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Summary

Kinetic resonance Raman spectra of native and isotopically labelled purple
membranes are compared. Using these data and the assignments of the previous
paper in this sequence, we have confirmed that the Schiff base is deprotonated
at times that are short in comparison to M,,;, evolution. In addition, by moni-
toring the kinetic resonance Raman spectra in H,0 with 488.0 nm excitation
we have been able to characterize in more detail the vibrational features asso-
ciated with this unprotonated intermediate that precedes M;;,. Furthermore,
the kinetic spectra of fully deuterated purple membranes in H,O have allowed
us to assign the 1465 cm™ band in these spectra to the C=C stretching fre-
quency of BRs,, and the 1512 cm™ band to the C=C stretching frequency of
M,,;. These spectra have also provided an indication of a Raman spectral feature
associated with Og4o and, finally, our kinetic spectra have provided evidence
that there is a significant alteration in the rate constants for the evolution
of the various intermediates when the non-exchangeable protons on the mem-
brane are replaced by deuterons.

Introduction

This investigation uses the assignments of the C=N and C= N-H vibrational
modes in bacteriorhodopsin that have been made in the previous paper in this

* To whom correspondence should be addressed.
Abbreviation: BR, bacteriorhodopsin.
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sequence [1] to monitor the rate of Schiff-base deprotonation in native and
isotopically labelled membranes. In addition, correlations are made between
the observed rate of deprotonation and changes in other regions of the reso-
nance Raman spectrum of purple membrane. These correlations were aided by
recording kinetic resonance Raman spectra as a function of different laser exci-
tation wavelengths to enhance the spectral features of specific intermediates
in the proton pumping cycle. The analysis of these data lend further support to
the existence of an additional unprotonated intermediate X and pinpoints
specific alterations in the structurally sensitive fingerprint region of the reso-
nance Raman spectra.

Experimental

The method of Kanner and Racker [2] was used to grow Halobacterium
halobium (S-9) cells and to isolate the fully protonated purple membrane.
These purple membrane suspensions were washed 3—4 times with a 1% solution
of deoxycholic acid to free the membrane fragments of carotenoid contamina-
tion. The purity of these samples was evident by the absence of Raman bands
of 1001 cm™?, 1157 cm™! and 1515 cm™! with all excitation frequencies except
488.0 nm. These bands are characteristic of S-carotene [3]. The fully deu-
tereated purple membranes were grown at Argonne National Laboratories by
established procedures [4]. The purity of these samples was evident by the
absence of the strong band at 1303 cm™! which is characteristic of fully deu-
terated carotenoids [5]. The purple membrane suspensions had concentrations
~2.5-107° M, based on an extinction coefficient €550 = 6.3 - 10° mol~! - cm?.
For H,0 suspensions 99.8 atom% 2H,0 (Aldrich) was used.

The kinetic resonance Raman spectra were obtained in the following way.
The purple membrane suspensions were flowed by a variable speed pump
(Micropump, model No. 14-21-303), through a closed system of tubing which
included a capillary tube of known internal diameter. A laser beam was then
focused on the capillary to a known diameter, so that from the bulk rate of
flow the average time a molecule spent in the illuminated area could be cal-
culated. The laser lines used were 457.9 nm and 488.0 nm of an Ar’ laser and
568.2 nm of a Kr' laser. The laser beam initiated the photochemical cycle of
bacteriorhodopsin and also excited the Raman spectrum. The Raman scatter-
ing was collected through a Spex 1401 monochromator and detected by a
cooled RCA C31034 photomuitiplier tube followed by home built photon-
counting electronics, and the data were processed on a Modcomp II computer.
The spectra were obtained with steps and resolution of 1 cm™ or 2 ecm™! and
a counting time of 10—20 s per channel.

Results and Discussion

The intermediate states between BR 5., and M,,,: Verification of species X
Kinetic absorption spectra' have suggested that the only intermediate
between K¢, decay and M,,, formation was L:s, [6,7]. However, previous
work from our laboratory using KiRRS of bacteriorhodopsin at pH = 7.0 indi-
cated that the Schiff-base deprotonation proceeded at a rate which is faster
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than M,,, production and slower than the rise of the L intermediate [8]. This
suggested the existence of another intermediate with an unprotonated Schiff
base. However, this conclusion was based on the appearance of a band at 1620
cm~! at times which were earlier than the detection of the C=C stretching fre-
quency of My, at 1566 cm™!. Two questions remain about this conclusion.
Firstly, is the band at 1620 cm ™ associated with the carbon-nitrogen stretch of
an unprotonated Schiff base? Secondly, is the 1620 cm™! band detected at
early times associated with the same vibrational mode detected at later times
and in steady state? The first of these questions has been answered in the
previous paper of this sequence [1]. Indeed the steady state spectra of isotop-
ically labelled membranes do indicate that the steady state 1620 cm™ band is
associated with the unprotonated Schiff base. The second question is addressed
in this paper by comparing the kinetics of isotopically labelled membranes to
KiRRS spectra of fully protonated purple membranes.

Let us establish at the beginning of this comparison the characteristics of the
kinetic resonance Raman spectra of fully protonated membranes. In Fig. 1A
and B kinetic spectra of such membranes obtained with 568.2 nm and 457.9
nm excitation are compared in the carbon-carbon and carbon-nitrogen stretch-
ing region. It is obvious from the 457.9 nm spectra in this figure that a band at
1620 cm™! is detected when there is only weak scattering of the normally
strong 1566 cm™, My;, C=C stretching frequency. This was the sole basis of
our first suggestion of an additional unprotonated intermediate in the proton
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Fig. 1. Kinetic resonance Raman spectira of bacteriorhodopsin in H, O suspension, obtained with 50 mW
of 568.2 nm (A) and 457.9 nm (B) excitation, with various laser beam transit times,
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Fig. 2. Linear correlation plots of vo—=C v8. Appax for various species in the photochemical cycle of native
(solid line) and fully deuterated (dashed line) bacteriorhodopsin.

pumping cycle [8]. This suggestion was further confirmed [9] by the detection
of multiple C=C stretching frequencies occurring with different evolution times
and different resonance enhancement characteristics. This observation can also
be seen by comparing Fig. 1A and B. As can be seen in Fig. 1A, the 568.2 nm
spectra have bands in the C=C stretching region at 1530 cm™!, 1535 cm™! and
1549 cm™!, On the other hand, the 457.9 nm spectra (Fig. 1B) have bands at
1530 cm™, 1550 cm™ and 1566 cm™. It has been suggested [10] that these
vibrational frequencies are correlated with the visible absorption maximum of
the chromophore. In fact, as is seen in Fig. 2, a correlation can be established
between visible absorption and the above C=C stretches if the 1530 cm™ and
1566 cm™ bands are associated with the BR,, and M4, as has been suggested
[11]. This correlation associates the 1536 cm™ band with an absorption maxi-
mum at 550 nm in good agreement with the intermediate Lsso, and the same
correlation suggests that the 1550 cm™ band arises from a species with an
absorption at ~470 nm which we call X<;,. It should be noted in this regard
that long transit times are required to detect Lgsso, since the C=C stretch of this
intermediate overlaps strongly with the intense 1530 c¢cm™ C=C stretch of
BRs;0. Thus, BRs;, has to be significantly depleted before the 1536 cm™
band of Lsso can be observed. This is in agreement with the calculations of
Marcus and Lewis [9]. On the other hand, the 1550 cm™ band in Fig. 1 occurs
at a position where initially no strong Raman features are observed and, there-
fore, its time evolution is more accurately represented in these kinetic spectra.
In fact, Fig. 1B clearly shows that the 1550 cm™ mode occurs at times that are
faster than M4, and slower than Lss, production. Thus it is logical to assume
that the 1550 cm™ band is associated with the unprotonated intermediate sug-
gested in the experiments of Marcus and Lewis [8].

With this summary before us for comparison, let us now turn to the kinetic
Raman spectra of fully deuterated purple membrane in H,O suspensions at
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Fig. 3. Kinetic resonance Raman spectra of fully deuterated bacteriorhodopsin in H, O suspension, ob-
tained with 50 mW of 4567.9 nm (A) and 668.2 nm (B) excitation, with various laser beam transit times.

pH 7, which are shown in Fig. 3. Before discussing these spectra, let us recall
from the previous paper in this sequence [1] that the steady state C=N stretch
and C=N-H stretch in these membranes occurs at 1595 cm™ and 1620 cm™,
respectively. Once again, as in the fully protonated membrane, the 457.9 nm
kinetic spectra of fully deuterated bacteriorhodopsin demonstrate that at times
preceding significant accumulation of M,,,, e.g., 6 us, (as detected by only the
extremely weak scattering of a band at 1514 cm™, the proposed C=C stretch-
ing frequency of My,,), the above mentioned C=N stretch band at 1595 cm™!
is already present. This adds strong support to the existence of an unproto-
nated species at early times, since other modes in this fully deueterated system
are altered relative to fully protonated membranes by frequency shifts which
are very different from those observed for the C=N stretch.

It should be pointed out that, unlike the assignments of the relatively loca-
lized end group vibrations in the deuterated membranes, identification of other
vibrational modes in the spectrum with specific intermediates are more diffi-
cult. For example, even in the region of the intense stretching vibrations the
only assignment that can be made with certainty is the 1465 cm™! C=C stretch
of fully deuterated BR;s,, in H,O. In addition to this assignment it appears
likely that the band at 1514 cm™! can be assigned to My, in the fully deu-
terated system. This is based on its intensity at long times and its disappearance
with long wavelength excitation (compare Fig. 3A and B). However, its rate of
appearance is considerably greater in this fully deuterated system in H,O in
which all exhangeable deuterons are replaced by protons leaving only the non-
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exchangeable deuterons. This increase in reaction rate of this system is not un-
derstandable, since deuterons would normally be expected to slow down such
molecular processes. Using the above assignments as a starting point, a new
linear correlation of Ayax VS. Vo=c can be established for fully deuterated purple
membrane (see Fig.2). This linear correlation has a slope which is different
(increased) from the slope of the linear correlation established for fully pro-
tonated membranes. This is understandable since the C=C vibrational fre-
quency is related to force constant by m™'? where m is the reduced mass. Thus,
we now attempt to assign the other bands in the C=C stretching region with
the above correlation as a tentative guide.

With 568.2 nm excitation the only other well resolved band in the C=C
stretching region appears at 1438 cm™!, which is lower in frequency than the
BR;,, C=C stretch. Although deuterated carotenoids have a C=C stretching
mode in this region [5], our data indicate that the 1438 ¢cm™! band is present
even after exhaustive washings with deoxycholic acid which eliminates other
bacterial carotenoid Raman bands [9]. In addition, the 1438 cm™ band is
present even at 568.2 nm excitation and does not exist at 457.9 nm excitation,
while carotenoids exhibit the opposite resonance Raman enhancement. Thus,
the intense 1438 cm™! band is associated with a purple membrane intermediate
and its lowered frequency, relative to the BRs,, C=C stretch, indicates that this
band is associated with an intermediate exhibiting increased electron delocali-
zation in the retinal.

Such increased electron delocalization has always been associated in previous
examples of polyene Raman spectra with a longer wavelength visible absorp-
tion. If indeed the linear correlation we have noted for deuterated systems is
valid, then this C=C stretching frequency corresponds to a Ap,, of 640 nm.
Previous kinetic absorption spectroscopy of purple membranes have detected
two intermediates with absorption maxima red shifted relative to BRs;0. One
of these intermediates is the primary photochemical product K which absorbs
maximally at 610 nm [6] and is produced in ps [12] and decays in 2 us [6] at
room temperature. Our kinetic spectra clearly rule out this intermediate. The
other long wavelength absorbing species is called O [6] and absorbs maximally
at 640 nm and is the last intermediate produced in the proton pumping cycle.
It appears likely that this is the intermediate which gives rise to the 1438 cm™!
band. Once again, as in the case of M,;,, the rate of appearance of this band is
significantly increased in the fully deuterated membranes. It is interesting that
the 1438 cm™! band is also present in stationary spectra of these deuterated
membranes excited with 568.2 nm radiation (unpublished observations). This
suggests that in the deuterated system, unlike the naturally occurring mem-
branes, significant concentrations of O are accumulated in the photostationary
mixture.

All of the C=C stretches discussed thus far in both protonated and deu-
terated systems can be explained in terms of known intermediates and the
linear correlation of C=C stretching frequency versus the intermediate absorp-
tion maximum. However, there is one vibrational mode in this region at 1484
cm™! which cannot be rationalized using the above criteria. This band occurs in
the kinetic spectra but is absent in variable temperature (95—210 K) steady
state spectra we have obtained. In these variable temperature spectra bands at
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1478 ecm™! and 1495 cm™! were observed which could be correlated with the
intermediates L and X, respectively [13]. The absence of these bands and the
presence of the 1484 cm™! band in the kinetic spectra are at present unexplain-
able.

Kinetic resonance Raman spectra of native membranes in *H,0 chromophore
structural alterations preceding M formation

We now attempt to further characterize other regions of the kinetic reso-
nance Raman spectrum of native purple membranes and correlate the kinetic
changes in the spectral features with chromophore conformational alterations
in the intermediates preceding M formation. In order to observe the vibrational
spectra of these intermediates in more detail we slowed down the rate of
formation of M by resuspending the fully protonated membranes in ?H,O [14]
and spectra of such suspensions obtained with 457.9 nm and 488.0 nm excita-
tion are shown in Fig. 4A and B. Notice that relative to the kinetic spectra of
native membranes in H,O obtained with 457.9 nm excitation (see Fig. 1B) the
rate of appearance of the M,;;, C=C stretch at 1566 cm™! is significantly
decreased in 2H,0 (see 2H,0 457.9 nm excitation, Fig. 4A). Thus, we now probe
the vibrational spectrum of this *H,O suspension with 488.0 nm excitation to
attempt to excite the resonance Raman spectrum of X.-4-.

As can be seen in the 488.0 nm spectra (Fig. 4B), the 1566 cm™t M,,, C=C
stretch is strongly suppressed and a band at 1550 cm™! which correlates with an
absorption at 470 nm is clearly observed. This C=C stretch in the 457.9 nm
spectra in H,0 appeared to follow the rise of the 1620 cm™! C=N stretch. Thus,
in these 488.0 nm kinetic spectra we appear to have excluded M,,,, and based
on the observed C=C stretches our spectra seem to be composed mainly of
BRs70 and X .440. Although, contributions from Lss, should also be reflected in
these spectra.

Two changes in the 488.0 nm 2H,0 kinetic spectra can be noted when these

A 4579 B. 488.0 nm

100 p8ec

Relative Intensity

¥ 70 usec

68 pusec

41 psec

e == L L L i "
noo 1200 1300 1400 1500 1800 (700

Fig. 4. Kinetic resonance Raman spectra of bacteriorhodopsin in 2H20 sugpension, obtained with 50 mW
of 457.9 nm (A) and 488.0 nm (B) excitation, with various laser beam transit times.
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data are compared to the spectra of BR;,,. Firstly, an increase in the 1187 cm™!
band intensity relative to the 1200 cm™! and the 1175 cm™! bands is observed,
and secondly, a band evolves at 1225 cm™! which is not present in spectra of
BRs,o but is clearly and repeatably observed in all spectra taken with long tran-
sit times.

Although an unequivocal assignment can be made for the 1225 cm™! band, as
will be discussed below, the assignment of the relative change at 1187 cm™! is
partially in doubt since kinetic resonance Raman spectra of Lss, evolution
demonstrate that this relative intensity alteration is also a characteristic of Lsso
[9]. Therefore, it is not completely clear whether the observation of such an
alteration in our 488.0 nm 2H,O spectra is the result of contributions from X
or L or both. However, the close correlation of the rate of appearance of this
band with the X,550 cm™ C=C stretch (see Fig. 4B) clearly suggests that the
1187 cm™ band is also a feature of X.

The 1225 ¢cm™! band appears not only in these *H,O spectra but also in the
spectra of M,;, [9]. However, it can unequivocally be assigned to X;,, as well.
This is based on our exclusion of M, in the 2H,0 488.0 nm spectra and the
absence of this band in the 568.2 nm kinetic spectra of Lss, measured by
Marcus and Lewis [9]. Even though these workers used H,O suspensions, we
have recorded identical 568.2 nm kinetic resonance Raman spectra in 2H,0.
The lack of a 1225 cm™! band in L and the exclusion of M in the ?H,O spectra
is another indication of the presence of an intermediate between L and M. In
addition to this evidence, further support for an intermediate between L and M
comes from comparing the significant decrease in the rate of appearance of
M,,; in *H,O with the undetectable effect of 2H,O on the 568.2 nm kinetic
resonance Raman spectra of Lsso evolution. * The presence of the 1225 cm™!
band in this intermediate we have called X, gives additional support to our sug-
gestion (based on the rate of appearance of the C=N stretch at 1620 cm™?!) that
X is the first unprotonated intermediate, since a band at this frequency is a
characteristic of unprotonated retinal Schiff bases [15] and, as a result, is also
observed in M,,,.

In summary, these data clearly support the existence of another unpro-
tonated intermediate between Lsso and M.
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