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ABSTRACT The fluorescence quantum yields () for bo-
vine and squid rhodepsins are determined. Both pigments
yield similar results, with an average value for ¢ of 1.2 (+0.5)
X 107%, Since the estimated radiative lifetime of rhodopsin is §

. nsee, the rate constant of the process that competes with fluo-

reseeitce must be on the order of 0.1 psec. Given the large
quantum yield for isomerization of rhodopsin’s retinal chro-

- mophore, this process is filely to correspond to the miation

“~ along retinal’s C11-C12 torsional coordinate that leads to cis—

_ frans isomerization. An empirical excited-state potential ener-

gy curve along this coordinate is derived. It is shown that sub-
picosecond torsional motion te highly twisted nonfluorescing
regions of the potential is possible and, in fact, likely. Quy
results require the existence of a barrier-less excited.state po-
tential energy curve and suggest that cis—frans isomerization
oceurs in <I psec,

Visual pigments consist of a singie chromophore, 11-¢is reti-
nal, covalently bound in the form of a protonated Schiff base
to the e-amino group of lysine-321 in the apoprotein opsin
(for a recent review, see ref. 1). The visual process is initiat-
ed by a photochemical event in which rhodopsin is trans-
formed into its primary photoproduct, bathorhodopsin. It
has been well-established that the rhodopsin to bathorho-

_ dopsin transition is driven by an 11-¢is to all-trans photoiso-

merization of the in sifu retinal chromophore. Given the cen-
tral importance of this process, great efforls have been in-
vested in its detailed characterization.

The potential energy curve along the C11-C12 torsional
coordinate that connects the rhodapsin and bathorhodopsin
ground states can be described with considerable accuracy
(2, 3). There is an unusuaily large enthalpy increase, the val-
ue of which has been determined by Cooper to be 35 keal/
mol (1 cal = 4.184 ]) (3), Based on this value and the absence
of a thermal back-reaction at 77 K, a lower limit for the acti-

- vation energy of 42 keal/mol can be established (see below),

As we discuss below, the upper limit is at most a few kcal/
mol higher than this value. The unusual shape of the ground-
state potential is due to specific protein-chromophore inter-
actions designed to enhance the stability of rhodopsin to
thermal isomerization and to produce the high energy photo-
product bathorhodopsin (2).

The excited-state potential energy surface is clearly de-
signed to facilitate an efficient 11-cis to all-trans photoiso-

merization (2). The quantwin yield for the process is, indeed, .

unusually high (6.67}, and this value remains constant at
temperatures as low as 77 K (4). Moreover, the primary
event is extremely fast, occurring on picosecond, or perhaps
subpicosecond, time scales (5-8). In light of the fact that
protonated Schiff bases in solution do not exhibit such un-
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usual photolability (9), it is of interest to determine how the
properties of the chromophaore are so drastically altered on
binding 1o the protein. Based on an analysis of the photo-
chemistry, it was proposed that rhodopsin and bathorhadop-

sin are connected by an excited-state potential with a single .

minimum along the C11-C12 torsional coordinate (4, 10). Ex—
tended quantum mechanical calenlations can indeed produce
a potential of this type (for a review, see ref. 11); however,
there has been no experimental evidence as to the actual
shape of the curve. Once this is determined it may be possi-
ble to construct models for the protein—chromophore inter-
actions that lead to the observed potential.

Fluorescence from rhodopsin has been difficult to observe

because of its apparently low quantum yield and the pres-

ence of sample impurities, Recently, however, the rise and
decay times of the fluorescence of bovine rhodopsin were
measured and found to be <12 psec at room temperature
(12). In this paper, we report the quantum yield of fluores-
cence for squid and bovine rhodopsin. The vields are so
small (=12 x 107" that they require the existence of an
extremely rapid decay mode that competes with emission.
Given the high quantum yield for photoisomerization, this
mode almost ceriainly invoives torsional motion about the
C11-C12 doubte bond. In the discussion, we show that our
results require a barrier-less excited-state potential along
this coordinate. Finally, although our measurements detect

only the earliest part of the process, our results suggest that

photoisomerization may occur in times as short as a few
tenths of a picosecond,

METHODS AND MATERIALS

The apparatus used in the fluorescence kinetics measure-
ments has been described (13, 14). A single pulse (1054 nm)
from the output of a mode-locked Nd/glass laser was select-
ed and amplified. The second harmonic at 527 nm was used
fo excite the sample. The exciting beam was collimated to a
spot of 1.5 X 1072 cm? and of average density of 8 x 10" to

1.6 x 10" photons/cm?. The energy of the pulse was mea-.

sured using a Hamamatsu photodiode. The samples were
frontally excited and the fluorescence was collected and fo-
cused onto a 50-um entrance slit of a Hamamatsu streak
camera. Two 530-nm cutoff filters (3-67 Corning) were
placed in the path of the fluorescence to eliminate any scat-=
tered laser beam. The Hamamatsu camera was coupled to 2
GBC video camera. The data were acquired by a Hamama-
tsu temporal analyzer and were processed in a DEC Minc
minicomputer. The fluorescence curves were corrected for
time and intensity nonlinearities. The time resolution
(FWHM) of the laser-streak camera system was about 15
psec. In some of the measurements, various filters were
placed in the fluorescence path to obtain a rough measure of
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the emission spectral profile. The following filters were
used: the step function R64, R66, and R68 filters (Hoya Op-
tics, Fremont, CA) and th 2-62 filter (Corning), which pass
high wavelengths and whose half-maximum transmissions lie
at 640, 660, 680, and 620 nm, respectively; the step function
SPF 620 (Ditric Optics, Hudson, MA) filter, which passes

short wavelength radiation and whose half-maximum trans-—

mission lies at 620 nm; and a narrow band pass filter (which
we call NBF 620) whose maximum transmission is at 620 nm
with a FWHM of 10 nm.

Squid rhodopsin (Todarodes Pacificus), a gift from Tatsuo
Suzuki, was prepared by the method of Suzuki ef al. (15).
The sample was treated with hydroxylamine and then passed
through Sephadex G-100, resulting in a solution free from
retinochrome. Squid rhodopsin was solubilized in 0.2% digi-
tonin and 0.2 M NaCl, Bovine rhodopsin was prepared by
the method of Papermaster and Dryer (16). The Aago/Ase
absorbance ratio was found to be =2.5, The rhodopsin outer
segments were suspended in 0.067 M potassium buffer (pH
6.8), and 0.1 M hydroxylamine was added to reduce any free
retinal arising from the photolysis of rhodopsin.

The fluorescence of rhodopsin was compared to the
known fluorescence quantum yield (17) of erythrosin (East-
man Kodak; erythrosin disedivm salt, P110) in water. The
fluorescence measurements of rhodopsin and erythrosin
were taken under identical conditions of scattering geome-
try, diameter of exciting beam, slit width, microchannel
plate gain, and sweep speed,

A 2-mm cuvetite was connected to a piston pump and res-
ervoir containing =15 ml of sample. The sample was circu-
lated to replenish photolyzed rhodopsin. A 2-mm cuvette
was used for erythrosin. All measurements were taken at
room temperature. The optical density of the solubilized
squid rhodopsin was 1.2 at 527 nm. The optical density of
bovine rhodopsin was 0.56 at 527 nm. The bovine outer seg-
ments, however, also showed a high scattering of =1.4 OD,
because the samples were not solubilized.

RESULTS

Fig. 1 a and b shows typical flucrescence kinetics (integrated
from 560 to 800 nm) from squid rhodopsin and alkaline me-
tarhodopsin, respectively. The metarhodopsin species was
formed by a lamp irradiating the rhodopsin sample at pH
10.5 at room temperature. This converied squid rhodopsin
{absorption maximum, 485 nm) to alkaline metarhodopsin
{(absorption maximum, 380 nm). Fig. la can be fitted to a
biexponential with a “fast” component, which is resolution
limited, ‘and a “slow" component with a lifetime of =200
psec. The fast component disappears in the data of Fig. 15,
leaving only the slow component. In a previous study of bo-
vine rhodopsin (32), a similar vnresolved fast and resolved
slow component was observed, the former disappearing
when the sample was bleached in the presence of hydrox-
ylamine, The slow component wouid appear to arise from
some fluorescing center (possibly impurities) not associated
with rhodopsin chromophore. The fact that the fast compo-
nent disappears on “bleaching” suggests that it arises from
the chromophore of rhodopsin. Furthermore, the deter-
mined quantum yields of both squid and bovine rhodopsins
(see below), based on the fast component, are the same with-
in our signal-to-noise ratio. This observation also strongly
implies that the fast fluorescence component is due to the
intrinsic chromophore. The final decisive proof could be
provided by an action spectrum of the fast component, but
this experiment is not possible with our present equipment.
In what follows, we make the operating assumption that the
unresolved fluorescence is due to the chromophore of rho-
dopsin and not from some other source, At the very least,
our results provide an upper limit to the fluorescence quan-
tum yield.
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Fi1G. 1. Typical fluorescence kinelics infegrated from 560 (o 860
nm of squid rhodopsin {4) and squid alkaline metarhodopsin (b) ex-
cited by a 527-nm pulse.

We obtain the integrated intensity of the fast component
by extrapolating the intensity kinetics of the slow component
to zero time and subtract this from the observed fluores—
cence of Fig. 1a. A scries of cut-off fillers were used to ob-
fain the emission profile. By suitably subtracting the ob-
served emission intensity from one filter by another, the
emission within a wavelength window can be obtained. The
squid emission spectra for both the slow and fast compo-
nents are given in Fig. 2. The horizontal bars represent the
window half-width (FWHM). As can be seen, the fast emis-
ston peaks at =620 nm.

The fluorescence of erythrosin at 1 mM concentration was
also taken under identical conditions. The relative quantum
yield of rhodopsin is given by

In N,
R . ‘RIVE ,p
& IENRQ&f

where ¢F is the quantum vield of erythrosin (0.02), and Iy
and I are the time-integrated intensities of the fluorescence
of thodopsin and erythrosin, respectively. The integrated in-
tensities are normalized for the intensity of the exciting
pulse, the gain of the temporal analyzer, the spectral re-
sponse of the streak camera, and, in the case of the erythro-
sin, for the neutral density and the two 530-nm cutoff filters
in front of the camera. N and Ng are the percentage of pho-
tons absorbed by erythrosin and rhodopsin samples, respec-
tively.

Bovine rhodopsin was measured under the same condi-
tions. Fig. 3 @ and b shows typical data on the integrated
fluarescence emission (from 560 to 800 nm) of thodopsin and
bleached rhodopsin, respectively. The rhodopsin samples
used here show a greatly reduced slow-emission component
relative to that previously reported. Here we observe pri-
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FiG. 2. Fluorescence emission profile of squid_ rhodopsin. Dashed curve, fast component; dot-dashed ¢irve, slow componeit. TF, total

integrated fluorescence.

marily the unresolved fast emission (Fig. 3a), which disap-
pears in bleached samples (Fig. 3b). This confirms our previ-
ous assignment (12) of the slow component as arising from
fluorescing centers not associated with rhodopsin’s active
site, because the intensity of the slow component clearly
changes with sample preparation. Within our’s.i_gh'a!'-t_‘t}fnoise
ratio, the emission characteristics of the fast component are
the same as those found for the squid pigment except that the
emission peak is shifted to =600 nm. The ertor in ‘determin-
ing the emission peak is about +15 nm for both ) igments.

Two separate samples were measured for both of the squid
and bovine pigments. Using ¢f = 0.02, we found ‘an average
@ = 0.9(x0.5) x 1073 and 1.4 (£0.4) x 107 for the squid
pigment and ¢ = 1.3 (20.6) x 107° and 1.3 (£0.4) x 10~
for the bovine pigment,§ Each run of the four samples' con-
sisted of 10-15 actinic pulses, and the error is thé standard
deviation of the individual runs. In the discussion below, we
use the average value of ¢y = 1.2 (£0.5) X 107> as the quan-
tum yield of rhodopsin. : o

In our measurements, a possible source of systematic er-
ror can arise from the photochemistry of rhodopsin. It is well
known that rhodopsin is first photoconverted to bithorho-
dopsin and then to isorhodopsin. Both these ‘pigments can
absorb subsequent photons and could contribute to thé ob-
served fluorescence, depending on their concentration and
on fluorescence quantum yields. To exathine this possibility,

a mathematical analysis of the photochemistry, using known .

absorption cross-sections, photochemical quantum yields,
and our light power densities was undertaken to quantify the
amount of bathorhodopsin and isorhodopsin formed during
the actinic pulse. We found that the average amount of these
species present during the pulse was 6% bathorhodopsin and
3% isorhodopsin in the squid experiments and 30% batho-
rhodopsin and 6% isorhodopsin in the bovine experiments.
These numbers introduce errors that are within our standard
deviations, and the fluorescence quantum yields given above

$Using other methodologies, R. R. Birge, J. A. Bennett, and L. P,
Murray (personal communication) found a quantum yield for bo-
vine rhodopsin of 7.8 (+2.3) x 107, a result in good agreement
with ours, .

y : Peog.
' I by

have not been modified on'their account. Furthermore, it is-

- unclear what corrections to make. Our previous résaits (12)

showed that the fluorescence quantum yield from isorhodop-
sin is similar to that' of rhodopsin so that any-correction
-would simply scale with isorhodopsin’s concentration, ah in-
significant correction compared to other uncertainties. How-

“iever,-we do not know the fluorescence charactéristics of

bathorhodopsin at this time. If bathorhodopsin’s: quantum
yield were 10-20 times larger than rhodopsin’s;:the dBserved

- -fluoréscence would be dominated by:this pigmgf:nt,-'and our

sresults would be an'.upper limit to rhodopsih's-“qhan_tum

Lavi
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FiG. 3. Typical fluorescence kinetics integrated from 560 to 800
nm of bovine rhedopsin (¢} and bleached bovine rhodopsin () excit-
ed by a 527-nm pulse, ‘
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DISCUSSION

As mentio ”cdlg the Injroduction, the extremely Jow fluores-
cence quanium yield :mplles the existence of a rapid process
hat campetes \}f m emission. Given the large quantum yield
for isomerization, this | grocess is likely to correspond to the
mp;;qp along Zhe -1 tors:onal coordinate that leads (o
4 -qutr.g ISOp]ﬂngﬂOO Th;s view is certainly markedly re-
. gl}i(b}'geg by Tecept measuremenis on a synthetic thodopsin
with a seven- membered ring chiomophore (18). Torsional
metion aboyt the C11-C12 double bond is quite hindered,
qg thp gbsg{veq ﬂuprescence guantum yield is substantially
h;ghe[ aﬁr pdaopsin. In the followmg, we consider the im-
plications of 3 simple’ model in which, after excitation, the

chramo 'hP*’e moves along a smgle coordinate as shown in
F:g 4, ?mc{mﬂ conversion to the ground state will be ig-
qorcd in oyr treagment. This is Justified, because we are con-
cemed prm]arlly WIth motion at relatively small values of the
C11-CIZ torsmpal angle 8, while decay to the ground state is
expe pq 5] bepome large pnmanly in the crossing region
near 0 = 90" (ref. 11 and leferences therein). In fact, Dinur
and Sharf (19) hEWe shown in a recent publication that inter-
gal convers; gR in ﬂ‘se planar conflgulatlon of rhodopsin
shopld be ex;remeiy slow,
g is qseﬂll tadefinca radiative lifetime, 7(6), which varies
Epg;qop of toysxonai angle. 7,(0) has been estimated
a‘pq\ ihe mtegra;e area ungjar the absorption band to be §
nsee (12) As the molecule moves along the excited-state sur-
fage, 7(9) varies due primarily to the v * dependence of the
Emstgin coeff icient fpr spoqtaneous emission, {Calculations
;qcigga‘te l'\at thg u'a,nsmpn dipole is not affected significantly
W changes in ¢, in agreement with the Condon approxima-
p'pn pnpub{gshed results) 1 Smce the fransition energy de-
creases !,‘amatlg;aiiy as fincreases (from =50 kcai/mol atQ°
to, neat ' kcal/mol_ at § = 90%, 7,(6) should increase over
many prd\crs of qttude We define the fluorescing region
a§t e 1ange of dover which “most™ of the observed fluores-
cenee is ¢m|u¢d (se¢ below). To estimate the fluorescing re-
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FiG, 4. A scheme of the ground- and excited-state potential sur-

faces along the chromophore C11-C12 torsional coordinate.
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gion, we first derive a simple expression for the transition
energy as a function of 6.

As shown in Fig. 4, we represent the ground-state poten-
tial, frorn 0?10 90°, with a function of ihe form U, = E"sin’ 2g,
wherc E‘* 18 the achvat:on energy. For the chlcken cone plg-
ment ;odopsm the activation epergy for the back-reaction,
bathorhodopsm to iodopsin, has been estimated to bg >7
lccal/mol 20). Addmg this value to the rhodopsin to batho-
1hodopsm enthalpy increase of 35 kcal/mol, we arrive at a
lower limit of B = 42 keal/mol. The upper limit cannot be
much greater than this value, because rhodopsin begins ab-
sorbing light at wave]cngths corresponding to =~48 kcal/mol,
We arbmanly choose a mean between these two values and
assume that £ = 45 keal/mol. A similar value has been de-
rived previously by Cooper {3) based on closely related con-
siderations. It shobld be pointed out that the conclusions of
our anqusis are quite insensitive to the exact value of E¥ that
is use

To gnt 1he excited-state potential, we assume a parabola
with a minimum at @ = 90°, If we assume that there is no
curve crossing, we can write

U, = E* + AU + (k°/2)(8 — 90) {1}

where & is a force constant and AU is the vertical distance
at @ = 90° between the top of the ground-state potential and
the bottom of the excited-state potenhal {sce Fig. 4).

Now the excitation energy, AU, is just U, — U,. If, for
snmphcny, we assume that the two curves just touch at 80°,
then AU™ = 0 and

AU (8) = (K/2)(8 — 90 + E* cos? §. 2]

Since AU 0% = S5 keal/mol and E° = 45 kcal/mol, &° i is
found, for this set of values, to be 0.0025 kcal/mol-deg™?
For purposes of the discussion below, we point out that lhe
transition energy decreases to 25 kcal/mol at @ = 45°, 50 that
the ' term in the Einstein cocfficient results in ! (45%) =
0.1 %71 (¢°). Similarly, 7, (60°) =~ 0.01 7,1 (0°). It is apparent
that almost all of the fluorescence is emitted before the mole-
cule reaches 45°, and we thus define the fluorescing region
as 0° < @ < 45° 'This is somewhat arbitrary, but the qualita-
tive analysis presented here is quite insensitive to the actuat
values we use.

The molecule must rotate out of the fluorescing regionina
time, 7 which is an “effective” fluorescent lifetime. This is
related to the quantum yield, ¢r. However, the usnal expres-
sion ¢y = ‘Tf/ 7, is nOt valid in this case, because 7, is now a
variable. It is necessary to perform a time-dependent inte-
gration of 7. over all values of 8 to obtain a correct expres-
sion for the quantum yield (unpublished data). Here we sim-
ply.assume an average value of 7, (8), which we take to cor-
respond to 7, (22.5°—i.¢., the radiative lifetime in the middle
of the flugrescing region. This is found to be 10 nsec. Aver-

. aging our values of ¢y for both sqmd and bovine rhodopsin,

we find ¢y = 1.2 (£0.5) X 107% and thus, 7 = 1.2 (:0.5) X
1671 sec. Our results thus imply that the Chl omophore ro-
tates out of the fluorescing region (from 0° to 45°) in =0.12
psec,

_This is a very short time, and it is important to ask whether
such a rapid motion is consistent with the constraints we
have placed on the potential functions. Assuming a rigid
body rotation of the Schiff base terminus of the retinal mole-
cule plus two carbons in the lysine side chain, a moment of
inertia of 1 = 250 n, -A? may be estimated where nty is the
mass of a proton. Since, depending on the actual motion, the
true moment of inertia may be much smaller than this value,
we will consider [/ as a parameter and determine 7-for values
of I = 250, 100, and 25. Since the period of oscillation in the
excited-state parabola is given by 7, = 2a(I/ k)Y (where the
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Caleulated andg experimental fluorescence lifetines

Tobie 1,
(p

force constant ig expressed in radians), we fing Lo 37 x
04 see for 7 = 250, 1.6 X 107 sec for f = 108, aad 0.5 «
107 see for ¢ = 75.

Now the eqnation of motion aleng the excited-stain peras-

old i piven by
(? - ) = (g)c':m{}!ﬂf/:!:.). [

VWhen 8 = 45° corresponds {o the tim: the excited-sigte
wolectle spends in the finorescencing resion, 7 2y substi-
teting T. inio Eq. Z, we artive at the values for 7 SUnIRa-
tized in Table 1 {for the case ALY = 0y, Itis clear that, even
2ssning a rigid body moment of fnertia (7 = 250}, an ex-
tretnely rapid torsional motion is obiained. Howeaver, the
value of v for this cass is outside the cipsrimentally defined
- Far F =100, the caloulated i COTFEsponds (o the ex.
stnentally defined upper timit, wiiile 7 = 25 is close to the
fower limit, Tt is difficalt to know what vaiwe of Iis aciually
appropriate, For an isomerization in the fias phase, the rigid
body vale g clearly teo large, and valics as smafl an [ = 25
may Ge more realisie (unpublished observaiions). On the
olher hand, isomerization in the protein may require that ress
idues, in addition to the lysine, he displaced; nnd ihis, of
sourse, would increase the effeotive mement of jnertiz,

The experimental vBcertaimics as well as the uncesininiies
i the moment of inertia make it difficul 1o place severe
consiraints on e shape of the excited-siate puiential, For
example, decreasing the well-depth from, say, ilto 2.5 keal/
mol would increase 1ronly by a factor of 2 (see Table 1 for
the case AL/SO - 7.5}, The calculated fifetimes arc teo large
for ] = 250 and 7 = Y00, bug 7 = 25 suilt satisfies the cxpeari-
mental condition,

Accarding 1o our excited state potential function, the mol-
sl veaches the region of & = 0% in 2 time given by T./4, or
fin 0.3-0.5 pseg, depending on the value of 1, Although cur
resulic only measure the beginming of the isomerization pro-
2ess, they do suggest that subpicosecond tsomesization
Haws are possible and evepn likely. This was first demet-
strated by Warshel (71} who reported a classical {rejectory
simafation using his “bicycle pedal™ madel for visual pig-
rsais, More recently Hirge and co-workess {42, 23} have
carried oul extensive simulation surdias an the 1somerization
dviasrics of thodopsin, Our awn uzlysis, while far lesg go-
pivisticalad, has the advantage of both sinplicity and the ab
senee of any detailed assUmption as 1o the exact nane of
the miotion alang (he excited-staie surface, By relating the
Buorescence duartum yield o (v essentin! parameters, the
z of the potential in the Franck-Condon region avd the
Fanetl ol inertia, we are able (o place constraints on specif-

3

™

Lar 0F {F ,‘7’5‘3)

4ol LB LF,

ic models for the phetoisemerizatinn rmechanism in visyal
vigments, More acciraie experimenis as weil ag studies on
various artificiat pigments shauld aflow s 1o further charag-
terize the process,

The low uorescence quantum vield for rhedopsin sug.
aests that the motion along this torsional coordinate fooan-
wsually fast. It is remarkabde {hat the protein matiix aflows
and even facilitates a significani displacement of atoms in
such 2 short time. There are fay precedents for such rapid
Isemerization rates in inoded systess, although direct sibpfe
cesceond meastrements have detectad 5 0,37 vEeC isome-
izziion vate for cis-stilbene in the vaper ehase (24),
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