A retinal analog study also supports SRIlI O as maintaining
Ink =In(ksT/h) — AHYRT + ASTR, a signaling conformation formed in M (Yan et al., 1991).

whereh is Planck’s constant (6.626% 10 3 Js), kg is In summary: Htrll binding to SRII has substantial effects
Boltzmann's constant (1.38066 10 22 J/K), andR is the ~ on the photocycle of SRl by influencing the molecule on
gas constant (8.3144 J/kmol). The derivieid” andAS* for ~ both its extracellular and cytoplasmic sides. On the extra-
M formation, M-to-O conversion, and O decay in the SRII cellular side Htrll facilitates proton transfers around the
photocycles in the absence and presence of Htrll are listegchiff base and Agﬁ, and on the cytoplasmic side, it
in Table 1. apparently constrains the molecule to destabilize the struc-
The AH” for M formation in the free SRII is reduced by ture of M and N, in which a global conformational change
about half when complexed with Htrll. However, the acti- IS €xpected to have occurred.
vation free energyAG” = AH* — TAS’) for this reaction
shows a net increase in the complex because of the consid-
erable decrease iS* which is the main contributor to the we thank Elena Spudich and Jingya Zhu for their help and use of their
retardation of M formation in the complex. For the M-to-O membrane preparations in part of this work. We thank Elena Spudich and
conversion kineticsAH” values in the free and complexed Xue-Nong Zhang for comments on the manuscript.
SRII photocycles are almost unchanged, as can be judgerhis work was supported by National Institutes of Health grant RO1-
from the parallel feature of the plots of their M-decay GM27750.
kinetics. The effects of Htrll complexation axH” andAS*
are relatively small. Although the values listed in Table 1
contain some ambiguity, acceleration by Htrll binding REFERENCES
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