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ABSTRACT. The functions of the four aspartic acid residues in interhelical loops at the cytoplasmic surface
of bacteriorhodopsin, Asp-36, Asp-38, Asp-102, and Asp-104, were investigated by studying single and
multiple aspartic acid to asparagine mutants. The same mutants were examined also with the additional
D96N residue replacement. The kinetics of the M and N intermediates of the photochemical cycles of
these recombinant proteins were affected only in a minor, although self-consistent, way. When residue 38
is an aspartate and anionic, it makes the internal proton exchange between the retinal Schiff base and
Asp-96 about 3 times more rapid, and events associated with the reisomerization of retinal to all-trans
about 3 times slower. Asp-36 has the opposite effect on these processes, but to a smaller extent. Asp-102
and Asp-104 have even less or none of these effects. Of the four aspartates, only Asp-36 could play a
direct role in proton uptake at the cytoplasmic surface. In the 13 bacterioopsin sequences now available,
only this surface aspartate is conserved.

In bacteriorhodopsin, the light-driven proton pump of and limited therefore by the conformational dynamics of the
halobacteria, the reaction cycle initiated by photoisomeriza- protein. The large-scale conformational charige25) that
tion of theall-trans-retinal to 13eis-retinal includes proton  involves the cytoplasmic ends of helices F, and to a lesser
transfers inside the protein and proton exchanges betweerextent helices B, C, and G, and its reversal, may create the
the surface residues and the bulk (reviewed 1in6). conditions for both of these proton transfer®6( 27.
Together, these add up to the translocation of a proton acrossRearrangements of bound water would provide the means
the full width of the membrane. The protonation of Asp-85 to form pathways for transfer of the protons, and to first
by the buried retinal Schiff base (thet M reaction, where  lower and then raise theKp of Asp-96. This idea is
in M the retinal Schiff base is deprotonated) and reproto- consistent with the observed effects of lowered water activity
nation of the Schiff base by Asp-96 (the ™ N reaction, (28—30) on the respective photocycle reactions, and consti-
where in N the Schiff base is reprotonated but the retinal is tutes a possible mechanism.
still 13-cis) have been investigated in great detail (reviewed  gome investigators have maintained that the uptake of
in 5, 6). Likewise, the. proton release to _the extracellular protons from the bulk medium, and their entry into the
surface upon protonation of Asp-85 early in the photocycle pyqrophobic cytoplasmic channel, is aided by the four acidic
has been studied extensively12). Much less is known  reqiques at the surface of the protein, located on th@A
about the proton uptake at the cytoplasmic surface that leads,,qy c—p interhelical loops. Although single replacement

to reprotonation of Asp-96 later in the photocycle. of none of these aspartic acid residues (Asp-36, Asp-38, Asp-
The capture of a proton from the cytoplasmic side occurs 102, and Asp-104) with asparagine affected proton transport
during the photocycle reaction identified as the decay of the (32), the distribution of charges at the surface in the 3 A
N intermediate. It is detected by a transient pH increase at resolution electron-diffraction structure had Suggesmj (
this time (L3—15), and by disappearance of the negative C  that proton uptake could depend on lateral proton exchange
O stretch band of Asp-96 upon its reprotonatid,(17. within the Asp-36/Asp-38/Asp-102 triad and the Asp-102/
Asp-96 is abou6 A from the cytoplasmic surface, and  Asp-104 pair, and thereby utilize multiple pathways. Quan-
surrounded by mostly nonpolar residud8<22). Its pro- tjtative descriptions of the kinetics of proton migration after
tonation from the bulk is rather SlOW, on the millisecond time- a proton pu|se in model Systemsy other proteinS, and
scale. It is likely that the transfer of a proton from the gpecifically bacteriorhodopsirB2—34), had demonstrated
membrane surface to Asp-96 is through an occluded pathway that a constellation of acidic groups at the surface can serve
similarly to proton transfer from Asp-96 to the Schiff base, a5 an antenna for collecting protons. From such experiments,
Asp-36 was identified as the mediator that delivers the proton
t This work was supported in part by grants from the NIH (R01- to the channel leading to Asp-9@3), while the other
Gl\f%?\?\/ﬁ)();ﬂgloﬁgf éﬁggﬁgiﬁg&gﬁfg&es%d Telenhone. (949)aspartates at the surface, and perhaps also on the C-terminal
824-7150. Fax: (948) 824-8540. E-mail: annyi@Orion.opac.uci.edu. tail, would act as proton attractors. lr.] ano'[.her _StUﬂQ),(
* University of California. Asp-38 was proposed to be the essential residue in the proton
8 Wayne State University. conduction pathway that connects the Schiff base with the
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cytoplasmic surface. Direct evidence for these mechanisms 0.09
could not be obtained, presumably because Kgqgf the
surface aspartates would be too low to allow detection of
their proposed brief transient protonation. Replacing Asp-
38, but not the other aspartates, with cysteine, and particularly
arginine, was found to cause slowing of proton transfer from
Asp-96 to the Schiff base by up to 20-fold, and for this reason
Asp-38 was suggested to have a role in protein conforma-
tional changes of importance for proton conducti@)(
Unlike in the wild type and in the D38C mutant, in D38R
FTIR difference spectra did not detect the accumulation of
the N intermediate and the amide bands from the protein 0
conformation change associated with this st&8).(The % 4 2 0
possibility was raised that lack of N in the photocycle is a log time (s)

profound consequence of the mutation and reveals theFicure 1: Kinetics of the M state at pH 7.0 after flash photoex-
essential role for Asp-38 in the transport. Further evidence citation of wild-type bacteriorhodopsin and various mutants. The

for this was given from X-ray diffraction, which indicated traces, measured at 410 nm, refer to the following, in the direction

; : of slower decay: D36N (dotted line), wild type (solid line), D102N
that conformational changes attributed to the M state (50 jine), D104N (solid line), D102N/D104N (dotted line, nearly

(specifically the M state) were absent in the photocycle of  coincident with D104N), D38N/D104N (dashed line), D36N/D38N/
the D38R mutant36). D102N (solid line), and D38N (dotted line). The amplitudes of the

; ; ; traces are normalized for the sake of comparison. Conditions: 10
In this report we describe an extensive study of the roles -/ NaCl, 5 mM sodium succinate, 5 mM Bis-tris-propane, pH
of surface aspartates in the events that lead to proton; g
transport. All four aspartates on the cytoplasmic interhelical
|09pS were rgplaced, one by one and in various combinations,raple 1: Decay Time Constants for Wild-Type Bacteriorhodopsin
with asparagine, and the phenotypes of these mutants, as welnd Various Mutants

as other mutants also containing the additional D96N

0.06

0.03 4

Absorbance change at 410 nm

] AU M-decay at N-decay at
replacement, were examined. The results indicate that these sample pH 7 (ms pH 10.2 (ms)
surface aspartates affect the various steps of the photocyclé ;4 type 33 316
of bacteriorhodopsin only in a minor way, and mostly D36N 2.8 388
through their negative charges. The four aspartate residues D38N 10.2 109
each appear to have different effects on photocycle steps, D38N/D104N 6.9 161

. , N . . D36N/D38N/D102N 9.3 124
with none, except possibly Asp-36, implicated in a direct D102N 35 123
role in proton conduction. This may be because under pi104N 45 255
physiological conditions proton uptake at the cytoplasmic =~ D102N/D104N 4.5 141

surface does not limit the photocycle reactions, either in the aconditions: as in Figures 1 and 2 (second and third columns,
wild-type protein or in the mutants studied. Of the four respectively). Similar results were obtained in 1 mM NaCl with no
aspartates, only Asp-36 is a conserved residue. Further, theduffer added, and wit 1 M NaCl (not shown)®M-decay was
solar light-flux in natural environments is not high enough approximated with a single exponentialLast component of decay of

. 0T ., absorbance change at 570 nm.
to create photostationary states for these proteins in which
the turnover of the photocycle would limit the rate of
transport. It is not clear, therefore, how evolutionary pressure
based on transport function could select for conservation of
the aspartates on the cytoplasmic surface. For this reason
the physiological relevance of these residues in proton
transport is doubtful. RESULTS

520 nm cutoff filter as before4{l). Although not exactly
the same, in the relevant wavelength range the spectral
distribution of the light sourcel@) was assumed to be similar

to sunlight.

MATERIALS AND METHODS Changed Photocycle Time Constants in Mutants of As-
) partic Acid Residues at the Cytoplasmic SurfakepH >7
Purple membranes were prepared frétalobacterium  and in the millisecond time domain upon flash excitation,

salinariumby a standard metho®7). The D36N, D38N,  the transient absorbance changes at 410 and 570 nm reflect
D38N/D104N, D36N/D38N/D102N, D102N, D104N, D102/ mainly the rise and decay of the M and N intermediates.

D104N, D36N/D96N, D38N/D9I6N, D38R/DI6N, D36N/  Figure 1 shows traces of the absorbance change at 410 nm
D38N/D102N/D96N, D102N/D96N, and D104N/DIEN mu-  for a variety of single and multiple mutants of Asp-36, Asp-
tants were constructed as described bef88 @nd isolated 38, Asp-102, and Asp-104 at pH 7. Deprotonation of the
after expression inH. salinarium as purple membrane  Schiff base (increase of absorbance, formation of M) is
patches. Absorption changes were followed after photoex- virtually unaffected by these mutations. Reprotonation of the
citation with a Nd:YAG laser pulse (532 nm, 7 ns), as in  Schiff base (decrease of absorbance, decay of M) is slightly
earlier publications of ours (e.g39). The temperature was  more rapid (by 15%) in the D36N mutant, but slowed to
25 °C throughout. various extents by the other aspartic acid to asparagine
Cell envelope vesicles were prepared by a method replacements (Table 1). The largest effect, about i8 in
described earlied(). Proton transport was determined from D38N. When residue 38 is an arginine, this inhibition is even
the initial rate of pH decrease during illumination through a greater 85). The effects of these mutations are not additive
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0.08

410 nm Table 2: Decay Time Constants for D96N Bacteriorhodopsin and
0.06 T Various Mutant
g 0.4 .. D36N/D3BN/DT02N N-decay, 90 mM
S o024 T sample M-decay (m8) azide (ms)
[*) .
3 0 - D96N 1425 80
3 D36N/D96N 2210 70
5 0021 D38N/D96N 623 18
2 0044 D38R/D96N 682 5
D36N/D38N/D102N/D96N 988 16
-0.06 1 D102N/D96N 1389 35
0.08 - D104N/D96N 1553 69
0.1 . . a Conditions: for second column, 10 mM NaCl, 10 mM sodium
5 -3 - 1 phosphate, pH 7; for third column, as in Figure?34-decay was
log time (s) approximated with a single exponentiaLast component of decay of

Ficure 2: Kinetics of the M and N states at pH 10.2 after flash absorbance change at 570 nm.

photoexcitation of wild-type bacteriorhodopsin (solid line) and the
D36N/D38N/D102N mutant (dotted line). The M state is evident plasmic SurfaceReplacement of Asp-96 with asparagine

from the transient absorbance increase at 410 nm, the N state fromyemoves the internal proton donor to the Schiff base, and
the continued negative absorbance at 570 nm after the M intermedi- : . L
ate had decayed. Conditions: 10 mM NaCl, 10 mM CAPS, pH the latter is reprotonated directly from the cytoplasmic

10.2. surface R9, 4749). Any effects of the mutations on Asp-
96 as a proton donor will be absent. Table 2 shows time

(e.g., compare M-decay in D38N and D104N with that in constants for the decay of the M state in many of the mutants
D38N/D104N). Accumulation of the O intermediate was in Table 1, but with the additional D96N mutation included
followed at 660 nm (not shown). Its amplitude at the pH of in each. Because the decay of M in D96N mutants is very
these measurements was small, but inversely dependent olow, the N state does not accumulate. All reactions of the
the time constant of M-decay in the various mutants, as second half of the photocycle, i.e., reprotonation of the Schiff
expected since the decay of O was unaffected. base, reversal of a protein cqnformational char)ge, up_takg of
At pH 7, the decay of the N state nearly coincides with & proton from the cytoplasmic surface, and reisomerization

the decay of the M state, and the kinetics of N are difficult ©f the retinal to all-trans, merge into a single step. As the
to dissect 43, 44. Figure 2 shows traces at pH 10.2, where time constants in Table 2 m_dlcate, M-decay is not slowed
the decay of N is much slower than the decay of M, and can !N the D38N/D96N mutant like the decay of M in D38N,

be assessed as a separate proc@se accumulation of N but accelerated by aboutx? like the decay of N in D38N
is evident from the continued negative absorbance at 570(Table 1). In the D102N/D96N and D104N/D9EN mutants,

nm after M had completely decayed. Comparison of the M-decay appears unaffected. In the D36N/D96N mutant,

D36N/D38N/D102N mutant with wild-type protein indicates Nowever, M-decay exhibits a I6greater time constant.
that M-decay is slower under these conditions also. However,A92in, the results suggest that Asp-36, but not the other
the mutations cause the decay of N to be faster, i.e., the@spartic acid residues, may be involved with proton uptake.

opposite to its effect on the decay of M. In various mutants, _ Unlike in the N intermediate of the wild-type protein, in
this acceleration relative to the wild type is as much as 3 D96N mutants residue 96 cannot become anionic. Neverthe-
(Table 1). The D38N and D102N residue replacements havel€ss, an N state does accumulate under some conditions, if
the greatest effect. Again, D36N behaves unlike the others,dfined as an intermediate in which the Schiff base is
as it exhibits a Sllght inhibition (by 20%) of N-decay. The reprot_onated but the f:etlnal is still 13-cis. The de-Cay- of this
decay of the N state under these conditions is the last evenl't\]l obviously does notinclude proton uptake. lts kinetics can

in the photocycle, and thus includes all steps after reproto- P€ determined in the presence of azide. This weak acid
nation of the Schiff base, i.e., reversal of the protein accelerates the proton exchange between the Schiff base and

conformational change, proton uptake that results in repro- h€ cytoplasmic surface in D96N mutan&9¢-52), but not

tonation of Asp-96, reisomerization of the retinal to all-trans, (€ Steps that follow it§2). Thus, as shown in Figure 3,
as well as deprotonation of Asp-85 in the extracellular region Under these conditions the absorbance decrease at 410 nm

(45, 4. If Asp-38 (or Asp-102) were to participate in proton is more rapid than the absorbance rise at 570 nm, in the same
uptake, one would have expected that this step would be

way as occurs in the wild-type protein at high pH (Figure
slower in D38N (or D102N) rather than faster, as found. 2). The continued absorbance change at_570 nm after decay
Such inhibition does occur in D36N. Although N-decay is ©f the change at 410 nm (and 660 nm) is evidence for the

only slightly inhibited, the direction of the effect of the Presence of the N intermediate. In this way, N is detected
mutation is consistent with the involvement of Asp-36 in €ven in D38R/DYEN, although it could not be seen in D38R

proton conduction. (35). The traces indicate that the decay of N is Bore

Effects of the Additional D96N Mutation on the Photo- rapid in D3GN/D38N/D102N/DIGN than in DIGN (Figure

: . ; 3A), although much less when D104N/D96N is compared
cycles of Mutants of Aspartic Acid Residues at the Cyto with D96N (Figure 38). N-decay is particularly rapid in the
D38R/D96N mutant (Table 2). The effects of the mutations

1 Accumulation of N was not observed in D38R, even at the higher (Table 2) are remarkably similar to those on N-decay in
pH, consistent with the earlier report on this mut8#)(However, Ny tants without the additional D96N mutation (Figure 2
could be observed in D38R/D96N in the presence of azide (cf. below), . . ’
with a greatly accelerated decay that suggested that its accumulation] @ble 1), with the exception of the D36N/D96N mutant that

in D38R could be kinetically hindered. does not exhibit a slowed N-decay. The acceleration of
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log time (s) Ficure 4: pH dependence of the effects of the D36N/D38N/D102N

L o triple mutation on photocycle steps. (A) Rate constants (ap-
Ficure 3: Kinetics of the M and N states after flash photoexcitation proximated as a single exponential) vs pH for M-decay in the wild

of D96N bacteriorhodopsin (A and B, solid line) and the D36N/ type (open circles, solid line) and D36N/D38N/D102N (closed
D38N/D102N/D96N mutant (A, dotted line) or the D104N/D96  cjrcles, dotted line), and in D96N (open squares, solid line) and

mutant (B, dotted line). Azide was added at 90 mM to accelerate p3gN/D38N/D102N/D96N (closed squares, dotted line). (B) Ratios
decay of the M state so that the kinetics of the N state could be of rate constants in (A) vs pH. Open circles, solid line: rate constant
followed. Conditions: 9 mM NaCl, 9 mM sodium phosphate, pH  for D36N/D38N/D102N/D96N divided by rate constants for D96N
7.0 (apparent g, = 5.7). Closed circles, dotted line: rate constants
for D36N/D38N/D102N divided by rate constants for the wild type
N-decay in these mutants of Asp-38 indicates that when an(apparent [, = 4.4).
aspartic acid, this residue inhibits a step that is not proton
conduction to Asp-96. On the other hand, the absence of Although not shown, at low pH the decay of M in D38N
slower N-decay in D36N/D96N, where this step does not and D104N approaches the rate in the wild type, suggesting
involve proton uptake, strengthens the conclusion that Asp- that Asp-38 and Asp-104, as the collection of the three
36 participates in proton conduction. aspartates in Figure 4, are being titrated. If so, asparagines
at these positions are equivalent to protonated aspartic acids.
Likewise, the decay of N in several mutants containing the
D38N and D96N mutations (Table 2), measured as in Figure
3, also approaches the decay rate in D96N at low pH. The
result suggests that the pH dependence of D96N relative to
the D36N/D38N/D102N/D96N mutant originates from Asp-
€38, which contributes most to its effects on the photocycle.
Consevration of Aspartic Acid Residues at the Cytoplasmic

pH Dependence of the Effects of Mutations on the
Photocycle StepsFigure 4A shows the time constants
measured for M-decay in D36N/D38N/D102N (with the
wild-type protein as control), and in D36N/D38N/D102N/
D96N (with D96N as control), at various pH values between
4 and 8. The pH dependencies in both control samples ar
complex 63, 59, and themselves are so far not well

explained. The results in Figure 4A clearly indicate, however, Surface Bacteriorhodopsins have been identified in 13

that all effects of the mutations studied are _d|m|n|shed at species or strains so far. Figure 5 shows their sequences near
lower pH. When plotted as ratios, the deviations from the Asp-36/Asp-38 and Asp-102/Asp-104, aligned with the
control time constants describe titration curves (Figure 4B), program MSA? version 2.1 85).3 Neighbo'ring segments are
W.'th apparent Kq's of 4.4 anq 5'7 for the tWo mutants In —jnelyded to illustrate the large number of conserved residues
Figure 4A. If these curves originate from the ionization of ¢ flank these regions. From Figure 5 it is evident that Asp-

aspartic acid residues on the cytoplasmic surface, it would 3g'js yeplaced conservatively by glutamic acid in 2 species,
appear that asparagines at positions 36, 38, or 102 producg, by arginine or lysine, i.e., with a positively charged

a phenotype si_milar to that of protonated aspartic acids. At residue, in 9 of the 13 species. In five of the cases when
low pH the ratios of the decay rates approach that of the residue 38 is an arginine, another acidic residue, glutamic
D36N and D36N/D96N mutants, suggesting again that ASp- acid, appears at position 34 so as to maintain the pattern of

36 has a different effect, in this case a pH-independent one, pair of carboxyl groups two residues apart, but in the other
from the other three residues. It would have to be part of

th|s mterpre.ta'uon that thelqy's of the aspartic acid residues 2 At hitp://www.ibc.wustl.edufibc/msa.htm.
f“trated are influenced somewhat by the absence of Asp-96 s archaerhodopsin-1 is the same sequence as SG1, reported later in
in D96N. Soppa, et al.q7).
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MGLGTLYFLVKGM JAKKFYAITTLV--DWLFTTPLLLLDLALLVBAHQGT ILALVGADGIMI
salinarium ’
MFLGMLYFIARGUHGE
shark )
MFLGMLYFIARGWGE
port »
MLIGTFYFIARGWGH
mex

MFLGMLYFIARGW

tRQKFYIATILI——DWLFTTPLLLYDLGLLA :RNTIYSLVSLDVLMI

 ROKFYIATILI--DWLFTTPLLLYDLGLLA iRNTITSLVSLDVLMI
REYYAITILV--DWLFTTPLLLLDLALL RTTIGTLIGVDALMI

ERQKFYIATILI——DWLFTTPLLLYDLGLLAw JRNTITSLVSLDVLMI

Cruxrhodopsin-1 S

MFLGMLYFIARGW 'RQKFYIATIMI——DWLFTTPLLLYDLALLA@ JIRNTIYSLVGLDVLMI
Cruxrhodopsin-2 ) ) i
MLIGTFYFIVEGWGY AREYYSITILV--DWLFTTPLLLLDLALL JRVSIGTLVGVDALMI
Archaerhodopsin-1 )

MLIGTEFYFIARGW AREYYAITILV--DWLFTTPLLLLDLALLA ;RVTIGTLIGVDALMI
Archaerhodepsin-2 B }
MLIGTFYFLVRGWGN IVREYYAVTILV--DWLFTTPLLLLDLALL SRVTIGTLVGVDALMI
Archaerhodopsin-3 j
MFLGMLYFIARGWGﬁ  ROKFYIATILI~-DWLFTTPLLLYDLGLLA YRNTISSLVSLDVLMI
Cruxrhodopsin-3 ) )
MFLGMLYFIGRGWG? \ROKFYIATILI--DWLFTTPLLLYDLGLLA jRNTIASLVSLDVLMI
H. japonica

MTLGTLVFVGRGRG§ QEFYIITIFI--DWLFTTPLLLLDLSLLAS TRNTIATLIGLDVFMI
HT

MTLGTLYFVGRGRGY QEFYIITIFI--DWLFTTPLLLLDLSLIA IRNTIATLIGLDVEMI
Arg-4

Ficure 5: Partial sequences from 13 naturally occurring bacteriorhodopsins, aligned with the program MSA, versi&h ZHefr origins,
in the sequence shown, are as followd: salinarium (57), shark port, and mex (58), cruxrhodopsinl (59), cruxrhodopsir2 (60),
archaerhodopsifl (61; footnote 3, archaerhodopsit? (62), archaerhodopsit8 (63), cruxrhodopsin3 (64), H. japonica(65), HT (66),
andArg-4 (63). Residues 34, 36, 38, 102, and 104 are shown in boldface type.

1.0

four cases residue 34 is a valine. Residue 102 is an aspartic
acid only inH. salinarium In the other 12 species, it is either
a glycine or a lysine. Residue 104 is an aspartic acid in 11
species, but in 2 cases it is an asparagine. It appears,
therefore, that of the four aspartic acid residues at the
cytoplasmic surface of thid. salinariumprotein, only Asp-
36 is conserved.

Light Intensity Dependence of Proton Transport by Wild-
Type Bacteriorhodopsin and the D36N/D38N/D102N Mutant
Replacement of aspartic acids at the cytoplasmic surface,

Relative rate of proton transport

singly or in various combinations, slows the overall turnover o d
of bacteriorhodopsin, although to relatively small extents 0 100 200 300
(Table 1). The requirement for maximizing the rate of proton light-intensity, mWjcrm?

transport could be an evolutionary pressure for retaining these ) , I L

- : . FIGURE 6: Proton transport at various light intensities in cell
acidic reS|dues_, rega_rdless of Whether_they are conserved "envelope vesicles containing either wild-type bacteriorhodopsin
all known species (Figure 5), but only if the turnover of the (open circles, solid line) or the D36N/D38N/D102N mutant (closed
transport cycle is slow enough to be limiting. In natural circles, dotted line). The measured rates of pH decrease upon
environments of the highest known solar flux, such as Lake |IIur)n|nat|oP Otf the enlydgpte tShUSpens_lonls thth y?"ﬂV\/t"gh?@?c "

; ; ; nm) were first normalized to the maximal rate calculated at infinite
Kinneret (Israel) at noon in August, the total energy delivered light intensity, and then to adhigher rate for the wild type because
to the surface between 520 and 650 nm is about 10 mW/jts photocycle turnover is approximatelyanore rapid (Table 1).
cm? (56). Is this a high enough light intensity to drive

bacteriorhodopsin to a saturating photostationary state, and ]
thus make the turnover of the cycle be the limiting factor in cannot be that they are needed for the rapid turnover of the
transport? proton transport cycle.

Figure 6 shows the light intensity dependence of the rate
of proton transport in cell envelope vesicles containing either DISCUSSION

wild-type bacteriorhodopsin or the D36N/D38N/D102N ) ] ] )
mutant. As expected, the triple mutant with & 3lower The properties of the numerous aspartic acid to asparagine

overall turnover (Table 1) exhibited half-saturation at an Mutants studied indicate that Asp-36, Asp-38, Asp-102, and
approximately X lower light intensity. However, at 10 mw/  Asp-104, located at the cytoplasmic surfacéiobalinarium

cn? the rate of transport is limited by light rather than by bacteriorhodopsin, have small but distinct effects on the
the turnover rate of the cycle, and the three mutations havephotochemical cycle. When residue 36 is an aspartic acid, it
no effect on the rate of transport. This will be true for the slightly inhibits the rate of proton transfer to the retinal Schiff
fourth mutation, from the overall turnover of the photocycle base. Asp-38 and Asp-104 increase this rate by upxp 3
of the D104N mutant (Table 1), as well. According to these while Asp-102 has no detectable effect (Table 1). Asp-38
results, the reason residues 36, 38, 102, and 104 are aspartatesid Asp-102 inhibit another photocycle step that is most
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likely protein conformational change and/or reisomerization REFERENCES

of the retinal to all-trans, by 23x, while Asp-104 has
negligible effects on this event (Tables 1 and 2). The
observed slower M-decay and faster N-decay in Asp-38
mutants could explain why the N state does not accumulate
measurably in the photocycle of D38R5, 39.

The observations that N-decay in D36N (Table 1) and
M-decay in D36N/D96N (Table 2) are somewhat slower than
in the wild type and D96N, respectively, but N-decay is
unchanged in D36N/D96N relative to D96N (Table 2)
together suggest that Asp-36 may enhance proton uptake at
the cytoplasmic surface. If it does, this enhancement is well
below 2-fold. None of the observations suggest that the other
aspartic acid residues play any direct role in proton transfer.
It was pointed out earlier (19) that the existence of alternative
proton-transfer pathways in the Asp-36/Asp-38/Asp-102 triad
and Asp-102/Asp-104 pair would result in uninhibited proton
uptake in single aspartic acid to asparagine mutants, as found.
However, the observed properties of the double and triple
mutants (Tables 1 and 2) rule out such alternative pathways.
Acceleration of the internal reprotonation of the retinal Schiff
base (M-decay) when residues 38 and 104 are aspartic acids
appears to be correlated with their negative charges (Figure
4 and Results). The inhibitory effect of residue 38, when it
is an aspartic acid, on N-decay appears to be related to charge
also, because the time constants for this reaction are in the
order D96N> D38N/D96N > D38R/D96N (Table 2), i.e.,
decreasing time constants in the order of increasing positive
charge. Thus, all of the effects of these residues appear to
be electrostatic. The lack of clear correlation of the mutations
studied with proton uptake is to be expected if the rates of
the photocycle steps are limited not by proton transfer but
by the much slower conformational changes of the protein.

Of the 4 aspartic acid residues discussed, only Asp-36 is
conservetlin the 13 species in which amino acid sequences
for bacterioopsin are available (Figure 5). However, even
when a residue is well-conserved, it may not be essential or
important for function. We suggest the following criterion:
if a site-specific mutation makes the tupeo rate of the
photocycle so slow that at natural solar fluxes light intensity
no longer limits proton transport, @lution may hae
selected and maintained that residue in the wild-type protein
A very rough estimation from Figure 6 is that natural
selection on the basis of transport function becomes a
possibility if the overall time constant for the last step of
the photocycle is at least a few hundred milliseconds.
Replacement of Asp-38 with arginine brings the time
constant into this range3%). However, Asp-38 is not only
not conserved, but often found to be replaced by an arginine
or a lysine in natural isolates (Figure 5). Possibly, under these
conditions selective pressures could have favdmser
transport activity. More conservative replacement of Asp-
38 and the other three aspartic acid residues at the cytoplas-
mic surface, i.e., with asparagine, does not change the
turnover rate of the photocycle sufficiently to make a
difference for natural selection.

4 Of the two glutamate residues in a cytoplasmic interhelical loop,
Glu-166 is conserved either as glutamate or as aspartate, but Glu-161
is not conserved. However, at pH 7 the photocycle of the E166Q mutant
is only slightly different from the wild type (our unpublished results).
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