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Conformational Motion in Bacteriorhodopsin: The K to L Transition
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ABSTRACT: By comparison of the time dependence of linear dichroism and transient absorption in light-adapted
bacteriorhodopsin over the first 10 us following excitation, conformational motion in the protein has been
detected. Time-resolved linear dichroism and transient absorption scans are reported for several wavelengths
that probe the K¢ o and Lss, intermediates in the bacteriorhodopsin photocycle. The transient absorption
scans are insensitive to conformational motion and yield the lifetimes of the K¢, and Lss, intermediates.
In contrast, the time-resolved linear dichroism scans demonstrate orientational motion of the chromophore
with a 1.7-us rotational time. The wavelength dependence of the least-squares fitting parameters establishes
that this motion is associated with Lsso. This motion is discussed in relation to a protein conformational
change in the course of the bacteriorhodopsin photocycle. No evidence is observed for orientational motion

on the time scale of the Lssg — My transition.

Bacteriorhodopsin (bR),' the photoactive protein incorpo-
rated in the purple membrane of the halophilic bacterium
Halobacterium halobium, functions to transduce light energy
into chemical potential by pumping protons across the cell
membrane. The functional form of the protein, light-adapted
bR, undergoes a fascinating sequence of photophysical and

*This work was supported by Grant GM 40071 from the National
Institutes of Health.

0006-2960/91,/0430-394802.50/0

photochemical events, that includes trans—cis isomerization
of the retinylidene chromophore, relaxation of strained in-
termediates, and proton transfers [see Smith et al. (1985) and
Braiman et al. (1988a) and references cited therein].

A series of transient intermediates constituting the bR
photocycle (Figure 1) have been identified and their lifetimes

! Abbreviations: bR. bacteriorhodopsin; TRLD, time-resolved linear
dichroism.

© 1991 American Chemical Society
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FIGURE 1: Bacteriorhodopsin photocycle and energy levels. The
approximate peak absorption wavelength is suffixed to the labels of
each species.

measured by shifts in the optical absorption spectrum of the
chromophore (Birge, 1981). The proton transfers involved in
the bR photocycle and the structural evolution of the reti-
nylidene chromophore have recently been investigated in detail
by Fourier transform infrared spectroscopy (Braiman et al.,
1988a,b), and by resonance Raman spectroscopy (Smith et
al., 1985). These results, together with recent structural studies
(Henderson et al., 1990), have been incorporated into in-
creasingly detailed models of the proton-pumping mechanism
of bR (Braiman et al., 1988a; Fodor et al., 1988; Lin &
Mathies, 1989; Henderson et al., 1990). The basic features
of these models include proton transfers involving aspartic acid
residues Asp-85, Asp-96, and Asp-212. The mechanism by
which the protein controls the isomerization and proton-
transfer reaction paths is not fully understood, however. In
particular, the roles of protein—chromophore interaction and
possible protein conformational motions remain topics of in-
tense interest.

Evidence has been reported for the following events during
the course of the proton-transfer cycle. Isomerization of 13-
cis-retinal occurs with the formation of the earliest ground-
state intermediate, J, which subsequently decays to Kg;q in 2-3
ps (Nuss et al., 1985; Petrich et al., 1987). The K¢y — Lssg
transition occurs in roughly 1 us, and Lss, decays to form My,
in ca. 40 us (Lozier et al., 1975; Milder & Kliger, 1988;
Hofrichter et al., 1989). The decay of K¢, involves protein-
controlled relaxation of a strained nonplanar chromophore
(Braiman & Mathies, 1982), deprotonation of Asp-96
(Braiman et al., 1988a), and protonation of Tyr-185 (Braiman
et al., 1988b). The Lsso — Myq step occurs with the transfer
of a proton from the retinal Schiff base (Terner et al., 1977;
Marcus & Lewis, 1977). Both Asp-85 and Asp-212 are
protonated in My, (Braiman et al., 1988a), and the Schiff
base reprotonates again with the formation of the intermediate
Nsgo (Fodor et al., 1988). Asp-96 has been proposed as the
direct or indirect proton donor in this step (Fodor et al., 1988;
Henderson et al., 1990).

Any proton-pumping mechanism for bR in which the retinal
Schiff base is one link in the proton-transfer chain must in-
corporate a “reprotonation switch” (Fodor et al., 1988) that
prevents transfer of a proton back to the Schiff base in the
M — N step from the same residue that accepted one in the
L — M step. In order to account for the reprotonation of the
Schiff base by a residue (Asp-96, for example) different from
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FIGURE 2: Schematic of TRLD experimental setup. PD, photodiode;
BS, beam splitter; L, lens; P, polarizer; f, filter; h, horizontal po-
larization; v, vertical polarization.

the proton acceptor in the L — M transition, Fodor et al.
(1988) recently proposed a “T to C” protein conformational
change concurrent with the L — M step, during or after
deprotonation of the Schiff base, and a subsequent Cto T
conformational change after reprotonation of the Schiff base.

The possibility of conformational motion in bR has been
investigated by linear dichroism measurements on time scales
of 1 ms or longer by several workers (Lozier & Niederberger,
1977, Sherman & Caplan, 1977; Heyn et al., 1977; Stoeck-
enius et al., 1979; Cz&gé et al., 1982; Ahl & Cone, 1984).
Time-resolved linear dichroism (TRLD) detects reorientation
of the retinal chromophore following polarization-selective
excitation of bR. Orientational motion has been reported (Ahl
& Cone, 1984; Sherman & Chaplan, 1977) and was attributed
to rotations of the protein within the trimeric unit.

Recently, the kinetics and orientational dynamics of the
chromophore over the initial 1 ms of the photocycle were
probed in our laboratory by time-resolved polarization spec-
troscopy with roughly 50-ps time resolution (Wan et al., 1990).
In this technique, anisotropic absorption of the probe pulse
is detected by a signal transmitted with polarization perpen-
dicular to the incident polarization after excitation with a pump
pulse polarized 45° with respect to the probe. The observed
time dependence revealed orientational motion on a time scale
roughly concurrent with the K — L transition, whereas no
evidence of orientational motion associated with the L - M
step was observed. In this paper, we report on the application
of TRLD to the early steps in the bR photocycle. This
technique probes reorientation in bR with greater sensitivity
than does time-resolved polarization spectroscopy. Since the
time dependence of linear dichroism is simpler than that of
polarization spectroscopy for a system exhibiting sequential
kinetic steps, the data from these measurements lead to more
accurate time constants for orientational motions. The results
are discussed in the context of current models of the bR
photocycle.

EXPERIMENTAL PROCEDURES

The experimental arrangement is diagramed in Figure 2.
Glan Taylor polarizers were used to polarize and analyze the
probe pulses. For the TRLD experiments, the pump beam
was polarized vertically, and the probe beam was oriented to
45° by setting the vertical and horizontal components to equal
intensity, with the pump beam blocked. For magic-angle scans,
the probe beam was vertically polarized, and the pump po-
larization was rotated to 54.7° with respect to vertical by a
double Fresnel rhomb. The excitation pulse energy in these
experiments was less than 0.65 uJ at 566 nm, while the energy
of the probe pulses was limited to less than 0.02 uJ with neutral
optical density filters. The focused beam diameter of both the
pump and probe beams was about 0.3 mm. The pulse repe-



396 Biochemistry, Vol. 30, No. 2, 1991

o
&
W

O
(@)
N

inichrorsm

@)
O

O

O
(@]

~. Se

srergy o

FIGURE 3: Dependence of linear dichroism, A4, — A4 | (in absorbance
units), on pump pulse energy. Light-adapted bacteriorhodopsin was
excited at 566 nm and the dichroism probed at 640 nm at a time delay
of | ns.

tition rate was 400 Hz. The laser system, consisting of dual
picosecond dyve lasers pumped by synchronized mode-locked,
Q-switched CW ND:YAG lasers (Johnson et al.. 1988).
generates pump and probe pulses of about 50-ps duration with
time delays between pump and probe variable from the pi-
cosecond to the millisecond time scales. For the experiments
described here, the time delay between pump and probe pulses
was varied electronically in steps of 52.8 ns or 1.32 us, and
measurements of the linear dichroism or transient absorption
were recorded at ¢ach time delay.

For TRLD scans, the probe signals polarized parallel
(vertical) and perpendicular (horizontal) to the excitation pulse
were detected by large-area photodiodes. The probe pulse
intensity was also sampled by another photodiode to generate
a reference signal.  Parallel, perpendicular, and reference
signals were processed by gated integrators. Both the parallel
and perpendicular signals were divided by the reference signal
to compensate for pulse-to-pulse fluctuations, and the resulting
ratios were digitized and stored in a computer for analysis.
Magic-angle scans were recorded with an analyzing polarizer
set to transmit vertically polarized light, and a single large-area
photodiode measuring the intensity of the transmitted beam.
The sample was flowed through a 2.5-mm-thick sample cell
at a rate of 15 cm s to avoid repetitive pumping of the sample
by successive pulses. Flow orientation was found to be neg-
ligible at this flow rate. With no pump pulses, the dichroism
AA, - AA, remained zero as the flow rate was varied from
Oto13ems™.

The purple membrane was extracted from Halobacterium
halobium strain ET-1001 (JW-3), by standard methods
{(Oesterhelt & Stoeckenius, 1974), and suspended in phosphate
buffer at pH 7. The sample was light-adapted by exposure
to light from a 40-W lamp for 30-40 min. Light adaptation
was verified by the shift in the absorption maximum from 558
nm in dark-adapted BR to 566 nm in light-adapted BR. The
optical density of the sample was about 1.2 at wavelength 566
nm. All measurements were taken at a sample temperature
of 25 °C.

RESULTS

Light-adapted bR was excited with pump pulses at 566 nm,
and the time-dependent linear dichroism, A4, — A4, = log
(1, /1) was calculated from the intensities measured parallel
and perpendicular to the pump polarization. Since linear
dichroism signals may become saturated at sufficiently high
excitation pulse energies, resulting in excitation of a broader
orientational distribution in the sample, we measured the re-
lationship between the dichroism signal at 640 nm and the
intensity of the excitation pulse as shown in Figure 3. The
intensities of the dichroism signal at 1 ns after excitation are
plotted against the intensities of excitation pulses. The signal
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FIGURE 4: Time-resolved linear dichroism scans over the 10-us range.
Light-adapted bacteriorhodopsin was excited at 566 nm and probed
at 640. 610, 590, and 545 nm. The dichrosim A4, — A4, is given
in absorbance units. The data are plotted as a solid line. Fits of the
data to a three-exponential function (see Table I) are plotted as a
thick dashed line.
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FIGURE 5: Transient absorption scans over the 10-us range.
Light-adapted bacteriorhodopsin was excited at 566 nm and probed
at 640, 610, and 590 nm. The transient absorption A4 is given in
absorbance units. The data are plotted as a solid line. Fits of the
data to a double-exponential function (see Table 1) are plotted as a
thick dashed line.

increased linearly until the excitation energy reached 0.8 ul,
while above this energy the signal appeared to become satu-
rated. Under conditions of high excitation energy, we have
observed a concomitant decrease of the measured anisotropy,
r(1). defined by

AA () — A4, (1)

T A0+ 234, ()

r(1) (1)
For example, r(r) was 0.38 and 0.25 with the pump energy
0.6 and 6 uJ, respectively, measured at 1 ns after the excitation
at a probe wavelength of 610 nm. Since saturation can
strongly influence the measured signals, we used a pump en-
ergy of less than 0.65 yJ to avoid artifacts.

TRLD scans were measured at probe wavelengths from 545
to 640 nm. For comparison, transient absorption decays were
measured with the probe polarization set to the magic angle
(54.7°) with respect to the pump polarization. Since the time
dependence of these scans is independent of rotational motion,
the results measure only the transient absorption in the sample.
Comparison of the TRLD scans and transient absorption scans
furnishes information about the orientational motion in the
sample.

TRLD decays for 10-us scans are shown in Figure 4 for
probe wavelenghs 640, 610, 590, and 545 nm. Transient
absorption decays are shown in Figure S for probe wavelengths
640, 610, and 390 nm. TRLD and transient absorption signals
obtained with a probe wavelength of 550 nm are displayed
together in Figure 6, to facilitate direct comparison. The step
size in Figures 4-6 was 52.8 ns. These scans were fitted by
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Table I: Lifetimes of the Transient Absorption and Linear Dichroism Scans Fitted to the 10-us Range

linear dichroism

transient absorption? fit 14 fit 2¢
probe wavelength (nm) 7,¢ (ns) aj/a; ¢ a,/a, 7,¢ (ns) a/as a,/a;
545 1.61 £ 0.05 us 0.20
550 798 £ 180 0.02 1.26 £ 0.04 us 0.09 647 £ 180 0.04 0.66
590 829 £ 15 0.62 976 £ 17 ns 0.91 725 £ 63 1.10 0.64
610 798 £ 11 1.69 862 £ 6 ns 2.50 725 £ 16 2.56 0.64
640 799 £ 17 2.08 753 £ 6 ns 3.03 734 £ 18 3.11 0.11

F(1) = a, exp(-1/7)) + a; exp(-t/40 us) + C. bF(t) = a; exp(-t/1|) + a, exp(~t/1.61 us) + a; exp(~¢/40 us) + C. “Error estimates are plus

or minus one standard deviation, estimated from the least-squares analysis.

Table 11: Lifetimes of the Transient Absorption and Linear Dichroism Scans Fitted to the 160-us Range

transient absorption?

linear dichroism?

probe wavelength (nm) 75 (us) ,b (us) a,/a, 75 (us) 2% (us) a,/a,
550 1.18 £ 0.20 40.0£0.3 0.38 2.59 £ 043 37.2x0.2 0.12
590 1.36 = 0.03 43.6 £ 0.6 1.25 1.46 £ 0.04 457 £ 0.8 1.30
610 1.30 £ 0.04 427 £ 1.1 2.24 1.31 £ 0.03 409 £ 1.0 2.89
640 1.37 £ 0.05 38818 2.81 1.37 £0.03 400x 1.8 4,24

4F(1) = a, exp(~t/7,) + a; exp(-t/ 1) + C. ®Error estimates are plus or minus one standard deviation, estimated from the least-squares analysis.
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FIGURE 6: Time-resolved linear dichroism and transient absorption
scans at a probe wavelength of 550 nm. Light-adapted bacterio-
rhodopsin was excited at 566 nm. Transient absorption and linear
dichroism are plotted in absorbance units. The data are plotted as
a solid line. Fits of the data (Table 1) are plotted as a thick dashed
line. LD, linear dichroism; TA, transient absortion.

nonlinear least squares to multiple exponential functions with
the Levenberg—Marquardt algorithm.? The results are tab-
ulated in Table I. The intermediates of bR present over this
time range are Kg,o and L, (see Figure 1). Therefore,
population lifetimes for these intermediates were obtained from
the magic-angle scans fitted to two exponentials, one ac-
counting for the K¢, decay and another for the Lss, decay.
In these fits, 7,, the lifetime of Lssq state, was fixed to 40 us,
the lifetime obtained from 160-us scans. The results of these
fits yield lifetimes of ca. 800 ns for K¢, at probe wavelengths
of 550, 610, and 640 nm. For the TRLD scans, on the other
hand, the double-exponential fits with 7, fixed at 40 us yield
wavelength-dependent values of r, ranging from 753 ns to 1.61
us as the probe wavelength decreases from 640 to 545 nm.

The 550-nm scans in Figure 6 were obtained near the
isosbestic point of the K — L transition (Shichida et al., 1983;
Hofrichter et al., 1990). As a result, the amplitude of the
800-ns component is small in the magic-angle scan, and the
population decay is almost a straight line. The observed time
dependence is predominantly due to the 40-us L — M decay.
In contrast, the TRLD decay clearly shows a component which
decays over the 0-6-us range. The ratios of a,/a,, 0.02 and

2 Least-squares fits were performed with ASYSTANT (Asyst Software
Technologices, Inc., Rochester, NY).
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FIGURE 7: Time-resolved linear dichroism and transient absorption
scans over the 160-us range. Light-adapted bacteriorhodopsin was
excited at 566 nm and probed at 610 nm. Transient absorption and
linear dichroism are plotted in absorbance units. The data are plotted
as a solid line. Fits of the data to a double-exponential function (see
Table 11) are plotted as a thick dashed line. LD, linear dichroism;
TA, transient absorption. :

0.09, for the 550-nm transient absorption scan and the TRLD
scan, respectively, shown in Table I, also indicate the near-
absence of this component in the magic-angle scan at this
wavelength. The decay component in the TRLD signal at 545
nm yields a 1.61-us time constant, longer than the population
decay of the K¢,q intermediate but much shorter than the
population decay of Lss;. Since the TRLD scans over the 10-us
time range at other probe wavelengths may also contain a third
decay process, in addition to the K;; and Lsso population
decays, we fitted these scans to a three-exponential function
in which 7, and 75 were fixed at 1.61 and 40 us, respectively.
The results of these fits are are presented in Table 1. The fits
yield in each case lifetimes shorter than the lifetime of the Ko
intermediate as shown in Table 1.

Figure 7 shows representative TRLD and transient ab-
sorption scans over a time scale of 160 us at 610 nm. The step
size for these scans was 1.32 us. these scans consist of a fast
decay and a slow decay. Similar signals were obtained at probe
wavelengths of 550, 590, and 640 nm (not shown). Fits to
double-exponential decays are summarized in Table II. The
lifetimes of the slow decay are all about 40 us for both transient
absorption and TRLD scans and are within experiment error
of each other. This lifetime is consistent with that of previous
measurements of the lifetime of Lssy (Hofrichter et al., 1989).
A fast decay of 1.2-2.6 us is also found, although it cannot
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be determined accurately due to the large step size in these
scans.

DISCUSSION

Analysis of TRLD and Transient Absorption Decays. Both
the transient absorption and the TRLD scans in Figures 4 and
5 show a strong dependence on probe wavelength consistent
with the absorption spectra of bRss,. K¢y, and Lssg. For
example, both the transient absorption and the TRLD signals
immediately following excitation are positive for wavelengths
of 610 and 640 nm, wherc the absorption coefficient of K¢q
is larger than that of bRs;5. At 590 nm, where bRs;; and Ko
have nearly the same absorption coefficient, only a small
change in the probe intensity is observed upon excitation near
1 = 0. Similarly, the relative absorption coefficients of Kgq
and Lssg are reflected in the relative amplitudes of the decay
components assigned to Kq;q and Lssg in the fits to these scans.
The lifetimes of the decays. however, should not depend upon
probe wavelength. and we find that double-exponential fits to
the transient absorption scans vield Icftimes (7,) that do not
depend upon probe wavelength within experimental error.

The behavior in the TRLD scans is distinctly different. In
contrast to the fits to the transient absorption scans. the
double-exponential fits to the TRLD scans yield values of 7,
that depend systematically on probe wavelength (Table I).
This result suggests that more than two decay components are
present over the 10-us range. The three-exponential fits to
the TRLD scans. on the other hand. result in lifetimes that
are independent of wavelength apart from experimental error.
Since a third decay component was not detected in the tran-
sient absorption scans, we believe that it is associated with
reorientation of the transition dipole moment in the protein.
The slow component found in both the transient absorption
and the TRLD scans is assigned to the lifetime of Lsso. The
wavelength dependence of the amplitude of a, relative to a;
in the TRLD scans shows that the fast component is related
to the K¢, intermediate. since the value of a,/a; increases as
the probe is tuned to longer wavelengths. The existence of
a third decay component intermediate between the fast and
slow decays is most clearly shown by comparison of the
transient absorption and TRLD scans at 550 nm in Figure 6.
The transient absorption scan decays almost as a straight line
over this range duc to the lifetime of Lss, whereas the TRLD
scan has a decay component between 0 and 6 us besides the
slow decay of the Lgso intermediate.

In the 545- and 550-nm scans, the amplitude of the com-
ponent 7 is small because of the near-equality of the ab-
sorption coefficients of Ko and Lssp at these wavelengths. The
effect of Kgjp at longer wavelengths is to shorten the fast
component in the two-exponential fits to TRLD decays (sec
Table ). For this rcason. in the three-exponential fits at longer
wavelengths, we choose 1.61 us from the 545-nm scan, where
the contribution from Kg)q is smallest, as the time constant
7, associated with orientation motion. Since K¢;q may still
contribute somewhat at 545 nm, this value provides a lower
limit to the time constant 7, in the three-exponential fits. At
higher wavelengths. the amplitude a, of this component scales
with the amplitude a; of the 7 component (with the exception
of the 640-nm scan, where Lsso absorbs negligibly and
therefore the contribution from Lssg is too small to obtain
accurate values of @, and a3). These results demonstrate that
the orientational motion is associated with Lsso. Supporting
this assignment is the fact that the time constant, 1.61 us. is
longer than the lifetime of K¢ . We conclude that immediately
following formation of Lgsy a reorientational motion occurs.
The nature of the motion is discussed further below.

Wan et al.

Anisotropy Decay and Restricted Motion. The time de-
pendence of the TRLD scans over this time range can be
expressed
AA(D) = AA (1) = d[og(M) F(Drg(t) +

oL (MFLDrL(1) + owr(A) Fr(D)rr(1)] (2)
where d is the optical path length, ¢,()\) is the absorption
cross-section of intermediate / at probe wavelength A, Fi(¢)
is the population of level 7 at time ¢ induced by the pump pulse
(Wan et al., 1990), and r,(¢) is the anisotropy of intermediate
i (Cross et al., 1983):

A\\i([) - Ali(t)
rdt) = —————— (3)

AN+ 2410
Here A (1) is the absorption coefficient of intermediate i
parallel or perpendicular to the exciting polarization. Over
the 10-us time scale, the population kinetics can be written:

F(1) = pet/7x (4a)
F(t) = ob [e/m — e7i7K] {4b)
Fyr(t) = -¢ (4c)

where ¢ is the photochemical quantum efficiency. (Note that
the population change of bRssq, Fyg, is negative.)

If no rotational motion occurs on this time scale, rg(?), 7 (2),
and ryp (1) should be constant, and the TRLD decays should
be similar to the transient absorption decays, which yield the
rate constants for the Ko and Lss, intermediates. Since the
TRLD decays are different from the transient absorption
decays, as evidenced by the fitting parameters in Table I and
shown clearly in Figure 6, we conclude that anisotropy decay
occurs in bR on this time scale. Any conformational motion
on this time scale must be restricted. As a result, the an-
isotropy, e.g., (7). cannot decay completely. The anisotropy
decay in this case can be represented most simply by the
empirical expression:

ri(1) = [r(0) = ri()]e b + p () ®)

A similar expression can be written for r¢(f). The expected
TRLD time dependence can then be expressed with the an-
isotropy decay in Lssq explicitly included in the terms involving
TL:
AA () - A4 (1) =

dolag(N)rx(t) — a (N byr ()] exp(—t/7¢) +

depa (Mb[r (0) = ri(=)] exp —[L +—

L Tor(L)
doo (Mbyri (=) exp(=t/7) — dpawr(MNreg (6)

If orientational motion occurs, at least three decay components
arc expected over this time range [neglecting for now any time
dependence in the coefficient of exp(—t/7y)].

By comparison of eq 6 with the three-exponential fitting
function in Table [, we assign 7, = 7. 7, = [r 7' + 7,7 (L)),
and r; = 7. The amplitudes a;, a,, and a; are the corre-
sponding coefficients, and C represents the constant contri-
bution from bR;,. From the values 7, = 1.61 us and 73 =
40 us. we find the time constant for orientational motion, 7,(L)
= 1.7 ws. Since the value chosen for 7, is a lower limit (see
above), this value for the rotational time constant should also
be regarded as a lower limit of 7,(L). Clearly, however, the
orientational motion occurs on the time scale of the K¢ g —
Lsso transition.

According to this analysis, the shortest liftime in the
three-exponential fits to the TRLD scans should yield the
lifetime of the TRLD decay of K¢jp. As shown in Table I,
the fits yicld a lifetime 7, between 647 and 734 ns, which is
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somewhat less than the population lifetime of K4 (about 800
ns) determined from the transient absorption scans. A similar
situation was observed in the results of time-resolved polari-
zation spectroscopy experiments in our laboratory (Wan et
al.,, 1990). Several explanations can be offered for the
shortened values of =,. First, we have neglected the time
dependence of r; () in the coefficient of the fast decay in eq
6. This component will combine with the decay in ¢ to
contribute a shortened component (~ 500 ns) which is not
resolvable from 7. The fitting parameter 7, is a weighted
average of 7¢ and [r¢™' + 7,7'(L)]™!, which is shorter than
Tk. A second explanation is that the short value of 7, may
be an indication of orientational motion of Ko on the time
scale of the K40 — Lsso transition. In principle, such reori-
entation would also lead to another component in the TRLD
decay, with lifetime [r¢™' + 7o, '(K)]™!, where 7,(K) is the
orientational time (Wan et al., 1990). However, as for the
contribution from 7(L), this time constant may be too similar
to 7 to be resolved in least-squares fits. The result would
again be a lifetime that is the weighted average of [r¢! +
7o {(K)]™" and 7y, and an apparent shortening of the fast decay
component. It is also possible that the 1.7-us component
contributes to some extent to the transient absorption scans,
that is, that a change in the optical spectrum occurs as well
as orientational motion with this time constant, thus causing
an apparent lengthening of the time constant 7, in the transient
absorption scans.

Our results also allow us to estimate the anisotropy change
ri(0) — ri(=) from the measured ratio of a,/as, as follows.
From eq 6:

a; _ r0) = (=)

a, r()
From a,/a; = 0.66, we obtain an upper limit [with r (0) =
0.4] of 0.24 for r; («). The anisotropy is directly related to

the angle between the probe transition dipole moment and the
excitation polarization by (Ahl & Cone, 1982)

r(=) = (3 cos 26 + 1)/10 (8)

We estimate an upper limit of about 30° for the orientational
change of retinal in the Lssy intermediate after the rotational
motion. The result is larger than the 15~20° estimated to
occur within 1 ms by Ahl and Cone (1984). The reason for
the difference may be the differing time scales of the exper-
iments. That is, dichroism detected at | ms may involve
further orientational motion occurring after that detected in
our experiments. In addition, the 1.6-us time constant was
obtained from a double-exponential fit to the TRLD scan at
545 nm, and may include a contribution from the decay of
Kgi0, resulting in a value of a, that is too large.

The 160-us TRLD and magic-angle scans (Figure 7) span
the time scale of the Lsso — My transition. The lifetimes
determined from these scans (Table II) are in each case
identical within experimental error. These results show that
the TRLD decay of 40 us is due to population decay of Lsg.
We find no evidence for orientational motion on the time scale
of the Lsso — My transition.

Protein Conformation Motion. According to the above
analysis, our results provide evidence for reorientation in bR
associated with the K4,g — Lss transition. The present results
cannot, however, distinguish between localized motion within
the protein and reorientational motion of one member of the
trimer with respect to the purple membrane. Motion of the
trimer as a whole within the membrane occurs on a time scale
of ca. 100 ms, if at all (Ahl & Cone, 1984), and does not
contribute on the microsecond time scale. Protein confor-
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mational motion in the K¢ — Lss, transition is consistent with
the effect of solvent viscosity on the kinetics of this step, which
showed a dependence proportional to 77925 (Beece et al., 1981).
In contrast, the Lss; — My, transition rate was found not to
depend on solvent viscosity.

Any protein conformational change associated with a step
in the bR photocycle may well play a role in the proton-
pumping mechanism. Recently, Mathies and co-workers
(Fodor et al., 1988; Lin & Mathies, 1989) proposed a pro-
ton-pumping model whose key feature is a T — C protein
conformational change after proton transfer from the Schiff
base in the Lssq — My, step, to ready the protein for re-
protonation of the Schiff base, and a reverse C — T confor-
mational change in the N — O step. (“C” and “T” denote
the protein conformations characteristic of the 13-cis- and
all-trans-retinal structures, respectively.) Henderson et al.
(1990) have also proposed that protein conformational changes
occur in the course of the photocycle. In their model, three
protein conformational changes are invoked. The first, in the
Kg10 — Lssg step, engenders a protein conformation conducive
to proton transfer from the Schiff base to Asp-85. A second
conformational change in My, separating “early” M from
“late” M, prepares the protein for proton transfer from Asp-96
to the Schiff base. Finally, the initial protein conformation
is regenerated upon completion of the photocycle.

Our results showing reorientation in Lss in 1.7 us are
consistent with a model involving a protein conformational
change in the K4, — Lssq step. This conformational change
may be triggered by the K4 — Lsso transition. Alternatively,
it may be a continuation of conformational motion initiated
earlier. Since anisotropy decay in K¢, as well as in Lssy cannot
be ruled out (see discussion above), the conformational motion
may begin in Kgo and occur more or less simultaneously with
the K¢ — Lsso transition. It is important to note that the
present results do not exclude the possibility of a protein
conformational change in the Lyso — My step, although we
do not detect orientational motion in this step.

Ahl and Cone (1984) conclude on the basis of experiments
with millisecond resolution that the excited BR monomer
rotates by 15-20° before the formation of M. They assign
this motion to monomer rotations rather than internal motion
of the chromophore on the basis of gel and glutaradehyde
fixation, which they expect to immobilize monomers. This
rotational motion could also be caused by a conformational
change within the excited monomer that is restrained by
glutaraldehyde fixation. This motion, unresolved in their
experiment, could be the 1.7-us conformational motion ob-
served in Lss, or it could be associated with a later motion,
such as the transition from early M to late M proposed by
Henderson et al., consistent with a strong solvent viscosity
dependence late in the photocycle (Beece et al., 1981).
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Antibody Directed against the 142-148 Sequence of the Myosin Heavy Chain

Interferes with Myosin-Actin Interaction’
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ABSTRACT: It has been reported recently that the isolated and renatured 23-kDa N-terminal fragment of
rabbit skeletal muscle myosin binds tightly to F-actin in an ATP-dependent manner [Muhirad, A. (1989)
Biochemistry 28. 4002-4010]. The binding to actin is of electrostatic nature and may involve a positively
charged cluster of residues on the 23-kDa fragment stretching from Arg-143 to Arg-147. An octapeptide
containing this positive cluster was synthesized and coupled to BSA through a cysteine residue added to
the N-terminus of the peptide. Polyclonal antibody was raised against the BSA-coupled peptide in rabbits
which recognized the N-terminal 23-kDa fragment of rabbit skeletal myosin subfragment 1. and a peptide
comprised of residues 122-204 of the 23K fragment in Western blots. The purified antibody [IgG and F(ab)]
inhibited the actin-activated ATPase activity of S1 without affecting its Mg>*- and K*(EDTA)-modulated
ATPase activity. Both IgG and F(ab) decreased the binding of S1 to F-actin in a sedimentation assay,
and actin inhibited the binding of both IgG and F(ab) to S1 in a competitive binding assay. The cysteine
thiol of the synthetic octapeptide was labeled by the fluorescent thiol reagent monobromobimane, and the
labeled peptide was found to bind to actin in a sedimentation assay. The results support the possibility that
the positively charged Arg-143 to Arg-147 stretch of residues on the 23-kDa fragment participates in actin
binding of myosin and may represent an essential constituent of the actin-S1 interface.

T]C interaction of myosin with actin and ATP is the basis
of the molecular mechanism of muscle contraction and of
many events involved in cell motility. The head segment of
myosin, called subfragment 1 (S1).! contains two distinct sites
responsible for actin and ATP binding. In order to understand
the interaction between myosin, actin, and ATP, it is essential
to characterize the two binding sites. The cleavage of S1 by
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States—Israel Binational Research Foundation (BSF), Jerusalem. Israel.
* Address correspondence to this author.
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trypsin into three major protease-resistant fragments—23, 50,
and 20 kDa aligned in this order (Balint et al., 1978)—which
are considered to be domains (Mornet et al., 1981), helps to

! Abbreviations:  PMSF, phenylmethanesulfonyl fluoride; SMPB,
sulfosuccinimidyl 4-(p-maleimidophenyl)butyrate: PBS. phosphate-
buffered saline; SDS-PAGE, sodium dodecyl sulfate—polyacrylamide gel
electrophoresis: ELISA, enzyme-linked immunosorbent assay; EDC,
I-cthyl-3-[3-(dimethylamino)propyl]carbodiimide; MBB, monobromo-
bimane: NTCB, 2-nitro-5-thiocyanobenzoic acid; LC, light chain; TPCK,
L-1-(tosylamino)-2-phenylethyl chloromethyl ketone: S1, myosin sub-
fragment 1.
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