2282

Biochemistry 1993, 32, 2282-2290

FTIR Difference Spectroscopy of the Bacteriorhodopsin Mutant Tyr-185—Phe:
Detection of a Stable O-like Species and Characterization of Its Photocycle at Low
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ABSTRACT: Fourier transform infrared difference spectroscopy has been used to study the photocycle of the
mutant Tyr-185—>Phe expressed in native Halobacterium halobium and isolated as intact purple membrane
fragments. We find several changes in the low-temperature bR—K, bR—L, and bR—M FTIR difference
spectra of Y185F relative to wild-type bR which are not directly related to the absorption bands associated
with Tyr-185. We show that these features arise from the photoreaction of a stable red-shifted species
(OY185F) with a vibrational spectrum similar to the O intermediate. By using photoselection and FTIR
spectroscopy, we have been able to characterize the photoproducts of this OY!#F species. A K-like photoproduct
is formed at 80 K which has a 13—cis structure. However, it differs from K30, exhibiting an intense band
at 990 cm™! most likely due to a hydrogen-out-of-plane vibrational mode of the chromophore. At 170 and
250 K, photoexcitation of OY'85F produces an intermediate with vibrational features similar to the N
intermediate in the wild-type bR photocycle. However, no evidence for an M-like intermediate is found.
Although Asp-96 undergoes a change in its environment/protonation state during the OY!85F photocycle,
no protonation changes involving Asp-85 and Asp-212 were detected. These results provide strong evidence
that light adaptation of Y185F produces two species similar to bRsy and the O intermediate. Differences
in their respective photocycles can be explained on the basis of differences in the protonation states of the
residues Asp-85 and Asp-212 which are ionized in bRs7 and undergo net protonation upon OY!#5F formation.

Bacteriorhodopsin (bR),! a MW 26 000 protein in the purple
membrane of Halobacterium halobium, functions as a light-
driven proton pump (Stoeckenius & Bogomolni, 1982). It
contains 248 amino acid residues and has an all-trans-
retinylidene chromophore linked through a Schiff base to Lys-
216. Photon absorption initiates a photocycle which consists
of a series of metastable intermediates characterized by distinct
visible absorption spectra. The net result of this photocycle
is proton transfer from the inside to the outside of the cell,
thereby establishing an electrochemical gradient which drives
ATP synthesis.

The structure of the chromophore at different stages of the
photocycle has been studied extensively by resonance Raman
spectroscopy [see Mathies et al., (1991) for a recent review
and references cited therein]. This technique providesa means
to selectively detect vibrations of retinal without interference
from protein vibrational modes. Isomerization of the chro-
mophore from an all-trans to a 13-cis structure occurs during
the bRs7? —K photoreaction followed by several dark
reactions which involve relaxation of the chromophore (K—L),
deprotonation of the Schiff base (L—M), reprotonation of
the Schiff base (M—N), and reisomerization of the chro-
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! Abbreviations: PM, purple membrane; bR, bacteriorhodopsin; ebR,
bacteriorhodopsin produced from the expression of a synthetic wild-type
gene in Escherichia coli using recombinant techniques and reconstituted
into halobacterial lipids; FTIR, Fourier transform infrared; au, absorbance
unit(s).

2 bRs70 denotes the normal light-adapted state of bR which in wild
type has a Amax near 570 nm.

mophore back to an all-trans structure (N—0). In the last
step of the photocycle (O—bRs7), bR returns back to its
original light-adapted state.

Because of the ability of Fourier transforminfrared (FTIR)
difference spectroscopy todetect small conformational changes
in a protein at the single amino acid residue level [for a recent
review, see Rothschild (1992)], it has been used exclusively
to study the structural changes occurring during the bacte-
riorhodopsin photocycle (Rothschild et al., 1981, 1986;
Rothschild & Marrero, 1982; Bagley et al., 1982; Siebert &
Maintele, 1983; Engelhard et al., 1985; Roepe et al., 1987b)
as well as in the photocycle of halorhodopsin and sensory
rhodopsin I (Rothschild et al., 1988; Bousché et al., 1991b).
By using isotopic labeling and site-directed mutagenesis,
several infrared bands have been assigned tostructurally active
amino acid residues. For example, bands in the 1700-
1760-cm™! region were assigned to protonation and environ-
mental changes of Asp residues 85, 96, 115, and 212 that
occur during the bBR—K, L, and M transitions (Braiman et
al., 1988a, 1992; Gerwert et al., 1989; Rothschild et al., 1990;
Maeda et al., 1992). More recently, the same approach has
been used with time-resolved FTIR difference spectroscopy
to assign bands in the late photocycle (Gerwert et al., 1990;
Braiman et al., 1991; Bousché et al., 1991a, 1992; Chen &
Braiman, 1991).

In this work, we have used low-temperature FTIR difference

spectroscopy to investigate the mutant Tyr-185—+Phe (Y185F)3
expressed in native H. halobium and isolated as intact purple

3 Designations for bR mutants make use of the standard one-letter
abbreviations for amino acids. Thus, “Y185F” signifies the mutant in
which tyrosine at position 185 has been replaced by phenylalanine.
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membrane fragments. This extends an earlier FTIR study on
a complete series of tyrosine mutants (Tyr—Phe), including
Y 185F, expressed in Escherichia coli and reconstituted into
native halobacterial lipids (Braiman et al.,, 1988b). These
measurements and studies of bR containing isotopically labeled
tyrosine (Rothschild et al., 1986; Dollinger et al., 1986; Roepe
et al., 1987b, 1988) led to the assignment of several bands
including oneat 1277 cm~! tovibrations of Tyr-185. However,
the changes induced in the FTIR difference spectrum of the
mutant Y185F were not restricted to tyrosine vibrational
bands.

In the present investigation, we demonstrate that in light-
adapted Y 185F most of these spectral changes arise from the
existence of a stable species (OY!%5F) with a vibrational
spectrum similar to the O intermediate along with the normal
bRy species. The possibility that this species is related to
the all-trans chromophore component of acid-induced blue
membrane BMT is also discussed. By using different wave-
lengths of excitation to drive the photocycles of the two species,
we demonstrate that the OY!85F gpecies undergoes a photocycle
which involves an all-trans to 13-cis isomerization. At 80K,
a K-like intermediate is formed, but on the basis of the
appearance of a strong HOOP mode at 990 cm™, it is deduced
to have a different conformation than Kgip of the bR
photocycle. At higher temperatures (170 and 250 K), an M
species is not detected. Instead,an N-likeintermediate appears
with a chromophore structure similar to the normal N
intermediate of the bR photocycle. The difference between
the bR and OY!#F photocycles can be understood on the basis
of the difference in protonation state of Asp-85 and Asp-212.

MATERIALS AND METHODS

Expressionand Purificationof Y185F. The mutant protein
was expressed from an H. halobium strain bearing a chro-
mosomal bop gene containing the Y 185F mutation as described
in Bousché et al. (1992). Identical spectral properties were
obtained from measurements made using a plasmid-based
expression system (Krebs et al., 1991). Detailed discussion
of this procedure is given in the accompanying paper (Sonar
et al., 1993).

FTIR Difference Spectroscopy. Difference spectra were
recorded for the bBR—K, bBR—L, and bR—M photoreactions
at 80, 170, and 250 K, respectively, using methods previously
reported (Rothschild et al., 1984b; Roepe et al., 1987b;
Braimanetal., 1988b). Samples were prepared by air-drying
approximately 100-200 ug/cm? of sample on a AgCl window
and then rehydrating prior to insertion into a sealed trans-
mittance cell which was mounted in a Helitran cryostat (Air
Products, Allentown, PA). The water content of the sample
was checked by monitoring the 3400-cm™! peak. All samples
were light-adapted at room temperature prior to cooling by
illuminating the sample for at least 15 min with a 505-nm
long-pass filter. Spectra were recorded at 2-cm™! resolution
using either a Nicolet Analytical Instruments (Madison, WI)
740 or 60SX spectrometer. In order to photoselect for the
red-shifted species in Y185F at 80 K, a 600-nm narrow-band
interference filter was used to drive its photoreactions and a
660-nm narrow-band interference filter to photoreverse them.
At 170 and 250 K, photoreactions were driven using a 660-
nm narrow-band interference filter. Samples measured in
D,O were prepared by incubating a film for at least 4 h in
D;0 and then removing excess D,O by partial drying.

RESULTS

Detection of an O-like Species (OY'%°F). FTIR difference
spectra for the bBR—K, bR—L, and bR—M transitions of bR

Biochemistry, Vol. 32, No. 9, 1993 2283

bR=>K b3
—
-
[J=]
[Tel
I~ -
[
hay
—
l WT
Y185F
™
175 L1169
L1202
Y]
bR=>L § Ny
2 o
-1 |
n WT
i
1446
-1528
v Y185F
1742
958
L1512° 1285 |] ]
1169
1530,|-1520 1218~ -1202

WT

Y185F

|
1800 1600 1400 1200 1000

WAVENUMBERS (cm-—1)

FiGure 1: bR—K, bR—L, and bR—M difference spectra of the
Y 185F mutant and wild-type bR (WT) recorded at 80, 170, and 250
K, respectively. Spectral resolution was 2 cm™! and each spectrum
represents the average of at least 20 pairs of 20-min scans. Detailed
procedures are described in Braiman et al., (1988b).

and Y185F are shown in Figure 1. The spectra of bR (WT)
are almost identical to those previously reported for bR
expressed in E. coli (ebR) (Braiman et al., 1988b). For
example, all of the negative chromophore bands in the bR—M
difference spectra assigned to the chromophore vibrations of
bRy at 1527, 1216, 1200, 1169, and 959 cm-! and protein
vibrationsat 1762 (Asp-85), 1742 (Asp-96), 1738 (Asp-212),
1660 (amide I), 1420 (proline), 1277 (Tyr-185) and 741 cm™
(Trp-86) (region not shown) match those reported in native
bR (Rothschild, 1992). Positive bands characteristic of the
K,L,and M intermediates also appear at the same frequencies
as previously reported (Rothschild & Marrero, 1982; Roepe
et al., 1987b).

In the case of Y185F, distinct changes are found in the
bR—K, bR—L, and bR—M difference spectra relative to
WT (Figure 1), in agreement with an earlier study on Y185F
expressed in E. coli (Braiman et al., 1988b). Many of these
changes are due to the loss of bands assigned to the vibrations
of Tyr-185, including the negative bands at 833 (not shown)
and 1277 cm™! and the positive band at 1271 ¢cm~! (bR—M)
assigned to a CO- stretch mode of tyrosinate (Rothschild et
al., 1986; Dollinger et al., 1986; Roepe et al., 1987b). The
same negative bands are also affected by isotope labeling of
tyrosine (Rothschild et al., 1986; Dollinger et al., 1986).
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FIGURE 2: Results of interactive subtraction between bR—M
difference spectra of the Y185F mutant and wild-type bR in the
1800-800-cm™' region (see Results).

However, there are several changes in the difference spectra
of Y185F relative to WT which do not originate from the
vibrations of Tyr-185. For example, in the bBR—K difference
spectrum, a small negative band in the carboxyl stretch region
at 1755 cm™! appears, the 1169-cm™! band assigned to the
C—C stretch mode of retinal becomes more negative, and the
956-cm™! band assigned to a HOOP mode of retinal becomes
less positive. Inthe bBR—L and bR—M difference spectra of
Y 185F, two negative shoulders appear in the C=C stretch
ethylenic region near 1510and 1520 cm™!, while the 1169-cm™!
C—C stretch and the 959-cm™!' HOOP mode increase in
intensity. The negative band at 1742 cm™', assigned to the
carboxyl stretch of Asp-96 (Braiman et al., 1988a; Gerwert
et al., 1989; Pfefferlé et al., 1991; Bousché et al., 1991a),
increases in intensity in the BR—L and bR—M difference
spectra. There is also an increase in the intensity of a positive
band near 1552 cm! assigned to the amide II vibrational
mode (Braiman et al., 1987, 1991). In the bBR—K, bR—L,
and bR—M spectra, there is also an increase in a negative
band near 1446 cm™.

An interactive subtraction of the WT from the Y185F
difference spectrum for the bR—M transition is shown in
Figure 2. These spectra were scaled so that the intensity
difference of most of the common bands in the C—=C ethylenic
and C-C stretch regions was minimized in the subtraction.
Note that all of the negative bands which increase in intensity
in the difference spectra of Y185F relative to WT appear as
negative bands in the subtraction corresponding to vibrational
bands from the photoreacting species absent in WT. The
most prominent band appears at 1510 cm™' with a shoulder
at 1519 cm™!. Additional bands appear at 1448, 1218, 1198,
1168, 1003, 958, and 900 cm~'. On the basis of an empirical
linear correlation between the C=C stretch frequency of the
retinylidene chromophore and its visible Ama.x (Aton et al.,
1977), the 1510-cm™ band corresponds to a species with a
Amax Near 650 nm which depletes upon illumination of the
Y185F sample with 660-nm light.

Remarkably, the frequency and relative intensity of most
of these bands are in agreement with bands found in the
resonance Raman spectrum of the O intermediate measured
at room temperature in native bR (Smith et al., 1983; Ames
& Mathies, 1990). Since the vibrational spectrum of the
retinylidene chromophore is strongly influenced by its struc-
ture, especially in the “fingerprint” region from 1150 to 1400
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FIGURE 3: Comparison of bR—K difference spectra of Y185F in
H;0 and D»0O using 600-nm illumination to drive the photoreaction.

cm~! (Braiman & Rothschild, 1988; Mathies et al., 1991;
Ames & Mathies, 1990), this agreement is a strong indication
that the chromophore structure of the red-shifted species in
light-adapted Y185F (Sonaretal., 1993; Dufiach etal., 1990b)
issimilar to the O intermediate. Similar subtractions between
Y185F and wild-type bR for the bR—K and bR—L difference
spectra gave similar results (data not shown). In contrast, no
intensity is observed in these subtractions for the depleting
red-shifted species at frequencies near 1185 and 800 cm™!
characteristic of the 13-cis, C=N syn chromophore structure
of bRsss in dark-adapted bR (1183 and 800 cm™!) (Smith et
al., 1984) and acid-induced blue membrane (1184 and 800
cm!) (Smith & Mathies, 1985) (see Discussion). We can
also exclude the N intermediate, which has a 13-cis chro-
mophore structure, as the depleting species does not exhibit
a strong band at 1187 cm™! (Fodor et al., 1988; Bousché et
al., 1991a; Pfefferlé et al., 1991; Rath et al., 1993). On this
basis, we conclude that a stable species OY'8F with an all-
trans chromophore similar to the O intermediate exists in
light-adapted Y185F and undergoes a photoreaction along
with the normal bR sz species at low temperature. Note that
the presence of the 1519-cm~! band may indicate the existence
of a second species which absorbs near 610 nm. Alternatively,
the 1510-and 1519-cm™' bands may arise from a single species
with two strongly infrared-active ethylenic C=C stretch
modes. We also note that some bands in this spectrum, in
particular at 1277 and 833 cm™!, are due to the absence of
these bands in the Y185F spectrum and have previously been
assigned to vibrations of Tyr-185 (Braiman et al., 1988b).

Photoreaction of the OV'85F Species at 80 K. In order to
enhance the photoreaction of the OY!35F gpecies at 80 K, we
illuminated the sample with 600-nm light. In contrast to
illumination with 500-nm light, which results in the bBR—K
difference spectrum shown in the top panel of Figure 1, 600-
nm light is much closer to the wavelength of maximum
absorption of the OY!35F gspecies. This wavelength also
minimizes the bRs;;—>Ks3p photoreaction which has an
isosbestic point near 600 nm. The resulting difference
spectrum (Figure 3, top trace) shows weak intensity from the
negative 1530-cm™' band assigned to bRs7o (Figure 1, top).
Instead, negative bands characteristic of the O intermediate
at1522,1168,and 959 cm~! and evensmaller features observed
in the resonance Raman spectrum (Smith et al., 1983) near
1322, 1310, 940, and 900 cm™' are observed.
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The bBR—K FTIR difference spectrum of Y185F in D,O
recorded using 600-nm illumination (Figure 3, lower trace)
alsoshowed good agreement with the corresponding resonance
Raman spectrum of the O intermediate in wild-type (Smith
etal., 1983). Inboth cases, new vibrational bands or increased
intensity at 1129, 1200, and 1568 cm™' is observed. These
results strongly support the existence of a red-shifted species,
OY!85F in Y185F with a chromophore having a similar
structure to the O intermediate.

Positive bands in the O—K difference spectrum provide
information about the structure of the photointermediate
formed by the OY'$F species (K°) at 80 K. Theoverall pattern
in the fingerprint region is very similar to the bRs7—Ks1o
difference spectrum of wild-type bR, with a strong positive
band appearing near 1192 cm™', close to a band at 1195 cm™!
in the Kg30 intermediate (Smith et al., 1984). This indicates
that the primary photoreaction of OY'*5F inyolves an all-trans
to 13-cis isomerization similar to the bR s70—Kg3p transition.
However, the K© species also exhibits several new bands
including a strong band at 991 cm™ (986 cm™! for D,0) in
the hydrogen-out-of-plane (HOOP) mode region, different
from the main HOOP mode of Kg30 at 956 cm™! (Braiman,
1984). A second band at 800 cm™' (788 cm™! for D,0) may
correspond to a similar band in the Kg3 intermediate at 8§12
cm™! which shifts 5 cm™! in D>O and is assigned to a HOOP
mode involving a C,4~H wag (Braiman, 1984). Thus, while
KO is likely to have a 13-cis structure, it is not identical to
K30, possibly due to alterations in the torsion angles about
C—C bonds which will alter the HOOP mode frequencies.

As pointed out, the frequency of the ethylenic C=C stretch
mode is correlated with the visible Ay of bR and its
photointermediates. In the case of the OY!85F—K© photo-
reaction, a negative band at 1522 cm™! and a positive band
at1515cm™! areobserved, indicating that K© has a red-shifted
Amax relative to the OY'®F species. However, this region is
likely to bedistorted by the overlapping of positive and negative
bands. This is confirmed in the OY'85F—K© difference
spectrum of Y185F in D,0 (Figure 3), where the 1522-cm™!
band appears to downshift to 1519 cm™!, revealing a strong
positive band at 1527 cm™! which might be due to either a
chromophore (C=C stretch) or a protein (amide IT) mode of
K© (or a second photoproduct). Inaddition,a 1510-cm™" band
associated with the C=C stretch of the O intermediate is now
observed in D;O. An intense negative band at 1635 cm™! is
also affected by D»O, possibly shifting to 1618 em™'. This
mode may be due to the C=N stretch mode of the OY!8F
species or alternatively a protein (amide I) vibrational mode.
The latter possibility is more likely since the C=N stretch
was previously assigned by resonance Raman spectroscopy to
a 1627-cm! band which shifts to 1587 cm™! for DO and may
correspond to the negative 1595-cm™' band seen in the
corresponding FTIR difference spectrum (Figure 3). Mea-
surements using isotopic labeling of the chromophorein Y185F
will be necessary in order to make a more definitive assignment
of the bands in the regions.

Small changes are also observed above 1700 cm~' which
might reflect a perturbation of Asp-85 during the OY!#5F—KO
transition. A negative band occurs at 1753 cm™! close to the
same frequency for the carboxyl stretch of this residue
identified in the O intermediate (Bousché et al., 1992). A
second small positive band at 1740 cm™' is consistent with a
possible perturbation of Asp-85. Inaddition tothe appearance
of these negative/positive bands in this region, the small
intensity of these bands would argue against a significant
protonation change of Asp-85. However, a more careful
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FiGURE 4: (a) bR—L difference spectrum of Y185F using 660-nm
light illumination at 170 K. (b) Same spectrum corrected by
subtracting the contribution from the OY!85F—K© photoreaction
(Figure 3, top trace).

analysis will require isotope labeling and an examination of
changes occurring in the 1300-1400-cm™! region where the
Asp carboxylatestretch modes appear (Engelhard etal., 1985).

Photoreaction of the OY'3F Species at 170 and 250 K. In
order to selectively drive the photoreactions of the bRs7g and
OY'85Fgpecies, different wavelengths of illumination were used.
Photoselection of Y185F at 170K using 660-nm illumination
resulted in a spectrum (Figure 4a) different from that obtained
with 600-nm illumination (Figure 1), with an increase in
intensity of negative bands appearing which are characteristic
of O depletion (see also Figure 6). These include bands near
1510 and 1520 cm™' due to the ethylenic C=C stretch mode-
(s)* and other characteristic O bands at 1169 and 959 cm™!,
confirming that the OY!'85F species is stable at 170 K and is
selectively depleted by absorbing the 660-nm light. However,
the appearance of the positive band at 990 cm™! assigned to
the HOOP mode of K© indicates that this species also
contributes to the difference spectrum. In order to correct
for the presence of KO, we subtracted an OY!85F—KOdifference
spectrum until this band disappeared (Figure 4b), which results
in a relatively pure OY!85F—LO difference spectrum.

Asin the case of the OY!85F—KO difference spectrum, many
of the features of the OY!®F—L° difference spectrum are
similar to the corresponding bR s70—L difference of wild-type
bR. For example, pairs of bands appear in both cases in the
carboxyl stretch region at 1742/1748 and 1735/1725 ecm™!,
assigned to deionization /perturbations in the environment of
Asp-96 and perturbation in the environment of Asp-115,
respectively (Braiman et al., 1988a). However, large positive
bands in the amide I and II regions at 1648 and 1552 cm™!
are not observed in the corresponding bRs;o—L FTIR
difference spectrum of wild-type bR (Figure 1) and are more
characteristic of formation of the N intermediate (Bousché
et al., 1991a; Pfefferlé et al., 1991). The 1535-cm™! band is
also characteristic of the N intermediate and assigned to an
ethylenic mode (Fodor et al.,, 1988; Bousché et al., 1991a;
Pfefferléetal., 1991). Thus,at 170 K, LOshares manyspectral
features of the N intermediate in the wild-type bR photocycle,
although protonation changes between bBR—L and OY'#F—]0
are similar.

4 Note that in Figure 1 these bands appear at a high frequency due
to the overlaps with the major band at 1530 cm™l.
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FIGURE 5: bR—M difference spectra of the Y185F mutant recorded
at 250 K using different wavelengths of illumination: 500 nm (narrow-
band interference filter), 550 nm (505-nm long-pass filter with a
transmittance of 72% at 550 nm), and 660 nm (narrow-band
interference filtery. The bottom spectrum shows the subtraction
between the difference spectra obtained using 550- and 500-nm
illuminations.
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FIGURE 6: (A) Result of the subtraction between bR—M difference
spectra of the 'Y 185F mutant recorded using the illumination of 500-
and 550-nmlight. (B) N—O difference spectrum measured by room
temperature time-resolved FTIR difference spectroscopy (the spec-
trum was multiplied by —1 to represent the O—N characters for the
comparison).

At 250 K, a similar pattern is observed (Figure 5).
Photoselection with 660-nm light produces depletion of an
O-like intermediate (OY'85F), whereas illumination with 550-
and 500-nm light produces increasing contributions from the
bR syo-like species present in light-adapted Y185F. We also
obtained a relatively pure difference spectrum reflecting
contributions only from the OY!#F photocycle by interactively
subtracting the difference spectrum obtained with 500-nm
illumination from that obtained using 550-nm illumination
until the negative 1529-cm~! band disappeared (Figure 5).

Significantly, the photoexcitation difference spectrum
obtained at 250 K (like that at 170 K) appears to reflect
formation of an N-like intermediate. This is most clearly
seen by comparing the low-temperature difference spectrum
to the N—O difference spectrum of the Y185F photocycle
measured by time-resolved FTIR difference spectroscopy at
room temperature on a sample with high salt concentration
(Figure 6) (Bousché et al., 1992). Note that this spectrum
has been presented for comparison as an O—N difference
spectrum. Positive peaksat 1188, 1532, 1554, and 1650 cm™
are common to both spectra and highly characteristic of the
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vibrational modes of the N intermediate (Fodor et al., 1988;
Gerwert et al., 1990; Braiman et al., 1991; Bousché et al.,
1991a; Pfefferlé et al., 1991) whereas negative bands char-
acteristic of the O species chromophore vibrations (Smith et
al., 1983) appear at 1510, 1218, 1198, 1168, and 958 cm™!
along with the additional band at 1519 cm™! in the ethylenic
stretch region. A band near 1446 cm™! is also found which
is seen in the OY!85F—+KO and OY!85F - 0 difference spectra.

Bands in the FTIR difference spectrum assigned to the
amide [ and IT modes are especially interesting since they can
reflect changes in the bacteriorhodopsin secondary structure
(Braiman et al., 1987, 1991; Ormos, 1991). Bands in this
region in the N—O FTIR time-resolved difference spectrum
(Figure 6B) at 1670 cm™! (negative) and 1650 cm™! (positive)
assigned to the amide [ mode and at 1554 cm™! (positive) and
1540 cm™! (negative) assigned to the amide IT mode indicate
that a structural refolding of the protein occurs (Bousché et
al., 1992) which reverses structural changes observed earlier
in the photocycle (Braiman et al., 1991; Bouschéet al., 1991a;
Pfefferléet al., 1991). Asseen in Figure 6A, similar spectral
features are also observed in the difference spectrum obtained
from Y185F with 660-nm light at 250 K; however, the
intensities of the bands at both 1670 cm™! (negative) and
1554 cm™! (positive) are less intense in the low-temperature
data. Theincreased intensity ofthe 1532-cm™! band associated
with the N ethylenic stretch mode could also be explained by
a drop in the intensity of the negative 1540-cm™! amide II
mode. Thus, the structural changes which occur during the
N—Otransition at room temperature may be partially blocked
at the lower temperature.

The protonation changes of Asp-96 which occur in the low
temperature O—N photoreaction are also of interest since
this residue has been found to reprotonate during the N—QO
transition of the Y185F photocycle (Bousché et al., 1992).
The reverse reaction might then be expected to occur at low
temperature when the OY!85F species is converted to the N
intermediate. The negative band at 1742 cm™! in the O—N
difference spectrum at 250 K (Figure 6A) indicates such a
deprotonation; however, a small positive band at 1748 cm™!
is also detected. In the bR—L difference spectrum of wild-
type bR, this band was interpreted as indicative of a fraction
of Asp-96 undergoing a change in environment in equilibrium
with deprotonated Asp-96 (Braiman et al., 1988a), whereas
in a different work this band was interpreted to indicate a
complete shift in the environment of Asp-96 with no depro-
tonation (Gerwert etal., 1989). The 1748-cm™! positive band
is even more evident at 170 K for the OY!*5F photoreaction
(Figure 4), similar to the difference spectrum in this region
for the bRs7p—L reaction at 170 K (Figure 1, middle panel).
Thus, while an N-like photointermediate is formed at both
170 and 250 K upon photoexcitation of the O-like species, the
deprotonation of Asp-96 may be partially blocked due to the
lower temperature. A clearer picture of the protonation of
Asp-96 in the low-temperature OY!8F photocycle might
emerge by identifying the Asp-96 carboxylate band which
appears near 1400 cm~! in the N intermediate of wild-type
bR (Bousché et al., 1992; Maeda et al., 1992). However, a
strong band near 1385 cm™! appears in the Y185F difference
spectra at both 300 and 250 K (see Figure 6) which complicates
analysis of this region of the spectrum. Further work using
isotope labeling of Asp residues in Y185F will be necessary
to make a more detailed analysis.

Comparison of the bRsyo Species in Wild-Type bR and
Y185F. Althoughwehaveshown that the differences between
the low-temperature FTIR difference spectra of Y185F and
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FiGURE 7: Comparison of bR—K difference spectra obtained from
WT and Y185F. The later spectrum is corrected by subtracting the
contribution from the OY!*F—K®© difference spectrum (Figure 3,
top trace) until the 991-cm! band disappears.

wild-type bR are mainly due to the photoreaction of an O-like
species and the loss of intrinsic vibrations due to Y185F,
spectral changes might still exist due to intrinsic structural
alterations in the bR sz species present in light-adapted Y 185F.
In order toexamine this possibility, we computed a pure bBR—K
spectrum of Y185F by subtracting contributions of the
OYI8F KO difference spectrum (Figure 3, top trace). As
seen in Figure 7, these spectra are very similar, demonstrating
that the structure of bRs7 and the Kg3g intermediate in wild-
type bR and Y185F are almost the same. Some changes
found between the two spectra can be directly attributed to
the loss of the Tyr-185 vibrations (1277 and 833 cm!) as
previously shown (Braiman et al., 1988b). However, small
changes are still observed which cannot be attributed directly
to vibrational modes associated with Tyr-185. First, the
ethylenic frequency upshifts from 1530 to 1532 cm™!, cor-
responding to a small blue shift in the Apa, of Y185F to near
560 nm (Aton et al., 1980). Such a blue shift was previously
detected in the low-temperature and in the room temperature
bR—M visible difference absorption spectra of Y185F (Ahl
et al., 1988; Dufiach et al., 1990a). In addition, the C=N
stretch mode of the protonated Schiff base, which normally
occurs at 1640 cm™!, downshifts to 1638 cm™!, in agreement
with time-resolved FTIR difference spectroscopy (Bousché et
al., 1992). Two other positive bands at 1348 em™! (N-H
in-plane bending vibration) (Maeda et al., 1992) and 811
cm™! (C14~Cis HOOP) (Smith et al., 1984) are altered, with
the 1348-cm~! band upshiftingto 1351 cm~! and the 811-cm™!
band disappearing or possibly shifting to 800 cm™!, consistent
with an alteration in the structure of the K chromophore in
the vicinity of the Schiff base. Finally, a positive band located
near 1397 cm™! downshifts to 1383 cm™!, and a positive band
near 1416 cm™' disappears.

We also compared the bR—M difference spectrum of
Y 185F obtained using 500-nm illumination (Figure 5), which
minimizes OY'®F photoreactions, with the corresponding
bR—M difference of wild-type bR (Figure 1). The wild-type
and Y 185F spectra are again very similar, indicating that the
dominant species in light-adapted Y 185F is similar to bRs7
and undergoes a normal photoreaction at 250 K. However,
an upshift is found in the C=C ethylenic stretch mode of the
chromophore from 1527 to 1529 cm™!, confirming the shift
of this band seen at the lower temperature. Thisshiftaccounts
for the negative/positive feature at 1533/1525 cm™! in the
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subtraction of bR—M difference spectra of light-adapted
Y 185F from wild-type bR in Figure 2 and in a corresponding
subtraction from FT-Raman spectra (Rath et al., 1993).

DISCUSSION

We have investigated the photocycle of Y185F at low
temperature using FTIR difference spectroscopy. Ourresults
support the following conclusions.

The Altered Properties of the Mutant Y185F Are Intrinsic
and Not Due to Changes in Lipid Environment. Earlier FTIR
studies on bR mutants including Y185F were reported for
bacteriorhodopsin expressed in E. coli and reconstituted into
native H. halobium lipids (Braimanetal., 1988a,b; Rothschild
et al., 1990, 1992). Since this method involves regeneration
of the protein in detergent micelles followed by reconstitution
into the lipids, it is possible that some of the altered spectral
features of the mutants might reflect the nonnative environ-
ment and not intrinsic changes in the properties of the mutant.
The present study, which examines Y185F produced in H.
halobium and isolated as intact purple membrane fragments,
resulted in FTIR difference spectra very similar to those
measured for E. coli expressed Y185F. We therefore conclude
that the photocycle and structural changes which the mutant
Y 185F undergoes in these two environments are very similar,
in agreement with results obtained from visible absorption
measurements (Sonar et al., 1993),

An O-like Species (0V'%°F) Exists as a Stable Form in
Light-Adapted YI85F. Inanaccompanying paper (Sonar et
al., 1993), it was concluded that many of the properties of
Y185F including the formation of a long-lived red-shifted
intermediate upon light adaptation (Ahl et al., 1988, 1989:
Dufiach et al., 1990b), photoreaction of a red-shifted species
(Duiiach et al., 1990a; Jang et al., 1990), and the apparent
absence of an O intermediate in the Y 185F photocycle could
be accounted for if an O-like species existed in equilibrium
with bRsyo. The present work confirms a key prediction of
this model: the existence of a stable O-like species in the
light-adapted state of Y185F.

Our evidence is based on the direct observation of a species
in light-adapted Y185F which has vibrational bands char-
acteristic of the O chromophore. In particular, all of the
major O bands measured by resonance Raman spectroscopy
and characteristic of an all-trans chromophore structure
(Smith et al., 1983; Ames & Mathies, 1990) are found at
similar frequencies and relative intensities in the component
of the FTIR difference spectrum of Y185F attributed to the
red-shifted species. While an intensity correlation between
resonance Raman and infrared spectra of a large molecule
suchas retinal is not generally expected, this effect has occurred
in the bRs7 and K chromophore of wild-type bR and may be
a general property of a highly delocalized polyene molecule
(Rothschild et al., 1984a).

We also considered the possibility that the OY!85F reflects
an acid-induced blue form of Y185F. As discussed in an
accompanying paper (Sonar et al., 1993), the pK, for acid
blue formation in Y185F produced in H. halobium is 3.7,
whereas the OY135F ig detected both in hydrated films and in
solution (Sonaretal., 1993; Rathetal., 1993) under conditions
where the pH is much higher. Furthermore, the resonance
Raman spectrum of the acid-induced blue species has also
been found to be distinctly difference from the O intermediate
spectrum (Smith & Mathies, 1985) with relatively weak bands
at 955 cm™! in the HOOP mode region and at 1167 em™ in
the C—C stretch region (Smith et al. 1983). For this reason,
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it was concluded that there is no significant relationship
between the structure of the chromophore in acid-induced
blue membrane and the O intermediate (Smith & Mathies,
1985). However, since the acid blue species contains two
distinct components with an all-trans and a 13-cis chro-
mophore, it is still possible that the structure of the all-trans
form is similar to the stable OY!85F detected here as well as
to the O intermediate detected in the photocycle of Y185F
(Bousché et al., 1992). Support for this possibility comes
from the similarity of infrared bands assigned to the O
intermediate in the Y185F photocycle (Bousché et al., 1992),
QVY!85F ghserved here, and bands assigned to the acid blue
membrane in the pH titration difference spectrum of wild-
type bR (Marrero & Rothschild, 1987). Common features
include the 1510- and 1520-cm~! bands, assigned to the
ethylenic C=C stretch modes, and bands in the 1700-
1800-cm™! region which reflect protonation changes of Asp
groups. Inamorerecent study, FTIR difference spectra were
obtained at 170 K for the photoreaction of light-adapted blue
membrane formed by deionization (Fahmy & Siebert, 1990).
These difference spectra and those recorded in D,O are similar
to the 170 K difference spectra of Y185F photoexcited with
660-nm light (Figure 4) and corresponding measurements in
D;O (data not shown). These comparisons provide evidence
for an equivalence between the structure and photoreaction
of the OY!85F gpecies and the all-trans component of deionized
purple membrane (blue membrane). As discussed in related
papers (Rathetal., 1993; Sonar et al., 1993), this equivalence
might be accounted for by an increase in the pX, of the all-
trans but not the 13-cis component for acid-induced blue
membrane formation in Y185F.

The OYI85F Photocycle Has K and N-like Intermediates.
In related work, it was proposed on the basis of static and
time-resolved visible absorption measurements of Y185F that
the photoexcitation of the OY!35F gpecies results in a red-
shifted photoproduct (K©) which then decays to an N-like
intermediate. The OY!85F species is reformed either by direct
decay of N back to O or through a branched pathway to bRsg
which then reequilibrates with O [see Figure 7 of Sonar et al.
(1992)].

Our present results strongly support this model and provide
the first information about the detailed structure of inter-
mediates in the photocycle of the OY1#F gpecies. We find
that photoexcitation of the OY8F gpecies at 80 K causes an
all-trans—13-cis isomerization of the chromophore and
formation of a red-shifted K-like intermediate similar to the
primary photoproduct in bRs;s. However, the 13-cis structure
of this species (K©) still differs from Kg30, with changes
observed in the HOOP mode region.

We also detect protein structural changes during the
QY18F—KOtransition which are not present in the bR s70—Ks30
photoreaction. A small band assigned to the COOH stretch
mode of Asp-85 in QY!85F jg detected (Bousché et al., 1992),
possibly due toa perturbation in the environment of this residue
in the OYI8F—KO transition.” The K© intermediate also
appears to be more stable at higher temperatures than Kz,
consistent with a slower decay rate observed for this inter-
mediate at room temperature (Duifiach et al., 1990a; Sonar
et al., 1993).

At 250 K and to a lesser extent at 170 K, photoexcitation
of the OY!85F gpecies produces a difference spectrum which
is similar to the reversed N—O difference spectrum recorded
by time-resolved FTIR difference spectroscopy during the

5 As discussed, bands associated with Asp-85 in the OY!85F to K©
photoreaction are mostly due to a perturbation in its environment.
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Y 185F photocycle (Bousché et al., 1992). The agreement is
remarkable considering that the low-temperature spectrum
reflects the photoexcitation of a trapped OY!®F gpecies,
whereas the room temperature time-resolved spectrum rep-
resents the N—O transition which occurs during the photo-
cycle. Since the frequencies of positive bands in the low-
temperature O—N difference spectrum (Figure 6) are very
similar to those previously identified in the N intermediate
of the wild-type bR photocycle at low temperature and room
temperature (Fodoret al., 1988; Braimanet al., 1991, Bousché
et al., 1991a; Pfefferlé et al., 1991), we conclude that the
photoproduct of the OY'85F species at lower temperature is
very similar to the N intermediate of the bR photocycle. The
differences between the twospectra appear mainly in the amide
I and II regions and may reflect a partial block in the
conformational changes of the protein at lower temperature
as previously observed for wild-type bR (Braiman et al., 1987).
Deprotonation of Asp-96 also appears to be partially blocked
at the lower temperatures, reflecting either a block in Asp-96
deprotonation or alternatively a transient deprotonation and
then reprotonation.

Protonation State of Asp Residues in bRsy, and OY185F
Species. We haveestablished that the chromophore structure
of the stable red-shifted species in Y185F is similar to the O
intermediate. Animportantquestionis whether this similarity
also extends to the protonation states of residues Asp-85 and
Asp-212, which in bRs7 exist in an ionized state (Braiman
et al., 1988a; Engelhard et al., 1989). Recent FTIR studies
indicate that Asp-85 undergoes protonation and Asp-212
partial protonation during formation of the M intermediate
and are retained in these protonation states until decay of the
O intermediate (Bousché et al., 1991a, 1992). Since in a
related work (Rathetal., 1993) we found that a similar reaction
occurs during light adaptation of Y185F and formation of the
OVYI85F gpecies, we tentatively conclude that the protonation
states of these Asp residues in the O intermediate and OY!85F
species are similar. It should be pointed out however, that
while recent solid-state NMR studies (Metz et al,, 1992;
Engelhard et al., 1989) support the conclusion that Asp-85
protonates during formation of the M intermediate, a similar
protonation of Asp-212 was not detected (the N and O species
were not examined in this study). While further studies will
be needed to explain this discrepancy, a possible explanation
may stem from the fact that the NMR measurements were
performed at 220 K on the mutant D96N at pH 10, It is
possible that under these conditions the protonation of Asp-
212, which is detected at both 250 K and room temperature
in wild-type bR by FTIR, does not occur or is at a level which
cannot be detected by the solid-state NMR measurements. In
support of this possibility, we have previously observed
(Bousché et al., 1991a) that the mutant D96A, which has a
very similar phenotype to D96N, exhibits a delayed protonation
of Asp-212 which in wild-type bR occurs concomitant with
M formation. In addition, we have found that at lower
temperature (250 K) the protonation of Asp-212 in D96A is
reduced relative to wild-type bR (Bousché et al., 1991a). A
decrease in the protonation of Asp-212 is also observed in
wild-type bR at 220 K relative to 250 K (Roepe et al., 1987a).
Thus, under the conditions of the solid-state NMR measure-
ments, it is likely that Asp-212 has reduced protonation relative
to the wild-type bR.

Assuming that the above conclusions are correct, consid-
eration of these differences in the protonation states of Asp-
85and Asp-212in bRs7gand the OY!85F species providesinsight
into understanding key differences in the bRs;o and O
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photocycles despite the fact that both photocycles involve as
the primary photoevent an all-trans—13-cis isomerization.
These differences include: (i) shifts in the HOOP mode
frequency of K° relative to Ke30, possibly indicating differences
in the angles around C—C bonds in the polyene chain as well
as a red shift in the wavelength of the absorption maximum;
(ii) similarities in the photoproducts produced from the QY 85F
species at 250 K and to a lesser extent at 170 K and the N
intermediate of the bR photocycle; (iii) absence of an M~like
intermediate in the OY!35F photocycle.

In the case of the KO intermediate, the protonation of Asp-
85 and Asp-212 would be expected to reduce the electrostatic
interaction which normally exists with the protonated Schiff
base. This would help explain both the altered configuration
of the C=N portion of the chromophore relative to K¢39 and
the red shift from 630 to 660 nm observed by visible absorption
spectroscopy (featurei). Inthe caseof LO, the active site now
more resembles the N intermediate of the bRs7 photocycle
(Bousché et al., 1991a). Thus, it is not surprising that some
of the conformational changes involving the peptide bonds
that are observed upon formation of the N intermediate have
already occurred in LO (feature ii). Finally, formation of M
would not be expected (feature iii) since Asp-85 cannot
function as an acceptor group for the Schiff base proton since
it is already protonated.

CONCLUSIONS

The present study and related work (Bousché et al., 1992;
Sonar et al., 1993; Rath et al., 1993) provide a basis for
understanding the altered properties of the mutant Y185F.
Low-temperature FTIR difference spectra reveal that upon
cooling of light-adapted Y185F, in addition toa normal species
similar to bRs7, 2 second species exists with vibrational bands
very similar to the O intermediate. Furthermore, the dif-
ference spectrum of this species at 250 K is very similar to the
N—Q thermal reaction of Y185F measured at room tem-
perature. We therefore conclude that the second form of
Y185F which has been previously detected in a number of
studies (Ahl et al., 1988, 1989; Jang et al., 1990; Duiiach et
al., 1990a,b) is very similar to the O intermediate.
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