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ABSTRACT. In the N to O reaction of the bacteriorhodopsin photocycle, Asp-96 is protonated from the
cytoplasmic surface, and coupled to this, the retinal isomerizes from 13-cis,15-anti back to the initial
all-trans configuration. To dissect the two steps, and to better understand how and why they occur, we
describe the properties of two groups of site-specific mutants in which the N intermediate has greatly
increased lifetime. In the first group, with the mutations near the retinal, an unusual N state is produced
in which the retinal is 13-cis,15-anti but Asp-96 has a protonated carboxyl group. The appérémt p

the protonation is 7.5, as in the wild-type. It is likely that here the interference with N decay is the result
of steric conflict of side-chains with the retinal or with the side-chain of Lys-216 connected to the retinal,
which delays the reisomerization after protonation of Asp-96. In the second group, with the mutations
located near Asp-96 or between Asp-96 and the cytoplasmic surface, reprotonation of Asp-96 is strongly
perturbed. The reisomerization of the retinal occurs only after recovery from a long-living protein
conformation in which reprotonation of Asp-96 is either entirely blocked or blocked at low pH.

The sequence of protonation and deprotonation reactionsthe Schiff base would be evident. It appears from the
during the photoreaction cycle of bacteriorhodopsin, the light- crystallographic structures of the various M states described
driven proton pump of halobacterid,(2), consists of (i) (3—5) that, as generally assumed, the proton transfers to and
deprotonation of the retinal Schiff base, (ii) protonation of from Asp-96 will rely on bound water molecules because
Asp-85, a residue located on the extracellular side, and thethey begin to form a hydrogen-bonded network in the M
coupled release of a proton to the extracellular surface, (iii) state already. Entry of water would be facilitated by the large-
reprotonation of the Schiff base by Asp-96 located on the scale conformational change of the cytoplasmic segments
cytoplasmic side and reprotonation of Asp-96 from the of helices F and G, known from low-resolution difference
cytoplasmic surface, and, finally, (iv) deprotonation of Asp- maps of M and N in projection and in 3-dimensiorgs—(

85 which restores the initial protonation state of the ionizable 10), and distance changes and mobility changes of strategi-
groups in the extracellular region. These steps of the transportcally placed spin-labelsl(, 1. Two models have been
cycle are the rationale for the “photocycle,” described as the proposed. The first moded( 13 is based on projection maps
sequence of the interconversions of the spectroscopicallyfor M and N. It considers the M and N states as having
defined J, K, L, M, N, and O chromophore and protein states. essentially the same protein conformation. This conformation
The recent crystallographic descriptid) §) of the structures  is approximated by the structure of the unilluminated D96G/
of two photocycle intermediates in which the Schiff base is F171C/F219L triple mutant, determined by cryo-electron
unprotonated (“early” and “late” M states) revealed that the microscopy to 3.23.5 A resolution {3). The conformational
events in the extracellular region are initiated by the changesshift in these photointermediates creates a proton-transfer
at the Schiff base of the distorted photoisomerized retinal, pathway between the Schiff base and the cytoplasmic surface.
while those in the cytoplasmic region are caused by gradual The pathway consists of a “channel,” occluded in BR by
movement of the 13-methyl retinal group. Thus, relaxation numerous bulky hydrophobic side-chains, but opened by
of the photoisomerized retinal to a 13-cis,15-anti configu- movement of helix F in M and N so that it admits water
ration free of conflict with the binding pocket is directly molecules. In this simple view, bacteriorhodopsin cycles
implicated in ensuring the directionality of the transport.  through two principal protein conformations only, a BR-like

A high-resolution structure is not available for the N state, state and an M-like state.

where the proton conduction pathway between Asp-96 and |, the second model4], the partial hydrogen-bonded
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recent time-resolved X-ray diffraction experiment detected MATERIALS AND METHODS

three different structural components that should correspond .
to M, N, and BR (6). Purple membranes were prepared fréfalobacterium

salinarumby a standard metho®8). The F42C, F42C/
D96N, T46C, T46V, T46V/D96N, T46V/D115N, T46V/
D96N/D115N, T46V/D36N/D38N/D102N/D104N, V49A,
V49A/D96N, V49A/D115N, L93M, L100C, F171C, F171C/
ID96N, F219L, L223C, and S226C mutants were constructed

A two-step conformational change would be consistent
with the observation that introduction of bulky chemical
labels on helix F and its cross-linking4), as well as several
single-residue mutations in the cytoplasmic regib®),(have
opposite consequences for M decay and N decay: the forme ; . R
ispr%ade moreagid, and the latter isyma®ower Ayrelated as _descnbed befor@4), and isolated after expressiontin
finding is the negative cooperativity for the rate of M decay, Salinarumas purple membrane patches.
but positive cooperativity for the decay of N, 20. These Samples for the FTIR measurements were prepared by
cooperativities will have originated from increase of lateral drying approximately 16 nmol of the protein on a GaF
pressure in the plane of the membrane, the result of stericwindow under mild vacuum. After drying, the films were
interference of bacteriorhodopsin molecules with one anotherSo@ked for 36-40 min in 50 mM MES, BTP, or succinate
in the purple membrane lattice. For this to occur, there would Puffer at the specified pH. This procedure is as described
have to be large-scale conformational changesititagase ~ Previously €5). A 6 um Teflon spacer (Harrick, Ossining,
the cross-section of the protein during M decay dietrease NY) was used to fix the samplg thickness. All measurements
it during N decay. Thus, M and N could not have the same Were done at either Sor 2%, using a temperature-controlled
overall conformation. Distinct protein conformations in the Sample holder (Harrick) connected to a water bath (RTE-
reprotonation of the Schiff base and the reprotonation of Asp- 111, Neslab, Portsmouth, NH).

96 are predicted on the grounds that the proton exchange The FTIR measurements were performed under OPUS
between the Schiff base and Asp-96 is not dependent th [H software on a model IFS-66s instrument (Bruker, Germany),
in the pH range near thekp of Asp-96 (7-7.5) during the at 2 cn! resolution. In the time-resolved mode, interfero-
M to N equilibrium @1). Thus, at this time Asp-96 does not grams were collected in the “rapid-scan single side” mode
communicate with the bulk. Such communication is estab- (84 ms per scan). The IR detector was equipped with a 2000
lished when Asp-96 is reprotonated from the cytoplasmic ¢m * cutoff filter (Optical Coating Laboratory, Inc., Santa
surface, which in the wild-type protein occurs in the N to O Rosa, CA). Excitation was provided by the second harmonics
reaction. The crystallographic structure of an O-like mutant Of the Nd:YAG laser (Surelite Il or Minilite I, Continuum,

of bacteriorhodopsin, to 2.2 A resolution, in which the Santa Clara, CA) at 532 nm, witk7 ns pulse width, and
appearance of as many as nine additional water molecules™~2 mJ/cni pulse energy. The laser pulses were spaced at
between Asp-96 and the cytoplasmic surface was n@®¢ (  times greater thansb the slowest decay time-constant. A
confirms this model. custom-built program provided the triggering of spectrom-

The change of helix F appears to consist of a rigid-body €ter, allowing one full scan before the arrival of the excitation
tilt, and in N, at least, an additional counterclockwise rotation flash from which the baseline was calculated. Kinetic analySiS
as viewed from the cytoplasmic sidé2. The tilt was  Of data was with a program described befa2é)(
detected in the 3-dimensional X-ray diffraction maps of the ~ Static FTIR measurements were recorded on photosta-
M state also, at 1.8 and 2.25 A resolutiods ), although tionary mixtures produced at®®& under illumination with a
with lower amplitudes. More specifically, comparison of the 175 W Cermax xenon lamp (ILC Technology, Sunnyvale,
structures of the “early” and “late” M state8,(4) indicated CA) through a high-pass cutoff visible filte680 nm), a
that the conformational shift in the cytoplasmic region is glass heat filter, and a 5-mm-diameter, 2-m-long liquid
coupled to motions of the retinal by a chain of hydrogen waveguide. The light intensity at the sample was ap-
bonds and covalent bonds that links Trp-182 at the 13-methyl proximately 300 mW/crh Difference spectra were obtained
retinal group and Thr-46 near the cytoplasmic surface, and by subtracting the “background spectrum”, measured with
by steric interactions of the side-chains of residues Thr-178, the light off, from the data-file measured under illumination
Leu-181, and Phe-219, located between helices F and G. (“signal”). Each “signal” measurement was preceded by 2

We are now in the position to begin to evaluate specific min of pre-illumination, while that of the “background” was
mutant phenotypes in terms of high-resolution structures. In preceded by 2 min of darkness, respectively. For each file
this report, we describe the properties of the N states in two (€ither “signal” or “background”), 558 scans were co-added,
groups of mutants, one exemplified by V49A (near the and the “light on/off” sequence was repeated 4 times. A
retinal) and another by T46V (near Asp-96), to dissect the water-vapor spectrum was subtracted until the baseline
influences that govern the photocycle events during the N became flat in the 18001900 cnt* region. The spectra
to O transition: the reisomerization of the retinal and its obtained under these conditions were virtually indistinguish-
coupling to the protonation state of Asp-96, the possible able from those obtained by kinetic analysis from time-
modulation of the g, of Asp-96, and the establishment of resolved traces, and used only in Figures 9 and 10.

a pathway for proton transfer between the cytoplasmic Kinetic measurements in the visible were done as de-
surface and Asp-96. The results indicate that, depending onscribed earlier, either on the same films prepared for FTIR,
their location and therefore their differing influences on these immediately before or after those measurements, or on
steps, the two kinds of mutations stabilize N states which membranes in suspension or encased in a polyacrylamide
differ in the way Asp-96 becomes reprotonated. Further, the gel. For more details, and for measurements of proton
structural requirements for the protonation of the Schiff base kinetics with pyranine, see re27). Chemical modification

and the protonation of Asp-96 are separated and distinguishedf cysteines with methylmethane thiosulfonate (MMTS) was
from one another. as described beford 7).
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FiGURE 1: Chromophore kinetics in wild-type bacteriorhodopsin FIGURE 2. Chromophore kinetics in the F171C bacteriorhodopsin
(A) and the V49A mutant (B). Absorption changes after pulse mutant (A) and in T46V (B). Absorption changes after pulse
photoexcitation were followed at 410, 570, and 660 nm, and are photoexcitation were followed at 410, 570, and 660 nm, and are
shown on a logarithmic time-scale. As described earig), (the shown on a logarithmic time-scale. Conditions: as in Figure 1, pH
transient accumulation of M in the VA9A photocycle is about 15% 5.6 (A), pH 6.3 (B).
of the wild-type, which accounts for the smaller amplitude of the
absorption changes. Conditions: 1 M NaCl, pH 5.9 (A), pH 6.1 unexpected kinetics, which at first sight imply an “M-O-N”
(B), 25°C. reaction sequence, have been reported beg)e Addition-
RESULTS ally, the decay of the M state is considerably more rapid
(by nearly an order of magnitude of time) than in the wild-
Kinetic Description of the Photochemical Cycles of the type. For F171C, the amount of M accumulated is strongly
V49A, F171C, and T46V Mutant&igures 1 and 2 show  depressed because of its unusually rapid decay (Figure 2A).
transient absorption changes at 410, 570, and 660 nm after The two mutations T46V and V49A define, therefore, two
flash photoexcitation of the wild-type protein and three ¢jasses with slow N decay, that either deviate or do not
mutants in which the N state exhibits unusually slow decay. geyiate from the wild-type pattern of M and O kinetics. We
The changes at 410 nm describe proton transfer from and tohaye identified some other members of these classes. The
the retinal Schiff base, i.e., the formation and decay of the | 93\ mutant belongs to the V49A class. The class with
M state, because extinction at this wavelength is greater whenne anomalous “M-O-N” pattern and unusually rapid M
the Schiff base is unprotonated. The change at 570 NMgecay includes F42C, T46C, L100C, L223C, and S226C, in
originates from depletion of the BR state, but when M is aqgdition to T46V and F171C. As discussed below, the
absent, absorption at this wavelength detects also the N statgqcations of these groups of residues in the crystallographic

which has a somewhat blue-shifted maximum and lower giycture suggest rationales for the different phenotypes
extinction. The presence of the O state does not affect jetected.

absorption here because O shows an isosbestic point near
this wavelengthZ8). Instead, in the time-range studied, the
strongly red-shifted O state could be followed at 660 nm
(Figures 1 and 2, traces in boldface).

The results for the wild-type protein and V49A in Figure
1A,B show the sequence of absorption changes expecte
from the well-established “M-N-O” sequence and the
equilibration of these states [as reviewed28){. Thus, the

Although it might be expected that the kinetics of the N
and O states would depend critically on the reprotonation
of Asp-96, the properties of D96N double mutants indicated
that in the second class of mutants this was not so. With
OIazide (10 mM at pH 5) included to accelerate the greatly
slowed decay of the M state so the N and O intermediates
would accumulate in observable amoun3§)( the F42C/

X ; . D96N, T46V/D96N, and F171C/D96N mutants exhibited N
M state (increased absorption at 410 nm) is followed by the decay in the seconds time-range and the same anomalous

N state (persistence of lowered absorption at 570 nm beyond, " :

the changes at 410 nm), and the O state (increased absorptioH':/lugn':lS (%Zggrg 0?38;23\/5425%’ c-r|1—4lfi\r:’et§:r;d t';gelfgr:mr%lj st
at 660 nm). In both samples, the decay time-constants of N ' ' '
and O are the same (Figure 1A,B), suggesting decay of an
equilibrium mixture of N and O to the initial BR state. This 'Because it is red-shifted, in some repor1{33) the last

is not the case for F171C and T46V, however (Figure 2A,B) observable photointermediate of Leu-93 mutants is referred to as an
! "=/ “O” state. In molecular terms, however, one should consider it an N

The N state persists well beyond the decay of the O state (Nstate because it contains a protonated Schiff base amis15-anti-
decay was slower than 100 ms vs 10 ms for O decay). Suchretinal.
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originate mostly from factors other than Asp-96 (e.g., not a T

changed K,). In fact, in the presence of azide, decay of O
before decay of N was observed even in the single D96N
mutant, where the lifetime of N is about 70 n$). -0.03
In the following, we attempt to interpret the differences -6 -4 2
in the rise and decay of the N and O states in terms of kinetic log time (s) log time (s)
schemes. A great deal of earlier FTIR spectroscopy hadFicure 3: Chromophore and proton kinetics in wild-type bacte-
indicated that there exists at least one N state, witltig3- riorhodopsin (panels A and B, respectively) and the V49A mutant
retlnal and unprotonated Asp_gew’ and at |east one O (panels C and D, respectively). AbSOI’ption Changes after pulse

. ) . i photoexcitation were followed at 410 and 570 nm [panel A, pH
state, withall-trans-retinal and protonated Asp-98@). They 5 3% 5iq jine) and 7.5 (dotted line); and panel C, pH 5.1 (Solid

have been placed sequentially in the photocycle before jine) and 7.6 (dotted line)], and are shown on a logarithmic time-
recovery of the BR state. Because the N to O reaction scale. Absorption increase of the pH indicator, pyranine, indicates
involves changes along two different reaction coordinates, grgtog S;lpt7al(§e. TZe%/ grej ShO(\:IiVI’l fofr the wilq-typtt? (panel ?, T pr
i.e., reprotonation of Asp-96 and reisomerization of the -2 2.9, /.0, and /.5, In Orcer or increasing ume-constants for
: . uptake) and for V49A (panel D, at pH 5.1, 6.1, 7.1, and 7.6, in
retinal, it was postulated3(7) that t.he two steps would be o?der o)f increasing timfep-constants f%r uptake). Conditions: 1 M
separable. The observation that in the D85N/F42C mutantNaCl, 25°C.
deprotonation of Asp-96 at raised pH caused thermal

isomerization to 13-cis,15-anii the dark (38) suggested  Scheme 2

-0.01

-0.02

absorption change

that the isomerization state of the retinal depends on the O —BR
protonation state of Asp-96. If this principle applies to the +

photocycle as well (the evidence in favor of this is reviewed H N

in ref 21), the reprotonation of Asp-96, that removes the q

negative charge of the aspartate, drives the reisomerizaton M — N (967) = N (96H)
to all-trans, and not the reverse. This idea is consistent with

a report of two successive N states under some conditions,

one with deprotonated Asp-96 followed by another with N

reprotonated Asp-9630), as we find here also. These N
states can be most easily explained in terms of a proton-
uptake-dependent conversion of N (9@ N (96H), where

the ionization state of Asp-96 is indicated within the
parentheses.

Scheme 1 explains the N and O kinetics in the group o
mutants represented by V49A (Figure 1B), and probably in

conf

rate of the O— BR transition. Our simulations of this model
f (not shown) gave traces similar to those in Figure 2. Although
the presence of N (96H) is not necessary in this kinetic

the wild-type, but not the N and O Kinetics of the group scheme, Asp-96 has to reprotonate to recover the initial BR

represented by T46V (Figure 2A,B). In these mutants, the state, and we included it at its placg in Scheme 1. )
decay of N is considerably slower than the decay of O, and Proton Release and Uptake during the Photochemical
the O state does not accumulate in large amounts. While aCycles of the V49A, F171C, and T46V Mutan®soton
kinetic scheme with two consecutive N states followed by release to the extracellular surface normally occurs during
0, and reversible reactions, allows both a low accumulation the rise of M, and proton uptake at the cytoplasmic surface
of O and a slow N decay as the last apparent step of theduring the N to O transition4({l, 42. Figures 3 and 4 show
photocycle, it does require that the decays of N and O havethe time-courses of absorption changes of the pH indicator
the same time-constant. This is not observed. A second modefye pyranine (panels B and D in each figure; absorption

(Scheme 2) with another N (9§ different in conformation, ~ increase corresponds to pH rise, i.e., proton uptake) after
termed Non, and in a cul-de-sac, explains the anomalous photoexcnatlon at various pH values, together with absorp-
kinetics, assuming that the rate constant of the N'J96 tion changes of the chromophore at 410 and 570 nm (panels

Neon transition is the fastest, and that of thg,\N— N (96°) A and C in each figure).
transition the slowest, of all the rates. We have not been As well-known for the wild-type protein, the decay of the
able to find a simpler alternative to this scheme. An earlier N state shows only minor changes in the pH7%region
model, branched at MAQ), is far more complex. (Figure 3A). This is consistent with minor slowing of proton
This scheme creates an apparent very slow decayfggi N uptake when the pH is raised from 6 to 7. A different kind
with a time-constant equal to or slower than the rate of the of change is seen at lower pH because when the pH is set
Neont — N (967) transition. Thus, the observed rate of N well below the K, for proton release (to the extracellular
decay can be slower (depending on the rate constants, muctsurface), proton release is delayed until the last step of the
slower) than the O decay which will have the approximate photocycle, and proton uptake (from the cytoplasmic surface)
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Ficure 4: Chromophore and proton kinetics in the F171C
bacteriorhodopsin mutant (panels A and B, respectively) and in
T46V (panels C and D, respectively). Absorption changes after
pulse photoexcitation were followed at 410 and 570 nm [panel A,
pH 5.6 (solid line) and 7.0 (dotted line); and panel C, pH 5.5 (solid
line) and 7.1 (dotted line)], and are shown on a logarithmic time-
scale. Absorption increase of the pH indicator, pyranine, indicates
proton uptake. They are shown for F171C (panel B, at pH 5.6, 6.3,
and 7.0, in order of increasing time-constants for uptake) and for
T46V (panel D, at pH 5.5, 6.3, and 7.1, in order of increasing time-
constants for uptake). Conditions: 1 M NaCl, 5.

occurs first 42). At intermediate pH, the high-pH and low-
pH patterns of proton kinetics overlap, as at pH 5.3 in Figure
3B.

Dioumaev et al.
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Ficure 5: FTIR difference spectra after laser photoexcitation of

the bacteriorhodopsin mutants V49A at pH 6.0 and 8.5 (a and b)

and T46V at pH 6.1 and 8.0 (c and d). Spectra shown are the last
kinetic components, which decay with time-constants of 1, 7, 3,

As in the wild-type, in V49A the time-constants of N are @nd 30, for a, b, ¢, and d, respectively. The traces were normalized

affected by pH only in a minor way, although the decay o
N is slower than in the wild-type at any pH. The amount of

f to the amplitude difference between 1200 and 1187'cm

that there is rapid proton uptake at lower pH, and increasingly

the M state accumulated is strongly decreased at lower pHdominant slow uptake at higher pH, in this mutant also.

(Figure 3C), because the L to M equilibrium is shifted in
favor of L (43). At pH 5.1, only net proton uptake is
observed, suggesting that thi€;gor proton release is higher
than in the wild-type (compare Figure 3D with Figure 3B).
More important for this study, however, proton uptake
between pH 6 and 8 shows kinetics greatly changed from
the wild-type (Figure 3D). At pH 6, proton uptake correlates
with the decay of M€ = 11 ms); i.e., it is more rapid (by
an order of magnitude of time) than the decay of NS
100 ms), but at pH near 8, it is concurrent with N decay. At

Proton uptake much more rapid than the decay of N was
reported before for the T46V/R227Q mutarit8). The
apparent K, for rapid proton uptake is estimated to be about
6 in both T46V and F171C.

All other mutants that exhibit slow N decay and the
anomalous apparent “M-O-N" pattern, i.e., F42C, L100C,
L223C, and S226C (data not shown), take up protons in the
biphasic pH-dependent manner illustrated for F171C and
T46V in Figure 4.

Protonation State of Asp-96 in the N States of the V49A

intermediate pH, both phases of proton uptake are seen, anénd T46V MutantsFigure 5 shows difference FTIR spectra
as the pH is increased, the slow component replaces the rapidor VA9A at pH below and above thé<pfor proton uptake,
one. The time-constants of the two kinetic components areand for T46V, at similar pH values (spectra for the other

much less affected by pH than their relative amplitudes.

Such proton uptake kinetics were reported earlier for
T46V/IR227Q (8), and W182F 89), although in less detall.

The mutants of the other kinetic class described above,

exemplified in Figure 4 by F171C and T46V, also show the

mutants are not shown, but were similar). The spectra are
the result of global fitting of the data between the instru-
mental time-resolution (approximately 100 ms) and the end
of the photocycle, and represent the last, main kinetic
component present. The frequencies and relative amplitudes

biphasic proton uptake. The decay of absorption change inof the C-C stretch bands at 1164167, 1186-1188, and

F171C becomes slightly slower with increasing pH at both
410 and 570 nm (Figure 4A), but more dramatic is the fact
that proton uptake is rapid at pH 5.6 (approximately 2 ms)
and slow (hundreds of milliseconds) near pH 7, concurrent
with the much slower decay of N. At a pH between these
values, the proton kinetics are biphasic (Figure 4B). The
pattern of proton kinetics in T46V is complicated by the fact

1200 cm?! identify the N intermediate unambiguously, as
do the coupled NH and C-H bend modes at 1302 and
1395 cn1? (35, 36. The pair of positive and negative amide
bands are also at the frequencies and with the amplitudes
expected for N, except for the low-pH trace of the V49A
mutant (Figure 5a) where they have less amplitude. The
somewhat lower amplitude of the Asp-85-O stretch band

that the signals from proton release and uptake overlap inindicates that, as found before for this muta#8)( at low

time. This is because thé&pfor proton release in this mutant

is elevated even more than in the V49A and F171C mutants,

pH the L state persists until the end of the photocycle. The
presence of L, together with N, accounts partially for the

and therefore the rapid uptake causes net alkalinization atsmaller amide bands because in L they are not prominent.
pH as high as 5.5 (Figure 4D). Nevertheless, it is evident Additionally, the negative amide band, in particular, may
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Ficure 6: FTIR difference spectra for the V49A (A) and T46V . .
(B) bacteriorhodopsin mutants in the=© stretch region, as in FIGURE 7: FTIR difference spectra for the V49A/D115N (A) and

Figure 5. In (A), the pH was 5.0, 6.1, 7.6, 8.2, and 8.8 (from top T46V/D115N (B) bacteriorhodopsin mutants in the=O stretch

to bottom). In (B), the pH was 5.0, 6.2, and 7.7 (from top to bottom). region, as in Figure 5. In (A), the pH was 5.0, 6.1, 7.5, 8.2, 9.0,

e ; and 9.5 (from top to bottom). In (B), the pH was 4.0, 5.0, 6.2, 7.0,
Spectra were measured as in Figure 5, but at various pH values.and 8.0 (from top to bottom). Spectra were measured as in Figure

. 5, but at various pH values.
be pH dependent in the N state of V49A. The FTIR spectra

for both V49A (Figure 5a,b) and T46V (Figure 5c,d) indicate -0.3
that there is little contribution from the M or O intermediates,
if any; i.e., the retinal is 13-cis and the Schiff base is
protonated, as it should be in N. Uniquely in V49A, the 1254
cm! band, ascribed to —Ci3 stretch in the retinal and
Lys-216 side-chain rocking motior4), is shifted to 1246
cmt

In Figure 6 the 18061710 cn1! region is enlarged to
show the G=0O stretch bands of the protonated COOH groups
in V49A and T46V at different pH values. The amplitude
of the negative band from Asp-96 at 1742 ¢nn V49A is
less when the pH is lower and nearly disappears at pH 5 ~ e e}

7

-0.5 1

-0.7

O stretch of Asp-96

-0.9 1

-1.1 7

(normalized to Asp-85)

-1.3 4

Amplitude of C:

(Figure 6A). Thus, at low pH Asp-96 becomes reprotonated 15 '
well before the decay of N. This is consistent with the 3 5
observation of rapid proton uptake at lower pH (Figure 4C), pH
and the idea of a second N state of this mutant, with the FIGURE 8: Amplitude of the negative €0 stretch band of the

; ; A ARt _ ; protonated Asp-96 in the N state, as a function of pH. V49A, open
retinal still 13-cis,15-anti, but Asp-96 unprotonated at high circles: VA9A/D115N, closed circles: T46V/D115N. open dia-
pH and protonated at low pH.

) monds. The amplitudes were normalized to the relatively pH-
Remarkably, however, although at pH 6 there is proton independent positive=€0 stretch band of the protonated Asp-85.

uptake in T46V also (Figure 4D), the negative band of Asp-
96, here at 1745 cm, persists. In fact, the band appears to 96, the positive band for Asp-115 is particularly large in
be nearly pH independent in magnitude (Figure 6B). On the T46V, as well as in F42C and L223C (although not in
other hand, a broad positive band centered at about 1723.100C, F171C, and S226C; not shown). To remove this
cm1, not observed in the N state of the wild-type protein interference and thereby confirm the conclusions about the
(not shown) or in the V49A mutant (Figure 6A), is seen. protonation state of Asp-96, the V49A/D115N and T46V/
The band is present in the N state of F42C also (not shown).D115N mutants were examined (Figure 7). Comparison of
Bands in this frequency region originate, without any these spectra with those of V49A and T46V is made possible
ambiguity, from protonated carboxyls. There are two possible by the fact that the proton kinetics were not changed by the
explanations for the 1723 crhband. The first alternative is  D115N mutation (not shown). Unless a new band not
that it is the shifted band of reprotonated Asp-96. Indeed, in normally seen is present, the region below 1735cisinow
the spectrum of N in the T46V/D96N double mutant, expected to be featureless, and this is indeed the case for
produced in the presence of azide to accelerate the rate olV49A/D115N (Figure 7A). The negative Asp-96 band is
M decay, the band was absent (not shown). The secondshifted to its true, undistorted value of 1740 dmThe pH
alternative is that Asp-96 is unprotonated and the positive dependence of the amplitude of this band is essentially the
1723 cm! band arises from protonation of another carboxy- same as in V49A, as indicated in Figure 8 where this
late group that was initially unprotonated. amplitude is shown for both V49A and V49A/D115N as a
The band from Asp-96 in the spectra in Figure 6 is partly function of pH. The apparentqa is approximately 7.5. This
overlapped by spectral features of Asp-115, whose band isshould correspond to theKp of Asp-96 during its reproto-
known to shift from 1734 to 1738 cmiin the N state of the  nation in the N state. Estimated only approximately because
wild-type (45), and a similar shift occurs in the VA9A mutant  of uncertainty over the extent the low-pH and high-pH proton
also. Possibly because of the shifted negative band of Asp-kinetic patterns overlap (Figure 3D), th&pfor proton
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uptake is about 7. The results with VA9A indicate, therefore,
that at pH< 7 proton uptake occurs well before the decay
of N (Figure 3C,D), and Asp-96 becomes protonated (Figures
6A, 7A, and 8). This results in an unusual N state, in which
the retinal is still 13-cis,15-anti, but Asp-96 is already
reprotonated. At pH> 7, the more conventional N state is
produced in which Asp-96 remains unprotonated until
reisomerization of the retinal.

In T46V/D115N (Figure 7B), the negative band of Asp-
96 is at 1745 cm, i.e., 4-5 cm! higher than in the wild-
type, as seemed to be the case in T46V (Figure 6B). From
the second derivative of the absolute infrared spectra of
unilluminated T46V and T46V/D115N (not shown), we
obtained also such an unusually high frequency. The shift is
to be expected from the fact that in the BR state of the T46V
mutants the hydrogen bond between the COOH of Asp-96
and the side-chain of Thr-46§) will be missing. It was
observed already in the L state of T46¥/7}. Additionally,
Figure 7B confirms that the amplitude of the negative@

stretch band of Asp-96 is unchanged between pH 4 and 8.

The latter is evident also from Figure 8, where the amplitude
is shown as a function of pH.

In the T46V/D115N mutant, the positive band at 1723
cm! can be discerned without any interference from other
bands (Figure 7B). Its broadness suggests that it might
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FicURE 9: Magnitude of the broad positive feature at 1723 &m
interpreted as the=€0 stretch band of one or more COOH group-

w P

somewhat heterogeneous environment. The magnitude of th

A) Titration of the T46V and T46V/D115N mutants (squares and
ircles). (B) Titration of the T46V/D36N/D38N/D102N/D104N

band, i.e., the extent of the protonation, is plotted vs pH in mytant. Open symbols, spectra from photostationary states; closed

Figure 9A, with the results from T46V included as well. The
band is maximal at pH- 5, and decreases at both higher
and lower pH, with half-maximal amplitudes at pH 3.8 and
6.3. The equation that describes this kind of behavior is the
difference of two HenderserHasselbalch terms:

1
BT T T

y 1)

wherey is the protonation state at the pH in question and
pKa and K refer to the acid dissociation constants either
of two different groups or of the same group but in the BR

symbols, spectra from time-resolved experiments. The difference
spectra between 1710 and 1795 ¢mwere fitted with a sum of
Gaussians, and the areas under the band were normalized to the
area of the band of Asp-85 at 1754 thSimilar results were
obtained when the 1188 and 1200 ©nibands were used for the
normalization. The values were then scaled to values between 0
and 1, corresponding to fractional protonation in eq 1. The two
dashed lines in (A) refer to the calculatedp of the two
components, 3.8 and 6.3, respectively, with uncertaintiesf.

The best fit of the data in (B) gavekgs of 4.0 and 6.5. The solid
lines are for the net protonation in the N state, calculated from the
two sets of [K.s.

alternatives, because both predict interaction of Asp-96 with

state and in the N state. Figure 9A contains calculated curvesan unidentified group.

for the best fit, with K; and K3 values of 3.8 and 6.3, and
an estimated uncertainty af0.4.

This bell-shaped pH dependence is unlike that of the Asp-
96 depletion band at 1745 ¢ which is pH independent
in this region (Figure 8). If the 1723 crhband is assigned

The candidates for the unidentified group are the aspartate
and/or glutamate residues at the cytoplasmic surface (i.e.,
Asp-36, Asp-38, Asp-102, Asp-104, Glu-161, and Glu-166
on interhelical loops, and Glu-232, Glu-234, Glu-237, and
Asp-242 on the C-terminal tail). Of these, Asp-36, Asp-38,

to protonated Asp-96, this aspartate must be unprotonatedAsp-102, and Asp-104 would be the most attractive pos-

at both low and high pH. Thus, in this caséprefers to
the protonation of Asp-96, butq belongs to an unidentified
group whose protonatioprevents protonation of Asp-96.
The two [Kgs are interpreted differently if the 1723 cin
band belongs to the unidentified carboxyl group of the
alternative model. In this case, the proton affinity of that
group will have increased in the N state, resulting in its
protonation at pH values between the initidd pand the
transient K4, but not at lower pH where it is always

protonated and at higher pH where it remains unprotonated.

Absent in T46V/D96N, the shift of proton affinity would

sibilities for transiently protonated residues, because they are
located on the cytoplasmic surface and several of them have
been suggested to form a cluster that captures the proton
that reprotonates Asp-9@lg, 50. We measured the FTIR
spectra of the multiple mutant T46V/D36N/D38N/D102N/
D104N. In the G=0 stretch region, the pH dependence of
the broad band at 1723 cthwas similar to the T46V
mutants without the four aspartic acid residues replaced
(Figure 9B). Direct comparison of the FTIR spectra in the
relevant region for T46V and T46V/D36N/D38N/D102N/
D104N (Figure 10) illustrates the near-equivalence of the

depend on the negative charge of the unprotonated Asp-96 protonation band with and without the four aspartic acid

The unidentified group thus behaves analogously to an
indicator dye covalently attached to the surface of bacteri-
orhodopsin 48). It is difficult to decide between the two

residues in the protein. Further, the protonation pattern of
pyranine during the photocycle of the T46V/D36N/D38N/
D102N/D104N mutant was not significantly different from
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Ficure 10: Difference spectra of the=€0 stretch region for the
T46V (solid traces) and the T46V/D36N/D38N/D102N/D104N
(dashed traces) mutants, at pH 6 (A) and pH 8 (B).
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that in T46V (not shown). This is consistent with our earlier
report that the D36N, D38N, D102N, and D104N mutations
have only small effects on the kinetics of N1j. If we
exclude the four most obvious aspartic acid residuis (
50, 52, 53, that leaves Glu-161, and Glu-166, on the fE
interhelical loop, and Glu-232, Glu-234, Glu-237, and Asp-
242, on the C-terminal tail on the cytoplasmic side, and, less
likely, Glu-9, Glu-74, Glu-194, or Glu-204, on the extracel-
lular side, as candidates.

From these results, we can reconstruct the protonation

events in the N state of T46V (and F42C) in accordance
with the two alternative assignments of the 1723 tivand.
Both models implicate the mutated residues immediately
adjacent to Asp-96 in the reprotonation of this aspartic acid,
but lead to unanswered questions. In the first model, Asp-
96 reprotonates well before reisomerization of the retinal with
a pK, of 6.3, i.e., about 1 pH unit lower than in the wild-
type 64—57), and its G=0 stretch in Nontis shifted to lower
frequency by about 20 crih Both shifts suggest perturbation
of the environment of Asp-96, perhaps with increased
hydration and more possibilities of hydrogen-bonding.
However, in this model, protonation of an unidentified group,
with a pK; of 3.8, will block rapid reprotonation of Asp-96.

In the second model, Asp-96 is not protonated even at pH
as low as 4 during the lifetime of k, and one or more
unidentified carboxylates become protonated instead. At pH
near 5, proton uptake results in the protonation of the
carboxyl group(s). At pH well below 5 i, = 3.8), they

Biochemistry, Vol. 40, No. 38, 200111315

spectra of these mutants lack a positive band, and therefore
there is no doubt that here the protonation of Asp-96 is
blocked. The observed proton uptake depends on the cysteine
residues introduced, because in F171C and S226C at least
(where this could be tested without making the decay of N
rapid), modification of the SH group with MMTS eliminated
proton uptake before decay of N. The possibility exists,
therefore, that the cysteine residues are transiently protonated
in these mutants. However, we have not been able to detect
such protonation in the-SH stretch region either at 2560
2600 cmt in H,O or in the 1806-2000 cmt region in DO

(58).

DISCUSSION

We have studied the N photointermediates of a variety of
bacteriorhodopsin mutants, with the goal of dissecting the
factors that affect the photocycle reactions immediately
following the reprotonation of the retinal Schiff base: a
change of the I§, of Asp-96, the possibility of establishing
a proton-transfer chain between the cytoplasmic surface and
Asp-96, and the means of coupling the reisomerization of
the retinal to all-trans to the protonation state of Asp-96. In
all mutants examined, the decay of the N state is greatly
slowed. Specifically, we tested the hypothesis that the region
between Asp-96 and the cytoplasmic surface is capable of
conformational changes that open or close a proton-transfer
pathway separate from, or even contrary to, those that
facilitate the reprotonation of the Schiff bagd). Thus, Asp-

96 would be inaccessible to the bulk during the time it enters
into a protonation equilibrium with the Schiff base, but
become connected to the surface in the next photocycle step,
the N< O reaction. The results extend earlier finding8)(

that some single-residue replacements near the cytoplasmic
surface cause both stronighibition of the protonation of
Asp-96 andacceleratiornof the protonation of the Schiff base
(Figure 2). These and the other results we report here support
the hypothesis of sequential conformation changes.

The chromophore and proton kinetics in the two classes
of mutants tested correlate with their locations in the protein.
Figure 11 shows the structure of the cytoplasmic region of
the M state, from X-ray diffraction data of the E204Q mutant
at 1.8 A resolution 4). The residues which influence the
lifetime of the N state are color-coded according to their
location and the phenotypes of their mutants, as described
below.

Mutation of residues that contact the retinal or the side-

are protonated already in the BR state. Presumably, at suckchain of the connected Lys-216 (shown in green, Figure 11),

low pH there is no acceptor for the proton uptake, but this
could not be determined with pyranine because Ks is
7.3. At pH well above 5 (K4 = 6.3), the carboxyl group(s)

such as Leu-9333) and Val-49 45), might be expected to
prolong the lifetime of the N state because they slow the
reisomerization of the retinal. We find that in these mutants

remain(s) unprotonated throughout the photocycle, and the reprotonation of Asp-96 is normal, but the reisomerization
proton uptake is delayed until the decay of N (and recovery of the retinal is not necessarily concurrent with it, as under
of the BR state). The proton uptake during M decay in this most conditions in the wild-type photocycle. Presumably,

case leads to protonation of not Asp-96, as in V49A, but of because of local steric conflicts, the retinal lags in its response

the postulated unidentified carboxyl group(s).
Although the 1723 cm' band was expected in L100C,
F171C, L223C, and S226C mutants, because at@they

to the reprotonation of Asp-96. The changed frequency of
the combined &—Cy3 stretch and Lys-216 rock (spectra a
and b in Figure 5) is consistent with the idea of changed

show proton uptake concurrent with decay of M but no steric constraint at the retinal. The kinetics indicate that the

decrease in the negative<© stretch band of Asp-96 during

N states accumulate in the way they have been assumed for

the lifetime of N (as do F42C and T46V), the FTIR spectra the wild-type; i.e., first an N with unprotonated Asp-96 is

did not contain any features at 1720 ¢nfnot shown). The

formed [N (96)], and at pH < 7 this is followed by



11316 Biochemistry, Vol. 40, No. 38, 2001 Dioumaev et al.

(Figure 11). The clue to their effect on Asp-96 is provided
by Ser-226, which stabilizes a “closed” cytoplasmic confor-
mation through its hydrogen-bonding to Thr-170, in which
helices F and G are in closer proximity in BR and M than
expected in the N state (Figure 11). Presumably, the more
remote hydrophobic side-chains, like Phe-171 and perhaps

Ser-226

CLTTTT

Thr-170

Phe-42 ghe-171 also Leu-100, perform the same role by contributing to the
shield over the cytoplasmic surface that excludes water, and
Leu-100 by involvement in hydrophobic interaction with residues of
‘ the neighboring helix.
Leu-223 Asp-96 The common phenotype of the residues shown in Figure

11 in purple includes the trapping of the protein in a
conformation with unusually long lifetime, and an apparently
lowered X, for Asp-96 during its deprotonation (and perhaps
also during its reprotonation). What happens to Asp-96 in
this long-living state, termed {ky, is subject to two different
interpretations of the data (as discussed under Results). Asp-
96 may be protonated with a shifted=O stretch frequency,
and its protonation is blocked when an unknown group with
lower K, becomes protonated. This is possible in T46V and
F42C, but not in the Leu-100, Phe-171, Leu-223, and Ser-
226 mutants. In the latter mutants, Asp-96 remains unpro-
tonated. Alternatively, in Ny the protonation of Asp-96 is
blocked in a wider pH range, allowing the transient proto-
nation of other, unknown carboxyl group(s) instead. In either
case, the mutations in purple perturb the region of Asp-96,
i.e., a location>=10 A distant from the retinal. Because of
this perturbation, or in some cases directly because the

/ protonation of Asp-96 is blocked, reisomerization of the
state, from X-ray crystallography of the E204Q mutah)t Residues retinal is greatly slowed
whose mutation causes slow decay of the N intermediate, as A o ] )
discussed in the text, are shown in color. The color code is according From the structure (Figure 11), it is evident that there is

to the suggested reasons for the long lifetime of N in the mutants: a hydrophobic shield between Asp-96 and the cytoplasmic

Ficure 11: Structural model of the cytoplasmic region of the M

residues which through steric effect influence reisomerization of
the retinal are green, and residues which affect the reprotonation
of Asp-96 from the cytoplasmic surface are purple. Water molecules

surface. During the reprotonation of Asp-96, a proton-transfer
pathway would have to be established in this region. Indeed,

are in cyan; hydrogen-bonds are in blue. Some other residues thait has been suggested recenthB) that the side-chains of
play a role in cytoplasmic events, as discussed in the introduction, Phe-42, Leu-100, Thr-170, Phe-171, and Leu-223, i.e., the

and the transmembrane helices, are shown with decreased opacitysame residues (but one) we tested here, block proton entry

reprotonation of Asp-96 from the cytoplasmic bulk, resulting into the cytoplasmic region, and the tilt of helix F creates
in a second N, we termed N (96H). Thus, we observe the @ opening that increases proton access from the bulk.
accumulation of either N (99 (at high pH) or N (96H) (at However, one would expect that if the side-chains were made
low pH), with an apparenth, of 7.5, i.e., roughly the same  smaller the opening should be wider rather than narrower.
as earlier estimates of th&pof Asp-96 in the wild-type It is a paradox, therefore, that replacing the bulky side-chains
(54—57). that occlude the pore with smaller ont@scksreprotonation

Mutations of residues at Asp-96 and between Asp-96 and of Asp-96 (in L100C, F171C, L223C, and perhaps also in
the cytoplasmic surface, i.e., Thr-46, Phe-42, Leu-100, Phe-F42C). The fact that these mutations increase the rate of the
171, Leu-223, and Ser-226 (shown in purple, Figure 11), reprotonation of the Schiff base, even as they decrease the
were expected to affect the reprotonation of Asp-96, by rate of the reprotonation of Asp-96, indicates that the two
changing either itslg, or its accessibility to the cytoplasmic  proton transfers obey separate and opposite rules and
surface, or both. An effect on the reisomerization of the therefore do not utilize a single channel. We suggest that
retinal would be indirect, through the coupling mechanism proton transfer from the surface to Asp-96 is not via a pore
to the protonation event. The involvement of Thr-46 in the but via a specific pathway that requires the interlocking of
protonation of Asp-96 is obvious, in view of the fact that it specific hydrophobic side-chains, and the pathway is absent
is hydrogen-bonded to it, directly in the BR stat 46 in M and created in N to allow the rise of the O state.
and via water 504 in the M state [Figure 1%)]( Phe-42, Interestingly, in the crystallographic structure of the O-like
Leu-100, and Leu-223 should affect th&pof Asp-96 state £2), numerous new bound water molecules appear in
directly also, as they contribute to its hydrophobic environ- the region of the hydrophobic shield. They appear to be
ment. Indeed, we reported earlier from infrared titration of fragmented parts of a network, hydrogen-bonded mostly to
the D85N/F42C and D85N mutang] that the [IK, for Asp- main-chain G=O groups in clusters of various sizes contain-
96 in the double mutant was lowered by 1.5 pH units relative ing up to five connected water molecules. Presumably, they
to D85N. The case for Phe-171 and Ser-226 is not so represent the remains of a more interconnected network that
obvious, as these residues are further away from Asp-96formed during the N to O reaction.
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