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Abstract—A large share of the current ideas about the mechanism of proton transport by bacteriorhodopsin has emerged from
studies of site-specific mutants. This review is an attempt to check some of these ideas against the natural variability in the

primary structure of the protein.

Key words: bacteriorhodopsin, halobacteria, mutations, photocycle, proton transport, conserved residues

Bacteriorhodopsin (BR) is a halobacterial proton
pump, which translocates protons from the cytoplasmic
to the extracellular side of the purple membrane when
under illumination. Absorption of a photon starts a pho-
tochemical cycle, causing isomerization of the BR chro-
mophore, retinal, and the subsequent deprotonation of its
Schiff base (this deprotonated state is the M intermedi-
ate). The proton is transferred to a primary acceptor, Asp-
85, that causes another proton to be released to the extra-
cellular surface. Later, the Schiff base is reprotonated
from Asp-96, which in turn is reprotonated from the
cytoplasmic surface and results in proton uptake. For fur-
ther details of how BR functions, see recent reviews [1-4]
and other articles in this issue.

In thirty years of research on BR, several hundred
site-specific mutants of this protein were produced and
characterized. At first, the system of choice was heterolo-
gous expression of the mutated BR in E. coli [5]. Later,
this system was replaced by homologous expression in H.
salinarum [6, 7]. As a result, a great deal of information
was accumulated in regard to the specific roles of the
amino acids important for function. In some cases, the
conclusions concerning the mechanism of proton trans-
port based on such information have been contradictory.
This happened either because the different expression
systems yielded different properties for the same mutant,
the interpretation was based on different replacements of
the same residue, or the effects of mutations were indirect
and misinterpreted (for a review of problems with the
interpretation of mutant phenotypes, see [8]).

Fortunately, Nature offers a powerful tool for verify-
ing our ideas about roles of specific amino acids by keep-
ing the functionally important residues conserved

between related species. Bacteriorhodopsin sequences
from various halobacteria were analyzed before [9-12],
both in terms of their overall similarity and their evolu-
tionary significance. Fourteen different BR sequences,
some of them called archaerhodopsins (AR),
cruxrhodopsins (CR), or deltarhodopsins, can be found
in a literature or GenBank (figure). It is instructive to
view some of the non-trivial results of site-specific muta-
genesis through the prism of the natural diversity of BR.
To do this, we should make two basic assumptions. First,
any residue important for proton pumping ought to be
conserved among different BR-like proteins. The reverse
of this assumption is not necessarily true, because some
residues can be conserved if they are important for fold-
ing, insertion or overall structural stability of all halobac-
terial retinal proteins, not only BRs. Second, we must
assume that all the BRs have the same function, i.e., they
are proton pumps. When some of them acquired a differ-
ent function in the course of evolution, the conservation
pattern is changed as can be seen clearly in the sequences
of halorhodopsins or sensory rhodopsins I and IT [11, 12].

MUTATIONS AFFECTING THE CHROMOPHORE

Almost every residue that belongs to the retinal
pocket or its nearest vicinity, as well as to the complex
counterion of the Schiff base, is conserved. Mutating
these residues can lead to changes in such parameters of
the chromophore as color, proton affinity of the Schiff
base, isomeric state, and rates of photoisomerization and
thermal reisomerization [25-27]. If one were to take the
retinal and the side chain of Lys-216 connected to it, and
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Helices A and B

10 20 30 40 50 60 70
01 GRPEWIWLALGTALMGLGTLYFLVKGMGVSDPDARKFYAITTLVPATAFTMYLSMLLGYGLTMVPFGG
02 ?27??22??? LWLGTAGMFLGMLYF IARGWGETDGRROKFYTATITLITATAFVNYLAMAT.GFGLTFIEFGG
03 PGSEATWLWLGTAGMFLGMLYFIARGWGETDSRROKFYIATILITATAFVNYLAMATL.GFGLTIVEFAG
04 GRPETLWLGIGTLIMLIGTFYFIARGWGVIDKKAREYYAITILVPGIASAAYI.SMFFGIGLTTVEVAG
05 PGSEAIWLWLGTAGMFLGMLYFIARGWGETDSRROKFYIATILITATAFVNYLAMATL.GFGLTIVEFAG
06 PGGESIFLWVGTAGMFLGMLYFIARGWSVSDORROKFYTIATIMIAATAFVNYLSMAL.GFGVITIELGG
07 GRPETLWLGIGTLLMLIGTFYFIVKGWGVIDKEAREYYSITILVPGIASAAYL.SMFFGIGLTEVQVGS
08 GRPETLWLGIGTLLMLIGTFYFIARGWGVIDKEAREYYAITILVPGIASAAYILAMFFGIGVIEVELAS
02 GRPETLWLGIGTLIMIIGTFYFIAQGWGVIDKEAREYYAITILVPGIASAAYIAMFFGIGVIEVELAS
10 GRPETLWLGIGTLLMLIGTFYFLVRGWGVIDKDAREYYAVTILVPGIASAAYL.SMFFGIGLTEVTVGG
11 PEGEATWLWLGTAGMFLGMLYFIARGWGETDSRROKFYIATILITATAFVNYLAMAT.GFGLTIVE IAG
12 PGSEATWLWLGTAGMFLGMLYFIGRGWGETDSRROKFYIATITLITATAFVNYLAMATL.GFGLTIVEFAG
13 VGPEFIWLWIGTIGMTLGTLVFVGRGRGVRDREMOEFYIITIFITTIAAAMYFAMATGF GVIEVMVGN
14 VGPESIWLWIGTIGMTLGTLYFVGRGRGVRDREMQEFYIITIFITT IAAAMYFAMATGEFGVIEVMVGD

10 20 30 40 50 60 70
GRPETIWLWLGTAGMFLGTLYF IARGWGVIDERROQKFY ITITILITATAFVNYLAMATL.GFGLTEVEFGG
PGS ALF GI LL LI MFV LVK RSES SKAREY AA TFVPG BSAA FS FF I V IIMVAS

VEG 8 AV I T VGQ M R RDMK 85V M AT ATM LT Y T PL N
W I PE M QI D
F G G FT
Q

Helices C and D

80 90 100 110 120 130
01 --EQNPIYWARYADWLFTTPLLLLDLALILVDADQGT ILATL.VGADGIMIGTGLVGALTKVYSY-—
02 --EQHPIYWARYTDWLFTTPLLLYDLGLLAGADRNTIYSLVSLDVLMIGTGVVATLSAGSGVLS
03 --EEHPIYWARYSDWLFTTPLLLYDLGLLAGADRNTITSLVSLDVLMIGTGLVATLSAGSGVLS
04 MAEPLEIYYARYADWLFTTPLLLLDLATLTLANADRTTIGTLIGVDALMIVTGLIGALSHTPLA-—
05 --EEHPIYWARYSDWLFTTPLLLYDLGLLAGADRNTITSLVSLDVLMIGTGLVATLSPGSGVLS
06 --EERAIYWARYTDWLFTTPLLLYDLALLAGADRNTIYSLVGLDVLMIGTGALATLSAGSGVLP
07 --EMLDIYYARYADWLFTTPLLLLDLALLAKVDRVSIGTLVGVDALMIVTGLVGALSHTPLA--
08 -GTVLDIYYARYADWLFTTPLLLLDLALTLAKVDRVIIGTLIGVDALMIVTGLIGALSKTPLA--
02 -GAVLDIYYARYADWLFTTPLLLLDLALLAKVDRVSIGTLIGVDALMIVTGLIGALSKTPLA-—
10 --EMLDIYYARYADWLFTTPLLLLDLATLTLAKVDRVT IGTLVGVDALMIVTGLIGALSHTATA-—
11 --EQRPIYWARYSDWLFTTPLLLYDLGLLAGADRNTISSLVSLDVLMIGTGLVATLSAGSGVLS
12 --EEHPIYWARYSDWLFTTPLLLYDLGLLAGADRNTIASLVSLDVLMIGTGLVATLSAGSGVLS
13 --EALTIYWAPYADWLFTTPLLLLDLSLLAGANRNT IATLIGLDVFMIGTGATAALSSTPGT --
14 --EALTIYWARYADWLFTTPLLLLDLSLLAGANRNTIATLIGLDVFMIGTGAIAATSSTPGT-—

80 90 100 110 120 130
--EELPIYWARYADWLFTTPLLLLDLATLTLAGADRNT IGSLVGLDVLMIGTGLVAALSAGEGV--
MGTQHD Y P S Y G VKVNQVS AT ISV AF V ATIGT THTPLALS

AAMRT T 5 D G Ta A GI VL KVYIT P
ANE N T ¥ 5 ASY
P A 5 P
v L

Alignment of known BR sequences from various halobacteria: 1) [13, 14]; 2, 3, 4) [9, 11]; 5) [15]; 6) [16]; 7) [17, 18]; 8) [19]; 9) [20]; 10)
[11]; 11) [21]; 12) [22]; 13) [23]; 14) [11]. The alignment was performed using MSA [24] server v.2.1 (http://www.ibc.wustl.edu/
ibc/msa.html). Numbering of residues corresponds to H. halobium (salinarum) BR. The sequences were truncated from both ends to
exclude tails. Question marks signify missing data, dashes mean absence of a corresponding residue in a sequence. To visualize a consen-
sus sequence, the residues encountered at each position were placed below the alignments, the one occurring most frequently being on top
of each column and the one occurring least frequently being on the bottom.
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MUTATIONS IN BACTERIORHODOPSIN

Helices E and F

140 150 160 170 180 190
———-REVWWAISTAAMLY ILYVLFFGF T SKAESMRPEVASTFRVLRNVIVVLWSAYPVVWLIGSEGA -
AGAFRIVWWGI STAFLLVLLYFLESSLSGRVANLPSDTRSTFKT LRNLVTVVWLVYEVWWLVGSEGL -
AGAFRRIVWWGI STAFLLVLLYFLESSLSGRVADLPSDTRSTFKT LRNLVIVVWLVYEVWWLIGTEGI -
—-——-RYTWWLEFST IAFLFVLYYLLTVLRSAAARL SEDVQTTEFNT LTALVAVIWIAYPIIWIIGTEGA-
AGAFRRLVWWGI STAFLLVLLYFLESSLSGRVADLPSDTRSTFKT LRNLVIVVWLVYEVWWLIGTEGI -
AGAFRRIVWWGI STGFLLVLLYFLE SNLTDRASELSGDLQSKE STLRNLVLVLWLVYEVLWLVGTEGL -
————-RYTWWLEF ST ICMIVVLYFLAT SLRAAAKFRGPEVASTENTLTATLVLVLWIAYPIIWIIGTEGA -
————-RYTWWLFSTIAFLFVLYYLLT SLRSAAAKRSEEVRSTENTLTATLVAVIWIAYPIIWIVGTEGA -
———-RYTWWLFSTIAFLFVLYYLLT SLRSAAAQRSEEVOSTENTLTATVAVIWTAYPIIWIVGTEGA -
———-RYSWWLFSTICMIVVLYFLAT SLRSAAKERGPEVASTENTLTATVLVLWIAYPIIWITIGTEGA -
AGAFRRLVWWGI STAFLLVLLYFLESSLSGRVADLPSDTRSTFKT LENLVIVVWLVYEVWWLVGTEGI -
AGAFRRLVWWGI STAFLLVLLYFLESSLSGRVADLPSDTRSTFKT LRNLVIVVWLVYEVWWLIGTEGL -
—-——-RFAWWAISTGALLATLLYVLVGTLSKNARNRAPEVASTFGRLRNLVIATWEF LYPVVWILGTEGTF
———-RIAWWAISTGALLATLLYVLVGTLSENARNRAPEVASTFGRLRNLVIATWE LYEVVWILGTEGTF

140 150 160 170 180 190
———-RLVWWGISTAFLLVLLYFLFSSLSGRAADLPSDVRSTFKT LRNLVTVLWLVYPVILWLIGTEGA -
AGARE YT LF IAMIFV V LTTFRSAVKERSPETATL NR TAVTLAV TA IW IV S LF

FA A GCF AT Y AGG TDK RNMGE LQ K GV A FL vV L I
Is Y VEV AN ES AG 3 I 3 T
N K SKR v
E Q
Helix G
200 210 220 230

GIVPINIETLLEFMVILDVSAKVGFGLILLRSRAIFGEAE Halobacteriuwm salinarum
GLVGIGIETAGEFMVIDLVAK? ??2 22?72?2792 ?2?7?? Halobacterium shark
GLVGIGIETAGFMVIDLTAKVGFGIILLRSHGVLD??? Halcobacterium port
GVVGLGVETLAFMVLDVTAKVGFGEVLLRSRAILG??? Halobacteriwn mex
GLVGIGIETAGFMVIDLTAKVGFGIILLRSHGVLDGAA crl (Halcarcula argentinensis)
GLVGLPIETAAFMVIDLTAKIGFGIILLOSHAVIDEGY cr?2 (Haloarcula mukohataei)
GVVGLGIETLLFMVILDVIAKVGFGF ILLRSRAILGDTE arl (Halorubrum ausl, sgl)
GVVGLGIETLAFMVILDVTAKVGFGEFVLLRSRAILGETE ar? (Halorubrum aus2?)
GVVGLGVETLAFMVLIVTAKVGFGFALLRSRAILGETE Halobacteriwm halobium XZ515
GVVGLGIETLLFMVLDVTAKVGFGFILLRSRAILGDTE ar3 (Halorubrum sodomense)
GLVGIGIETAGFMVIDLVAKVGFGIILLRSHGVLDGAA cr3 (Haloarcula vallismortis)
GLVGIGIETAGFMVIDLTAKVGFGIILLRSHGVLDGAA cr (Haloarcula japonica)
GILPLYWETAAFMVIDLSAKVGFODVILLQSRSVLERVA HT (JCM 9743)
GILPLYWETAAFMVIDLSAKVGFGVILLQSRSVLERVA Haloterrigena sp. argd
200 210 220 230

GLVGLGIETAGFMVILDLTAKVGFGIILLRSRAVLDEAA

VLPIYW LA IVsS I DEV @ HGIFGGTE

I NV L v VA S EDVQ

P L RG

Figure (Contd.)
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search for all the amino acid side chains at a distance
closer than 4.5 A, a set of conserved (with one notable
exception) residues would emerge. Performing this oper-
ation on BR structure with the highest available resolu-
tion (1C3W [28]) using the WPDB program (V.2.2, ViSoft
Inc.) nets the following conserved set: Met-20, Val-49 (or
the similar Ile), Ala-53, Tyr-83, Asp-85, Trp-86, Thr-89,
Thr-90, Leu-93, Met-118, Ile-119, Gly-122, Trp-138,
Ser-141, Thr-142, Trp-182, Tyr-185, Pro-186, Trp-189,
Asp-212, Ala-215, Val-217 (or the similar Ile). Besides
the well-known dramatic effects of replacements of the
immediate members of the Schiff base counterion (Asp-
85, Asp-212 [29]), Tyr-185 [30, 31] and Pro-186 [32],
mutations of some of the other residues result in photocy-
cle changes that are more subtle. For example, the muta-
tions Val-49-Ala and Ala-53-Val drastically change the
protonation equilibrium that develops in the photocycle
between the retinal Schiff base and Asp-85 [33].
Replacing Leu-93 with Ala [34] or Trp-182 with Phe [35]
strongly slows down the retinal thermal reisomerization,
while replacement of Trp-86 with Phe disrupts normal
light adaptation due to changes in water binding [36].
There is only one non-conserved residue close to the
retinal C-18 atom, Met-145. In various BR sequences it is
either Leu or Met or Phe (figure). Both the BR mutant
Met-145-Phe and AR-2, which has Phe at this position
(sequence 8 in the figure), exhibit changed isomeric com-
position in the dark-adapted state and a 10 nm blue shift
in the absorption maximum [37]. At the same time, the
isomeric composition of the light-adapted state, as well as
the proton pumping, were normal in both cases [38]
implying that this rather conservative replacement of
Met-145 is not deleterious for the BR functioning.

MUTATIONS AFFECTING PROTON RELEASE

Most of the residues involved in the proton release
are grouped around the hydrogen-bonded cluster of
amino acid side chains and water molecules near the
extracellular surface of BR [39]. Three members of this
cluster are indispensable for normal (early) proton release
(Arg-82 [40, 41], Glu-204 [42], and Glu-194 [43]), and
they are all conserved (figure). There is one exception
worth mentioning, though. In the BR sequence from
halobacterial strain HT [23] (sequence 13 in the figure)
Arg-82 is replaced by Pro. This is unexpected, because
this arginine is a superconserved residue in all halobacte-
rial retinal proteins [11]. One possible explanation is sug-
gested by the fact that this strain does not demonstrate
any proton pump activity because the bop gene is never
expressed [23]. Lack of expression would allow accumu-
lation of mutations otherwise eliminated by natural selec-
tion. Interestingly, and for reasons that are unclear,
replacement of a single residue on the cytoplasmic side of
helix G (Gly-231-Cys) reverses the effect of Arg-82-Ala
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mutation on proton release [44]. It should be noted that
Gly-231 is not a conserved residue and can be encoun-
tered as either Glu or Asp in other halobacterial species
(figure).

There are two other conserved residues in this hydro-
gen-bonded cluster, Tyr-83, which becomes connected to
it in the M intermediate of the photocycle [39], and Tyr-
57. Their indispensability for proton release is not as
clear-cut as that of the preceding group. Replacement of
Tyr-83 with Asn changes the proton affinity of the release
group but does not abolish proton release completely
[45]. At the same time, the analogous replacement of Tyr-
57 abolishes production of the M intermediate and pro-
ton transport altogether [46]. When Tyr-57 is exchanged
for Phe, the overall changes are much smaller, and even
though the rate of the proton release slows down for a
substantial part of the molecules, the normal proton
release is not totally blocked [47]. This can be interpreted
as the effect of removal of hydrogen bond of the hydroxyl
group of Tyr-57 to a water molecule [39] on proton
release, while the former mutation reveals the dramatic
effect of removing the bulk of the tyrosine phenyl ring on
the not so distant retinal Schiff base and its counterion.

Among the groups surrounding the proton releasing
cluster, five more conserved amino acid residues are
implicated in regulation of its proton affinity, but without
being obligatory for normal proton release. These include
Thr-205 [48, 49], Arg-134 [50, 51], Ser-193 (or Thr in
some species) [49, 52], Phe-208 [53], and Tyr-79 (Brown,
Needleman, and Lanyi, unpublished data). Interestingly,
another group from this region reported to substantially
affect the proton release kinetics, Lys-129 [54], is not
conserved at all. Besides Lys, it can be His, Ala, Ser, or
Pro (figure). In accordance with the pattern of proton
release in the Lys-129-His mutant [54], AR-1 (sequence
7 in the figure), which also has a His in this position,
exhibits abnormal (late) proton release [55]. This leads to
the interesting question, is early proton release important
for BR functioning at all? So far, there is no evidence that
delaying the early proton release until the very end of the
photocycle dramatically alters the proton pumping capa-
bility of BR. The pumping efficiency may go down some-
what because of the slower photocycle turnover in most of
the BR mutants discussed above. But this is probably not
so important taking into account that in natural habitats
sunlight intensity is the limiting factor [56]. What remains
to be seen, though, is if these mutants are as efficient in
pumping against the proton gradient as the wild-type BR.

Finally, two glutamic acid residues on the extracellu-
lar surface of BR (Glu-9 and Glu-74), were suggested as
participants in proton releasing pathways either on struc-
tural [57, 58] or mutational [59] basis. It should be noted
that several spectroscopic studies of the appropriate
mutants questioned this idea [60, 61]. A look at the con-
servation map (figure) shows that Glu-74 is not con-
served, but can also be Thr or Ala. As for Glu-9, it is pre-
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served in all BR sequences, despite the absence of any
drastic effect of its replacement by Ala [60] or Gln [59] on
the photocycle. A hint to why it is conserved may lie in the
fact that the stability of BR is decreased when this Glu is
exchanged for Ala (Brown, Richter, Needleman, and
Lanyi, unpublished data).

MUTATIONS AFFECTING REPROTONATION
OF THE SCHIFF BASE AND PROTON UPTAKE
FROM THE CYTOPLASMIC SURFACE

It is more difficult to decide about the importance
of a residue on the cytoplasmic side of BR than on the
extracellular, in part because the mechanisms of Schiff
base reprotonation and proton uptake are understood in
much less structural detail. Also, several important
events are coupled to one another in this region, includ-
ing reprotonation of the Schiff base, retinal reisomeriza-
tion, conformational change of the protein backbone,
and proton uptake from the cytoplasmic surface [62].
Because of this coupling, it is difficult to decide which
molecular event is the one directly affected by a muta-
tion. All of this makes it even more interesting to look at
the conservation pattern in the cytoplasmic half of BR.
As one would expect from the primary proton donor,
which is necessary for the fast reprotonation of the
Schiff base [46, 63, 64], Asp-96 is conserved. Several
residues were suggested to maintain its high proton
affinity in the initial state and modulate it through the
photocycle. Replacing Thr-46 with Val resulted in accel-
erated reprotonation of the Schiff base, but greatly
slowed reprotonation of Asp-96 [48]. This residue, later
found to be hydrogen-bonded to Asp-96 [28], is also
conserved. A few members of the hydrophobic environ-
ment of Asp-96 (so-called leucine barrel, with phenyl-
alanine lids) were mutagenized, and the phenotypes
were similar to that of Thr-46-Val implying roles in insu-
lating Asp-96 from the cytoplasmic aqueous medium.
Among them are Phe-42 [65] (present as Phe or Tyr),
Leu-100 [66], and Leu-223 (Brown, Dioumaeyv,
Needleman, and Lanyi, unpublished data). All of these
residues are conserved. Interestingly, replacements of
several amino acids in this region, which are not close
partners of Asp-96, produce the same distinct pheno-
type of fast reprotonation of the Schiff base with very
slow recovery of the initial state. Those include also
mutants of the conserved Phe-171 [67] and Ser-226
[48]. Conservation of these residues is not surprising,
given the fact of dramatic decrease of the photocycle
turnover for the respective mutants. At the same time, a
few residues, which produced similar, but less dramatic
changes when exchanged for Cys, are not conserved as
strongly. For example, Ile-222 [66] can be also Val or
Ala, and Val-167 (Brown, Needleman, and Lanyi,
unpublished data) can be Leu or Thr (figure).
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Another interesting residue, Arg-227, is conserved as
a positively charged Arg or His, and when replaced by
Gln, produces the changes in the direction opposite from
the previous group of mutants, slowing down the decay of
M intermediate [68]. Similar changes were observed also
for Phe-156-Cys replacement [66] (this residue can be
present also as Leu) and for Asp-38-Cys mutation [69]
(this residue is also found to be present as Arg, Lys, or
Glu). The molecular rationale for these effects is not
understood, as all of these residues are located quite far
from Asp-96. Clearly, their strong conservation is not as
important as that of the hydrophobic environment of this
aspartic acid, which is necessary to keep it protonated in
the unphotolyzed protein.

The question of a role of Asp-38 is the most perplex-
ing one. When Asp-38 is exchanged for Arg the reproto-
nation of the Schiff base slows down dramatically [69]
and important conformational changes in the protein
backbone are suppressed [70]. One could argue that such
suppression in this mutant originates from the lack of
accumulation of the N intermediate, which is character-
ized by conformational changes larger than those in the
M state [71, 72] (but see evidence to the contrary in [73]).
On the other hand, the Asp-38-Asn mutation does not
produce such great changes, implying that the carboxylic
group of Asp-38 is not indispensable for proton transfer
reactions [56]. The properties of the Asp-38-Arg mutant
are a real surprise, considering that at least nine BR-like
pigments have a positively charged Arg or Lys at this posi-
tion (figure). Does that mean that these species of
halobacteria can tolerate twenty-fold slower turnover of
the photocycle because the buildup of a proton gradient is
limited by light intensity? Or do they have some other
replacements compensating for the slowdown of the pho-
tocycle? Careful look at the sequences in the figure
reveals that replacement Asp-38-Arg is always accompa-
nied by the replacement Lys-40-Gln. Unfortunately, the
phenotypes of Lys-40 mutants are unknown, so we can-
not check this hypothesis for consistency. Finally, a slow-
ly decaying M intermediate is needed if some halobacte-
ria use a BR-like pigment as a sensory rhodopsin, not a
pumping one. In this situation the long-living M state is
an advantage, like in the case of halobacterial sensory
rhodopsins [74].

Another contentious question is the role of car-
boxylic acids on the cytoplasmic surface in proton
uptake. It was suggested that these carboxyls can act as a
proton collecting funnel [57, 75]. Replacing some of the
surface Asp by Asn (Glu by Gln), either as single muta-
tions or in various combinations, did not produce sub-
stantial changes in proton uptake kinetics [56]. The
same was true when they were replaced with Cys or Arg
[69], with the above-mentioned exception of the Asp-
38-Arg mutant. Only a few of these carboxylic acids are
conserved, among them is Asp-36 and Glu-166 (can be
also present as Asp). Because the exchange of either of
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these two for a non-protonatable residue produced only
minimal changes in the photocycle [56], it should be
concluded that the purpose for their conservation is not
related to proton uptake. Other carboxylic acids include
the non-conserved Asp-38 (can be also Arg, Lys, and
Glu as discussed above), Asp-102 (exists also as Gly,
Lys, or Asn), Asp-104 (also encountered as Asn) and
Glu-161 (found also as Ala, Lys, Arg, and Ser). There
are four more non-conserved acidic residues on the C-
terminal tail on the cytoplasmic side (Glu-232, Glu-
234, and Glu-237, as well as Asp-242), but mutational
data are not available for any of those. Proteolytic
removal of the C-tail slows down proton uptake less than
twofold [76]. To sum up, the conservation pattern of the
cytoplasmic carboxylic acids can hardly lend support to
the idea about their crucial involvement in proton con-
duction.

Comparing the results of site-specific mutagenesis of
BR with the information on its natural diversity in various
halobacterial species can be instructive. Such a compari-
son often yields the expected result: residues that produce
strongly perturbed phenotypes when replaced through
mutagenesis are strictly conserved. At the same time,
there are several interesting exceptions from this rule,
which allow us to pose questions about the actual roles of
certain amino acids in the proton transport. Absence of
conservation can help in eliminating wrong choices of
residues suggested to be important for BR function.
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