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ABSTRACT. We measured time-resolved difference spectra, in the visible and the infrared, for the Glu-194
and Glu-204 mutants of bacteriorhodopsin and detected an anomalous O state, |lapeledition to

the authentic O intermediate, before recovery of the initial state in the photocycle. Tiheefnediate
exhibits prominent bands at 1712 ch{positive) and 1387 cmi (negative). These bands arise with the
same time constant as the deprotonation of Asp-85. Both bands are shifted to lower frequency upon
labeling of the protein with [4%Claspartic acid. The former band, but not the latter, is shifted @.D
These shifts identify the two bands as the carboxyl stretch of a protonated aspartic acid and the symmetric
carbonyl stretch of an unprotonated aspartate, respectively, and suggest thadrinmially anionic
aspartate enters into protonation equilibrium with Asp-85. Elimination of the few other candidates, on
various grounds, identifies Asp-212 as the unknown residue. It is possible, therefore, that in the last step
of the photocycle of the mutants studied the proton released from Asp-85 is conducted to the extracellular
surface via Asp-212. An earlier report of a weak band at 1712'date in the wild-type photocycle
[Zscherp and Heberle (1997) Phys. Chem. B 10110542-10547] suggests that Asp-212 might play

this role in the wild-type protein also.

Most of the proton-transfer reactions in the photocycle of interactions with hydrogen-bonded water moleculgs6(
bacteriorhodopsin, the light-driven proton punip-@), have 15).
been described in considerable detail. Protonation of Asp- Reestablishment of the initial state of bacteriorhodopsin
85 upon deprotonation of the Schiff base of the all-trans to in the last step of the photocycle is limited by the deproto-
13-cis photoisomerized retinal is followed by release of a nation of Asp-85, driven presumably by recovery of its initial
proton from a location within a network of protein residues low pKa (7, 8) |ndeed, recent results have Suggested that
and bound water 1-6) to the extracellular membrane the rate constant of the decay of the last intermediate, the O
surface. The Schiff base is then reprotonated by Asp-96, andstate, is determined by the occupancy of the site that receives
Asp-96 is in turn reprotonated from the cytoplasmic mem- this proton, i.e., the proton release sits6) The proton
brane surface. Upon the thermal reisomerization of the retinaltransfer from Asp-85 at this time to either the proton release
to all-trans that ensues, Asp-85 transfers its proton to thesite (at pH> 5, the approximatel, for proton release) or
extracellular proton release sifg g) and thereby completes  directly to the surface (at pH< 5) is likely to utilize, at
the full translocation of a prOton across the membrane. The|ea5t part|y’ the interactions in the extracellular hydrogen-
complex structure of the extracellular regidd) bas made  ponded network that regulate th&gpof the proton release
it difficult to describe the details of the proton movements, earlier in the photocycle. This is suggested by the finding
but there is strong evidencet,(9) that coupling exists  that both proton release and decay of the O state exhibit
between the protonation states of Asp-85 and the protonynjguely high (6-10x) kinetic deuterium isotope effect8, (
release site. This coupling accounts both for the decrease of11, 17, 18). Further, in the E194Q and E204Q mutants, where
the K, of the proton release site, leading to its dissociation the normal proton release is blocked, the decay of O is
when Asp-85 becomes protonated in the photocycle, and forconsiderably (about 10) slower than in the wild typel,
the rise of the [, of Asp-85 when the proton is released to  19). Finally, in the E194D mutant, where th&pfor the
the extracellular surface. The side chains of Arg-&i@—( proton release is h|gher than in the wild tyrjmx the pH
12), Glu-194 (3, 14), and GIu-20413, 14) are all necessary  dependency of the decay of the O state is described also
participants in the coupling, either directly or through their \yith a higher X, (16). In molecular terms, however, the

pathway of the proton after it leaves Asp-85 is not yet
T This work was funded partly by grants from the National Institutes | ;nderstood.
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212 may be a participant in the conduction of the proton 0.04

away from Asp-85. Since an IR band at the frequency we
now assign to the protonated=® stretch of Asp-212 had 0.02 'N
been detected, although with much lower amplitude, in the 0

O state of the wild-type protein as weR2), Asp-212 may
be the proton acceptor to Asp-85 during its deprotonation -0.02 1

in the unperturbed photocycle as well. 8 0,04
MATERIALS AND METHODS ‘é’, 0.06 570 nm
Purple membranes were prepared frétalobacterium %’ ' A
salinarumby a standard metho@8®). The E194Q, E204Q, o)
E194Q/E204Q, D96N/E194Q, E194D/E204Q, E9Q/E194Q, S o004
E194R, F208N, T205V, and T89A mutants were constructed S 0.02 -
as described befor@4) and isolated after expressionkh g '

salinarumas purple membrane patches. The cells were grown 0
for [4-13C] labeling of aspartates according to &5

Samples for the FTIR measurements were prepared by
drying approximately 16 nmol of the protein on a GaF -0.04
window under mild vacuum. After drying, the films were

-0.02 1

soaked for 36-40 min in 50 mM MES or succinate buffer -0.06

at pH/pD= 5.3 in the presencefd M NaCl (pD = pH + -0.08-

0.41, where pH is the pH-meter reading). When higher pH T T y

was desired, PIPES buffer was used instead. This procedure -3 2 -1 0 1
is as described previouslyl4) but with the important log time (s)

modification that the films were not dried after soaking. Figure 1: Time course of absorption changes after flash photo-
Instead, the samples were sealed in a fully wet state, excitation of the E9Q/E194Q mutant. (A) Measurement in 1 M

squeezing out the excess of buffer by pressing the secondNaCl, 25 mM succinateplus 25 mM Bis-tris propane at pH 5.3.
CaR, window. A 15um Teflon spacer (Spectra-Tech Inc. These conditions correspond to those used in the FTIR measure-

) . ments but are carried out with membranes encased in acrylamide
Shelton, CT) was used to fix the sample thickness. Ap- ge| (B) Measurementni 1 M NaCl, pH 6.5, membranes in

proximately 45%+ 15% of the volume of the samples was suspension. Proton kinetics were calculated from traces with and
liquid. All measurements were done at@®, in a temperature-  without 50uM pyranine.

controlled sample holder (Harrick, Ossining, NY) connected .

to a water bath (RTE111, Neslab, Portsmouth, NH). The the !abeled and unlapeled pprtlons could be separatgd on the
FTIR time-resolved measurements were performed underPasis that all FTIR signals in the 1732800 cnt region
OPUS software on a step-scan IR spectrometer (IFS-66s0riginate from Asp-85, Asp-96, and Asp-115 during the
Bruker, Germany) at 2 cm resolution. Interferograms were ~ Photocycle. The spectra corresponding to fully'{@jAsp-
collected in the “rapid-scan single side” mode (1888 points labeled _sample were therefore calculated by interactive
for 0—2000 cni! range) at 10.1 cm/s scanner velocity. The sub_tract|on of the unlz_abeled spectra from the labeled ones
IR detector was equipped with a 2000 chtutoff filter u.ntll the frequency region between 1730 and 1800%cwas
(Optical Coating Laboratory, Inc., Santa Rosa, CA). The first Virtually flat. , .

10 scans after laser excitation were recorded without coad- Kinetic measurements in the visible were done as de-
ding, providing 10 time points at 76 ms intervals, the next _scrlbed_ earlier, either on the same films prepared for FTIR,
10 time points by coadding 2 scans, the next 10 by COaujdmg|mmed|ately _ before or after those m_easurements, or on
4 scans, and so on, thereby creating a quasilogarithmic timeMembranes in suspension or encased in polyacrylamide gel.
base. Excitation was provided by the second harmonics of For more details, and for measurements of time-resolved
the Nd—YAG laser (Surelite Il or Minilite II, Continuum, ~ SPectra with an optical multichannel analyzer and proton
Santa Clara, CA) at 532 nm, with7 ns pulse width, and  Kinetics with pyranine, see refo.

~2 mJ/cn? pulse energy.

Kinetic analysis was done with a prograr26] that RESULTS
simultaneously globally fitted arrays of 900 50 points Detection of a New Intermediate between the O and the
(wavenumbersx times). The number of statistically valid BR States: Absorption Changes in the Visiblée have
exponentials was determined wilhtest statistics. Spectra  investigated the late events in the photocycles of the E194Q
for “virtual states”, which should have been measured if the and the E204Q mutants, singly, as double mutants, and with
cycle could be frozen between the apparent decays, wereseveral additional mutations. Earlier measurements in the
calculated from the amplitude spectra of the global fits. These visible (13, 14, 19) revealed existence of an extremely slow
spectra are not the true intermediate spectra (due to theO-like (i.e., red-shifted) intermediate in such mutants, with
presence of back-reactions) but rather spectra of mixturescomplete decay only in the time range of several seconds
of intermediates that are transformed into one another with (at ~10 °C and pH 5.6-6.5).
the time constants of the apparent transitions (see also ref Figure 1A shows absorption changes at 410 nm (for the
27). M state), 570 nm (for depletion of the BR state) and 660

The extent of [44C] labeling of aspartates was less than nm (for the O state) after flash photoexcitation of the E9Q/
100%, as evident from Figures-40. The contributions of  E194Q mutant. The O state (possibly together with N) is
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0‘?"5.‘5?‘- T 7 flash photoexcitation of the E9Q/E194Q mutant. The spectifa a
refer to delay times of 20 ms, 100 ms, 200 ms, 0.5s,1s,and 2 s.
the 7; process, while proton release (presumed to occur at
0.002 the extracellular surface, as in the wild type) is correlated
R 150 550 650 750 not with 7, but with 3. The two difference spectra at 40

and 400 ms in the photocycle of E9Q/E194Q, shown in
Figure 2, demonstrate that initially the intermediates present

Ficure 2: Difference absorption spectra at selected times after flash gre more red-shifted than the states that accumulate later.

photoexcitation of the E9Q/E194Q mutant. (A) Measured spectra ;
at 1, 40, and 400 ms; conditions as in Figure 1A. (B) Spectrum From the FTIR spectra (see below) it appears that these

calculated by interactively subtracting the 1 ms spectrum in panel SPectra refer to changing mixtures of O and @nd the
A from the spectrum at 40 ms until absorption change at 400 nm composition of the mixture shifts with, to predominantly
was minimal (solid line), normalized to and compared with the O'. We conclude from the proton kinetics in Figure 1B that
Spectrum at 400 msin par‘lel A. S|m||ar shifts of the eal’ly and late the |n|t|a| m|Xture Of the O and Ontermed|ates anses W|th
g'thevrv?t?]cgrsgﬁgr";;’Z;ri?uggze(rr\]’gtds‘r’]"gcv;;e E194Q/E204Q mutant.the- proton uptake at the <_:yt0p|asmic surface. The results
indicate further that proton is not released to the extracellular
formed at the expense of M with a time constandf about surface in either O or ©Q and therefore, the difference
15 ms. The major component of the M decay has a time between O and Qloes not reside in the proton release step.
constantr; of several tens of milliseconds. The photocycle  Detection of a New Intermediate between the O and the
is finished with a time constant; of about 1 s. The  BR States: Absorption Changes in the InfrarEBcom time-
absorbance changes contain an additional process, with timgesolved measurements on E9Q/E194Q at pH 5.3 at@ 8
constantr, in the hundreds of milliseconds time range, i.e., in both infrared (Figures 3 and 4) and visible regions (as in
within the lifetime of the red-shifted (O) intermediate. The Figure 1), a combined global analysis yielded the time
transient states that decay with and 73 have red-shifted  constantg; = 63+ 7 ms,7, = 200+ 50 ms, and; = 1.1
absorption maxima and FTIR features indicative of a =+ 0.2 s. Extrapolation to zero time (i.e., to before the process
distorted all-trans chromophore (Figure 2 and below). We with 7;), produced an FTIR spectrum typical for a mixture
designate the new intermediate implied by the additional time of the M, N, and O intermediates (Figure 4, spectrum a).
constant as OSuch an additional intermediate was observed Among the prominent characteristic bands in this early
(mostly with time-resolved FTIR) in all other mutants tested spectrum are (a) a broad maximum for the protonated Asp-
that contained either the E194Q or the E204Q residue 85 that consists of bands at 1764 ¢nffrom the M state)
replacements (E194Q, E204Q, E194Q/E204Q, E194D/and at~1756 cm! (from the N and O states), with
E204Q, and D96N/E194Q), results not shown). Although the amplitudes that indicate that approximately half of the
amount of Qis increased by the additional mutation in E9Q/ molecules in this mixture are still in M; (b) a bilobe-(+)
E194Q, the FTIR spectra of the E9Q single mutant (not feature at 1670/1649 crh characteristic of the amide |
shown) indicated that the appearance of thet@e was not  changes in the N state, with low magnitude, presumably
caused by this residue replacement. We used the E9Q/E194(Mecause the population of N is small; (c) a strong negative
mutant in all studies described below because (a) the kineticsethylenic band at 1527 crh(from the M and N states); (d)
were favorable for greater accumulation of &d (b) the negative bands at 1253, 1214, 1201, and 1167 icm
clone containing this gene showed better'j{@}aspartate  (indicative of 13-cis configuration of the retinal in the M
labeling. and N states); (e) a negative carbonyl stretch of Asp-96 at
When Glu-194 or Glu-204 is replaced with a nonproto- 1742 cn! (from its deprotonation in the N state); (f) a
natable residue, the proton release to the extracellular surfacenegative feature at 1734 cihdue to an environmental
which is normally coincident with the rise of the M state, is change around Asp-115; (g) positive features at 1397'cm
delayed until the end of the photocyc (L3, 14, 19). Time- (symmetric carboxylate stretch of Asp-9@B(29) and 1300
resolved pH measurement with pyranine demonstrate (Figurecm™! (from the N state); (h) positive features at 1188 ém
1B) that the proton uptake (presumed to occur at the (from the N and O states); and (i) a small positive shoulder
cytoplasmic surface, as in the wild type) is correlated with of the ethylenic stretch band, at 1506 ¢n{from the O state).

wavelength, nm
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FIGURES: Kinetics of IR absorption change at selected frequencies.
Data from time-resolved FTIR spectra of E9Q/E194Q mutant were
wavenumber, 1/6m measured as in Figure 3.

FicurRe 4: Spectra associated with relaxation time constants, from
global analysis of measured spectra such as those shown in Figurexf O and O and that O, but not Qcontains a &0 stretch

efor 10 the. mixtureq of products that decay wih tme constagts  2and from Asp-85. According to this calculation, spectrum
75, andtz. Spectra d and e are the estimated spectra of the ’O andb is a 1:1 mixture of O and Qbut this ratio is 1:,4 for
O states, respectively, calculated from spectra b and ¢ as discusse§Pectrum c. The calculated spectrum for O (Figure 4,

in the text. The spectrum for O, but not,@ay have a contribution ~ spectrum d) contains several characteristic features of the
from N. Spectra d and e are magnified 2.50 show details. spectra reported earlier for the O staf 22, 30). In the
published spectra the ethylenic stretch region is dominated
The kinetic process that occurs with(Figures 3 and 4b)  py the positive &C band at 1506 cnt. Perturbation of the
produces changes usually associatgd2@, 30) with the all-transretinal is indicated by positive bands at about 1168
accumulation of the O state: (a) shift of the Asp-85 carbonyl gnd 1185 cmt and a negative band at about 1200 énin
stretch to 1756 cmt (in O, as well as in N) at the expense  two of the published spectrd,(22) the band at 1168 cm
of decrease of absorption at 1764 tnfin M); (b) disap- s larger than the one at 1185 cinbut in the third 80) the
pearance of the negative band at 1742 trof Asp-96  amplitude ratio is the reverse. In all spectra for ©) 22,
because this residue is reprotonated; (c) further increase ingo), the positive band at about 1756 chindicates that Asp-
the relative amplitude of the band at 1506 ¢pwhile the 85 s still protonated. Other common features include
net negative ethylenic stretch loses amplitude and shifts to numerous positive bands on the |0w-frequency side of the
1530 ct; (d) disappearance of the negative all-trans bands ethylenic stretch region, most prominently the one at about
at 1168, 1201, and 1214 crn(from reisomerization from 1395 cntt, Our calculated spectrum for O agrees with all
13-cis), accompanied by a decrease in the amplitude of thethe consensus features, except that theCGtretch band is
1253 cnt band; and (e) appearance of a positive band at 3 complex positive feature at 1180/1189 énwithout a
1180 cnr. Figure 4, spectrum b has many features of O positive band at 1168 cri. This, most probably, indicates
but it is different, especially in the ethylenic stretch region, some contribution from N.
where a new shoulder appears at 1523 tnThe higher The same calculation yields spectrum e in Figure 4 for
frequency of this putative ethylenic stretch, which increases ¢ |n addition to the new positive € C band at 1523 crit,
in relative amplitude with time (Figure 4, spectra b and ¢) mentioned above, it is distinguished from O by a somewhat
would be -ConSiSt.ell’]t with the less .red'Shifted maximum Changed fingerprint region and more importantiy by a Strong
observed in the visible at 400 ms (Figure 2). positive band at 1712 cm and a prominent negative band
Although the process that occurs with(Figure 3, change  at 1387 cm? (Figures 3-5). These bands have large relative
from spectrum b to spectrum c) represents partial recovery amplitudes because all other difference bands become smaller
of the BR state, it appears to mark also a redistribution by this time in the photocycle. Both bands decay in a
between a more or less authentic O state (or a mixture of N biexponential mode with, and s (Figure 5). The position
and O) and the Ointermediate. This is supported by of the band at 1712 cmd makes it a good candidate for a
evaluation of the spectra of the individual species. Spectrum protonated carboxyl group stretalsoon, While the position
d in Figure 4 is the spectrum for O in this system, calculated at 1387 cm? is consistent with a symmetric carboxylate
on the basis that the spectra associated with the decay timéand,vcoo. The protonation process implied by the appear-
constants, andrs (spectra b and c) are different mixtures ance of these bands occurs concurrently with deprotonation

1800 1600 1400 1200 1000
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Ficure 6: Deuterium isotope effect on carboxyl frequency region
of the spectrum that decays with tigtime constant. The spectra
were calculated as in Figure 4. The dotted line is gOHtaken
from Figure 4c); the solid line is the same but in@ The latter
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FIGURe 7: Carboxyl stretch frequency region for the spectrum
beforethe process with time constant (A) Measured spectra for
the unlabeled (dotted line) and partly {#=]Asp-labeled samples
(solid line). (B) Calculated spectrum corresponding to 100%

1790 1770 1690

was obtained by interactive subtraction of the spectrum measuredlabeling by successive subtractions and renormalization of the

in H,O from that measured in f®-based buffers to compensate
for the residual presence of,8. Disappearance of the positive
band at 1743 cmt (from the absorption of Asp-115 inJ®) was

unlabeled spectrum from the spectrum of the partly labeled sample.
The bold line is the estimated spectrum of the fully labeleéf{}-
Asp-labeled sample, while the dotted line is the measured spectrum

taken as the criterion. This method indicated the presence of aboutof the unlabeled sample. The lines at intermediate positions illustrate

30% HO in the DyO-based buffer.

of Asp-85 (decay of the positive bands in the 1739660
cm! region, withz; and ), while the reisomerization of
the retinal to all-trans (decay of the negative 1167 tband)

is with 7, (Figure 5). From this, we conclude, tentatively,
that the 1712 and 1387 crhbands belong to an acidic

residue that acts as the acceptor of the Asp-85 proton. If so

the progress of increasing subtraction. The normalization factor for
the spectrum shown in bold was 2.5, corresponding to about 40%
labeling, as in re5.

other aspartates. However, the well-known1® cnr? shift
upon deuteration is typical for carboxylic acids only when
not in strong hydrogen bonding [e.g., for Asp-85in M or in

'the monomer of propionic aci®g)]. For strongly hydrogen-

O'is a state in which Asp-85 and another acidic residue (ASp- yonded carboxyls such as the cycle dimer of propionic acid
212, see Discussion), are deprotonated and protonated(%)’ the measured shift is4 cmt. Thus, the deuterium-

respectively, i.e., reversed relative to authentic O.

Additional mutants tested with slowly decaying O states
included E194R, F208N, T205V, and T89A. Bands at 1712
and 1387 cm?, if present, were not prominent, as also in
the wild type (not shown). However, an earlier rep@®)(
with very good signal/noise identified an unassigned small-
amplitude band at 1712 crhboth in the wild type at pH 4
and 40°C (conditions that increase accumulation of the O
state) and in E204Q.

Assignment of the Posité 1712 cm! and the Negatie
1387 cm? Bands to an Aspartic Aciccarlier, the negative
bands at 1742 and at 1734 chfrom the BR state were
assigned to the protonated=O stretch of Asp-96 and Asp-
115, respectively 20, 28, 31—33). We confirmed the
assignment of the 1742 crhband to Asp-96 in the context

induced shift of the positive 1712 cthband is consistent
with its origin from a strongly hydrogen-bonded carboxylic
acid. Strong hydrogen bonding is expected also from the low
frequency of this band. On the other hand, the negative 1387
cm! band was insensitive to deuterium exchange (not
shown), as expected for the symmetric stretch of an unpro-
tonated carboxylate.

The effects of [4-°C]Asp labeling were evaluated both
by comparison of the measured spectra for the unlabeled and
partially labeled samples and by calculating the estimated
spectrum of a fully labeled sample (FiguresI0). This was
done by weighted subtraction of the spectrum of the
unlabeled sample (dashed line) from that of a partly labeled
one, with the disappearance of bands above about 1738 cm
which are assigned to the known aspartic acids, as the

of the E194Q mutation, because in the D96N/E194Q mutant criterion. To illustrate the way the spectra with increasing
this band was absent (not shown). All previously assigned weighting factors approached this limiting condition, we

COOH bands 20, 28, 31, 32), positive at 1764 and 1756
cm 1 (Asp-85), negative at 1742 crh(Asp-96) and at 1734
cm ! (Asp-115), exhibited the expected sensitivity tedD
H,O exchange in the spectrum before theprocess. The
observed 8t 1 cmt downshift for these bands (not shown)
is in accord with both theoretically predicted (see, for
instance, reB4) and earlier reported deuterium-induced shifts
of 9—14 cn1? (14, 22, 25, 35-37).

For assignment of the 1712 and 1387 éimands the FTIR
measurements were performed igdsubstituted buffer, as
well as with samples labeled with [4€]aspartate. The
downshift of the 1712 cmt band in BO is only ap-
proximately 4 cm? (Figure 6), i.e., much less than for the

show in Figures #10 several calculated spectra in addition
to the final one (bold line). In the spectrum before the
process, [4°C]JAsp labeling produced the following
changes: (a) the positive Asp-85 bandsdor) are shifted,

as expected, from 1764 (in M) and 1756 ¢nfin N/O) to
1721 and 1715 cni, respectively (Figure 7); and (b) a
positive band is shifted from 1397 to 1382 ch{Figure 8).

The position of the 1397 cm band and its insensitivity to
deuterium exchange (not shown) made it a good candidate
for the band of the symmetric COGstretch,vcoo, of a
carboxylic acid. Its sensitivity to [4%C]Asp labeling and

its appearance in our early time-resolved difference spectrum,
the one with contribution from N, allowed its unique



Protonation of Asp-212 in Bacteriorhodopsin

1410 1390 1.370

wavenumber, 1/cm

1450 1430 1350

Biochemistry, Vol. 38, No. 31, 19990075

|
1371
=T

1370

13871

—_

T
1410 1390
wavenumber, 1/cm

—T

1450 1430 1350

Ficure 8: Analysis of measured spectra as in Figure 7 but for the FIGure 10: Analysis of measured spectra as in Figure 9 but for
region of the symmetric carboxylate stretch region of the vibrations the region of the symmetric carboxylate stretch region of the

for deprotonated carboxylic acids.
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Ficure 9: Carbonyl stretch frequency region for the spectrum
beforethe process with time constary (A) Measured spectra for

the unlabeled (dotted line) and partly J2z]Asp-labeled samples
(solid line). (B) Calculated spectrum corresponding to 100%

1760 1740 1660

vibrations for deprotonated carboxylic acids.

absorption from the peptide and water). On the other hand,
the conclusion that the positive band at 1712 tim strongly
downshifted in the [4°C]Asp-labeled sample, and belongs
therefore to an aspartic acid, is reinforced by thé3Z}
Asp-induced shift (Figure 10B) of the kinetically coupled
negative band in the region of symmetric carboxylate
vibrations. This band is clearly downshifted from 1387 to
1371 cnl,

The calculated spectrum for the ful§C-labeled sample
(Figure 9B) reveals, in all samples examined, an additional
positive band at 1702 cm. Part of this feature comes from
the positive band of the Asp-115 (downshifted from 1744
to 1702 cm? in the [4+43C]Asp sample). The corresponding
negative (depletion) feature from Asp-115 is at 1733 tm
in the unlabeled sample and is shifted to approximately 1694
cm upon the®3C labeling. However, the ratio of positive
to negative absorption in the [4€]Asp-substituted samples

labeling by successive subtractions and renormalization of the is quite different from that in the unlabeled samples, perhaps
unlabeled spectrum from the spectrum of the partly labeled sample.explained in part by baseline distortion. The magnitude of

The bold line is the estimated spectrum of the fully labeledf{Z}-

Asp-labeled sample, while the dotted line is the measured spectrum,
of the unlabeled sample. The lines at intermediate positions illustrate

the feature around 1702 cisuggests additional contribution
from a previously unobserved band. A possible explanation

the progress of increasing subtraction. The normalization factor for may be a3C-induced shift of a negative band, which in the
the spectrum in bold was 2.5, as in Figures 7 and 8. The effective unlabeled sample masks this positive band. A possible

noise in the calculated [$C]Asp spectrum is approximately 20
higher below 1680 cmt than in the unlabeled sample above 1700
cm L,

assignment to thecoo- of Asp-96, consistent with the earlier
assignment of a 1399 crhband to this mode2g, 29).

In the spectra that contain theé termediate (i.e., before
and after the, process), differences between'f&]Asp and

candidate for the negative band would be an (unidentified)
asparagine. Asparagine carbonyls are known to produce
difference bands near 1700 chuuring the photocycle, e.g.,

a negative band at 1704 cfin the N state 88), and should

be labeled as much as aspartic acids in thé3}Asp
samples 38). This possibility would be consistent with the
fact that in the partly labeled sample the negative feature at

[4-13C]Asp samples are evident in both regions that contain 16971691 cni* is not greater than that of the unlabeled

bands of carboxyl groups (Figures 9 and 10). Importantly,

one, although an additional negative contribution from Asp-

in the calculated spectrum for the fully labeled sample (bold 115 will have shifted to this region. At this time, we cannot

line), the positive 1712 cnt band disappears simultaneously

uniquely assign the 1702 crhband, but this does not affect

with the known aspartate bands at higher frequencies (Figureour assignment of the 1712 and 1387 ¢rbands to Asp-

9B). This is strong evidence that the 1712 ¢rband also

212 (see Discussion).

originates from a labeled residue, i.e., an aspartic acid. The The magnitudes of thEC-induced shifts of thecoonand

13C-induced shift should move this band to approximately
1670 cmt. There is indeed a new positive feature at 1675
cm™?, but its assignment as the shifteg=O stretch band in
this noisy region is uncertain. The region below ap-
proximately 1680 cm* was difficult to evaluate because of
strong difference bands (e.g., the 1670 érband of the

vcooo bands require comment. The effect of the'{@]
labeling of aspartic acid on the protonated carboxyl band,
vYcoon Can be estimated from very simple considerati@ds.
The expected effect is a downshift of approximately 39&m
This was confirmed experimentally; a shiftigoon of 37—

41 cm! was earlier reported for aspartates in bacterior-

perturbed amide | band) and very high noise (due to static hodopsin 14, 21, 25, 33, 39). The corresponding estimated
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shift for a symmetric carboxylate banekoo, is 3—4 times
smaller. For model compounds, e.g., sodium format (
or propionic acid (our data, not shown), tReC label-
dependent shift ofcoo is 17—27 cnt. The apparent shifts
reported for thercoo- bands of aspartates in bacteriorhodop-
sin are in accord with the above, being on the order of 11
19 cnT! (33, 36, 39). The shifts we observe for the putative
vcoo- Of the aspartates in question, 15 ¢nfior Asp-96 and
16 cn1? for Asp-212, are consistent with this.

DISCUSSION

When the proton release pathway to the extracellular
surface is blocked by replacement of either Glu-194 or Glu-
204 with glutamine, decay of the O to the BR state is greatly
slowed, and a intermediate state, terméddppears before
recovery of the initial BR state. It is less red-shifted than
the authentic O state; it contaiaf-transretinal like O; but
most importantly, unlike in O, Asp-85 is deprotonated and

an aspartic acid residue that appears to be Asp-212 is newly.

protonated.

The evidence for the protonation of an aspartate 'insO
the appearance of a prominent positive band at 1712 cm
and a coupled negative band at 1387 érFigures 3-5).

Bands near these frequencies are usually attributed to ther

C=0 stretch of a protonated carboxyl and the symmetric
stretch of an unprotonated carboxylate, respectively, of an
aspartic or glutamic acid. This is consistent with the observed
downshift of the 1712 cnit band (Figure 6), but not the
1387 cmi! band, in BO and with the kinetic coupling of

Dioumaev et al.

Table 1: Protonated Carboxytdoor) and Carboxylatercoo-)
Stretch Frequencies of Functional Aspartic Acid Residues in
Intermediates of the Photocycles of Bacteriorhodopsin Mutants
E194Q and E2048

state/ stretch frequency (cn)
residue Asp-85 Asp-96 Asp-115 Asp-212
bR  no signal 1742 ~ 44) 1733 (A =39) 1387 A = 16)*
M 1764 (A = 43) noinfo 1748 (A = 40) no signal
N 1756 (A =41) 1397 A = 15)* 1748 (A = 40) no signal
O 1756 A =41) ~1738 1748 A ~ 40) no signal
O nosignal no info 1744 ~ 42) 1712 (A ~ 37)

aThe [443C]Asp-induced shifts are given in parentheses. Symmetric
carboxylate,vcoo, stretch frequencies are marked with an asterisk.
“No signal” refers to the absence of detectable signal when a particular
residue is in the same protonation/environmental state as in the BR
state (Asp-212 in M, Asp-96 in O, Asp-85 in)O“No info” refers to
insufficient data for assignment in this studyThis frequency is a mean
of two frequencies obtained by decomposition of the protonated
carbonyl region in Figure 7 into Gaussian components, which resulted
in two bands at 1746 and at 1751 timWe do not have sufficient
information to attribute any of these specifically to either M or N.

There would be two alternative means for such coupling:
(a) protonation of another aspartic acid by Asp-85 or (b)
shift of the existingvcoon bands of the protonated Asp-85

to 1712 cm* as a result of stronger hydrogen bonding, which
would (45, 46) cause a strong downshift @foon The two
emaining candidates for origin of the newly detected bands,
which correspond to these alternatives, are therefore Asp-
212 (protonation) and Asp-85 (change of hydrogen bonding).
Assignment of the bands in the usual way, i.e., from their
presence or absence in Asp-85 and Asp-212 mutants, is not
possible because these mutants are highly perturbed (e.qg.,

the rise and decay of the two bands (Figure 5). Since theseref324 and47). However, the results with [Z°C]Asp-labeled

bands were present in the D96N/E194Q, E9Q/E194Q, and
E204Q mutants, Asp-96, as well as Glu-9, Glu-204, and Glu-
194, can be excluded from the list of possible candidates.
The same is true for Asp-115, because in thet@te in the
D96N/E194Q mutant (in the presence of 0.1 M Nabhe
band of the protonated carboxyl of Asp 115 was clearly
upshifted from 1732 in BR to 1739 crh(not shown) rather
than downshifted if it were to contribute to the 1712¢m
band. Firm assignment of the two bands specifically to an
aspartic acid is provided by the isotope shift of both 1712
and 1387 cm! bands in [4**C]Asp-labeled samples (Figures

9 and 10).

samples (Figures 9 and 10) do decide between the two
alternatives. If the 1712 cni band is the carbonyl stretch,
vcoon, Of the protonated Asp-85 in'Owhich is downshifted
from 1756 cmt in O by increased hydrogen-bonding in the
O — O transition, its kinetic coupling to the band at 1387
cmtis apparent and coincidental. In this case, the 1712 and
1387 cm? bands originate from different residues and
entirely different modes, and therefore the former but not
the latter should be affected by [AC] labeling of aspartic
acids. On the other hand, if the 1712 ¢niband originates
from Asp-212, both bands should be sensitiv€@labeling,

and the 1387 cmt band is then identified as a symmetric

The Only residues that remain as candidates for these band%arboxy|ate stretch that indicates disappearance of an un-

are Asp-36, Asp-38, Asp-102, Asp-104, Asp-85, and Asp212.
The first four are at the cytoplasmic surface and are unlikely
to be the source of the bands. According to the structure of
the protein 6, 40—43), all four aspartic acids are fully
exposed to the medium and at the high salt concentration
used should have largely unperturbe€lf i.e., at or below
5. The amplitude of the 1712 crhband was found to be

protonated carboxylate group. This is indeed as found (Figure
10).

Table 1 summarizes the band assignments for protonated,
vcoon and deprotonated (symmetriekoo, stretch frequen-
cies of all functional aspartic acid residues during the later
part of the photocycle in the E194Q and E204Q family of
mutants and their sensitivities to {3c]Asp substitution. Our

practically invariant at pH values of 5.3, 6.3, and 7.0 in data orveoon Asp-85, Asp-96, and Asp-115 in these mutants
E194Q/E204Q (data not shown). Because the carboxyl groupgre in accord with the previously published results for the
in question is nearly unaffected by bulk pH in this range, it wild type and for other mutants. The previously reported
could hardly be attributed to a surface-exposed residue. We[4-13C]Asp-induced shifts of thecoon of Asp-85 @1, 25)
have recently shown that replacement of any of the four and Asp-96 25, 39) (the 1740 cm® band was not yet
surface aspartic acids with asparagine has very little effect assigned to Asp-96 at that time) are also in accord with our
on the photocycle44). data. Although predicted, th&C labeling-dependent shift
Importantly, the formation of the positive 1712 chiband of Asp-115 bands has not been reported before. The
is kinetically coupled to the disappearance of the protonatedassignment of the two Asp-212 bands, as well as their
bands of Asp-85 at 1764 and 1756 ¢hfFigures 3 and 5).  sensitivity to [4+3C]Asp substitution, are entirely new.
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