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Abstract 

Bacteriorhodopsin (proton pump), halorhodopsin (anion pump), sensory rhodopsin and phoborhodopsin (photo- 
sensors) are found in Hulobuctetium salinarium (hulobium). In some other strains, other sets of rhodopsin pumps 
and sensors have been found. Here, these bacterial rhodopsins are classified according to their amino acid sequence 
homologies, and their host genera are assigned on the basis of 16s rRNA sequence comparison. Hulourcula is the 
host for cruxrhodopsins and a new genus (temporarily “Halorubra”) is the host for archaerhodopins. Difference in 
the all-truns : 13~x5 ratios of retinal in two proton pumps (bacteriorhodopsin and archaerhodopsin-2) at equilibrium 
states in the dark was ascribed to only one amino acid residue in the retinal pocket. This predicted methionine-145 
in bacteriorhodopsin was point-mutated to phenylalanine as in archaerhodopsin-2. The mutated bacteriorhodopsin 
(M145F) became to show the same dark-adapted isomer ratio that archaerhodopsin-2 shows, Chimeric proton pumps 
were made by exchanging genes of one or more helix regions of two similar pumps (arcbaerhodopsin-1 and -2) in 
order to know structural delicacy of the inter-helix space. Preliminary results show that some photochemical 
properties depend on one helix or one distinct amino acid residue on the helix. Such new lines initiated by our 
archaerhodopsins are discussed for studying structure and function of these unique bacterial rhodopsins. 

Key words: Bacterial rhodopsins; Bacteriorhodopsin; Archaerhodopsins; Cruxrhodopsins; Chimeric pumps; Halobac- 
teria classification 

1. Introduction 

Bacteriorhodopsin (bR) was sensationally dis- 
covered in Halobacterium halobium as a purple 
membrane protein of single polypeptide of 26 
l&a which can pump protons across the plasma 
membrane in the light [ll. This first bacterial 

* Dedicated to the memory of Yu. Ovchinnikov. 

rhodopsin is now one of the best characterized 
membrane proteins. The structure of seven he- 
lices [2] and sidedness of the bunch of seven 
belices [3] of bR are analysed, which strongly 
supports the hydropathy analysis for membrane 
proteins [41. Various intermediates in the photo- 
chemical reaction cycle of bR are characterized 
[5J. Two key residues for proton pumping, Asp-85 
and Lys-216 whose E-amino group forms the 
Schiff base with retinal, are identified [6]. How- 
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ever, the critical features of proton pumping have 
not yet been visualized. 

Halorhodopsin (hR) was then found as the 
second light-energy transducer [7]. HR could elu- 
cidate some results in halobacterial photo-physi- 
ology/energetics which had not been explained 
by the action of bacteriorhodopsin. In the process 
of halorhodopsin purification, the third rhodopsin 
was identified [81, which was liked to the pigment 
independently appointed to photo-reception [9], 
and later named sensory rhodopsm (SRI. Another 
photo-sensing rhodopsin, phoborhodopsin (pR), 
was then found [lo]. The structures and the 
mechanisms of action of those rhodopsins have 
not been solved. 

In a single cell of Halobacten’um salinarium 
(formerly h&b&r [111) are present at least four 
different kinds of bacterial rhodopsins, bR, hR, 
sR and pR, although their contents differ in the 
order of magnitude. 

The fact that a single cell contains four differ- 
ent rhodopsins, made us speculate that other 
halobacteria would contain rhodopsins other than 
those in Halobactetium salinarium. We collected 
several kinds of extreme halophiles from salt pans 
and clay pans in Western Australia 1121. Actually, 
Haiobacterium sp. aus-1, one of our new collec- 
tion, contained a new retinal protein named ar- 
chaerhodopsin (aR-1) [13], which pumps out pro- 
tons in the light as well as bR does. (It should be 
noted that we also collected a strain carrying bR 
whose gene differs by 3 base from the reported 
bR gene. Although the new isolate was tempo- 
rally classified in Halobacterium, it would be in- 
cluded in a new genus, see below.) 

The primary structure deduced from the cloned 
gene of aR-1 [14] is about 60% identical to bR. 
Later, Halobacterium sp. aus-2, another isolate, 
was also shown to contain another retinal protein 
proton pump, archaerhodopsin-2 (aR-2 [15]). The 
primary structure of aR-2 is about 90% identical 
to that of aR-1 but still different from bR by 40% 
(Table 1). The hydropathy analyses suggest that 
aR-1 and aR-2 as well as bR form seven helices 
traversing the membrane [15]. The amino acid 
residues assigned to be in the retinal pocket and 
the proton channel for bR [2] are almost all 
found (conserved) in aR-1 and aR-2 (Fig. 1). 

Table 1 
Identical amino acids in the primary structures of proton 
pumps a 

(1) (2) (3) (4) (5) 

(1) bR 
60.3 

60.3 55.5 54.5 52.5 
(2) aR-1 (SG-bR) - 85.1 81.5 48.0 
(3) aR-2 55.5 85.1 - 87.7 48.6 
(4) mex-bR 54.5 81.5 81.7 - 51.7 
(5) CR-1 52.5 48.0 48.6 51.7 - 

’ The primary structures of proton pumps were aligned as in 
Fig. 1 and the identical ammo acids between any two pumps 
were calculated in percentage. For mex-bR sequenced part 
(209 residues) was used for calculation, Homology values 
between proton pumps and anion pumps are less than 30%. 

These data indicate; (i) aRs are not simple mu- 
tants of bR, (ii) aRs are in a group of proton 
pumps clearly distinguishable from bR; (iii) the 
aR group is still a member of the bR family. 

In this article it is postulated that one species 
carries its specific set of bacterial rhodopsins and 
do not swap its member between another set of 
another species (e.g., no transpositioning). 

2. New lines of studying bacterial rhodopsins 

The novel proton pump, aR-1, showed avail- 
ability of more rhodopsins in other halobacteria, 
and offered new lines of study of bacterial 
rhodopsins especially on comparative basis [17]. 
Those two lines are: 

(1) primary structures of forthcoming new 
rhodopsins can be aligned to find the conserved 
amino acid residues among rhodopsins of differ- 
ent functions as much as those of similar func- 
tions. One can postulate that the amino acid 
residues conserved by nature should be essential 
(i) to the fundamental structure of (at least bacte- 
rial) rhodopsins with seven helical segments, 
and/or (ii) to the specific functions i.e. pumps or 
sensors, and/or (iii) to the ion-selectivity of 
pumps and/or the specific sensitivity of sensors. 
In addition, the primary structures would then 
lead to some understanding of evolution or relat- 
edness of bacterial rhodopsins, and hopefully 
later, of the rhodopsin family including visual 



193 

helix A 

-10 1 10 20 30 40 
" " Y " " " 

1. bX (17) MLELLPTAVEGV5QAQITGRPENlWLALQTALX?LOTLY~LVKGMQVSDPDAKKFYAI 
2. aR1 (14) (SGbR;lS) MDPIALTAAVGADLLGDGRPETLULGI@l'LLULIQT~IVKGWOWDKEAREYYSI 
3. a.2 (15) MDPIALQA--GFDLI,N!XRPETL~IQLLMLIQTFY~IAROWmPPDI 
4. CR1 (19) MPEPGSERIIILWLOTA~~L~I~~ETD~RRQK~IA 
5. mex bR (PCR part;lO) ~IOTLWalQT~IAR(AYOVTDK~RE~AI 
6. part bR (PCR part;20) M-EPGSSAIULWL~MLZFIARQWUETDSRRQKFYIA 
7. shark bR (PCR part;20) WLWI0l'AGBFLQMLIIIARQWOETD3RRQKFYIA 
8. h?. 121) MSITSVPGWDAGVLGAQSA~AVRENALLSBBLW',~~!JAL&OIAILV?VYXG~TIRFZXPRLIWGA 
9. piR (22) MTETLPPVTESAVALQAAEVTQRELFEFVLNDPL~BELYI~I~LSILL~~LDDP~KLIAVS 

10. chR3 (23) MPAASTAATTLLQASQSEVLGEIQSNFLLNSSLWVXIALMVVILL~AXGRELESSlUU(LIWVA 
11. SGbR (18) MIET~DILAGGMVPLEMTQTQIFEAVQSDTL~9BLW~~I~LSILLlVMDGRNVPDPRAQLIFVA 
12. m&m (PCR part;24J QTEIFQFIQDNTLLSBSLWVIPI~LSILLFWYGRNVEDPRAQLIFVA 
13. SR (25) M-DAVATAYLGGAVALIVGVRFVWLLYRSLDGSPHQSALAP 
14. SGsR (18) NTGAVSAAYWIAAVAFLVGbZITAALYAKLGESEDRGRL8A 

hL%Li.xB helix c 

50 60 70 80 90 100 110 
" " " " " 

1. TTLVPAI~TMnSWLLOYQ~~~F-~---------------~QNP~~~Y-*BLLL~p~L'~D~GT~~~L 
2. TILVPGUSAAnSWFFQIQL~~QV-GS---------------EMLDI~~Y~~LL~D~~~RVSIGTL 
3. TILVPGI~ISAAl[LPWFFQI~EVEL-ASG--------------TVLDIYY~AD~LLLLDWILAKVDRVlGTL 
4. TILITAIAFVNILRWA MFQ~IVEF-AG---------------EEHP~TS~~PLLLYD~~GAD~ITSL 
5. TILVPGILSFAIL,UIFFQIQLT~EV-AGMA--------------EPLEI~~Y~~PLL~~~ADRTTIGTL 
6. TILITAIAFVNILAYA MFO~IVEF-AG---------------EEHPI~YS~~PLLLYD~L~GADRNTITSL 
7. TILITAI~FQLTFIEF-GG----------------EQHPIYW~~DIL~LLLYD~L~G~RNTIYSL 
8. TLMIPLVSISBILOLLSQL~GMI~A~~~----------EMVRSQIIORILTI(ALIL~LQLL;SWDLGSL~ 
9. TILVPWSIAIPITQ~QLTISVLEYeAOgFAEQS~LGGEEV~~~R~~AL~L~~SNATKL~A 

10. TMLVPLVBIS~AQW\8QL~GPLQIIPWBALAO----------QEVLS~R~~FB~~L~~~D~SL~A 
11. TLMVPLVSISBlTQLVBQLTSFL~A~~Q----------Q~T~~~L~L~V~~SNTTKL~A 
12. TLMVPLVBIS~LVSQLTVGFLEWPAOBPLAO---~GAGPEG-GV~~~~AFST~L~~S~SKLF~A 
13. LAIIPVFAGLSYVG~YDIGTVIVN--------------------GNQIVGLRYI~L~TPIL~~GY~GASRRSIIGV 
14. LAVIPGFAGLAYAGMALGIG~~~--------------------GAELVGLRYVDWI~TPLLVGFIG~AGASR~IA~ 

l t* l l * 

helix E he- 

120 130 140 150 160 170 180 
" " " " " " " 

1. VGADGIYIG~LVGALTKVYSY------BFVIIIIAIBTAR 
2. VGVDAWlIVTdLVGALSHTPLA------RYT**LFBTICMIWLIFLTSLRARAKERGPEVAS~LTA~VL~~AYPI 
3. IGVDALYI~LIGALSKTPLR-------RY~F~IAFL~L~LLTSLRS~KRSE~RS~TLTALVA~~A~I 
4. VSLDVLYIG~LVATLSAGSGVLSAGA~~I~AFLL~L~LFSSL~RVADLPSDTRST~T~L~~V 
5. IGVDA~IVMLIGALSHTPL------RY~LFBTIAFL~L~LLT~RS~ELSEDV~~A~VAVL~A~I 
6. VSLDVLYIGTaLVATLSAGSG~SAGA~~I~AFLLVLLYFLFSSLSGRV~LPS~RS~T~NL~~ 
7. VSLDVLYIG~ATLSAGS~LSAGAE~~I~AFLLVLLTFLFSSLSGRV~PS~RS~KT~N~~L~PV 
8. IAADIGYCVMLAMEPTTBALLF-----RNAPIAI~~SRVT~M~--SA~AEIF~~VL~~~PI 
9. ITFDIAWnnM~TTBSHLM-----R*FWIAIB~CBL~YILL~AQ~--~AD~~LKLL~PI 

10. ITMDIGHCITQLU&LVTBSHLL-----RWVFYGIBCAF?IAVLYVLLVFXPADAE--~SEI?GTLKLLTWLNLQTPI 
11. \r~~IG~~~BSYLL-----R~AI~~YIL~~AE~--I~ADI~~~~L~~I 
12. WADVGNCITQLAMLTT8SYLL-----RWVWYGIBCAFFWVLYILLAEWAKME--VMTADIBN'CLKVLTVVLULQYPI 
13. ~~~ALMIAVGAGAVVTDGTL-------KWRLFGVSSIFHLSLFAYL~IFPRWPD-VPEQIGLFNLL~HIGLL~YPL 
14. MLADALMIAFGAGA~GGTL-------KWVLFGVSSIFHVTLFAYLnrVFPRAVPD-DPMQRGLFSLLKNHVGLLWLAYPF 

** * t l l * f ** 

helix G 
190 2oc 210 270 230 240 248 

” ” ” ” ” ” ' " 
1. VIILIQSWAQIVP-LNIBTLLRIVLDV~~LILLRS~IFGEAEAPEPSAG-D-------GAAATSD 
2. LNIIQTIOAOWG-LGIITLL~~~WFILLRS~I~~~PEPSAGAE---------ASAAD 
3. LWIVGTBQAQVVG-J.GILTLA~NVLDVTAKVQ~FVLLRSRAILGETEAPEPSAGAD---------ASAAD 
4. WI(LIQTWIQLVG-IGI~AG~IDLTAIOIOWIILLRSHGVL-DGAAETP--G-T-------GATPADD 
5. LWIIQTWAOWG-LGVLTLDVTAXVGT.0 
6. WWLIQTr(lIQLVG-IGIB'~I~LT~~ 
7. WWJXGSIWLaLVG-IGIBTAG~IDLVAKVG~ 
8. VICAVBVW~VQSVG~81lAPBVLrmFAFILLRWTMSS---------DD 
9. V*~~OIAVLP-VG~8FLDIVAKYIFAFLLLNYLTSNESWSGSILDVPSAS------GTPADD 

10. LW~S~~LS-VGVTBGLDI~~FAFLLLR~~ED~QAGMSLGS------~~PADD 
11. ~~~VLD-VAIT~AY9G~IVAKYLFAFLLLR 
12. FNALOAIWLAVLD-IAITB 
13. VWLFGPAGIGEAT-AAGVAL~FLDV~~P~FFYARRRVFMKSESPP--APEQATVE-----ATAAD 
14. WLMGPAGIGFTT-GVGRALTYAFLDVLAKVPYWFFYARRP 

l t * * *t 

Fig. 1. The amino acid sequences of ‘bacterial rhodopsins. Some sequences are obtained partially by PCR. The amino acid residues 
presently common to either proton pumps (lines l-7) or anion pumps (lines 8-12) or both are in bold letters. Those common to all 
the bacterial rhodopsins including two sensors (lines 13,14) are marked by an asterisk (*). Those composing the seven cu-helices (A 
to G) are indicated according to ref. 121. The amino acids are numbered according to bR protein 1161. Proposed numbering, e.g., 
Glu before R-134 in CR-~, port-bR and shark-bR should be numbered El30 t 6 (at least for proton pumps). The amino acids ia 
italics (lines 1,2, 3,8) are not involved in the isolated proteins. The N- and C-terminals of other sequences have not been known. 
The alignment of terminal sequences are optional. References are in the parentheses. For abbreviated rhodopsin names please 
refer to the text and Table 2. 
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rhodopsins, and the rhodopsin super family fur- 
ther including some seven-helix receptors; 

(2) difference in the properties and/or activi- 
ties of bacterial rhodopsins of an identical func- 
tion can be compared and would be explained by 
the substituted amino acid residue(s), and/or by 
delicate difference in the secondary and/or ter- 
tiary structures caused by such substitution of 
amino acid(s). Differences would be found such 
as in light-dark adaptation (all-truns : 134,~ reti- 
nal isomerization equilibrium in the dark), pH 
dependency of absorption spectra, ion-pumping 
activity, mode of photo-cycle, the lifetime and the 
spectral properties of individual photo-inter- 
mediates, and their pH and/or temperature de- 
pendencies. Such differences would be explained 
by differences in the primary, secondary and ter- 
tiary structures and structural interaction in their 
dynamic movement (conformation change) etc. 

Comparison among rhodopsins of different 
functions may also be reduced to structure. They 
would lead a common understanding on the 

Table 2 
History of bacterial rhodopsins and their primary structures 

mechanism of ion pumping and ion selectivity of 
bacterial rhodopsins. The knowledge would also 
be useful to design artificial light-energy trans- 
ducers or sensors. 

Some pioneering results on these lines are now 
shown below. 

3. Primary structures of bacterial rhodopslns 

In Table 2, the histories of bacterial rhodopsins 
and of their primaly structures are shown. Initi- 
ated by aR-1, efforts have been paid for cloning 
and sequencing the genes of new rhodopsins, 
together with identifying new pumps or sensors as 
proteins. AR also encouraged one to clone and 
sequence the gene of a purple protein, pharaonis 
halorhodopsin (phR [21]) from alkalophilic 
halobacteria, Natronobacterium phuraonis [27]. In 
addition, using the highly conserved amino acid 
sequences, which now became apparent such as 
in helix C and G (Fig. 0, the polymerase chain 

Year Protein Gene Author Ref. 

1971 
1977 
1979 
1981 
1982 

bacteriorhodopsin (bR) 
halorhodopsin (hR) 

111 

sensory rhodopsii (sR) 

phoborhodopsin (pR) 

archaerhodopsin (aR-1) 

bR” 
bR 

1984 
1987 
1988 
1989 

hR 

1990 
1991 
1992 

pharaonis halorhodopsin 
archaerhodopsin-2 (aR-2) 

1993 

1994 

Mex-hR 
SG-bR ( = aR-1) 
SG-hR 
SG-sR 
cruxrhodopsin-1 

aR-1 
SR 
phR 
aR-2 
mex-bR 
port-bR 
shark-bR 
mex-hR 
SGl-bR 
SGl-hR 
SGl-sR 

cruxhalorhodopsin3 
CR-1 
chR-3 

Oesterhelt and Stoeckenius 
Matsuno-Yagi and Mukohata 
Ovchiiov et al. 
Dunn et al. 
Tsuda et al. 
Etogomolni and Spudich 
Takahashi et al. 
Blanck and Oesterhelt 
Mukohata et al. 
Sugiyama et al. 
Blanck et al. 
Lanyi et al. 
Uegaki et al. 
Otomo et al. (PCR part) 
Otomo et al. (PCR part) 
Otomo et al. (PCR part) 
Otomo et al. (PCR part) 
Soppa et al. 
Soppa et al. 
Soppa et al. 
Mukohata 
Tateno et al. 
Kitajima et al. 

171 
I181 
1161 
181 
[91 
I101 
1191 
1121 
1141 
1201 
1211 
1151 
1221 
1221 
[221 
WI 
124 
WI 
Ml 

LSI 
1261 

a By protein sequence analysis. 
b This work. 
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reaction technique (PCR) was able to suggest 
possible pumps [22,23]. 

Presently 15 sequences, of eight proton pumps, 
five anion pumps and two sensors, are known 
(Fig. 1). Among them SG-bR is identical to aR-1 
[241 and some sequences are obtained in part by 
PCR [22,23]. In Fig. 1, the amino acid numbers 
are given after bR. This should be consentaneous 
when such large numbers of sequences are 
aligned, compared and discussed. (A proposal for 
numbering is found in the legend of Fig. 1). 

The amino acids conserved for proton pumps 
(such as Tyr-79, Asp-85, Asp-961, those for anion 
pumps (such as His-71 t 4, Thr-85 and Ala-96), 
and common to pumps (such as Thr-46, Thr-121, 
Glu-194) are unevenly distributed between he- 
lices and loop/margin regions, much higher in 
the helix regions (Fig. 1). They are also unevenly 
distributed between proton and anion pumps. 
Twenty two amino acids are common to all bacte- 
rial rhodopsins (Fig. 2). All except Gly-196 is 
found in the helix region; none in helix A and 
rich in helix F. 

Cruxrhodopsin-1 (CR-~; [251), a proton pump, 
is isolated for the first time from the membrane 
of Haloada (sp. arg-1 collected in Argentina; 
From membrane liposaccharide analysis and opti- 
mal growth conditions the new isolate was classi- 
fied in Hafourcukz, see also 16s rRNA analysis 

Fig. 2. Position of 22 amino acid residues conserved through- 
out the bacterial rhodopsins in the helical wheel plot. Amino 
acid residues on the seven helix (A to G in Fii. 1) are located 
schematically as they can be seen from the Gterminal side of 
the bR molecule [28]. Note that except for Pro-91 and Gly-195, 
all the conserved amino acid residues face to the inter-helix 
space. Giy-195 is on the loop between helix F and G. The X 
on the letI is Asp-85 and X on the right is Asp-96 conserved 
in proton pumps. 

Table 3 
Identical amino acids in the primary structures of anion 
pumps a 

(1) (2) (3) (4) (5) 

(1) hR 64.0 
(2) SG-hR 64.0 - 

64.0 67.1 55.2 
87.7 69.0 66.0 

(3) mex-hR 64.0 87.7 - 70.2 67.2 
(4) chR-3 67.1 69.0 70.2 - 59.6 
(5) phR 55.2 66.0 67.2 59.6 - 

a The primary structures of anion pumps were aligned as in 
Fig. 1 and the identical amino acids between any two pumps 
were calculated in percentage. For mex-hR sequenced part 
(203 residues) was used for calculation. chR-3 is hR in 
Haloarcula vallismortri. Homology values between anion 
pumps and proton pumps are less than 30%. 

below.). CR-1 is almost identical to the known 
part of port-bR [221 determined partially by PCR. 
Presently we have CR-2 which is a proton pump 
from another Haluurculu isolate (sp. arg-2) of 
Argentina (to be published), and CR-3 which is 
also a proton pump paired with chR3 in Ha. 
uullismortis (to be published). 

Among proton pumps, the sequence identity 
value is less than 60% between any combination 
of bR, aRs and cRs, whereas it is higher than 
80% within the members of aRs (Table 1). There- 
fore, aRs (and possibly cRs in Haloada) form 
their own subgroups independent from each other 
as much as from bR. 

Anion pumps presently known together with 
hR in Halobacterium sulinarium, are SG-hR in 
Halobacterium sp. SG-1 [24] which should be 
identical to Hulobuctetium sp. aus-l because it 
carries SG-bR identical to aR-1 [14], mex-hR in 
Halobacterium mex [23], chR-3 in Huloarcula val- 
lismortis [26], and phR in Natronobacterium 
pharuonis [21]. The sequence identity values be- 
tween anion pumps are shown in Table 3. Mex-hR 
(PCR part) is close to SG-hR which is paired with 
aR-1 (SG-bR) in Hb. sp. aus-l @G-l). This is 
consistent with the high identity value between 
rnex-bR (PCR part) and aRs (Table 1). SG-hR 
and mex-hR seem to form one subgroup. Other 
numerals in Table 3 suggest that such anion 
pumps would form independent subgroup. More 
anion pumps have been detected, such as ahR-2 
paired with aR-2 in Hb. sp. aus-2, chR-1 paired 
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Pmton pumps Anion pumps 
hR 

, 
CR.1 senrom SC&t 

Fig. 3. The relatedness of bacterial rhodopsins. This unrooted 
phylogenetic tree was constructed with the primary structures 
of bacterial rhodopsins by a personal computer program 
Clustal V [30] for the neighbor-joining method [29]. For 
mex-bR, port-bR, shark-b8 [22] and mex-hR [U], the partial 
sequences obtained by PCR were used. 

with CR-1 in Ha. sp. arg-1, chR-2 with CR-2 in 
Ha. sp. arg-2. 

Another sensory rhodopsin is described for 
Halobacterium sp. SG-1 [24]. Sequences for pR 
have not been reported. 

4. Relatedness of bacterial rhodopsins and their 
host strains 

The relatedness of current bacterial rhodopsins 
is analysed by the neighbor-joining method [29] 
(Fig. 3). ARs and bR and cRs are visualized in 
clearly different clusters whereas hRs seem to be 
less diverged. More sequences are needed espe- 
cially for sRs, and new sequences for pRs. 

This unrooted phylogenetic tree is still not 
suitable to discuss evolution of bacterial rhodop- 

sins. However, it is clear that the distance be- 
tween bR and aR-1 (= SG-bR) is much longer 
than the distance between hR and SGl-hR, which 
is almost the same that between sR and SG-sR. 
A set of bR, hR and sR is present in Halobac- 
terium salinarium (halobium) and another set of 
aR-1 ( = SG-bR), SG-hR and SG-sR is present in 
H. sp. aus-l (= H. sp. SGl). Therefore, the tree 
suggests that the rate of divergence of proton 
pumps is much faster than those of anion pumps 
and sensors, or that the primary structure of 
proton pumps is more tolerated (in terms of 
amino acid substitution) for maintaining its func- 
tion than those of anion pumps and sensors. 

In order to know the relationship among the 
strains which carry aRs, bR and cRs, their 16S- 
rRNA homologies are analysed. Preliminary val- 
ues of the sequence identity in Table 4 demon- 
strate that the strain carrying aR-1 can be classi- 
fied in another genus different from the bR-car- 
tying genus, Halobacterium. In the latest version 
of Bergey’s Manual [ll] Halobacterium succha- 
rovorum, Hb. trapanicum and Hb. sodomense are, 
even under the genus name of Halobacterium, in 
the group 5 which is rather close to Hulourcda 
but much far from Halobacterium salinatium, Hb. 
halobium and Hb. cutirubrum. Therefore, from 
the homologies of rhodopsins (Tables 1 and 3) 
and the 16s rRNA homology (Table 4) as much 
as the 16s rRNA/DNA thermal stability by Ross 
and Grant [36], it would be probable to propose a 
new genus (such as Halorubra in order to simplify 
the following discussion) for the species of Hb. 
sp. aus-l and -2 (as well as those in the group 5). 

Table 4 
Percentages of identical DNA coding 16s rRNA between various types of halobacteria 

(1) (2) (3) (4) (5) (6) 

(1) Halobacterium halobium 98.8 80.3 81.9 82.4 84.5 
(2) Haiobactetium cutirubrum 98.8 81.1 81.8 51.6 84.1 
(3) Halobacterium saccharovorum 80.3 81.1 89.5 89.9 17.8 
(4) Halobacterium sodamense 81.9 81.8 89.5 94.6 80.4 
(5) Halobacterium sp. aus-l 82.4 81.6 89.9 94.6 80.5 
(6) Haloarcula sinaiiensk 84.5 84.1 77.8 80.4 80.5 
(7) Haloarcdu sp. arg-1 83.3 82.1 78.0 79.8 61.1 94.8 
(8) H&few voicanii 83.9 84.3 82.0 84.0 83.7 84.2 
(9) Huloferax mediterrunei 83.7 84.0 81.8 83.5 82.6 82.8 

(7) 

83.3 
82.1 
78.0 
79.8 
81.1 
94.8 

83.8 
02.4 

(8) 

83.9 
84.3 
82.0 
84.0 
83.7 
84.2 
83.8 

96.7 

(9) 

83.7 
84.0 
81.8 
83.5 
82.6 
82.8 
82.4 
96.7 

Ref. 

1311 
I321 
1331 
I341 
a 
1341 
a 
1351 
(341 

a Data by S. Watanabe, to be published. 
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The CR-carrying strain, Haloada sp. arg-1, 
which is temporally classified in Haloarcula by 
liposaccharide analysis and optimal growth condi- 
tions, is confirmed to be close to Haloarcula on 
the 16s rRNA basis. Furthermore, a registered 
strain Haloarcula valhmortk carries a proton 
pump (CR-~), which is 90% identical to cRs (to be 
published). 

1w 

Now we can say bR(s) exists in Halobacterium, 
aRs in Halorubra (whatever the new genus name 
is) and cRs in Haloarcula (Table 5). They are all 
light-driven proton pumps and they would be 
accompanied with other members of the set of 
four rhodopsins. Presently, bR together with hR, 
sR and pR exists in Halobacterium salinarium 
(halobium), aR-1 (SG-bR) with SG-hR and SG-sR 
in Halorubra sp. aus-l (SGl), mex-bR with mex- 
hR in Halorubra mex and CR-3 with chR3 in 
Haloarcula vallismortis. Some of them may not be 
expressed in cells as in the case of Natronobac- 
terium pharaonh which lacks bR [211. 

J-----+7- 
0 IW 200 

LA 
rims anerdarh (mh) I)* 

Fig. 4. The dark-adaptation process of some proton pumps. 
The time course of the decrease in all-tram retinal content 
( = increase in 13-ci.r retinal content) of four different proton 
pumps are shown in percentage. The initial contents of all- 
tram retinal in all the light-adapted (LA) proton pumps are 
almost 100%. The final contents in the dark-adapted (DA) 
pumps are shown. The retinal isomers were determined by 
HPLC 1371. 

5. Predicted site-directed mutagenesis 

The chromophore retinal in the proton pumps 
isomerizes from all-tram form in the light to 
13& form to some extents when pumps are kept 
in the dark (Fig. 4). This isomerization process 
and the final equilibrium state in the dark differ 
among proton pumps. The all-tram : 13-cti ratios 
in the light-adapted state are nearly 1: 0 for all 
proton pumps tested so far. As shown in Fig. 4 
the ratios in the dark-adapted state are 1: 2 for 

bR, 1: 1 for aR-1 and 3: 1 for aR-2 [17]. In these 
pumps all the amino acid residues assigned for 
the retinal pocket are identical except for Met-145 
which is replaced with Phe in aR-2 (Fig. 5). 
Therefore, the M145F mutation of bR predicts 
that the mutated bR, bR(M145F1, should contain 
larger amounts of all-trm retinal than normal 
wild-type bR [171. The bR(M145FI was expressed 
in halobacteria and the purple membrane was 
prepared. As predicted, the dark-adapted 
bR(M145F) actually showed the all-trans : 13-cis 
ratio of 3: 1 which is the same that aR-2 shows 

Table 5 
Genera and species of Halobacteriaceae and their bacteria rhodopsins identified presently 

Genus Pump Sensor 

H+ anion 

Species 

Halobacterium bR hR sR pR b salinarium 
Halorubra a aR-1 SG-hR SG-sR 

aR-2 ahR-2 b 
mex-bR c mex-hR c 

Haloarcula CR-1 chR-1 b 
CR-Z chR-2 b 
CR-3 b chR-3 

Natronobacterium PhR psR b PPR b 

a Temporary classification, for discussion see text. 
b Known as proteins or fuuctious. Clotting and sequencing of their genes have not been completed. 
’ Partly sequenced by PCR. 

sp. arts-1 (SGl) 
sp. aus- 
mex 
sp. rug-1 
sp. arg-2 
vallismodis 
pharaonis 
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Fii. 5. Position of 21 amino acid residues that form the retinal 
pocket in the helical wheel plot. The wheels [Zs] are shown as 
those in Fig. 2. The positions of the Schiff base and the 
j3-ionone ring of retinal are shown schematically. Note that 13 
out of 22 amino acid residues conserved in all the rhodopsins 
(Fig. 2) are involved in the retinal pocket [2] for proton 
pumps. Met-145 (see text) is indicated. X is Asp-96. 

(Fig. 4) [37]. The rate constants of the equilibrium 
process differ between bR(M145F) and aR-2 [371. 
BR(M145F) pumps protons in the light as active 
as bR does. 

In the case of aR-1 which carries all the same 
amino acid residues with bR in the retinal pocket, 
the dark isomer ratio is 1: 1. To elucidate this 
ratio, the ammo acid residues which interact more 
indirectly with retinal should be taken into con- 
sideration. Such residues and/or interaction alter 
the dark isomerization process of bR(M145F) and 
aR-2, although the final ratios of isomers are the 
same between both pumps (Fig. 4). The 145th 
amino acid residue which locates at the end of 
the retinal pocket (Fig. 5) and interacts with the 
p-ionone ring of retinal seems to carry a key role 
to the isomerization equilibrium of retinal in the 
dark. 

The photochemical reaction cycle of bR is also 
modified by the M145F mutation. The L interme- 
diate (absorption band centered at 550 nm for 
bR) of bR(M145F) was hardly observed. The life 
time of the absorption band centered at 650 mn 
(K intermediate) becomes long and its decay al- 
most corresponds to the rise of the absorption of 
M intermediate (410 mn). Therefore, the size of a 
single amino acid residue at the very end of the 
retinal pocket give influence not only on the 
dark-light adaptation but also on the photochemi- 
cal process possibly through the positioning of 
p-ionone ring in the molecular dynamic process 
of ion pumping (to be published). The M145W 
mutation of bR is now under way to give more 
bulky hydrophobicity and would give us addi- 
tional information. 

6. Chimeric proton pumps 

The amino acid residues of the seven trans- 
membrane helices that face to each other inside 
the proton pump molecule fill the inter-helix 
space and some of them form the retinal pocket 
and the proton channel. The fitness of such 
residues would be disturbed when one (or more) 
helii of one pump is exchanged to the corre- 
sponding helix of another pump. The effect(s) 
would be found in molecular structure, optical 
properties and functions and would 
interpreted in terms of the degree 
flexibility of gearing residues on 
heliies) now facing to each other. 

possibly be 
of fitness/ 
exchanged 

Table 6 
Properties of the wild-type and the chimeric proton pumps expressed in E. coli 

Pump Pumping Absorption Photocycle 
activity max (nm) tl12 (ms) a 

cCaR-l -t-f 558 2.5 
““aR1/2F f 556 4 
eCaR1/2E t 550 15 
“CaR1/2EF t 550 20 
%1/2EFG t 553 12 
%R-l(M145F) + 548 15 
eCaR-2 tt 550 10 

a A half-recovery time of the flash-bleached pump to purple. 
b A half-saturation time required for full reconstitution of purple protein with excess retinal. 

Reconstitution 
f1,2 (min) b 
7 
2.5 
2.5 
2 
4 
2.5 
2.5 
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The first attempt was made by exchanging 
helices between aR-1 and aR-2 which are close to 
each other (Table 1). The hybrid genes were 
expressed in E. coli, and the hybrid proteins were 
purified and reconstituted in lipids with all-truns 
retinal [38]. eCaR1/2E (aR-1 exchanged with the 
E helix of aR-2 and expressed in E. cob), 
eCaR1/2EF, ecaR1/2EFG, and eCaR1/2F, all 
pumped protons (Table 61, Time required for full 
reconstitution of purple proteins differed by 
pumps, which would reflect, to some extent, the 
degree of fitness/flexibility of pump protein (Ta- 
ble 6). By flash photolysis all the chimeric pumps 
except for ““aR1/2F, in other words those pumps 
carrying the E helix of aR-2, showed negligible 
sizes of the N and 0 intermediates, whereas 
CcaR1/2F showed transient spectra similar to 
those of “‘aR-1 (Fig. 6). They also showed blue- 
shifted absorption maxima and slower rates of 
photocycle (Table 6). These features are charac- 
teristic of “CaR-2 (as well as aR-2) at -the given 

0.04 

1 10 
0 - . . . . . . . . . . . 

8 

‘[ PET--i 1 

9 -0.04 0.1 msec 

conditions. Therefore, these characteristics would 
be mostly ascribed to the involvement of the E 
helix of aR-2. Furthermore, these characteristics 
were also found in ecaRl(M145F), the “aR-1 
point-mutated at methionine-145 to phenylala- 
nine which is the only one different amino acid 
residue between aR-1 and aR-2 in the retinal 
pocket and the proton channel (Table 6). The 
results suggest that whenever the pumps include 
F-145, the pumps tend to exhibit the pbotochemi- 
cal properties close to those of aR-2 (to be pub- 
lished). 

The attempt to study the function in relation 
to the structures of bacterial rbodopsin family 
members has just started. It is shown here, bow- 
ever,. that belb$es) is exchangeable between 
pumps. The chimeric pumps will be useful to 
elucidate the structural delicacy with respect to 
the photocbemical cycle and proton pumping, 
and may also lead to pumps of new function 
and/or properties. 

ecaR-1 
-0.08 I I 

0.04 I I I 
400 500 600 700 

WAVEUNGTH km) WAVELENGTH tern) 

Fig. 6. Transient absorption spectra of chimeric and wild-type proton pumps. The genes encoded for aR-1 and aR-2 and their 
hybrid genes were expressed in E. coli and the pump proteins were isolated and reconstituted in lipids, then pigmented with 
all-tmm retinal 1381. The spectra were obtained with reconstituted pumps in 100 mM NaC1, 0.5% sodium cholate and 0.5% 
dimyristoylphosphatidylcholine at pH 6.8 and 20°C by a laser flash photolysis assembly at given times after the flash. 
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