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ABSTRACT Temperature dependence in electronic energy transfer steps within light-harvesting antenna trimers from pho-
tosystem Il was investigated by studying Chl a pump-probe anisotropy decays at several wavelengths from 675 to 682 nm. The
anisotropy lifetime is markedly sensitive to temperature at the longest wavelengths (680—682 nm), increasing by factors of
5 to 6 as the trimers are cooled from room temperature to 13 K. The temperature dependence is muted at 677 and 675 nm.
This behavior is modeled using simulations of temperature-broadened Chli a absorption and fluorescence spectra in spectral
overlap calculations of Férster energy transfer rates. In this model, the 680 nm anisotropy decays are dominated by uphill energy
transfers from 680 nm Chl a pigments at the red edge of the LHC-II spectrum; the 675 nm anisotropy decays reflect a statistical
average of uphill and downhill energy transfers from 676-nm pigments. The measured temperature dependence is consistent

with essentially uncorrelated inhomogeneous broadening of donor and acceptor Chl a pigments.

INTRODUCTION

The structure and energy transfer kinetics in LHC-II, the Chl
a/b light-harvesting antenna complex associated with Pho-
tosystem II in green plants, have been studied extensively by
crystallography (Kiihlbrandt et al., 1983; Kiihlbrandt and
Downing, 1989; Kiihlbrandt and Wang, 1991), by optical
dichroism (Hemelrijk et al., 1992; Kwa et al., 1992a), and by
ultrafast laser spectroscopy (Gillbro et al., 1985, 1988; Eads
et al., 1989; Kwa et al., 1992b). This abundant, densely
packed antenna (in which the chromophores comprise ~30%
of the antenna-protein mass) is organized into trimers of 25
and 27 kDa apoprotein monomers that bind about 15 Chl a
and b pigments (Kiihlbrandt and Wang, 1991). Nearest-
neighbor distances between pigments in a monomer range
from 9 to 14 A (KiihIbrandt and Wang, 1991). The Q, ab-
sorption spectrum of LHC-II trimers contains at least 6 (and
probably more) Chl spectral components (Hemelrijk et al.,
1992; Kwa et al., 1992; Krawczyk et al., 1993). The CD
spectrum shows evidence for strong exciton coupling be-
tween Chl a and b pigments; polarized fluorescence exci-
tation spectra indicate that efficient energy transfer occurs
among the redmost Chl a pigments responsible for the
676-nm component in the LHC-II spectrum.

The room temperature energy transfer dynamics of
LHC-II trimers were recently studied in one- and two-color
pump-probe experiments with 3—4 and 5-8 ps resolution,
respectively (Kwa et al., 1992b). The one-color isotropic ab-
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sorption difference profiles exhibited dynamic red-shifting
with 2—6 ps kinetics, arising from downhill energy transfer
among Chl spectral forms. Analyses of these profiles with
triexponential decay models revealed two additional families
of lifetimes: 14-36 ps (largely due to exciton annihilation),
and at least several hundred picoseconds. Resolvable one-
color anisotropy decays were found with lifetimes 46 ps at
the longest Chl a wavelengths (665-675 nm); no discernible
anisotropy decay was found at shorter wavelengths in the Chl
b region (640-650 nm). Even at the longer wavelengths, the
presence of an unresolvable (subpicosecond) anisotropy de-
cay component was indicated by the appearance of initial
anisotropies r(0) < 0.4. Very recently, Du et al. (1993) found
200-300 fs anisotropy components in LHC-II fluorescence
upconversion experiments. Spectral evolution was studied in
two-color experiments (Kwa et al., 1992b) that monitored
absorption changes after Chl b excitation at 650 nm. While
the prompt difference spectrum showed intense
photobleaching/stimulated emission from the laser-excited
Chl b pigments, it became dominated within <2.5 ps by a
low energy Chl a difference spectrum (photobleaching/
stimulated emission band maximum >675 nm). Hence, the
bulk of the room-temperature spectral equilibration in
LHC-II occurs with subpicosecond kinetics. This is consis-
tent with the observation of ~500 fs Chl b — Chl a energy
transfer kinetics in a fluorescence upconversion study by
Eads et al. (1989). However, the slower (4-6 ps) Chl a —
Chl a energy transfers reflected in the one-color anisotropy
decays (Kwa et al., 1992) are reminiscent of earlier work by
Gillbro et al. (1985), who characterized ~20 ps Chl a aniso-
tropy decays at 665 nm. Hence, while subpicosecond spectral
equilibration occurs in LHC-II trimers, slower processes are
also discernible in energy transfers among their redmost Chl
a pigments. The difference in anisotropy decay times meas-
ured by Gillbro et al. (1985) and by Kwa et al. (1992) may
stem from the isolation procedures used by the respective
groups; Hemelrijk et al. (1992) showed that the solubilizing
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detergents used for isolation of LHC-II trimers can influence
their LD and CD spectra.

Our principal objective in this work is to gain insight into
the temperature dependence of energy transfer steps in the
LHC-II antenna. In a pump-probe study of antenna Chl a
photobleaching and stimulated emission in “native” Photo-
system I particles (PSI-200) from spinach, the anisotropy
decay time at 680 nm varied systematically from 63 ps at 38
K to 5 ps at 300 K (Lyle and Struve, 1991). This behavior
could be simulated using a theory of Jortner (1976) for tem-
perature dependence in energy transfer rates, by assuming
that the Chl a Q, transition is coupled to a ~20 cm™! phonon
mode as suggested by a spectral hole-burning study of similar
PS I particles (Gillie et al., 1989). However, although the
anisotropy decays accelerated by an order of magnitude in
this temperature regime, the isotropic photobleaching decays
(which are influenced by collective kinetics of antenna ex-
citation transport and trapping by the P700 reaction center)
showed far less temperature sensitivity. The isotropic decays
clearly do not stem from sequences of energy transfer steps
similar to the ones responsible for the 680 nm anisotropy
decays. We report here a temperature study of one-color
anisotropy decays for LHC-II at several wavelengths from
675 to 682 nm. Strong temperature dependence is observed
only at the extreme red edge (680—682 nm) of the LHC-II
spectrum; the anisotropy decays depend weakly on tempera-
ture at 675 nm. This behavior is rationalized using a theory
for thermal broadening in Chl a absorption and fluorescence
spectra (Rebane, 1970; Personov, 1983; Hayes et al., 1988;
Gillie et al., 1989).

MATERIALS AND METHODS

LHC-II trimers were isolated from spinach thylakoids as described earlier
(Hemelrijk et al., 1992; Kwa et al., 1992b). Membrane fragments were
solubilized with 1% (w/v) n-dodecyl-B, p-maltoside in a buffer containing
20 mM BisTris, 20 mM MgCl,, 10 mM MgSO,, and 5 mM CaCl, at pH 6.5.
LHC-II trimers in the solubilized fraction were separated from the Photo-
system II core complex on a Q-Sepharose column (Kwa et al., 1992b; van
Leeuwen et al., 1991). The LHC-II-rich eluate was centrifuged on a linear
sucrose gradient at 4°C in a Beckman SW 41 rotor at 41,000 rpm for 16 h.
The Q, spectra of the LHC-II preparations were similar to those reported
by Hemelrijk et al. (1992); samples were stored in the dark near 0°C. Pump-
probe experiments were performed with samples in a buffer of 20 mM
BisTris with 20 mM NaCl and 0.03% dodecylmaltoside at pH 6.5. For some
room-temperature experiments, samples (which exhibited ~0.4 A at 676 nm
in 0.1 cm path length cell) were translated periodically over ~2 cm at 2 Hz
to minimize photodegradation. For low temperature studies, samples were
placed in a window assembly (0.5 mm spacing between optical flats) in
thermal contact with the end of a 2.25 cm diameter Cu cold finger in an Air
Products (Allentown, PA) DE202 closed-cycle He expander module. The
sample temperature, monitored directly with a calibrated Cu-constantan
(Type T) thermocouple, was controllable from 13 to 300 K.

The lasers and pump-probe apparatus have been described previously
(Kwa et al., 1992b). A hybrid mode-locked dye laser (DCM laser dye, DDCI
saturable absorber) was pumped with 532 nm SHG pulses (70 ps fwhm,
1 W average power) from a cw mode-locked Nd:YAG laser. Typical dye
laser pulses exhibited 2-3 ps fwhm autocorrelation, and were tunable from
640 to 685 nm with ~2 nm spectral bandwidth. The dye laser output was
divided into pump and probe beams using an inconel-coated beamsplitter;
their sample-transmitted intensities /,,,,,, and /.., were monitored inde-
pendently using EG&G FOD-100 photodiodes for normalization of time-
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dependent absorption difference profiles. A radiofrequency multiple modu-
lation scheme (Anfinrud and Struve, 1986) was employed for detection of
the small absorption difference signal component (AA ~ 10~*) appearing
at the sum of pump and probe beam modulation frequencies. In all experi-
ments, absorption difference profiles A4 (¢) and AA | (t) were obtained with
probe pulses polarized parallel and perpendicular to the pump polariza-
tion. From these, the isotropic decay function was evaluated using AA(¢) =
AA(t) + 2AA (¢), whereas the anisotropy decay function was computed
from

M) - M,
o = 20200, )

- Isotropic decays were fitted with multiexponential decay models, using a

nonlinear least-squares technique based on the Simplex method. Here the
instrument function C(¢) was represented by Gaussian fits to the apparatus
autocorrelation function obtained using a LilO, Type I SHG crystal in place
of the sample. Anisotropic decays were analyzed similarly in terms of the
single-exponential decay law

r(®) = [r(0) = r(®)]e™" + r(). @

Because the anisotropic signals are related to the isotropic signal P(¢) in an
orientationally random sample by

MA@ = POI1 +2r()]  AA, () = PO[1 - (D)), 3
the empirical anisotropy function r(t) is
2L CEHP@E — )t — ') dY
) = CPe—r)dr. @

If P(¢) and r(¢) are defined to be zero for ¢ < 0, and if the isotropic decay
function P(¢) is essentially constant on the decay time scale of r(z), the
empirical anisotropy function becomes

re(t) = t-w C(tl) dtl . (5)

This fact was used in convolute-and-compare analyses of the measured
anisotropy functions in terms of the decay model in Eq. 2.

RESULTS
Temperature dependence of energy transfer

In the earlier room-temperature study (Kwa et al., 1992b),
LHC-II trimers exhibited anisotropic lifetimes of 6.3 + 2,
5.0 = 2, and 4.3 * 2 ps at the pump-probe wavelengths 660,
665, and 675 nm, respectively. We have recently confirmed
in room-temperature experiments (not shown) that anisot-
ropy decay times of 5 * 2 ps are found at all wavelengths
from 665 to 685 nm. These may be contrasted with the low
temperature anisotropy decays, which are exemplified for the
wavelengths 675, 677, and 680 nm in Fig. 1. Reducing the
temperature does not affect significantly the anisotropy de-
cay at 675 nm (8.1 = 2 ps at 13 K). However, the corre-
sponding decay at 680 nm is decelerated by a factor of ~6
(from ~5 to ~30 ps lifetime) when the trimers are cooled to
13 K. Intermediate behavior is found at 677 nm (11 * 3 ps
at 13 K). Fig. 2 plots 675 and 680 nm anisotropy decay times
versus temperature between 13 and 300 K: the marked tem-
perature dependence at 680 nm is considerably diminished
at 675 nm. The Boltzmann factors that govern the absorption
difference spectrum after spectral equilibration tend to con-
centrate the excitations in the lowest-energy Chl a pigments
and to restrict severely the wavelength range (675682 nm)
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FIGURE 1 (Top panel) Typical anisotropic absorption difference profiles
for LHC-II trimers at 675 nm and 13 K. (Bottom three panels) 13 K aniso-
tropy decays r(¢) at 675, 677, and 680 nm. Smooth curves show optimized
single-exponential fits to experimental anisotropy decays. Fitted anisotropy
decay times at these wavelengths are 8, 11, and 30 ps, respectively. The
(negative) absorption difference signal is dominated by photobleaching and
stimulated emission. Systematic deviations between the 680 nm experi-
mental and fitted curves show evidence for nonexponentiality in anisotropy
decays.

over which anisotropy measurements can be made with suf-
ficient S/N at low temperatures. Fig. 2 nevertheless docu-
ments the existence of strong wavelength inhomogeneity in
the temperature dependence of energy transfer steps and sug-
gests that marked temperature sensitivity is limited to energy
transfers involving Chl a pigments at the extreme red edge
of the LHC-II Q, spectrum. Final parameters from single-
exponential fits to several anisotropy decays are listed in
Table 1 for several wavelengths at 13 and 300 K. As in the
earlier pump-probe study (Kwa et al., 1992), the residual
anisotropies () at 300 K are small (=0.02) at most wave-
lengths. There is a suggestion of a trend toward larger ()
at the longest wavelengths (r() = 0.05 % 0.01 at 685 nm).
This trend is much more pronounced at 13 K, where ()
increases monotonically from 0.14 * 0.02 at 675 nm to
0.40 = 0.03 at 685 nm. At the longest wavelength studied
(685 nm), almost no depolarization is detected. The enhanced
residual polarization at longer wavelengths parallels a similar
wavelength trend observed in the fluorescence polarization
of LHC-II trimers (Hemelrijk et al., 1992). Table 2 docu-
ments the temperature dependence in the 680 nm anisotropy
decay parameters between 13 and 300 K. Although cooling
increases the anisotropy decay time at this wavelength from
5 to 34 ps, the residual anisotropy concomitantly increases
from 0.03 = 0.01 to 0.19 = 0.02.

simulations in Fig. 5.

TABLE 1 Wavelength dependence of anisotropy decay
parameters

r() = [r(0) — r(=)]e™" + r(=)

T=13K T=300K

O XA @ 7
nm ps nm pS
675 0.34 0.14 8.1 665 0.32 0.02 5
677 0.36 0.17 7.3 670 0.32 0.00 5
0.35 0.17 11 675 0.32 0.02 5

0.33 0.16 11 680 0.33 0.03 5

0.35 0.17 14 685 0.34 0.05 5

680 0.36 0.20 38
0.34 0.20 30
0.32 0.19 34
682 0.36 0.26 29
685 0.40 0.40 —

The corresponding isotropic decays AA(¢) are relatively
insensitive to temperature, even at 680 nm. This contrast in
behavior between isotropic and anisotropic decays under-
scores the nonuniformity of temperature dependence for
energy transfers in this antenna.

DISCUSSION

We first consider the mechanism(s) by which Chl a energy
transfer kinetics monitored through 680 nm anisotropy de-
cays can accelerate by a factor of 5-6 when the temperature
is raised from 13 to 300 K (Fig. 2). In the context of Forster
theory for dipole-dipole energy transfer, such thermal effects
originate from temperature-dependent changes in the overlap
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TABLE 2 Temperature dependence of anisotropy decay
parameters at 680 nm

r() = [r0) — r(=)]e™" + r(=)

T r0) ") T
K ps
13 0.32 0.19 34
25 0.33 0.16 30
50 0.33 0.13 17
100 0.33 0.09 11
300 0.33 0.03 5

integral (Dexter, 1953)

f do fy(w)o, (w)/w*

between the normalized donor fluorescence spectrum and the
acceptor absorption cross section. Thus, temperature mod-
eling of Forster rates focuses on simulating the temperature
dependence of pigment absorption and fluorescence spectra
(Jia et al., 1992). This stems from electron-phonon and
electron-vibration interactions, which lead to differences be-
tween the nuclear mode frequencies and equilibrium geom-
etries in the pigments’ electronic ground and Q, states. When
the ground and excited state vibrational Hamiltonians are
given by

I i
s = 5ua0p T 5 Mol
“:2‘22 1 ©)
—42%
He = 2MQ2 + E “’(wsl )Z(Q - A)Za

the strength of the electron-nuclear coupling can be charac-
terized by the dimensionless Huang-Rhys parameter

po,A?
S = T )

In a spectral hole-burning study of the antenna Chl a Q,
spectrum in photosystem I particles from spinach, Gillie et al.
(1989) determined the frequencies, Huang-Rhys factors, and
(in some cases) frequency shifts for 41 Chl a vibrational
modes. These intramolecular modes (whose frequencies are
distributed from 262 to 1524 cm™') exhibit small S (=0.044)
and small fractional frequency shifts (=3%). The tempera-
ture dependence of the Chl a absorption spectrum in PS I is
dominated by a highly Franck-Condon active 22 cm™! pho-
non mode (S = 0.8). In LHC-II, the Chl a intramolecular
vibrations must exhibit similar parameters, but the Franck-
Condon active 20 cm ™! phonon exhibits a Huang-Rhys factor
of ~0.3 to 0.4 at 4 K (N. R. Reddy and G. J. Small, un-
published data). The low temperature, single-site absorption
profile for a Franck-Condon active phonon with frequency
o, and Huang-Rhys factor S may be written as (Personov,
1983; Hayes et al., 1988)

re—S

a,(w) = e () + i —'Tl,(w - ruy). ®8)
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Here the values of r correspond to zero-, one-, etc. phonon
transitions. The r-phonon profile /() is obtained by con-
voluting the one-phonon profile /,(w) with itself (r — 1)
times; S'exp(—S)/r! is the Franck-Condon factor for the
r-phonon band, which is centered at frequency rw,. Incor-
porating N vibrational modes with frequencies 6, and Huang-
Rhys factors S, converts the low temperature, single-site
profile into a superimposition of phonon profiles centered at
the z-vibration transition frequencies tw, and weighted by
Franck-Condon factors,

N ® gt =Sy
aw) =% X

v=1t=0

i a, (0 — tw,). &)
For realism, site distributions in the vibrational frequencies
may be included through the incorporation of ¢-vibration pro-
files m(w) that are analogous to the r-phonon profiles [ (w).
Inhomogeneous broadening in the 0-0 electronic transition
frequency must also be taken into account. Extension of this
theory to finite temperatures allows for inclusion of hot ab-
sorption bands; the Huang-Rhys factors S are superseded
everywhere (Rebane, 1970) by a temperature-dependent pa-
rameter S(T) = S(0)coth(fiw/2kT). In these simulations, the
Chl a absorption spectra are little affected by the choice of
zero-phonon and zero-vibration profiles /(w) and my(w) if
their widths are small compared to inhomogeneous broad-
ening in the O, energies. The zero-phonon and zero-vibration
profiles were modeled with Lorentzian and Gaussian pro-
files, respectively, with 1 cm™! fwhm. The spectra are far
more sensitive to site inhomogeneity in the electronic tran-
sition frequency, which was represented by Gaussian dis-
tributions with 10, 50, 100, or 150 cm ™! fwhm. Spectral hole-
burning studies indicate that the Gaussian spectral width for
electronic site inhomogeneity in the Chl a absorption spec-
trum is ~200 cm™' (Hayes et al., 1988). More recent ex-
periments on LHC-II trimers indicate that Chl a pigments in
this antenna typically exhibit inhomogeneous broadening of
100-120 cm™" (Kwa et al., 1992a; Krawczyk et al., 1993;
N. R. Reddy and G. J. Small, unpublished data). In our cal-
culations, each fluorescence spectrum was approximated as
the mirror image of the absorption spectrum at that tem-
perature; this is valid if the vibrational frequency shifts
(w, — w) are small (Jia et al., 1992).

The practice of using Chl a absorption profiles with in-
homogeneous broadening parameters drawn from analyses
of empirical absorption spectra is a serious approximation in
two respects. First, the energy transfer kinetics observed be-
tween two chromophores in the presence of inhomogeneous
broadening will be nonexponential, because the rate con-
stants depend (inter alia) on the donor-acceptor energy gaps.
The anisotropy decays in Fig. 1, for example, exhibit indi-
cations of nonexponentiality. Hence, it would be more cor-
rect to calculate theoretical rate constants for all possible
combinations of donor and acceptor site energies, and then
to weight the kinetics over the inhomogeneously broadened
profiles. Using inhomogeneously broadened profiles directly
in the spectral overlap integral has the effect of representing
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the true multiphasic energy transfer kinetics with a single,
averaged rate constant. In this work, the limited S/N in our
anisotropy decays does not warrant fitting them with mul-
tiexpoential model functions; instead, experimental lifetimes
from single-exponential fits are compared with effective rate
constants computed from spectral overlap between inhomo-
geneously broadened profiles. Second, the appropriateness
of using Gaussian widths from absorption spectra in simu-
lations of the spectral overlap depends on whether correla-
tions exist between donor and acceptor site inhomogeneities
(Jia et al., 1992). The presence of such correlations would
reduce the effective site inhomogeneity in the spectral over-
lap integral.

Fig. 3 displays model absorption and fluorescence spectra
for Chl a acceptor and donor pigments with a 0-0 Q, energy
gap of +200 cm™! (i.e., uphill energy transfer). The Gaussian
broadening (50 cm™' fwhm) and temperatures (10 and 300
K) were chosen here to illustrate extreme temperature de-
pendence in spectral overlap. Under these conditions, the
Forster rate constants evaluated at 10 and 300 K differ by a
factor of ~60. Larger inhomogeneous broadening and/or
smaller energy gaps blunt this temperature sensitivity. In Fig.
4, we show the simulated temperature dependence of up- and
downhill energy transfer rates for 150, 100, 50, and 10 cm™!
inhomogeneous broadening, for a range of donor-acceptor
energy gaps. This figure illustrates several trends.

(a) For isoenergetic transfers (zero donor-acceptor energy
gap), the effective rate constant decreases when the tem-
perature is raised. This stems from the fact that most of the
spectral overlap in the case of zero energy gap occurs be-
tween the intense 0—0 acceptor absorption and donor fluo-
rescence bands (cf. Fig. 3). This overlap (which is large for
isoenergetic transfers at low T') becomes reduced at higher
T, because the absorption and fluorescence bands become

10 K

—1000 0 1000

300 K

Absorbance /Fluorescence (a.u.)
o

1 I
—1000 0 1000

Frequency (cm™)

FIGURE 3 Simulated fluorescence and absorption spectra at 10 K (zop)
and 300 K (bottom) for Chl a donor and acceptor species with 200 cm™!
Q, energy gap. Inhomogeneous Gaussian broadening is 50 cm™! fwhm;
Huang-Rhys factor S(0) for the Franck-Condon active phonon mode is 0.8.
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FIGURE 4 Simulated temperature dependence of uphill and downhill en-
ergy transfer rates for Chl a donor and acceptor species with inhomogeneous
broadening of (from top) 150, 100, 50, and 10 cm™". Huang-Rhys factor S(0)
for the Franck-Condon active phonon mode is 0.35. Large numbers indicate
Gaussian fwhm of inhomogeneous broadening profile in cm™; small num-
bers indicate Q, energy gaps in cm ™. Energy transfer rates are in arbitrary
units, but are mutually normalized for all conditions in this figure.

asymmetrically broadened in opposite directions when the
temperature is raised.

(b) The temperature dependence of downhill energy transfer
kinetics (where the energy gap is comparable to or larger than
the inhomogeneous broadening) is comparatively weak. This
arises because much of the spectral overlap in this case oc-
curs between the 0—0 donor fluorescence band and the broad
quasicontinuum of higher vibronic bands in the acceptor
absorption spectrum, and vice versa.

(c) Significant temperature dependence occurs in uphill en-
ergy transfers, where increased temperatures are accompa-
nied by larger spectral overlaps between the donor and ac-
ceptor 0-0 bands (cf. Fig. 3). In this case, the Chl a higher
vibronic bands contribute negligibly to the spectral overlap.
Because downhill energy transfers do not lead to reductions
by factors as large as ~6 in the transfer rate (Fig. 4), the
temperature dependence observed in the 680-nm anisotro-
pies appears to be consistent only with uphill energy transfer.

For 10 and 50 cm™' inhomogeneous broadening, most of
the temperature variations in the uphill energy transfer ki-
netics occur at temperatures below 100 K, in contrast to the
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anisotropy decays observed at 680 nm (Fig. 2 and Table 2).
Hence, the energy transfers observed at this wavelength ap-
pear to be dominated by uphill processes between pigments
with an effective inhomogeneous broadening of at least
~100 cm™!. For such inhomogeneous broadening, our cal-
culations (Fig. 4) indicate that the donor-acceptor energy gap
must be on the order of 100-150 cm™! to produce a ratio of
6:1 for the average energy transfer rates at 300 and 13 K.
Because the inhomogeneous broadening required to simulate
the temperature dependence at 680 nm is comparable to the
100-120 cm™' inhomogeneous broadening observed in
LHC-II absorption spectra (Krawczyk et al., 1993; Reddy
and Small, unpublished results), these experiments suggest
that the donor and acceptor site inhomogeneities are essen-
tially uncorrelated for these energy transfers.

If the donor pigments in the temperature-dependent energy
transfer steps are the same as the ones directly excited by the
laser, the operative donor inhomogeneous broadening cannot
be larger than the laser excitation bandwidth of 2-3 nm (~50
cm™"). Hence, the calculations performed under the assump-
tion of 100 and 150 cm™! inhomogeneous broadening were
repeated for 50 cm™' donor inhomogeneous broadening,
combined with 100 or 150 cm™' acceptor inhomogeneous
broadening. The results were similar to those in Fig. 4, except
that slightly smaller uphill energy gaps (~120 vs. 150 cm ™},
in the case of 100 cm ™" acceptor inhomogeneous broadening)
were required to simulate the experimental temperature
dependence.

The Q, electronic level structure of LHC-II trimers is not
yet well understood. The identities (a versus b) and transition
moment orientations of the Chl pigments characterized by
Kiihlbrandt and Wang (1991) have not been assigned. No
model exciton calculations have been attempted with the pur-
pose of simulating their electronic spectra. The lowest-
energy Chl a spectral form discernible in static absorption,
LD, and CD spectra of similar LHC-II preparations exhibits
a 0-0 band maximum at ~676 nm (Hemelrijk et al., 1992).
The relative intensity of this absorption band suggests that (in
the absence of substantial intensity redistribution by reso-
nance couplings) it stems from ~12 Chl a pigments/trimer.
Hence, one possible interpretation of the low energy Q, spec-
trum is that it arises from 12 exciton levels, all with mean
transition wavelength near 676 nm. In this model (hereafter
called Model 1), each level is subject to random, inhomo-
geneous broadening (uncorrelated with that in the other low
energy Chl a levels) on the order of 120 cm™! fwhm. Under
these circumstances, statistically ~25% of all LHC-II trim-
ers would contain Chl a pigments absorbing at =680 nm.
However, spectral hole-burning studies of LHC-II trimers
have suggested recently the existence of a weak Chl a spec-
tral component at ~680 nm (Reddy and Small, unpublished
data). The low intensity of this component (<3 pigments/
trimer) may be due to redistribution through exciton cou-
plings. Similarly, our absorption difference spectra of
LHC-II trimers at 13 K (not shown) exhibit a sharp
photobleaching/stimulated emission maximum at ~680 nm.
Hence, another possible model (Model 2) visualizes that the
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redmost portion of the LHC-II spectrum comprises a well
defined exciton level with mean transition wavelength 680
nm, in addition to a (group of) exciton level(s) with mean
transition wavelength 676 nm. In the simplest version of this
model, the 680- and 676-nm levels exhibit uncorrelated in-
homogeneous broadening on the order of 120 cm™! fwhm.

In either model, the uphill energy transfers observed in the
680 nm anisotropy decays may involve donor and acceptor
Chl a pigments absorbing at 680 and 676 nm, respectively.
For such processes, the mean energy gap would be on the
order of +100 cm™. The overall 680 nm anisotropy decay
may actually be dominated by a two-step process, in which
energy transfer from a 680- to a 676-nm pigment is followed
by a subsequent transfer to a second 680-nm species, whose
orientation contrasts with that of the original 680-nm pig-
ment. The kinetics of the latter step may be markedly faster
than those of the original 680 — 676 nm energy transfer, in
consequence of detailed balancing or proximity effects. The
occurrence of significant energy transfers among 680-nm
pigments via higher energy pigments would imply that all of
the 680 nm pigments are not grouped together in one cluster.
The weaker temperature dependence of the 675 nm aniso-
tropy decays likely arises from averaging of nearly isoen-
ergetic (676 — 676 nm), uphill, and downhill energy trans-
fers. Finally, because 676-nm pigments are more numerous
than 680-nm pigments, the overall 680 nm depolarization
process may stem from multistep 680 — 676 — 676 — - - -
— 680-nm processes, with the result that the observed tem-
perature dependence depends on the relative magnitudes of
rate constants for several individual transfers. More struc-
tural information (e.g., locations and orientations of specific
pigments) is required to assess the likelihood of such a sce-
nario. However, it appears clear that isoenergetic 676 — 676
nm energy transfers do not dominate the overall temperature
dependence, because the rate constants for zero donor-
acceptor energy gap exhibit temperature trends that are
opposite to the observed behavior (Fig. 4). Finally, a two-step
process may not be necessary to explain the anisotropy be-
havior. Since the inhomogeneously broadened exciton com-
ponents in Model 2 must overlap considerably, the 680 nm,
one-color experiment will be influenced by uphill equilibra-
tion between the 680-nm state and the 676-nm state (which
also absorbs at 680 nm).

The absence of significant anisotropy decay at 685 nm and
13 K (r() ~ 0.4, Table 1) is consistent with the observation
in hole-burning of uncoupled long-wavelength Chl a pig-
ments. The systematic increase in the low temperature re-
sidual anisotropy with wavelength (Table 1) may then reflect
the relative contribution of uncoupled pigments to the ab-
sorption difference signal at different wavelengths. How-
ever, this scenario alone cannot explain the temperature trend
in r(%) at 680 nm (Table 2), because the fraction of un-
coupled pigments should be essentially independent of
temperature. The empirical energy transfer kinetics between
donor and acceptor pigments with appreciable site inhomo-
geneity will not be monophasic (Pullerits and Freiberg,
1992), and nonexponentiality is apparent in some of the
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anisotropic decays in Fig. 1. The residual anisotropy trend
may then stem from components whose lifetimes are finite
at room temperature, but become infinite with respect to the
250 ps time window (Fig. 1) at low temperature. In Model
1, such components can stem from energy transfer between
donor pigments at the extreme red edge and acceptor pig-
ments at the extreme blue edge of an inhomogeneously
broadened 676-nm band. In Model 2, they can arise from
donor pigments at the red edge of the 680-nm band and ac-
ceptor pigments at the blue edge of the 676-nm band. In
Model 2, the effective uphill energy gap for such transfers
can be on the order of 100 cm™! larger than for pigments
absorbing near the centers of the respective component
bands. This possibility illustrates a caveat that must be at-
tached to the single-exponential data analysis and simula-
tions in the present work. The present temperature trend in
residual anisotropies parallels a similar observation in the
polarized fluorescence of LHC-II trimers (Hemelrijk et al.,
1992), which showed that an increased fraction of the ex-
citations becomes effectively trapped in the lowest energy
pigments when the trimers are cooled.

In conclusion, marked temperature dependence is ob-
served between 13 K and room temperature in LHC-II an-
tenna energy transfers only at the longest pump-probe wave-
lengths (680-682 nm); weaker temperature dependence is
observed at shorter wavelengths. This behavior can be mod-
eled in spectral overlap simulations of energy transfer rates,
based on a Forster mechanism using physically reasonable
parameters for the Huang-Rhys factors, the donor-acceptor
energy gap, and the inhomogeneous broadening. Our simu-
lations of the observed temperature dependence suggest that
the spectral inhomogeneity in the Chl a portion of the LHC-II
spectrum is locally random.

Note added in proof—W. Kiihlbrandt, D. N. Wang, and Y.
Fujiyoshi (1994) have recently published an LHC-II struc-
ture in which the identities of Chl a and Chl b have been
tentatively assigned (Nature. 367:614-621).
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