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acid; pR, phoborhodopsin; ppR pharaonis phoborhodopsin (or
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Abstract

Phar aoni s phobor hodopsi n (ppR; al so pharaonis sensory rhodopsin
1, psRIl) is a receptor of the negative phototaxis of
Nat r onobact eri um pharaonis. By spectroscopic titration of D193N
and D193E mutants, pK, of the Schiff base was eval uated. Aspl93
corresponds to 3 u204 of bacteriorhodopsin (bR). The pK, of the
Schi ff base (SBH) of D193N was 10.1~10.0 (at XH") and 11.4~11.6
(at X) depending on the protonation state of a certain residue
(designated by X) and independent on C°, while those of the
wi | d-type and D193E wer e >12. pK, of XH were; 11.8~11.2 at the state
of SB, 10.5 at SBH" state in the presence of C°, and 9.6 at SBH'
wi thout C°. These inply the presence of a |l ong-range i nteraction
in the extracellular channel. Aspl93 was suggested to be
deprotonated in the present dodecyl-nmaltoside (DDM sol ubilized
wi | d-type ppR, which is contrary to d u204 of bR In the absence
of salts, the irreversible denaturation of D193N (but not the
wi | d-type and D193E) occurred via a neta-stable state, into which
the addition of G~ reversed the intact pignment. This suggests t hat
t he negative charge at residue 193, which can be substituted by
Cl", is necessary to maintain the proper conformation in the

DDM sol ubi I'i zed ppR.



| nt roduction

Sensory rhodopsin (sR or sensory rhodopsin I') (Bogonol ni and
Spudi ch, 1982; Hoff et al., 1997; Spudich et al., 2000) and
phobor hodopsin (pR or sensory rhodopsin Il, sRII) (Sasaki and
Spudi ch, 2000; Takahashi et al., 1985; Zhang et al., 1996) are
retinoid proteins of Halobacterium salinarum and work as
phot or eceptors; pRnedi ates t he avoi dance reacti on frombl ue-green
[ight. Anal kal i - hal ophilic bacterium Natronobacteri umpharaoni s,
al sohas aretinal pignment proteinsimlar topR, andit was purified
and characterizedin great detail (Chizhov et al., 1998; Engel hard
et al., 1996; H rayanma et al., 1992, 1994, 1995; M yazaki et al.,
1992; Scharf et al., 1992; Seidel et al., 1995). This pignment was
named phar aoni s phobor hodopsi n (ppRor pharaoni s sensory rhodopsi n
1, psRII). It was reported that ppRis nuch nore stable than pR
The functional expression of ppR in Escherichia coli has been
achi eved (Shinono et al., 1997), which yields | arge amounts of the
protein that permts nore detailed investigations. Recently, two
groups solved the crystal structure of ppR (Luecke et al., 2001;
Royant et al., 2001), thus opening the next stage of research for

t he phot o- sensor.

The am no acid sequence of ppR (Seidel et al., 1995) is
honol ogous to that of bacteriorhodopsin (bR), a well known
[ight-driven proton punp (Lanyi, 2000; Cesterhelt and St oeckeni us,

1971). Inportant residues in the extracellul ar channel (EC) of bR



(Asp85, Asp2l1l2, Arg82) are all conserved in ppR as Asp75, Asp201
and Arg72, respectively, with the exception of G ul94 that is
repl aced by Prol83 and of Thr205 that is replaced by Val 194 i n ppR
Asp75 of ppR serves as a counterion of the protonated Schiff base
(PSB or SBH) (Bergo et al., 2000; Engelhard et al., 1996). As
ment i oned above, two groups solved the crystal structure and both
showed that a side chain of Arg72 is oriented towards the
extracel lular side, whichis a different orientation frombR On
the other hand, Asp96 in the cytoplasm c channel (CP) of bR is
repl aced by the neutral Phe86. Thr46, which is involved in tuning
the pKy; of Asp96 in bR, is also mssing. These replacenents sl ow

down t he decay of the Minternedi at e of ppR(Iwanoto et al ., 1999a).

Upon absorption of a photon, ppR undergoes a photo-reaction
cycle (Chizhov et al., 1998; H rayama et al., 1992; Myazaki et
al., 1992) simlar to bR Proton uptake and rel ease during the
phot ocycl e of ppR have been detected (Iwanoto et al., 1999b), and
t he trans-nmenbranous proton transport frominside to outside was
detected (Schm es et al., 2001, 2000; Sudo et al., 2001) although
this activity was weak. Many studi es of bR (Bal ashov et al ., 1995,
1996, 1999; Brown et al., 1993, 1995, 1996; Di oummev et al ., 1998;
Richter et al., 1996) have reveal ed the existence of a conpl ex
i nkage from d u204 to the Schiff base via its counterion Asp85
in EC. Duringthe photocycle, thislinkage cooperatively regul ates

t he protonat ed st ate of these resi dues to achi eve t he pronpt proton



rel ease. During the photocycling of ppR and pR, the proton uptake
occurs first and then rel ease occurs at the transition fromthe
Ointernmediate to the original ppR (Iwanoto et al., 1999b; Sasaki
and Spudi ch, 1999), therefore, it is an inportant question as to
whet her an i ntra-nol ecul ar | i nkage bet ween t he Schi ff base and t he

outer surface of the protein exists in ppR as in bR

In this study, we exam ned this problem To this end, the pK,
of the PSB of the wild-type, D193N and D193E were determ ned. The
presence of a negative charge at the 193-position increases the
pKs of the PSB by nore than 2 units, indicating the existence of
a long-range interaction. The existence of another protonable
resi due affecting pKy of the PSB is al so suggested. In addition,
the effects of the anion on the long-range interaction and the
structural stability of DI93N were i nvesti gated because Royant et
al. presented the existence of O~ near Arg72 in their crystal
structure of the wild-type ppR (Royant et al., 2001). The present
study suggests that C~ may bi nd around Aspl193 and that this bound
Cl - may play aninportant rol e both in maintainingthe conformation
and inregul ati ng the pK,y of the PSB of D193N i n which t he negati ve

charge at the 193-position is m ssing.

Mat eri al s and Met hods
Sanpl e preparations.

The expressi on of the histidine-tagged ppRinE. coli BL21(DE3)



and its purification were described el sewhere (Hohenfeld et al.
1999) . Qui ckChange™Site-Directed MitagenesisKit (Stratagene, CA)

was used to prepare D193N and D193E nut ant.

Spectroscopi ¢ anal ysi s.

The absorption spectra were taken using a Mdel V-560
spectrophot oneter (Jasco, Tokyo). The tenperature was kept at 20
BC. During the titration experinents for the absorption spectra
of D193N, the pHwas initially adjusted to 7.0 using a m xture of
six buffers (containing citric acid, Mes, Hepes, Mps, Ches and
Caps, all concentrations of which were 10 nM each) and 0. 1% DDM
(n-dodecyl -B-D-nal toside). The pHtitrationof the PSBstarted from
7.0. The pH was adjusted to the desired value by the addition of
concentrated NaOH, and t he absorption spectra were then neasured.
Data fitting was done using Mcrocal Oigin™ software (M crocal

Sof tware, MA).

Chr onophor e extraction
The methods for the extraction and determ nation of the
chronophore configuration were the sane as described el sewhere

(Shimono et al., 2001).

Resul ts
pH titration of the Schiff base in D193N.

The spectroscopic titration of DI93N was conducted. Figure 1



shows the absorption spectra of D193N at various pHs from7.0 to
12.7 in the presence of 200 MM NaCl. Wth an increase in the pH
val ues, t he absorpti on band at 360 nmdue to t he depr ot onat ed Schi f f
base i ncreased. Figure 2 shows the titration curve of the PSB in
D193N in the presence (a) and absence (b) of 200 mMMNaCl. In the
experiment in the absence of NaC, 67 mM Na,SO» was added so as to
keep t he i oni ¢c strengt h const ant. When Na,SO; was r enoved, the pKa s
esti mat ed bel owwere essentially the sane as those i n the presence
of Na,SQy. As describedlater, inad -free nmedi um D193N (Amax ~500
nm gradually transfornms into the netastable state (Anmax ~375nn)
in ca 10 hrs, and then during this period, the depletion of the
500 nm absorption by alkalization was analyzed as quickly as

possi bl e.

In contrast to the gecko cone-type visual pignment show ng a
| arge Cl "-dependence on the Schiff base pK, (Yuan et al., 1999),
t he dependence was not great, but the deprotonation of the PSBin
D193N exhibited a conplex titration curve, indicative of the
i nteraction by anot her protonatabl e resi due. Thus, we fitted these
titrationcurves withanodel of twointeractingresidues (Bal ashov
et al., 1995) (whose nodel is depicted in Fig. 2), and estimted
pKa s are listed in Table 1. The pKa: and pKas val ues are pK, of the
PSB when another protonatable residue (X) is protonated and
deprot onat ed, respectively. The pKs, and pKss val ues are pK, of the

X residue when the Schiff base is deprotonated and protonated,



respectively. The pKy of the PSB in the wld-type ppR was 12.4
(Bal ashov et al., in preparation) and no remarkabl e pK, change in
t he PSB of D193E was observed (data not shown). On t he ot her hand,
that of D193N was | owered to 10.1 or 11.4, dependi ng on whet her
residue X was protonated or deprotonated, respectively.
Interestingly, the pK, val ue of residue X was affected by C~ when
the Schiff baseis protonated (see pKysin Table 1), suggesting t hat
the A "-binding site of DI93N may | ocat e near t he Xresi due and t hat

t he negative charge of O~ may increase the pKy of the X residue.

Chr onophore configuration

The chr onophor e configuration was exam ned i n the presence of
200 mM NaCl and absence of C~ (i.e. 67 mM Na,SQ;). The rati os of
the all-trans retinal in the presence of C~ were 95.2, 96.3 and
90.8%for the wild-type, D193E and D193N, respectively, and they
were, respectively, 94.0, 87.7 and 74. 5%i n t he absence of C . The
remai nder was the 13-cisretinal. Theseweredoneinthedark because
thetitration experinments were done usi ng t he dar k- adapt ed sanpl e.
The data shown in Fig. 2 may not be accountabl e by the i dea of the
difference in the Schiff base pK, between the all-trans and 13-
cis retinal, because the anplitudes of the conponents (shift
anplitudes in the pHtitration) obtained in Fig. 2 (a) cannot be

expl ained by the nolar ratioof theall-transto 13-cis (about 9:1).

Chloride effect on the stability of D193N.



Wien the sanple of D193N nutant was desalted at pH 7, a
ti me-dependent decrease in the absorption peak at 498 nm and
concom tant increase in the 375 nmpeak was observed i n the upper
several tenths of hr timerange. These bl ue-shiftedspectrareversed
to normal when C~ was added to the sanple. Figure 3 shows the
recovery of the absorbance at 498 nmw th an i sosbestic point of
420 nm by addi ng NaCl to the desalted D193N sanpl e. The spectr al
shoul der at around 460 nmthat is characteristic of ppRand pRal so
recovered with the recovery of the 498 nm absorbance. It should
be stressed t hat no bl ue shift was observed for the desal t ed sanpl es
of both the wild-type (Shinono et al., 2000) and D193E (data not
shown), suggesting that the blue shift and the recovery by G~ are
observed only for a mutant of D193N whi ch | acks t he negati ve charge

at the 193 position.

After the desalted D193N sanpl e was | eft for alonger tinme (ex.
several days or a week), the extent of recovery of the absorbance
at 498 nmby NaCl was significantly decreased. Therefore, one may

consi der the foll ow ng schene:

dei oni zed Very
Met ast abl e
I :
D193N state sl ow, Irreversibly
) denatured state
a (Ayax~375nm)

The absorpti on maxi numof the neta-stable state m ght suggest the
de- protonat ed Schi ff base speci es, but thisis not the case because

the pKy of the PSB of D193Nin the absence of G~ was 10.0 or 11.6

10



dependi ng on the protonation state of the Xresidue (see Table 1).
The additionof U "totheneta-stablestateresunedtheintact D193N,
suggesting that retinal is not |liberated fromthe protein. The
absor pti on maxi mumof retinal form ng the Schiff base in solutions
is about 380 nm In the neta-stable state, hence, the protein
conformati on m ght becone | ooser than that of the stable state and

the retinal in the protein noiety m ght be surrounded by water.

Ef fect of various anions.

To exam ne whet her the recovery fromthe neta-stable state to
the normal D193N specific to C°, various anions were added to
the neta-stable state. In Fig. 4, the increases in the absorbance
at 500 nmare plottedas afunction of vari ous ani on concentrati ons,
show ng that not only chloride but al so ot her hal ogen ions or the
nitrateionhavetheabilityfor recoveryfromtheneta-stabl estate.
From these results, the apparent Kd values of each anion were
calculated by fitting using the M chaelis-Menten equation. These
values are 43.3 £ 4.4 nMfor F, 11.0 1.2 mMfor ", 6.4 £0.9
mMfor Br', 4.2 0.3 mMfor I~ and 5.9 + 0.5 nMfor NG;. The order
of the 1/Kd values for various anions is interestingly the sane
as that known as the Hof nei ster series that represents the order
of the hydrophobicity and the tendency to stabilize structured

| ow-density water of anions.

Di scussi on

11



Aspl193 of the DDM sol ubilized wi | d-type may be deprot onated at pH7
in the ground state.

Figures 3 and 4 inply that for D193N, the anion may bind to
the interior of protein and this bindingis needed for maintaining
t he correct conformation. The ani on order of the potency to maintain
a suitable conformation is the sanme as the Hofneister series,
suggesting a relatively hydrophobic or the |lowdensity water
structured binding site. The wild-type and D193E of ppR were not
converted to the neta-stable state even in the absence of C° in
contrast to D193N. This may | ead to t he hypot hesi s t hat t he position
at 193 bears the negative charge for the wild-type or D193E from
neutral toal kaline(whichisthepHrangeinthepresent experinent),
and that for D193N, G~ may substitute for this negative charge.
This also inplies that the binding site of the anion may not be

far fromthe 193-position, at |east for D193N.

The pKsi shown in Table 1 al so supports the deprotonation of
Aspl193 of the wild-type or DI193E at pH 7. It is worth noting,
therefore, that Aspl93 of the DDM sol ubilized ppRis deprotonated
at pH 7.0 while G u204 of bR corresponding to Aspl93 of ppR is
presumabl y protonated, whose pK; at the ground state is estimated
at ~10 (Bal ashov et al ., 1995, 1996, 1999). However, our prelimnary
results from the |lowtenperature FTIR suggest that Aspl93 is
protonated at pH5-7 (Furutani et al., inpreparation). It is noted

t hat the FTI Rsanpl ewas i ncorporatedintotheliposones. Therefore,

12



t he apparent contradiction my be expl ai ned as fol l ows: (1) Aspl93
inthe present DDM sol ubilized sanpl e may be partially protonated
at pH7 or (2) its pKy may increase when the protein is enbedded
into lipids while Aspl93 of this solubilized sanple dissociates
nostly. At present, we do not knowwhich is correct. Nevert hel ess,
it is obvious that thereis asignificant difference in the pK, of

Aspl193 (ppR) and 3 u204 (bR).

This difference may be reflected by the difference in fine
structure of the ECchannel bet ween ppRand bR. The crystal structure
of ppR (Luecke et al., 2001; Royant et al., 2001) recently reported
shows sone differences frombR, particularly the differenceinthe
orientation of Arg72, the side chain of which faces the
extracel lul ar side while Arg82 of bRrel atively faces tothe Schiff
base, i.e., the di stance of each guani di ni umni trogen at ons of the
Arg72 fromthe Schiff base in ppRis about 11 while that of one
guani di nium ni trogen atom of Arg82 is about 8 in bR It m ght
be possible to consider that this different orientation of the
positive charge gives rise to the pK, difference between Aspl93 of
ppR and G u204 of bR Another candidate for this reason may be t he
| ack of the carboxyl group at residue 183 (Prol83) whose position
corresponds to d ul94 of bR As nentioned above, the proton uptake
and rel ease of ppR(Iwanoto et al., 1999b) resenbl e the bR nut ants
(Brown et al., 1995; Koyama et al., 1998) whose proton-rel easing

conpl ex (PRC) is inconplete. The deprotonation of Aspl93 m ght be

13



one of reasons that when conpared to bR, there is a nuch | onger
del ay of the proton rel ease after the proton transfer fromthe PSB
to its counterion. It is indispensable for further research to

estimate the pK,; value of Aspl93 in the wld-type ppR

The pK, of the Schiff base in D193N.

This value was estimated to be ~10 while that of the wld-
type or DI93E was ~12, suggesting that the negative charge at the
193-position increases the proton affinity of the Schiff base in
the wild-type ppR Referring to the recent crystal structure of
ppR (Luecke et al ., 2001; Royant et al ., 2001), t he di st ance bet ween
the Schi ff base and t he side chain of Aspl93is ca 14 . Therefore,
t he existence of the long-range interaction, |ike the hydrogen
bondi ng network between the Schiff base and the extracellul ar
surface of the protein revealed in bR is expected. If this
interaction exists, the pKa shifts of the Schiff base and Asp75
(the counter-ion of the PSB) m ght be observed in the Arg72 ppR
mutant asis simlar tothe R82A bR nut ant (Bal ashov et al ., 1993).

The ef fect of the Arg-resi due onthese pKy val ue i s nowin progress.

Anot her interesting point is the existence of a protonatable
resi due whose protonation states affect the pK, of the Schiff base.
A possi bl e candi date for this protonatabl eresidueis Arg72judgi ng
fromthel ocationwthinthe ECchannel and fromits pK,val ue; Arg72

guani diniumof ppRlocates ca 11 fromthe Schiff base and ca 5

14



fromAspl93 car boxyl, and t he esti mat ed pK, of resi due X (see Fig.
2) resenbles that of Arg (11.8 or 10.5 when the Schiff base is
deprotonat ed or protonated, respectively) although the pK, val ue
i s somewhat snal |l er than t he usual value. Inaddition, our results
show that G~ mainly affects the pKy not of the Schiff base (pKa
and pKas) but of residue X when the Schiff base is protonated. The
change inthe pKyis due presumably tothe el ectrostaticinteraction
(pKaz and pKas, see Fig. 2 and Table 1). This mght indicate that
in the DI93N nutant, the C -binding site is close to residue X,
presumably Arg72. Royant et al. (2001) proposed the existence of
the C -binding site in addition to several water nol ecul es near
Arg72 inthe wild-type ppR and thenit is probable that this site
m ght be t he ani on-binding site whichis provedinthe D193N nut ant
in the present paper. The conclusion whether the O-binding site
exists in the wild-type nust await further studies. In any case,
it may be certain that for the DI93N nut ant, t he sanme bound O~ has
arole in both the regulation of the pKy s and nmai nt enance of the

proper conformation.

Concl udi ng remarks

The present investigation revealed the existence of a
| ong-rangeinteractionthat extendedfromthe extracel | ul ar surface
to the Schiff base in ppR Water nol ecul es may be involved inthis
interaction as is proved in bR Thus, cooperative |inkages anong

the am no aci d resi dues and water nol ecul es i n the EC channel via

15



hydr ogen bondi ng woul d be a common feature of the archaeal retinal
proteins. How is this network involved in their function? In
addition, why is the proton rel ease del ayed in the case of the ppR
in spite of the organi zed |inkage of EC? These questions nust be

considered in a further study.
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Table 1. pK, values for titration of the Schiff base

PKaz PKaz PKas PKaa
Wl d-type > 12 - - -
D193N 10.1 11.8 10.5 11. 4
D193N( O ~ free) 10. 0 11. 2 9.6 11. 6
D193E > 12 - - -

For the meani ngs of pK (i 1to 4), see Fig. 2.
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Fi gure | egends

Figure 1. pH titration of the Schiff base in DI193N in the
presence of 200 mMMNaCl . (a) changes i n absorption spectra of D193N
frompH7.0to 12. 7. pHval ues of each spectrumare 7.0, 9.5, 9.7,
9.9, 10.2, 11.3, 11.8 and 12.7, respectively. (b) difference
absorption spectra. Each spectrumwas obt ai ned by subtracting t hat

of pH 7.0.

Figure 2. pHtitration curves of the Schiff base in DL93N. (a)
in the presence of 200 MM . (b) ina d free nmedi um(contai ni ng
67 MM Na,SO, for keeping the ionic strength of 200 mMMNaC ). Fitted
curves were obtained with a nodel of two interacting residues
(Bal ashov et al., 1995), which is shown in the panel. Residue X
i s an unknown pr ot onat abl e resi due whose protonation state affects

t he pKy of the Schiff base.

Figure 3. Difference absorption spectra by adding NaCl to the
desal t ed sanpl e of D193N. O~ concentrations are 3.96, 7.84, 13.5,

24.4, 79.6 and 286 mM respectively. The pHwas 7.0

Figure 4. Anion binding to D193N detected by neasuring
absor bance change at 500 nm Absorbance at 280 nmof each spectrum
was adj usted to 1 and absor bance changes at 500 nmby addi ng ani ons
were plotted. Dotted curves are the best fitted curves of each pl ot

to M chael i s-Menten equation. Qpen circles represent the data set

26



of F; closed squares, C°; open triangles, Br’; open squares, |-

and cl osed circles, NGO .
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Figure 1, lwamoto et al.
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Figure 2, lwamoto et al.
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Figure 3, lwamoto et al.
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Figure 4, lwamoto et al.
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