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ABSTRACT The absorption spectrum of the primary photoproduct (the bathoproduct,
or K) of the purple membrane protein (PM) at —196°C has a maximum at 628 nm and
an extinction coefficient of 87,000. Knowing the absorption spectrum allowed us to
calculate the quantum efficiencies for PM to K and K to PM conversion at —196°C.
Direct measurements of these quantum yields at —196°C gave 0.33+0.05 and 0.67+
0.04, respectively. Determination of relative quantum efficiencies for PM to K and K
to PM conversion by analysis of the absorption spectra of several photostationary-
state mixtures of PM and K at —196°C, however, gave wavelength-dependent quan-
tum efficiencies that appear to be >1. These anomolous results can be readily ex-
plained in terms of energy transfer from PM to K within the trimer clusters of pigment
molecules which exist in the purple membrane. A model for such a transfer predicts an
efficiency of energy transfer from PM to K of about 43%;.

INTRODUCTION

The purple membrane protein (PM568) of Halobacterium halobium utilizes light energy
to cycle the protein through a series of intermediates (Fig. 1) which results in the trans-
location of protons across the membrane (Lozier et al., 1975; Oesterhelt and Stoecke-
nius, 1973). The primary photoproduct of light absorption is called the bathoproduct
(K) because it absorbs at longer wavelengths than the pigment and is stable at liquid
nitrogen temperature where it can be photochemically converted back to the original
pigment. Upon illumination at —196°C a photostationary-state mixture of PM and K
is produced (Lozier et al., 1975). It is the ground state of the primary photoproduct K
which stores the free energy subsequently used in the proton pumping cycle (Rosenfeld
et al., 1977). Here we shall deal with the primary photochemistry of the purple mem-
brane, i.e., the photochemical relationship between PM and K. Although other
mechanisms have been proposed, there is increasing evidence that, as in rhodopsin, the
primary photochemical event is a geometric change of the chromophore, perhaps
isomerization about a double bond (Rosenfeld et al., 1977; Aton et al., 1977; Pettei et
al., 1977; Hurley et al., 1977)

The purple membrane protein is arranged in the membrane in a two-dimensional
crystalline array with P; symmetry (Henderson and Unwin, 1975) so that the proteins
are grouped into trimers with their chromophores about 15 A apart, center to center
(Ebrey et al., 1977). The strong interaction between the PM molecules suggests that
there should be energy transfer of a restricted sort between them (Ebrey et al., 1977).
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FIGURE | Photochemical intermediates of the purple membrane (after Lozier et al., 1975) cycle
on a relative free energy scale (see Rosenfeld et al., 1977).

In this paper, we characterize the primary photochemistry of the purple membrane
protein at —196°C and study the membrane when a photosteady state is created so that
both PM and the bathoproduct K are present. We show that some seemingly anom-
olous photochemical behavior can be explained in terms of energy transfer from PM
to K.

METHODS

Purple membrane of H. halobium was isolated according to the method of Becher and Cassim
(1975). The fragments were suspended in 2:1 glycerol:water to allow absorption measurements
at liquid nitrogen temperature. Optically clear samples were obtained at these temperatures by
injection of the sample with a syringe into a 2-mm cell precooled in liquid nitrogen (F. Tokunaga,
private communication). Absorption measurements were made through the flat windows of a
Dewar flask filled with liquid nitrogen. All absorption measurements were made with a Cary
118 spectrophotometer (Cary Instruments, Fairfield, N.J.).

Absolute quantum efficiencies at —196°C were measured in a flat-windowed Dewar flask
using interference filters to isolate selected wavelengths from a tungsten lamp. The fractional
amount of K, xx, formed at a given time, was calculated from the absorption measured from
the digital readout of the spectrophotometer at 640 nm, the maximum in the difference spec-
trum between K and PM:

OD% — ODY . so0ss
= 540 010 XK (n
ODSOOss - ODPM

XK

where OD%? = the absorbance at 640 nm of the mixture of PM and K at any given time,
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OD$.. = the absorbance at 640 nm of the 500 nm photosteady mixture, OD S = absorbance
at 640 nm of PM, and x % = the fraction of chromophores that are K in the photostationary
state produced by illumination at 500 nm, as determined in Results. According to Dartnall et
al. (1936), the quantum efficiency can be related to absorbance changes at the actinic wave-
length:

P
dlIn (104" - 1) - ki, (2)
dt
where 4* = the absorbance due to the pigment undergoing photochemistry at the actinic
wavelength A, ¢* = the extinction coefficient of the pigment at A, ¢* = the quantum efficiency
at A, k = aconstant, I = the incident intensity of quanta per second per unit area. By bleach-
ing rhodopsin under identical conditions, we can use it as a quantum counter to determine the
quantum efficiency of PM568:

dlIn (10%pm — 1)

A
" i g 3)
dIn (10%m ~ 1) €m
dt

where ¢, = 0.70 in Ammonyx-LO (Onyx Chemical Co., Jersey City, N.J.; Hurley and Ebrey,
unpublished results), very close to Dartnall’s (1971) ¢, = 0.67 in digitonin. Correction fac-
tors proposed by Dartnall et al. (1936) were not used because they were estimated to be neg-
ligible. Conversion of PM to K was never more than 5-10%, of the steady-state concentration

so that the photochemical back reaction K L PM could be neglected.

Besides the PM — K measurements, direct measurement of the quantum efficiency of K to
PM conversion was made in photosteady-state mixtures containing both K and PM but at
wavelengths where only K absorbed. A photodiode of known spectral sensitivity (EG&G HUV-
4000 CAL) was used to determine quantum fluxes at wavelengths longer than where rhodopsin
could be used as a quantum counter.'Absolute calibration of the photodiode was done with
rhodopsin. To measure the rate of K to PM conversion, K was first formed in a 500-nm steady-
state mixture at —196°C. Quantum efficiencies were determined as above by irradiating at
longer wavelengths where there is little or no PM absorption,

Quantum efficiencies of K — PM can also be determined at wavelengths where PM absorbs
by an analysis of the photostationary state at each irradiating wavelength. In the photosta-
tionary state,

O edm(PM] = ¢x*Pek [K] 4
or
bl = xke) = OR*Pekx ke (5)

where x k,, = fraction of K in the photostationary state produced by irradiation at A and can
be determined from Eq. 1. We can then find the relative quantum efficiencies:

iR )
¢)k,app 6)l"M(l - X:\(ss)

Eq. 6 assumes no transfer of energy between PMs and Ks within clusters. It will be shown that
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FIGURE 2 (A) Absorption spectra at —196°C of (/) PM568 and of photostationary-state
mixtures of PM and K produced by irradiation at (2) 625 nm, (3) 600 nm, (4) 580 nm, (5)

500 nm. (B) Close inspection of the apparent isosbestic point between (/) PM568 and photo-
stationary-state mixtures of PM and K produced by irradiation at (2) 600 nm and (3) 540 nm.
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this assumption is not valid. The superscript app then refers to the relative apparent quantum
efficiencies as calculated from Eq. 6.

RESULTS

Evidence for Energy Transfer

PERCENT OF BATHOPRODUCT K IN A 500-NM PHOTOSTATIONARY STATE Fig. 2
shows the absorption spectra of several photostationary-state mixtures of PM and K
produced by irradiation at —196°C. There is a very good (but not exactly perfect,
see Fig. 2 B) isosbestic point, indicating that only two major species are present—PM
and K. The most K was produced by 500 nm light. If the amount of K in a photo-
stationary state set up by any irradiating wavelength could be determined, then the
absorption spectrum of K could be determined and the amount of K in any photo-
stationary state easily calculated from Eq. 1.

The composition of the 500-nm photostationary-state mixture of PM and K at
—196°C was determined by taking advantage of the complete conversion of irradiated
PM 568 to M412 at —70°C under conditions of high salt concentration and high pH
(Becher and Ebrey, 1977). The samples were made up with 80% glycerol to eliminate
the formation of microcrystals at —70°C. The initial spectrum of PM at —70°C was
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FIGURE 3 Determination of the percent of the bathointermediate K in a 500-nm photostationary
state. The sample was in 1-2 M NaCl pH ~10.0-10.5 to allow complete conversion to M
(Becher and Ebrey, 1977). Curve 1 is the initial spectrum of PM568 at —70°C. Curve 2 shows
100%; conversion of M412 at —70°C and is used as a base line. Curve 3 represents the amount
of PM568 remaining after making the 500-nm photostationary state at —196°C and warming to
-70°C.
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determined by irradiating the sample to convert it to the light-adapted form, waiting a
few minutes to allow the intermediates to decay back to PM, and immersing the sample
into a Dewar flask containing ethanol at —70°C. To obtain the base line, the sample
was irradiated at 600 nm which converted 100% of the sample to M412, which has no
absorption beyond 540 nm. The sample was then warmed, allowed to cycle back to
PM, and then immersed in liquid nitrogen. Next, a 12-nm half-band width 500-nm
interference filter was used with a tungsten light source to create a photostationary
state between PM and K at —196°C. This photosteady state mixture was then placed
back in the —70°C ethanol to aliow the K that was formed at —196°C to convert to
M412. This spectrum was recorded, and conversion to M412 again done to determine
the base line of this sample. (Comparison of the two base lines allowed correction for
the small scattering changes that occurred.) A determination of the composition of the
500-nm photostationary-state mixture is shown in Fig. 3. From this experiment we
can then find

oD - OD/,

,. (7)
oD!

percent K =
where OD' = the initial, base-line-corrected absorbance of PM at ~70°C, OD/ =
the final, base-line-corrected absorbance of PM after warming the photostationary
state to —70°C. An important assumption in this procedure is that all the K formed at
—196°C decays to M at —70°C (see Discussion). A comparison of the photosteady-
state absorption spectra at —196°C in a separate set of experiments indicated that the
condition of high salt concentration and high pH had no effect on the percent of the K
intermediate formed by irradiation at — 196°C.
Five such experiments gave an average of 28+3), K in the mixture. The photo-
stationary-state compositions produced by other wavelengths were calculated accord-
ing to Eq. 1 and are given in Table I.

TABLE 1

PERCENT K IN PHOTOSTATIONARY STATES PRODUCED BY
IRRADIATION AT -196°C WITH LIGHT OF WAVELENGTH A

A K in photostationary state
nm %
500 0.28 + 0.03
520 0.28
540 0.27
560 0.24
580 0.22
585 0.20
595 0.17
600 0.15
606 0.13
625 0.065
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ABSORPTION SPECTRUM OF BATHOPRODUCT K From the absorption of the
500-nm photostationary mixture at —196°C, the absorption spectrum of K can be
calculated:

OD)\ = OD:'lix_ (1 — X?(OOSS)OD;\’M (8)
« X% ’

where OD%,;, = absorbance of the 500-nm photostationary-state mixture at —196°C
at wavelength A, OD}, = absorbance of PM at -196°C at A, and xP** = the
fraction of chromophores that are K in the 500-nm photostationary state. These
absorbances were corrected for solvent contraction and for scattering by using a base
line of the same concentration of purple membrane bleached with light in the presence
of hydroxylamine. Based on an extinction coefficient of 63,000 M~' cm~! (Oesterhelt
and Hess, 1973) for the light-adapted purple membrane at room temperature, we
found that purple membrane has an extinction of 67,000 at —196°C. K was found to
have an extinction coefficient of 87,000+ ~ 7,000 at its A,,,, of 628+ ~ 5 nm (Fig. 4).

62|8 nm

90 1. 100% PM

2. 28%K

3. 100%K
{calculated)

Extinction (e X107

500 600 700
Wavelength (nm)

FIGURE 4 Absorption spectrum of the bathointermediate at —196°C. Curves 1 and 2 are the
absorption spectra of PM568 and the 500-nm photostationary-state mixture of PM and K cor-
rected for light scattering. Curve 3, the spectrum of K, was calculated according to Eq. 8. The
Amax IS at 628 nm.
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FIGURE 5

Table I1.
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Typical experiment showing the determination of photosensitivities of (/) rhodopsin at
room temperature with 540 nm light, and (2) PM to K conversion with 540 nm light at —196°C;
(3) K to PM conversion at —196°C at 640 nm. The ratio of quantum intensities at 640-540 nm
was 3.24. The two points in curve 2 represent the average of three experiments. The errors in
these measurements are less than the symbol sizes. Each photosensitivity relative to that of
rhodopsin was repeated from three to six times for each irradiation wavelength. The uncertainty
of the slopes and the variance from experiment to experiment are reflected in the errors given in

TABLE 11

QUANTUM EFFICIENCIES FOR PM TO K AND K TO PM CONVERSION
DETERMINED DIRECTLY AT 77°K

Number of
A PPM—K DK —PM experiments
nm
520 0.35 + 0.07 — 4
540 0.34 + 0.04 — 6
560 0.28 + 0.02 — 3
640 — 0.63 + 0.06 4
680 — 0.70 + 0.02 3
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QUANTUM YIELDS FOR PM — K AND K — PM: EVIDENCE FOR ENERGY TRANS-
FER Absolute quantum yields for the PM — K photoconversion calculated as de-
scribed in Methods are shown in Fig. 5 and Table II. By comparison with measure-
ments at room temperature (Goldschmidt et al., 1976 and 1977) and at —40°C (Becher
and Ebrey, 1977), we see that as for rhodopsin (Hurley et al., 1977), these yields are
temperature and wavelength independent. This suggests nearly 100°/ efficient channel-
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FIGURE 6 (A) The apparent relative quantum efficiencies of PM to K and K to PM conversion
at —196°C at different wavelengths as calculated from Eq. 6. (B) The apparent quantum efficiency
of K to PM conversion. The triangles (a) represent direct measurements; the circles (o)
represent values calculated from Egs. 6 and 9. As described in the text, these value circles do
not represent the real quantum efficiency for K to PM conversions, shown here by the dashed
line (---).
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ing of the excited state into a potential minimum common to PM and K (Rosenfeld et
al., 1977; Hurley et al., 1977). Relative apparent quantum yields were calculated ac-

cording to Eq. 6 and are shown in Fig. 6 A. When these values are used to calculate

app
K»

¢>k.app = _ﬂ__ 9)

[ /6%

they yield the results shown in Fig. 6 B. The apparent quantum efficiency is >1 and
is strongly wavelength-dependent, suggesting that the above analysis is deficient.

There is a potentially simple explanation of why the apparent quantum efficiency for
K to PM conversion is so large and wavelength dependent: that the extinction coeffi-
cients used in our calculations were inappropriate because of energy transfer from PM
to K. This would give K a larger effective extinction coefficient than that of the iso-
lated pigment.

In the case that includes energy transfer from PM to K the observed photosensitiv-
ity of K would be:

O¥Pex = dxlex + Ber) (10)

EXTINCTION (ex107)

1 1 |
500 550 600 650 700

WAVELENGTH (nm)

FIGURE 7 Primary evidence for energy transfer from PM to K. The direct proportionality be-
tween Bex (circles) determined according to Eq. 10 and epy, (solid line) is the relationship expected
if energy transfer from PM to K occurs. The error bars represent the uncertainties in the base line
used in Fig. 4. Uncertainties in the percent K is the 500-nm steady state cause a shift in this
curve up or down by about 109 but do not cause major changes in its shape.
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where ¢3° = the apparent quantum efficiency of K — PM conversion calculated
from Eq. 9, ¢x = the real quantum efficiency of K — PM conversion, taken to be 0.7
from measurements at 640 and 680 nm where the PM absorption is negligible, e; =
the extinction coefficient of the species ‘““T” which is transferring energy to K; (pre-
sumably, this species is PM), and 8 is a factor related to the efficiency of transfer of
energy from T to K. Solving for Ber gives

(6% — ¢x)
¢

which, if the assumption of energy transfer from PM to K is correct, should be
roughly proportional to ep,. The proportionality between Ser and epy is shown in
Fig. 7. This strongly suggests that energy transfer from PM to K is indeed taking
place. However, a more comprehensive model is required to quantitate this phenom-
emon because it would not be expected that 8 would be totally independent of wave-
length.

(11)

Ber = ex

A Model for Transfer of Energy from PM to K

The complexity of the model describing energy transfer from PM to K arises from the
arrangement of the purple membrane molecules within the membrane. The proteins
are arranged as trimers in a two-dimensional crystal lattice. As a reasonably tractable,
initial model, we consider only the possibility of energy transfer within a trimer; inter-
trimer transfer is much less probable but cannot be entirely excluded. To describe the
possibilities for energy transfer accurately with our basic model, we must consider each
of the four types of clusters found in the photosteady state and labeled a-d in Fig. 8.
AN ESTIMATE OF THE EFFICIENCY OF ENERGY TRANSFER The apparent quan-
tum efficiencies, i.e., the quantum efficiencies that can be determined from Eq. 6 and
that would include photoconversion of K back to PM both by light absorbed directly

(a)

(d)

FIGURE 8 Types of trimers produced by irradiation of PM568 at — 196°C.
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by K and by light absorbed by PM and transfered to K, can be calculated for each of
these clusters. .

for cluster typed o¥P .\, (d) = ¢dg—pm = 0.7,
for cluster typec  @@Ppm () = ¢{_.,,M 1+ ( 1 & a)em /e
fOI‘ CIUSICI' type b :(p*EPM (b) = ¢K—’PM[1 + 2a pr/fK]. (12)

For this approximate model, we assume a, the efficiency of energy transfer, is the same
for clusters of type b as it is in those of type ¢. Likewise,

-k (@) = dpm—x = 0.3,
ik (0) = dpu—k(l — a),
ik (€) = dpm—xll = 2a/(1 — a)]. (13)
The net apparent quantum efficiencies can then be calculated as functions of a:
S = ¢ (3)Gpm(a) + dpm (D)Gpm(D) + dpm ()Grm(c), (14)
o¥* = ¢F (b)Gk(b) + ¢} (c)Gk(c) + P (d)Gk(d), (15)

where Gpy(a) = the probability of PM being in a type-a cluster, Gy (b) = the prob-
ability of a K being in a type-b cluster, etc.

These probabilities can be determined from the distribution of clusters in the photo-
stationary state, e.g.,

_ 3g(a)
Com(®) = 3@ 7 2600 + 2(0)
G (b) = g(b) (16)

g(b) + 2g(c) + 3g(d)’

Here g(a) = the fraction of clusters in the photostationary state which are type a, etc.
Considering the system: (a) == (b) == (¢) <= (d) in the steady state where dg(a)/d¢ =
dg(b)/dt = dg(c)/dr = dg(d)/dt = 0,

Jepmg(a)dRf (a) = exg(b) 9P (b),

2epmg(b) P3R5 (b) = 2exg(c) 9P (0),

epmg(C) D3 () = 3ecg(d)opy™ (d), (17)
and

g(a) + g(b) + g(c) + g(d) = L. (18)

From Eqgs. 12, 13, 17, and 18, we can solve for g(a), g(b), and g(c) in terms of «.

60 BIOPHYSICAL JOURNAL VOLUME 22 1978



TABLE 111

EFFICIENCY OF ENERGY TRANSFER FROM PM TO K AT -196°C AND DISTRIBUTION
OF CLUSTER TYPES ACCORDING TO THE MODEL DESCRIBED IN THE TEXT

A a* g(a) g(b) g(©) g(d)
nm
500 0.34 0.38 0.43 0.17 0.02
520 0.37 0.38 0.42 0.17 0.03
540 0.40 0.40 042 0.16 0.02
560 0.47 044 0.42 0.13 0.01
580 0.45 0.47 041 0.11 0.01
585 047 0.50 0.40 0.09 0.01
595 0.47 0.56 0.37 0.06 0.01
600 0.46 0.60 0.35 0.05 0.00
606 0.45 0.65 0.31 0.04 0.00

*a is defined in Egs. 12and 13.

These can then be used to express Gpy(a), Gpy(b) ... Gg(c), G (d) as functions of «
with Eq. 16, so that the entire expressions for ¢ and ¢ (Egs. 14 and 15) are in
terms of . Inasmuch as {30 /¢ %PP] can be determined experimentally at any wave-
length, an equation containing « as a variable was derived as a function of this ratio.
a was determined by an iteration method.

Using this model, the efficiency « of energy transfer from PM to K was found to be
0.43+0.05 and shows a small wavelength dependence (Table I1I). The model presented
assumes that (a) back energy transfer from K to PM does not occur, and (b) orienta-
tion factors, which ultimately determine the transfer efficiency, are the same in type-b
and type-c clusters; that is, « is assumed to be constant.

PREDICTED NONLINEAR BLEACHING RATE An important feature of this model
is that it predicts that the net ¢3% and ¢ should depend on the distribution of PMs
and Ks within the various clusters, i.e., Gpy(a), Gpu(b) ... Gx(d). Because these dis-
tributions are functions of the amount of K present, the apparent quantum efficiencies
should also depend on the amount of K. By analyzing the rate of formation of the
photostationary state, we can then test our model.

The rate of formation of K is:

w _ epm[PM]
T epm[PM] + € [K]

¢PeI(1 — 1071)

fK[K]
epm[PM] + [K]’

where I = the incident intensity (per unit area), 4 = the absorbance of the
sample, [K] and [PM] = the concentrations of K and PM present at time ¢,
(1 — 10~4) = the fraction of incident photons absorbed by the sample. In terms of
the fractional concentrations of the chromophores that are K, X, , this becomes

- ¢2PI(1 — 1074)

(19)

1 — 1074
d—;f - I(——T_)[‘PM(I - XK)Om — exxx o). (20)
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This can be rearranged and integrated to give:

1 - XKZ(I + ex 0¥ [eom bl _ I(l - 10~

‘) wp oy
n[l - XK,(l + ex O /eom O PR A lermdem + exdx”] )

21
where xi, = the fraction of chromophores that are K at ¢,, xx, = the fraction of

chromophores that are K at #,.

This integration assumes that (1 — 10~*)/4, ¢, and ¢}’ are constant over At.
Because none of these should be constant according to our model, Eq. 21 is valid only
for small changes in the amount of K.

If ¢ 2% and ¢ iP were indeed strictly constant then we could use the relation

(1 + exdxapp/epm®pmarp) = 1/xxsss (22)

/

K
%Kss

N
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0.05F

0.02}

I 1 1 1 1 ]
o] 60 120 180 240 300 360 420

Time (s)

FIGURE 9 Time-course of formation of the 540-nm photostationary state between P and K at
-196°C.
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where x g, = the fraction of chromophores that are K in the photostationary state.
Then Eq. 21 becomes

(1 = Xky/Xkss) (1 = 1074)
n =1 lepm @™ + ex 0%PP] AL, (23)
(l - XKI/XKss) A M KK

and by plotting In(1 — xyx/xks) Vs. time, a slope that directly proportional to
(1 — 1074/A4) should be found. At 540 nm for a sample of absorbance = 0.7, this
factor will increase by 139 upon going from xx = 0 to xg,. Thus, the slope as-
sociated with the conversion of PM to K would increase by 13%; over the course of the
PM — K conversion to the photosteady state. However, as shown in Fig. 9, the slope
actually decreases by approximately 267,. We conclude from this that ¢3%% and ¢} are
not constant and in fact decrease through the course of the experiment. Thus, our pre-
diction of a nonconstant photosensitivity is confirmed.

The model described above predicts that the apparent quantum efficiencies should
decrease, €.g. at 540 nm:

[ex @Y (s8) + epm (SS)]

= 0.82. (24)
[ex PP (xx = 0) + epmdi(xx = 0)]

However, after a more correct treatment of the data in Fig. 9 in terms of Eq. 21, we
find experimentally that this ratio is 0.64 + 0.08. Even though our model does qualita-
tively predict the decrease in the rate of conversion, we do not find exact quantitative
agreement.

DISCUSSION

Previous attempts to characterize the photochemistry of purple membrane protein at
—196°C have met with serious complications (R. Lozier, personal communication;
Hurley and Ebrey, unpublished observations.) Lozier and Niederberger (1977), as-
suming the quantum efficiencies to be independent of wavelength (Fischer, 1967),
calculated the percent K in a 500-nm photostationary-state mixture to be 50%. How-
ever, we have found that this assumption does not hold for the purple membrane and
its bathoproduct at —196°C. We have bypassed the need to assume that the quantum
efficiencies are independent of wavelength by determining the composition of the
photostationary state directly under specific conditions that allow the K present in the
photostationary state to form a species that does not absorb at the A,,, of PM568,
M412. From the determination of the percent K in the 500-nm photosteady state, we
calculated the absorption spectrum of K. At —196°C the A,,,, of K is at 628 nm, and
we therefore call it K628. Knowing the absorption of K, we could then determine the
quantum efficiencies for the K — PM conversion.

The quantum efficiencies for photoconversion of PM and K are 0.30 and 0.67, re-
spectively, and show practically no change with temperature. The temperature and
wavelength (Table II) independent of the quantum efficiencies, along with the fact that
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they sum to one, suggest the existence of a common excited state that can be populated
with nearly 100% efficiency from either PM or K (Rosenfeld et al., 1977; footnote 1).

Measurements of the relative quantum yields, at wavelengths where both pigments
have significant absorption, gave the quite anomalous results shown in Fig. 6, wave-
length-dependent quantum efficiencies that appear to be >1. However, these results
can be readily explained in terms of transfer of excitation from PM to K within the
trimer clusters. According to an approximate model, we found that energy is trans-
ferred from PM to K with an efficiency of 0.46. The model is qualitatively confirmed
by measuring the time-course of formation of the photostationary state, during which
the apparent quantum efficiencies should change as the amount of K present increases.
As a result of the close proximity of the chromophores within the trimers (Ebrey et al.,
1977), it is not unreasonable that energy transfer could occur among chromophores
given a favorable orientation within a cluster.

Our determination of the percent K in a photostationary state rests on the assump-
tion that all K formed at - 196°C decays to M412 when the sample in high salt, high
pH, and 80% glycerol is warmed to —70°C. Experiments are in progress to test this
assumption (R. Lozier, personal communication, and F. Tokunaga, personal com-
munication). The outcome of these experiments will determine the validity of the re-
sults presented here. However, at this point we feel justified in making this assumption
for these reasons: First, the same quantum efficiency is seen for the photoconversion of
PM to K at —196°C (this work), and for conversion to M412 at —40°C (Becher and
Ebrey, 1977), and at 22°C (Goldschmidt et al., 1977). Second, in support of our value
of 28% K in a 500-nm photostationary state, Eqs. 8 and 3 show that values for the
percent K in the 500-nm photostationary state larger than 409 would give values for

%0 and ¢§°, which are >1.0. Finally, the magnitude of the decrease in fluoroescence
seen when a photosteady state is formed would be inconsistent with more than ca.
30% K in the photosteady state (Govindjee et al., 1978).

Analysis by Goldschmidt et al. (1976) of the 530-nm photostationary state produced
between PM and K at room temperature showed that the ratio of the quantum yield
for conversion of PM to K to that for conversion of K to PM is 0.4. At —196°C from
Fig. 6, we find a value of ca. 0.15. This difference can be traced to a quite different ab-
sorption spectrum inferred for K at room temperature by Goldschmidt et al. (1976)
from the one we determined at —196°C. Further work will be needed to clarify these
differences.

The simplified model we have developed here is incomplete, and several questions
need to be investigated further. The model assumes that energy transfer from K to PM
does not occur. The basis for this assumption is that de-excitation from the ther-
malized state of K cannot provide enough energy to excite a neighboring PM chromo-
phore. Some direct evidence that certain kinds of back transfer do not occur is given
in an accompanying paper (Govindjee et al., 1978). The second assumption in our
model is that the relative orientation of the PM and K transition moments is the same
in type-b and type-c clusters. Because we do not know the orientation of the transition
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moment in K chromophores relative to PM chromophores nor the degree of exciton
interaction between Ks in a cluster, this is a necessary simplification. In addition, our
model does not consider the possibility of energy transfer among chromophores in
different clusters. The lack of precise agreement between the predicted and experi-
mental decrease in slope in the time-course of formation of the photostationary-state
experiment suggests that some of these assumptions are not entirely accurate.

Another problem is that when we partially regenerated bleached purple membrane
sheets so only 209 of the chromophore sites were occupied (Becher and Ebrey, 1977),
we did not see large changes in the efficiency of energy transfer from PM to K (un-
published observations). Such changes probably would be expected if only singly oc-
cupied trimers were present and intertrimer transfer did not occur.

A final problem is that PMs and Ks in the various types of clusters might have
slightly different absorption spectra. This is suggested by there not being a perfect
isosbestic point between different photostationary-state mixtures of PM and K (see
Fig. 2B). These spectral differences probably arise from interactions between the
chromophores within the clusters that would yield PM in three different environ-
ments (Fig. 8a-c) and K in three different environments (Fig. 8 b-d). In each case,
PM and K would be expected to have very slightly different absorption spectra due to
different sets of exciton interactions (Ebrey et al., 1977).

We thank Boryeu Mao, Fumio Tokunaga, Don DeVault, and Brian Becher for many useful conversations.
Richard Lozier generously discussed with us his low temperature experiments.
Received for publication 31 August 1977 and in revised form 16 November 1977.
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