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Figure 2. EPR powder spectra of the lowest excited triplet states of
ZnTPP (--) and 1 (—) at 10 K in MTHF. Positive signals are in
absorption, and negative signals are in emission. The zero-field splitting
parameters for ZnTPP and 1 are, respectively, |D| = 0.0305 and 0.0300
cm™, |E| = 0.0085 and 0.0080 cm™.

spin-orbit induced intersystem crossing primarily to the z sublevel
of the triplet state. This is typical of Zn containing porphyrins
and chlorophylls.!> The z-direction in the principal magnetic axis
system for porphyrin m—=* triplet states is normal to the plane
of the macrocycle. In strong contrast to ZnTPP, 1 shows an
intense triplet EPR signal possessing a spin polarization pattern
(eea eaa) which shows that an in-plane sublevel of the triplet state
is overpopulated.!? Thus, the triplet state of 1 is not formed via
the usual intersystem crossing mechanism for Zn porphyrins.
Singlet radical ion pairs in covalently linked donor-acceptor
molecules can undergo subnanosecond intersystem crossing leading
to triplet formation.!* Intersystem crossing rates are enhanced
by a spin-orbit interaction when the symmetry axes of the donor
HOMO and the acceptor LUMO lie between 45° and 90° relative
to one another. The 7 systems of the donor and acceptor in 1
and 2 lie about 60° relative to one another.’® Since the electron
acceptor lies approximately on the inplane symmetry axis of the
porphyrin, rapid intersystem crossing preceding ion pair recom-
bination produces a triplet state in which an in-plane sublevel of
the porphyrin is overpopulated. On the other hand, no triplet EPR
signal is observed for 2. This result agrees with the optical
transient absorption data which show that excitation of 2 yields
little or no triplet Zn-porphyrin.

The optical and EPR results at 10 K suggest that the radical
ion pair state of 1 is above the triplet state of its Zn-porphyrin,
while that of 2 is below the triplet state of its Zn-porphyrin. Thus,

(13) van der Waals, J. H.; van Dorp, W. G.; Schaafsma, T. J. In The
Porphyrins, Vol. IV; Dolphin, D., Ed.; Academic Press: New York, 1979; pp
257ff.

(14) This mechanism is distinctly different from radical pair intersystem
crossing driven by the electron-nuclear hyperfine interaction: Okada, T.;
Karaki, I.; Matsuzawa, E.; Mataga, N.; Sakata, Y.; Misumi, S. J. Phys.
Chem. 1981, 85, 3957.

(15) Proton NMR studies of 1 and 2 as a function of temperature show
that the meso-phenyl that is part of the triptycene relaxes to a conformation
perpendicular to the plane of the porphyrin as the temperature is lowered. At
room temperature the meso-phenyl groups of TPP are known to occupy a
dihedral angle of about 80° relative to the porphyrin plane: Fleischer, E. B.
Acc. Chem. Res. 1970, 3, 105.

0002-7863/88/1510-7221$01.50/0

we can estimate the change in the radical ion pair energy that
occurs when the solvent is frozen to a solid at low temperature.
Since the energies of the lowest excited triplet states of the
porphyrins in 1 and 2 are about 1.58 and 1.55 eV, respectively,
and since the energies of the radical ion pairs for 1 and 2 at 294
K in fluid solution are about 0.75 and 0.56 eV, respectively, the
increase in radical ion pair energy is 0.99 ¢V > AG > 0.83 eV
or about 0.9 eV. Thus, the fact that most porphyrin-based do-
nor-acceptor molecules exhibit very low quantum yields for charge
separation in low-temperature solids results in a large part from
destabilization of the ion pair state in low-temperature solids
relative to polar liquids. These experiments permit us to begin
to study more closely the role of the medium in electron-transfer
reactions and may allow us to understand the behavior of pho-
tosynthetic reaction centers at low temperature.

Acknowledgment. This work was supported by the Division of
Chemical Sciences, Office of Basic Energy Sciences, of the U.S.
Department of Energy under contract W-31-109-Eng-38. D.W.M.
is a graduate student at the University of Chicago supported by
the NSF. K.M.K. is an Undergraduate Student Research Par-
ticipant supported in part by the Division of Educational Programs
at ANL. The authors thank J. Gregar at Argonne for the design
and construction of the optical cells used in the low-temperature
experiments.

Supplementary Material Available: Synthesis information for
1and 2 (2 pages). Ordering information is given on any current
masthead page.

Solid-State NMR Detection of Proton Exchange
between the Bacteriorhodopsin Schiff Base and Bulk
Water

Gerard S. Harbison*

Department of Chemistry
State University of New York
Stony Brook, New York 11794-3400

James E. Roberts

Department of Chemistry, Lehigh University
Bethlehem, Pennsylvania 18015

Judith Herzfeld

Department of Chemistry, Brandeis University
Waltham, Massachusetts 02254

Robert G. Griffin

Francis Bitter National Magnet Laboratory
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Received February 29, 1988

Liquid-phase NMR has been employed extensively to inves-
tigate the rates and mechanisms of chemical reactions, particularly
exchange reactions at equilibrium.!? By monitoring the dynamics
of either longitudinal® or transverse magnetization,* in one- and/or
two-dimensional NMRS3 experiments, one can usefully measure
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Figure 1. Pulse sequence employed to detect proton exchange between
liquid and immobile phases in a hydrated bacteriorhodopsin sample.

rate constants for exchange processes in biological molecules as
large as 10-20 kD. The principal limitation to liquid-phase NMR
studies is the decreased rate of molecular tumbling with increasing
molecular size. This leads to line-broadening of solution NMR
spectra due to incomfilete averaging of anisotropic molecular
interactions.® As a result, larger proteins, and particularly
membrane proteins (for which isotropic reorientation is effectively
forbidden), are not amenable to kinetic analysis by such con-
ventional techniques. However, high resolution solid-state NMR
has recently been applied with great success by us™® and by others®
to rotationally restricted proteins. We have been able to resolve
single N7 and 3C® resonances in the high-resolution solid-state
NMR spectra of the membrane protein bacteriorhodopsin (bR)
and to interpret these results in terms of the molecular structure
in the resting state and in photocycle intermediates. In this
communication we introduce a new experimental approach which
permits us to monitor the kinetic transfer of magnetization from
solvent water to a single membrane protein site, specifically the
Schiff-base nitrogen of bR. This magnetization transfer, to a site
which in most models is buried within the protein,'® apparently
occurs via chemical exchange of the Schiff-base proton with solvent
water.

The NMR pulse sequence employed in this experiment (Figure
1) resembles the standard cross-polarization sequence!! but in-
cludes an additional delay = between the initial high frequency
7 /2 pulse and the start of Hartmann—Hahn spin-locking.!? A
7 pulse is applied in the middle of the 7 period in order to refocus
inhomogeneous interactions; this pulse may be omitted in some
circumstances. During this delay, the proton magnetization de-
phases with a time constant 7,, which in a solid is typically of
the order of microseconds, rather than the milliseconds or seconds
usually observed in solution. Thus, a 7 period of the order of
milliseconds effectively selects for liquid-state proton magneti-
zation. It is well-established that the anisotropic interactions in
bR are large®!*: more specifically, the Schiff-base nitrogen itself!4
and residues in its vicinity® show full chemical shielding anisot-
ropies, essentially unaveraged by motion. In NMR terms this
means that the interior of the protein more resembles a solid than
a liquid. Therefore, the proton T} in the interior of the protein

(5) Jeener, J.; Meier, B. M.; Bachmann, P.; Ernst, R. R. J. Chem. Phys.
1979, 71, 4546.

(6) Abragam, A, The Principles of Nuclear Magnetism; Clarendon Press:
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(9) (a) Mollevanger, L. C. P. J; Kentgens, A. P. M.; Pardoen, J. A,;
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Soc. 1982, 104, 1759.
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Figure 2. (Top) Standard cross-polarization/magic-angle sample spin-
ning !N spectrum of bacteriorhodopsin obtained by using the pulse
sequence shown in Figure | with a 7 of 0.0 us, and with the = pulse,
superfluous here, omitted. (Bottom) Spectrum of the same sample with
the same pulse sequence but with a = of | ms. Note the absence of the
nonexchanging peptide resonances. In both spectra the lysine e-amino
resonances are truncated in order to allow the weaker Schiff-base signals
to be seen. Other experimental parameters: »sy = 32.2 MHz, vy =
317.6 MHz, number of acquisitions = 20000, t,, = | ms. The 'H and
15N pulses were 3.0 and 8.5 us, respectively.

in general, and in the vicinity of the chromophore in particular,
will be short. In contrast, we measure the T, of the solvent water
(which makes up approximately 70% of the weight of our hydrated
bR samples) to be approximately 50 ms. Therefore, after a =
period of the order of 1 ms, only the solvent water possesses
significant transverse magnetization; this residue is preserved by
the proton spin-lock. A matched Hartmann—-Hahn radio-fre-
quency field on a rare spin species allows transfer of the proton
magnetization to the rare spin system, if there exists a significant
dipolar coupling between the two spin systems. Thus, this ex-
periment selects for rare-spin nuclei which are in a relatively rigid
environment but are bonded to or close to protons which a short
time previously have been in a site with a long 7.

Figure 2 shows the results of applying this pulse sequence to
e-(1>N-amino)lysyl-bR.!® The top spectrum, obtained via con-
ventional cross-polarization (i.e., with r = 0) shows the charac-
teristic magic-angle spectrum of this protein™—the intense line
from the six free e-amino groups of lysine, the natural-abundance
peptide-backbone signal at about 100 ppm, and the Schiff-base
resonances from bR g and bRy g at 145 and 152 ppm, respectively.
The bottom spectrum was obtained with 7 = 1 ms, and while it
is apparent that we still detect appreciable signals from the surface
lysines and from the Schiff-base, the peptide-nitrogen signals are
almost totally suppressed. That the free-lysine signals persist is
not unexpected, since they are likely on the membrane surface,!%16
and free amino groups exchange protons rapidly with solvent water

(15) Prepared by the method of Argade et al. (Argade, P. V.; Rothschild,
K. J; Kawamoto, A. M.; Herzfeld, J.; Herlihy, W. C. Proc. Natl. Acad. Sci.
US.A. 1981, 78, 1643). CP-MASS spectra were obtained with a sample of
250 mg of hydrated bR (approximately 70% water) at room temperature, at
a field of 7.4 T. Spinning speed was approximately 2.5 kHz; proton and SN
rotating frame frequencies were 30 kHz during cross-polarization; the proton
w/2 pulse was 3 us.

(16) Lemke, H.-D.; Bergmeyer, J.; Straub, J.; Oesterhelt, D. J. Biol. Chem.
1982, 257, 9384,
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at physiological pH values.”” The lack of peptide signal intensity
is also in accord with expectations; even low molecular weight
amides in aqueous solution have proton exchange rates'® which
are slow in comparison with the time scale of this experiment. In
bR, where most of the peptide linkages are hydrogen-bonded
and/or buried in the protein interior, even the fastest exchanging
amide protons are likely to be too slow to generate significant signal
intensity. More surprisingly, however, the Schiff base also acquires
significant polarization in the experiment. We propose that this
occurs by exchange of the Schiff-base proton with solvent water
during the spin-locking period, followed by direct Hartmann—Hahn
magnetization transfer to the nitrogen. We have tested this
hypothesis by examining the magnitude of the Schiff-base ’N
signal as a function of 7 and f,,. As a function of 7, the signal
decays with a time constant similar to the 7, of bulk water.
Moreover, if we omit the refocusing = pulse, we obtain a significant
I5N signal only if the water (*H) signal is on-resonance. These
two facts suggest that we are indeed observing transfer from the
water and not from some other putative pool of protons with an
anomalously long T,. As a function of ¢, we measure essentially
the same signal for times in the range 0.5-5 ms, implying that
the exchange is essentially complete in 0.5 ms; thus, its time
constant must be considerably less than this value. This agrees
with the stopped-flow Raman measurements of Doukas et al.,!®
who showed hydrogen—deuterium exchange between this proton
and bulk water to be complete within 3 ms of the start of reaction,
but is shorter than the result of Ehrenberg et al.,2° who obtained
a value of 4.7 ms for the time constant of this reaction with the
same technique.

It should be stressed that while the experiment shows exchange
of the Schiff base proton with protons which have themselves been
in a liquid phase during the r period, it says nothing about the
mechanism of this exchange. The results do not suggest or rule
out proton tunnelling as a mechanism; however, they do require
that, whatever the detailed exchange mechanism, it must permit
direct exchange of the Schiff-base nitrogen with bulk water, not
merely a tandem-type exchange through a chain of hydrogen bonds
(this is also, of course, true of the kinetic Raman data). Recent
vibrational data?! have suggested that there may in fact be a tightly
bound water near the Schiff-base nitrogen; while a tightly bound
water molecule might be an intermediary in the exchange process,
it would be expected itself to have a short T, and is thus unlikely
to be the ultimate source of the slowly decaying proton signal
whose exchange is detected in this experiment.

The accessibility of the Schiff-base to solvent water protons,
and the role of free and bound water in the chromophore structure,
is of central importance to the mechanism of the bR proton pump.
The present technique may be invaluable in determining rate
constants for exchange of this and other protons and in identifying
residues which may be involved in proton pumping. It may also
be fruitfully applied to other macromolecular systems, particularly
those involved in the transport of protons across cell membranes.
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Bacteriorhodopsin (bR) functions as a light driven proton pump
in the purple membrane (PM) of Halobacterium halobium.!
While an atomic resolution structure of this protein is not yet
available, the role of specific protein residues in the bR pump
mechanism can be studied through a combination of Fourier
transform infrared (FTIR) difference spectroscopy,® isotopic
labeling of amino acids,* %510 and site-specific mutagenesis.”!?
In this paper, we utilize FTIR difference spectroscopy and
tryptophan isotopic labeling to study the role of tryptophan in the
bR photocycle. The location and environment of tryptophan
residues has been investigated previously by using several other
spectroscopic techniques.>!!16  In the case of low-temperature
UV difference spectroscopy, two positive peaks at 290 and 294
nm appear in the BR — K difference spectrum which are con-
sistent with an increase in hydrogen bonding of one or more
tryptophan groups.® Additional spectral changes are detected at
the M stage.® Recent evidence based on fluorescence energy
transfer'?2 and NMR6 indicates that several tryptophan residues
strongly couple with the retinal chromophore.

In this study, we have incorporated L-trp containing a per-
deuteriated indole ring (L-[?H;]-trp) into bR!7 in order to identify
signals in the FTIR difference spectra of the BR — K, L, and
M transitions which could arise from the eight tryptophans in bR.
Several peaks were found in the 760-740-cm™ region which are
assigned to the strongly infrared active hydrogen out-of-plane
(HOOP) in phase bending mode of tryptophan. On the basis of
comparison with model compound studies, a tryptophan group(s)
appears to undergo an increase in hydrogen bonding at the
BR — K transition which persists through M, while a second
group(s), which has an anomalously high HOOP mode frequency,
is perturbed during L formation.

FTIR difference measurements were made, as reported else-
where,>%° on rehydrated films of purple membrane formed by
air-drying a concentrated drop of purple membrane suspension
on AgCl windows. Figure 1 shows the FTIR difference spectrum
in the 1800-700-cm™! region for the BR — K transition of un-
labeled bR (solid) and bR-[?H;]-trp (dashed). These spectra are
very similar except for the absence, in the bR-[?H;]-trp difference
spectrum, of two small peaks at 742 cm™ (negative) and 745 cm™
(positive) as seen in the expanded view of this region (Figure 2,
top). Thus, we assign the 742-cm™! peak to a tryptophan resi-
due(s) in bR whose environment changes during K formation,
causing an upshift in the HOOP mode frequency. Peaks at these
same frequencies are also observed in the BR — L and BR —
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