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Time-resobved absorption difference profiles were obtained for LHC-T trimers, isolated from Photosystem [ in spinach with
n-dodecyl B-p-maltoside. using one-color and two-color pump-probe technigues. The one-color isotropic signals are predomi-
nantly excited state absorption at 640 nm, ard a combination of photobleaching and stimulated emission at wavelengths > 665
nm. At intermediate wavelengths, dynamic red-shifting due 1o downhill ¢nergy transter among the chlorophyll (Chl) spectral
forms produces a bipolar signal, in which prompt photo-bleaching/ stimulated emission is superseded at later times by excited
staie absorption. Triexponential analyses of these profiles yicld the lifeime components 2-6 ps (associated with the spectral
shifting), 14-36 ps (possibly due to energy transfer between LHC-11 monomers), and several hundred picoseconds. The one-color
anisotropy  decays are resolvable at 065-675 nm, with lifetimes of 4.3 to 6.3 ps. They are unresolvably fast (i.c., cxhibit
subpicosecond lifetimes) at 640-650 nm. The two-color isotropic absorption diffecrence signals show clear spectral evolution
arising from cquilibration among the LHC-II spectral components for excitation wavelengths shorter than 670 nm. However,
most of this spectral evolution occurs within less than 2.5 ps. No resolvable anisotropy decay was obscerved in the two-color
experiments. Taken together, the one-color and two-color experiments indicate that both picosccond and subpicosecond encrgy
transfer steps occur in this antenra. The faster processes appear to dominate the spectral cquilibration; slower processes occur in
isoenergetic energy transfers among the longer-wavelength Chl ¢ spectral forms that absorb between 665 and 675 nm. The values
of the long-time anisotropies r(x), measured in the one-color and two-color experiments, are qualitatively consistent with static
lincar dichroism spectra of these preparations.

Introduction and 25 kDa apoproteins. While these apoproteins dif-
fer in phosphorylation potentials, they exhibit consider-
able sequence homology, and bind essentially identical
organizations of chlorophyll molecules [2,3]. Electron
diffraction, microscopy, and imaging studics of this
complex have progressively revealed more detailed in-
formation about its symmctry and protein conforma-
tion since 1983 [4-6]. These experiments culminated in
a recent 6 A resolution electron crystallography study
[7]. which disclosed for the first time the positions and
approximate orientations of the 15 chlorophyll pig-
ments in an LHC-1} monomer.

The new structural data have in turn prompted
reexamination of the low-temperature spectroscopic
propertics [8] in trimers solubilized with n-dodecyl
B-v-maltoside. The Chl a /b ratio in these prepara-

The light-harvesting Chl ¢ /b complex LHC-11, as-
sociated with Photosystem 110 contains about 5047 of
all chlorophyll chromophores synthesized in green
plants and green algac. It scrves as the principal an-
tenna for solar energy, it is involved in the stacking of
thylakoid membranes, and °t mediates the energy allo-
cation between Photosystems |and 1 [1). The LHC-1%
complex is organized into trimers containing 27 kDa
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tions is ca. 1.5, indicating that the protcin monomer
probably contains 9 Chl a and 6 Chl b chromophores.
The spectroscopy of these trimers closely resembles



that of intact thylakoid membrancs [8], but differs
somewhat from that of LHC-11 isolated in Triton X-100
[9]. This suggests that the LHC-II complex in the
newer isolations, using the gentler detergent, may be
more physiological. Analysis of low-temperature ab-
sorption, LD, and CD spectra indicated that the Chl
a /b Q, absorption spectrum in LHC-II trimers com-
prises at least six different spectral components. Polar-
ized fluorescence excitation spectra show evidence of
efficient energy equilibration among the red-most Chi
a pigments responsible for the 676 nm spectral compo-
nent. The CD spectrum indicates the presence of strong
exciton interactions among the Chl a and Chl b chro-
mophores, as is to be expected in view of the small
necarest-neighbor separations (9-14 A) found in LHC-11
(7.

Previous ultrafast studies of LHC-1I energy transfer
include two transient absorption studies [10,11] and a
subpicosecond fluorescence upconversion experiment
[12]. These two approaches have yielded very different
views of the cnergy transfer time scales. The Chl b —
Chl @ and Chl @ — Chl a energy transfer times derived
from pump-probe measurements on a Triton X-100
LHC-HI preparation were 6 + 4 ps and 20 ps, respec-
tively [10]. In these experiments, the Chl b — Chl a
energy transfer kinetics were inferred from isotropic
photobleaching decay in the Chl b absorption region,
where no depolarization was found. The Chl a — Chi
a kinetics were determined from one-color anisotropy
decay at 665 nm. Gillbro et al. {11] later inferred a
nearest-neighbor energy transfer time of 5 ps at most
(and probably closer to | ps) on the basis of exciton
annihilation Kinetics in aggregates of Chl @ /b com-
plexes from spinach. The Chl a fluorescence rise-time
observed by Eads et al. [12] upon 650 nm excitation of
Chl b in the LHC-II antenna of a C. reinhardtii strain
deficient in Photosystems 1 and 1l indicated a Chl
b — Chl a transfer time on the order of 500 fs. The
latter group speculated that the lower time resolution
and the presence of the coherent coupling artifact [13]
in the one-color pump-probe studies [10] may have
obscured subpicosecond encrgy transfer processes. Tri-
ton X-100 solubilization may also decouple significant
numbers of Chl a pigments from other chromophores,
introducing slow processes that are absent in the intact
antenna.

In the present work, we report one- and two-color
pump-probe experiments on LHC-H trimers isolated
using n-dodecyl B-p-maltoside. These appear to be
timely for scveral reasons. First, the newly discovered
LHC-H structure [7] has supplanted earlier models
[14-16] of its chromophore organization, so that exper-
iments can be targeted toward understanding struc-
ture-function relationships. Second, the confirmation
that our preparations are spectroscopically similar to
those of LHC-II in situ [8] cnables us to gauge the
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possible cffects of solubilization on the carlier kinctic
experiments. Finally, one- and two-color pump-probe
techniques can yicld very different perspectives on the
energy transport (depending on the chromophore ar-
chitecture), so that the origins of the contrasting results
in the onc-color experiments [10,11] and the fluores-
cence upconversion work (inherently a two-cotos teck-
nique) may be more fundamental than previously en-
visaged.

Materials and Methods

The isolation of the LHC-1I trimers using n-dodecy!
B-p-maltoside has been described carlier [8]. PS-11
membrane fragments were obtained from spinach th-
ylakoids as reported by Berthold et al. [17], and solubi-
lized with 1% (w/v) n-dodecyl B-p-maltoside in a
buffer of 20 mM BisTris, 20 mM MgCl,, 10 mM
MgSO,, and § mM CaCl, at pH 6.5. The solubilized
fraction was loaded onto a Q-Sepharose column equili-
brated with the samc buffer as described above, but
with 0.03% dodecylmaltoside. Thesc buffer conditions
allowed retention of the Photosystem 1l core complex,
but not of LHC-11 [18). The LHC-II enriched cluate
was centrifuged on a linear sucrose gradient at 4°C in a
Beckman SW 41 rotor at 41000 rpm for 16 h. The
purified LHC-11 was verified by SDS-PAGE to consist
of 25 and 27 kDa polypeptides. The Q, absorption
spectra of the LHC-11 preparations conformed to thosc
reported in Ref. 8. Samples were stored in the dark
near 0°C. Room-temperature experiments were con-
ducted with samples in a buffer of 20 mM Bistris with
20 mM NaCl and 0.03% dodecylmaltoside at pH 6.5.
These samples exhibited about 0.4 A at 676 nm in
Starna 49-Gl1 | mm path length cells, which were
periodically translated over ca. 2 cm at 2 Hz to mini-
mize laser photooxidation. The room temperature Q,
absorption spectrum of the LHC-11 trimers is shown in
Fig. 1.

The lasers and pump-probe apparatus have been
described previously [19]. The principal modification
was the addition of a second hybrid mode-locked dye
laser for two-color studies. Both dye lasers (DCM laser
dye, DDCI saturable absorber dye) were pumped using
532 nm SHG pulses (70 ps fwhm, approx. 1 W average
power) from a Nd: YAG cw mode-locked laser. Each
dye laser typically exhibited autocorrelations with about
3-4 ps fwhm, and was tunable from A40 to 680 nm.
The dual laser cross-correlation (evaluated with a Type
I LilO; SHG crystal in place of the sample) varied with
wavelength, but was typically 5-8 ps fwhm. In an RF
multiple-modulation scheme, the pump and probe
beams were modulated at 6.5 and (0.5 MHz, respec-
tively in Isomet 1206-C acousto-optic modulators. The
pump pulse delay was swept using a retroreflector
mounted on a Micro-Controle UT100125PP translation
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Fig. 1. Q, absorption spectrum of LHC-11 animers in a pil 6.5

solution containing 20 mM Bistris. 20 mM NaCL €.03% (w/v)

dodecyl maltoside, and 7070 (w/v) glyeerol. Spectral resolution
is | nm.

stage. Both beams were focussed into the sample with
a 7 cm .l lens, and the transmitted probe beam was
detected with a 0.51 mm® EG&G FOD-100 silicon
photodiode. The probe beam polarization was fixed at
45° from the vertical laser polarization. The polariza-
tion of the pump beam was defined by a rotatable
Glan-Thompson prism. In a recent study that com-
pared time-resolved anisotropy decays with static LD
measurements in the BChl ¢ antenna in chlorosomes
from Chloroflexus aurantiacus. it was determined that
the ratio of the two polarized pump beam intensities in
pump-probe experiments was moderately wavelength-
dependent [20). The difference signals for different
polarizations were, therefore, normalized to the re-
spective puinp and probe beam intensitics at every
wavelength. The 7.0 MHz sum frequency component in
the absorption difference signal was recovered in a
Drake R-7A 1. dio receiver, whose signal-bearing 50
kHz intermediate frequency was fed into a Stanford
Research Systems SR510 lock-in amplifier. In some
experiments, the pump-probe prefiles were also nor-
malized to the real-time laser int:usity. Profiles were
accumulated in a DEC MINC-23 computer, and trans-
ferred to a DEC VAXstation 2000 for analysis with
nonlincar least-squares convolute-and-compare  algo-
rithms. For all combinations of pump and probe wave-
lengths, polarized profiles A (1) and A4 (1) were
obtained with parallel and perpendicular polarizations
respectively. The isotropic decay functions 1 A(1) were
then computed from

A =3A () +234 (1) (

while the anisotropy functions r(¢) were cvaluated
from

dA (-3 )
O o
The maximum number of photons absorbed per
chromophore per laser pulse in the overlap region of
the pump and probe pulses was about .01 at 676 nm.
The effects of exciton annihilation on the isotropic
decay kinetics were studied by varying the pump beam
intensity over two orders of magnitude (vide infra).

Resulits

One-color experiments

Representative isotropic absorption difference pro-
files obtained in one-color experiments at six wave-
lengths from 640 to 675 nm are shown in Fig. 2. The
principal features Jf these transients are as follows: (a)
At the shortest wavelength studied (640 nm), the (posi-
tive) signal is dominated at all times by excited state
absorption (ESA). At the two longest wavelengths (665
and 675 nm), the (negative) signal is principally a
combination of photobleaching and stimulated emis-
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Fig. 2. Once-color isotropic absorption difference profiles at six wave-

lengths from 640 to 675 nm  Positive and negative signals correspond

to excited state absorption aad phoiobicacining /stimulated emission,

respectively. Final parameters for tricxponential fits to these and

other isotropic profiles are given in Table 1. The profiles at different
wavelengths are not mutually normalized.



sion throughout. At intermediate wavelengths (645-660
nm), a prompt photobleaching signal gives way to ESA
within <5 ps. The dichotomy between the ESA and
photobleaching observed at the shortest and longest
wavelengths, respectively, can be phenomenologically
rationalized in terms of Chl a ground and Q, excited
state absorption spectra qualitatively similar to those
that have been recently characicrized for BChl a
monomers by Parson and co-workers [21). For BChl a
in methane!, the integrated ESA spectrum is similar to
the integrated ground state spectrum; the ESA spec-
trum is consideral vder, and exhibits a maximum
absorption coeffi. . is at most half that of the
ground state spectrum. Hence, the net signal at wave-
lengths considerably to the blue of the LHC-I Q,
absorption band should be dominated by ESA (assum-
ing that the relationships between the Chl a /b ESA
and ground state spectra are similar to those in BChi
a). This is also consistent with absorption difference
spectra observed by Shepanski and Anderson [22] for
Chl a monomers in pyridine: at long times, the latter
spectra show ESA oand photobleaching/stimulated
emission, respectively, at wavelengths less than, and
greater than, about 655 nm. The bipolarity of our
absorption transients at the intermediate wavelengths
must arise from dynamic spectral shifting, stemming
from cnergy transfer among different Chl a /b spectral
components [8]. We caution here that the details of the
Chl a /b absorption difference spectra in LHC-1I may
differ from those of thc monomeric pigments in conse-
quence of exciton couplings [8] and/or pigment-pro-
tein interactions. (b) Triexponentia! fitting of the
isotropic transients yields three families of lifetimes
that are essentially uniform (with minor fluctuations)
across the wavelength spectrum. In this analysis, the
gross wavelength variations apparent in the profiles
shown in Fig. 2 arise from redistributions in the pre-
exponential factors. The lifetime groups evident in
Table 1 are (i) 2--6 ps; (ii) 14-36 ps; and (iii) scveral
hundred picoseconds. The latter (longest) lifetime
components are less accurately determined than the
others. because the sweep duration was typically lim-
ited to 80 ps. The first family of lifetimes (2-6 p.)
arises from spectral shifting, and corresponds to the
time scale of the bipolar switching at the intermediate
wavelengths, 645-660 nm. The intermediate lifetimes
(14-36 ps) may result from EET bectween monomers
within u trimer, because it resembles a lifetime compo-
nent that emerges in exciton annihilation studies of the
isotropic decay (sece below). (c) Annihilation effects
were screened by reducing the pump pulse intensities
by factors of 10 and 10° below those used in the
isotropic studies of Fig. 2, with the results shown in
Fig. 3 and Table I1. (In Fig. 2, the total pulse intensity
was about 3-10" photons cm™?, distributed in an
approx. 2: 1 ratio between pump and probe pulses; this
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TABLE 1

Fitting parameters front tiexponential analvses of one-color iotropic
decays in LHC-1T

All lifetimes are in ps.

Wavelength 7 (A1) T.(A4,) T A3)
(nm)
640 5.3(--0.27 16 (1L.32) 450(0.42)
645 5.6 (—0.40) 18(0.26) 270 (0.35)
4.0(~-0.48) 1740.18) 342(0.33)
650 4.4(-0.76) 15(0.06) 200 (0.18)
42(-¢78)  22(0.07) 223(0.15)
655 47(-0.78)  14(0.06) 215(0.16)
660 3.7(-0.88) 19(0.05) 112 (0.07)
3.6(-0.85 1940.05) 239.(0.10)
665 2.9 (~0.60) 23(-0.24) LSE6 (~0.15)
30(-0.73) 27 (=013 536 (~0.19)
25(-0.69) 26(-0.15  352(-0.16)
670 38(=0.26)  3i1(-037)  256(-037)
3.6 (=030 36 (-0.28) 249(—-0.42)
675" 200-047  250(-0.53)
26 (=041 (44 (- 0.59)

* Limited fitting interval.
P Bicxponential fits are used at 675 nm. as their quality is similar to
that of triexponential fits.
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Fig. 3. One-color isotropic absorption difference profiles at 676 nm

for 1007, 1077, and 177 excitation power (top. middle. and bottom

respectively). The signal at this wavelength is dominated by Chl o

photobleaching /stimulated emission. The profiles are not mutually

normalized. Optimized parameters for biexponential and triexponen-
tial fits to these profiles are listed in Table 11,

TABLE 11

Effect of pump power on one-cotor isotropic decays at 6
biexponential und triexponential fits

75 nm:

All lifetimes are in ps.

Percent kA TaA,) T d3)

laser power

] 0.31(-0.77) 22(-0.09) 447 (-0.14)
20(-0.41) 443 (- 0.59)

10 0.46 ( —0.83) 24 (=00 380 (~0.10)
2H(-047) 205(-0.0)

100 0.46 (- 0.83) 22¢=0.08) 259 (- 0.09)
200~0.52) 272( -048)
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corresponded to approx. one excitation per four
trimers.) The ground-state recovery is visibly faster at
the higher pump pulse intensitics in Fig. 3. These
decays, obtained with 160 ps sweep durations near the
/76 nm Chl « photoblcaching maximum, were ana-
lyzed with bicxponential and triexponential model
functions. The bicxponcential analyses indicate a 20 ps
fast component, whose contribution increases with laser
intensity. However. the triexpoential analyses show that
such a simple corrclation can be spurious: here, the
contribution of the 20 ps component is slightly higher
at 1% laser intensity than at 109 intensity. Hence,
direct comparisons of preexponential factors in the 20
ps component can be misleading, due to simultancous
changes in the other lifetime components. The princi-
pal conclusion that can be drawn here is that there is
an intensity-dependent component. with a lifetime in
the low tens of picoseconds. which make s a substantial
contribution even at 1% laser intensity. At such laser
powers (about 1 excitation per 400 trimers), singlet-
singlet annihilation is highly improbable. Isotropic life-
time¢ compenents cannot arise from energy equilibra-
tion between spectrally identical chromophores: the 20
ps process could originate. in principle, from energy
transfer between chromophores in contrasting protein
environments (e.g., bound to 25 and 27 kDa apopro-
tcins within a trimer, or located in similar proteins but
exhibiting spectral inhomogencity). More detailed ex-
amination of this lifetime component at 300 2nd 23 K
(H. Van Amcrongen, S.L.S. Kwa, H.-C. Chang, J.P.
Dekker, R. van Grondelle and W.S. Struve. unpub-
lished work) suggests that it arisecs principally from
singlet-triplet annihilation. resulting from triplet state
buildup (¢.g.. n the carotenoids) that accumulates over
a large rnumber of laser pulses.

Anisotropic one-color profiles are shown in Fig. 4
for several wavelengths, At 640 nm. the depolarization
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Fig. 4. One-color anisotropic absorption difference profiles 3.4 (1),
S ) at 6L 6650 670 and 675 nm. Fitting parameters are given
for these and other anisotropic protiles in Table 11

TABLE 1

One-color anisotropy decay parameters for LHC-1T

Wavelength it ) T(ps)
(nm)

640 -0.01+0.03

643 —-0.03+0.13

N -0.03+0.03

0633 005 +0.04

Hol) —-0.03+0.03

0663 0.22 0.05+0.04 6.3+240
670 013 0.0240.02 i 0+2.0
675 0.14 .00+ 0.03 43420

* Values for #(0) and 7 are listed only for wavclengths at which
resolvable depolarization lifetime congponents were observed.

is clearly faster than the time resolution of 3-4 ps,
because the derived anisotropy function (not shown) is
esscntially constant at times beyond the coherent laser
spike (In this regard, our anisotropy decays at 640-655
nm resemble the 652 nm anisotropy described by Gill-
bro ct al. [10], although our measured anisotropies are
much smaller than the value .42 + 0.05 reported by
these authors at 652 nm.) At tiae three longest wave-
lengths, however, discernible anisotropy decay sets in,
with a lifetime of about 6 ps at 665 nm and about 4to 5
ps at 670 and 675 nm. The depolarization litetimes and
residual anisotropies are shown for these and several
other wavelengths in Table 1iI. A careful comparison
was made between the anisotropy decay and the instru-
ment function at 675 nm in order to address the effects
of the coherent spike, with the resuits shown in Fig, 5.
The shown anisotropy decay r(r) is an average from
five pairs of measursments of AAd,, A4 . The decay
in r(¢) exhibits a lifetime component (4.3 ps) that is
clearly not attributable to the instrument function wing.
Moreover, one-color anisotropy decays obtained using
independent lasers tuned to the same wavelength
(which do not produce a coherent spike because the
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Fig. 5. One-color anisotropy decay function r{r) at 675 nm. superim-

posed on the corresponding instrument function (symmetric curve).

The anisotropy decay is averaged over five pairs of profiles 1.1 (1),

3.4 () at this wavelength. The corresponding anisot, w decay
time. derived from a single-exponential fit, is 4.3 ps.
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Fig. 6. Two-color isotropic absorrtion difference profiles excited ot
650. 665, and 680 nm (first. sccend. and third columns, respectively).
and probed at severai wavelengths from 645 to 676 nm. Final
parameters for biexponential fits to these and other profiles are
given in Table 1V, Profiles at different wavelengths are not mutually
normalized. The position of zero time (coincidence between pump
and probe pulses) changes with wavelength, because time deiay
between 532 nm YAG laser pulse and dye laser pulse is sensitive to
dye laser wavelength.

lasers exhibit uncorrelated noise patterns) are similar
to those generated using a single laser.

Two-color experiments

Some appreciation of the spectral information af-
forded by two-color isotropic profiles for LHC-II may
be gained by comparing transients obtained at contrast-
ing excitation wavelengths. These are shown in Fig. 6
for the wavelengths 650 nm (which predominantly ex-
cites Chl b spectral components) and 665 and 680 nm
(which are in the Chl g absorption region). These threc
groups of profiles resemble each other (and the one-
color profiles in Fig. 2) in that the absorption differ-
ence signal is dominated by ESA at the shortest probe
wavelength (645 nm) and by photobleaching and stimu-
lated emission at the longest wavelengths (665-675
nm). When the pump wavelength is detuned from the
probe wavelength (transforming a one-color into a
two-color experiment), the resulting isotropic profile
will differ from the one-color profile if spectral equili-
bration is incomplete on the cxperimental timescale.
Comparisons between the one-color and two-color pro-
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files in Figs. 2 and 6 reveal striking examples of such
contrasts. As expected, the ons-color 630 nm profile in
Fig. 2 resembles the twe color profile excited and
probed at 650 nim in Fig. 6 It bears little resemblance
te the two-co.0r profiies probed at 650 nm after excita-
tion at either 665 or 680 nny, the prompt, short-lived
photobleaching signal that appears under 650 nm
pumping is absent at the other two pump wavelengths.
Similarly. the one-color 665 nm prot'le (Fig. 2) is
comparable. to the two-color profile exciti-d and probed
at 665 nm (Fig. 6). It differs considerably from the
two-color profiles probed at 665 nm after either 650 or
680 nm excitation, in that the former profile exhibits a
visibly iarger fast decay componcent (lifetime < 5 ps) in
the photobleaching/ stimulated emission signal. (This
dissimilarity is especially conspicuous between the pro-
files excited at 665 and 680 nm.) Thesc cxamples
illustrate that one-color isotropic profiles generated by
exciting higher-energy spectral forms can exhibit large
photobleaching decay components. attributable to
equilibration with lower-energy spectral {orms. This
serves as a caveat for the interpretation of one-color
isotropic profiles in antennae that are connected to an
excitation trap (e.g.. the Photosystem I core antenna).
In such systems, fast photobleaching decay cownponents
at the blue edge of the antenna spectrum may stem
from spectral equilibration rather than trapping. For
all of the excitation wavelengths in Fig. 6. the photo-
bleaching decays exhibit progressively smaller ampli-
tudes of fast decay components as the probe wave-
length is increased from 665 to 675 nm. Optimized
parameters are given for biexponentiai fits to these and
other two-color isotropic profiles in Table 1V.

An additional perspective is gained by organizing
the isotropic transients obtained at different prehe
wavelengths into absorption difference spectra for fix~d
time delays. In Fig. 7, we plot the absorption ditfer-
ences computed from optimized triexponential fits to
the isotropic decays for several probe wavelengths be-
tween 645 and 674 nm under 650 nm cxcitation. Plot-
ting these fits instead of the original curves deconvo-
lutes them from the instrument functions. which vary
with wavelength. Absorption difference signals 1A(})
for different probe wavelengths A were mutually nor-
malized using

A4 S

A(A)= 3
LgmptO30nm [, ()10 P10

where [ ! are the relevant laser intensitics.

- pump* ‘probe i . 8
S(A) is-the measured absorption difference signal. and

D(A) is the sample optical absorbance. In this figure.
the prompt (0 ps) difference spectrum censists princi-
pally of a photobleaching-stimulated emission peak at
650 nm. indicating that most of the immediate signal
ariscs from LHC-H pigments that are (nearly) isuener-
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TABLE IV

Fitting parameters for biesponential fits 10 two-color isotropic decays in
LHC-IT

All lifetimes are in ps. These biexponential fits do not reveal the full
range of lifetimes contained in the isotropic de rays, and @re intended
only to wonvey the gross wavelength variations in the isotropic
profiles. Triexponential fits to the protiles excited at 650 nm and
probed at 665-676 nm. for example. reveal a very fast photo-
bleaching-stimulated emission rise component that corresponds to
downhill excitation transport among Chl spectral forms (cf. Fig. 7).

Pump Probe (A (A,

wavelcagth wavelength

(nm) (nm)

630 645 18 (010 221 (0.90)
654 54(~083) 182 (0.17)
655 6.6 (—0.70) 193 (0.30)
660 1.5(-0.84) 208 (0.16)
663 S7(-05D 228(~0.49)
670 7.2(~u.bl) 231 (-059)
676 20(0.16) 262 (—-0.84)

663 645 24.8(0.29) 178 (0.71)
630 8.3(-021 86 (0,79}
635 tN{(~-0.65) 90 (1.35)
660 4.4(-097 56 (0.03)
663 4.7(-0.62) 136 (~0.38)
670 I15(-0.37 127(~0.63)
675 30(—-0.59) 380 (~0.46)

680 6435 1740.29) 116 (0.71)
645 35(0.25) 105 (0.75)
650 23(0.28) 129 (0.72)
655 14 (0.40) 116 (0.60)
66() 7.4(0.45) 74 (0.55)
665 39 (~0.36) 163 (- 0.64)
676 12(-0.38) 174 (-0.62)
676 27(~043) 169 (-0.57)

getic with the laser-excited chremophores. (This spec-
trum is, in fact. only nominally a prompt spectrum,
since it is derived by fitting isotropic profiles with
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<
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Fig. 7. Two-color difference absorption spectra for fixed time delays,

reconstructed from isotropic time-dependent profiles at seven wave-

lengths from 645 tc 675 nm. Excitation wavelength is 650 nm, in the

Chl b absorption region. Time delays are 0 ps (), 2.5 ps (A), 5 ps

(+). 10 ps (%), 20 ps (D) and 50 ps (X ). Absorption differcnces are
in arbitrary units.

convolutions of 5-8 ps fwhm [nstrument functions with
model triexporcential decay functions.) Within a very
short time (< 2.5 ps in Fig. 7), the spectrum becomes
dominated by strong photoblcaching and stimulated
emission at wavelergths of 675 nm or more ~ which is
consistent with excitation equilibration, primarily into
the lowest-energy pigments in LHC-11. Hence, the de-
cay in the prompt photobleaching peak that occurs in
the bipolar absorption transient under 650 nm excita-
tion in Fig. 6 arises from downhill energy transfer from
the Chl b spectral components that absorb at 650 nm.
The accentuated fast photobleaching decay observed at
665 nm under 665 nm excitation has a similar origin, as
does the gradual attenuation in the fast component’s
amplitude as the probe wavelength is increased from
665 to 675 nm. Some spectral equilibration persists for
delay times longer than 10 ps in Fig. 7, where the
zero-crossing wavelength (662-663 nm) between the
ESA and photobleaching regions experiences a time-
dependent red shift. In contrast, this zero-crossing
wavelength exhibits a dynamic blue shift in the differ-
ence spectra obtained under 680 nm excitation (not
shown), indicating that some uphill spectral equilibra-
tion occurs upon excitation at the extreme red edge in
the LHC-II absorption spectrum. The absorption tran-
sients for this excitation wavelength (not shown) show
little of the bipolar behavior in Fig. 6. The profiles for
all probe wavelengths between 640 and 655 nm, for
example, are dominated here by ESA at all times
(Table IV). This is consistent with the interpretation of
the spectral evolution in Figs. 6 and 7 in terms of
spectral equilibration, since under 680 nm excitation
the laser-prepared LHC-II state(s) resemble the 300 K
Boltzmann equilibrium more closely than the states
prepared under 650 or 665 nm excitation.

We emphasize that the prompt 650 nm photo-
bleaching band observed under 650 nm excitation in
Fig. 7 is not a coherent coupling artifact, which cannot
occur when the pump and probe pulses are derived
from independent dye lasers. Moreover, the sum fre-
quency detection mode in our multiple modulation
scheme precludes scattered pump light from contribut-
ing to the difference spectrum, even when the pump
and probe wavelengths coincide.

When the pump and probe wavelengths are sepa-
rated by at least 20 nm, the anisotropies observed in
two-color experiments show no resolvable decay under
our experimental resolution, unlike the one-color
anisotropies at 665-675 nm (cf. Fig. 4 and Table ).
The prompt anisotropies, observed at times immedi-
ately foliowing the instrument function, are essentially
the same as the residual anisotropies r(«c) measured at
long times. Several of these values are contrasted in
Table V with the corresponding residual anisotropies
measured in the one-color experiments. For probe
wavelengths between 640 and 650 nm, the residual



TABLE V
Residual anisotropies observed in one-color and two-color experimenty

Peinp wavelength A, is 675 nm in all two-color measurements.

Probe wavelength A, One-color Two-color

AL A r(As.A))

640 001 +0.3 0.1 £0.02 -
645 —G0310.13 0.16 +0.02

650 —0.03+0.03 0.23+0.02

675 0.004 0.03 -~

anisotropies are considerably larger in the two-color
tkan in the one-color experiments. This interesting
feature is rationalized in the light of room-temperaturc
LHC-1 linear dichroism spectra in the discussion.
Risetime behaviors were compared in the two-color
isotropic signals for LHC-II and oxazine 725 in cthy-
lene glycol. with the results shown in Fig. 8. These
signals were probed at 645, 665, 670, and 675 nm under
650 nm excitation. At thesc probe wavelengths, the
oxazine 725 transient absorption arises principally from
photobleaching and stimulated emission. The risetime
behavior in this dye (which is limited by vibrational
equilibration) is essentially prompt under present time
resolution. In each case. the riscti. .c of the LHC-1I
signal essentially parallels that of oxazine 725, indicat-
ing that most of the excitation redistribution among
LHC-11 spectral forms occurs within the two-color in-
strument function fwhm of 5-8 ps for this excitation
wavelength. (However, the absorption difference spec-
tra in Fig. 7 show that some slower spectral equilibra-
tion does occur.) The delay of approx. 5 ps between the

A ABSORBANCE (a.u.)

TIME (ps)

Fig. 8. Comparison of two-color absorption diftcience risetimes
between LHC-1I (solid curves) and control solution of oxazine 725
dye in ethylene glycol (dashed curves). Pump wavelength is 650 nm in
all cases. probe wavelengths are 645, 665, 670 and 675 nm. The
oxazine 725 signal is photobleaching /stimulated emission at all probe
wavelengths; the LHC-11 signal is dominated by photo-bleaching /
stimulated emission at the three longer wavelengths, and by excited
state absorption at 645 nm. The oxazine signal at 645 nm is inverted.
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645 nm oxazine and LHC-11 profilcs in Fig. 8 may arisc
from the disappearance of a prompt photoblcaching
component in LHC-II at this wavelength.

Discussion

The present LHC-11 work is striking in that it con-
firms seemingly contradictory features in both the ear-
lier one-color pump-probe experiments [10,11] and the
fluorescence upconversion study [12]. In particular,
Gillbro et al. [10] reported a one-color Chl b isotropic
signal at 652 nm that decayed with a lifetime of 6 + 4
ps. This corresponds most closely to our 650 nm signal
in Fig. 2, in which a prompt photobleaching signal is
supplanted within 4-5 ps by ESA. In this case, the
small ESA signal we observe at long times (Fig. 2) may
have been obscured by a lower S/N in the earlier
work. Our 665 nm anisotropy decay (Fig. 4) qualita-
tively resembles the one described by Gillbro et al. [16],
in that it contains a lifetime component that is casily
resolved from our 2-3 ps fwhm instrument function.
Our 6.3 ps anisotropic lifctime at that wavelength
(Tablc 11D) is shorter than their 20 ps depolarization
lifetime. Hence, while some details in our one-color
experiments differ from those in the earlier pump-
probe cxperiments [10,11], they share a family resem-
blance with the latter work.

In contrast, our two-color experiments reveal EET
dynamics that appear consistent with the subpicosec-
ond energy transfer timescale characterized in the fluo-
rescence upconversion experiments [12]. This is re-
vealed most clearly in the absorption difference spectra
in Fig. 7. Here, the bulk of the spectral metamorphosis
between the “prompt™” and long-time difference spec-
tra occurs within less than 2.5 ps, since by this time the
LHC-II photobleaching spectrum has already become
concentrated at wavelengths > 675 nm. Additional
confirmation appears in the two-color risetime studies
in Fig. 8, where the onset of the difference absorption
is indistinguishable under the 5-8 ps instrument func-
tion from the prompt signal observed in solutions of
the control dye oxazine 725. Our two-color anisotropy
studies show no evidence for resolvable anisotropy
decays, in contrast to the 4-6 ps depolarization life-
times observed at the longer wavelengths 1in our one-
color experiments. This is consistent with the fluorcs-
cence upconversion result of Eads et al. [12], who
report an anisotropy decay time of less than 1 ps for
fluorescence excited at 650 nm and monitored at 690
nm, Consequently, the major differences between ihe
earlier pump-probe and fluorescence upconversion
studies may stem from contrasting projections of EET
dynamics viewed in one-color and two-color studies,
rather than from improvements in laser time resofution
or sample isolation protocol. The two-color absorption
difference spectra in Fig. 7 suggest that the spectral
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cquilibration occurs over a range of timescales: while
the major redistribution of the initial photobleaching
and stimulated emission occurs within less than 2.5 ps,
pereeptible red-shifting of the zero-crossing point per-
sists for as long as 20 ps.

In the crudest model for spectral cquilibration, we
may consider downhill cnergy transfer from a single
Chl b pool to a single Chl ¢ pool with rate constant k..
The cnergy scparation between these pools (which
absorb at about 650 and about 676 nm) is about 600
em ' the rate constant &, for the reverse (uphill)
cnergy transfer would then be smaller than &, by a
factor of ~ 17 at room temperature. In the absence of
other cnergy transfer steps, the time-dependent excited
state populations B(1) and A(1) in the respective pools
(following excitation of the Chl » pool) would then
become

B(ry=B) - m= me ot )

thyvh v

Aty=m-mec (5

with

In this limit, the lifctime of the fast, single-exponential
Chl b decay component (which would be mirrored by a
Chl a risc component) is essentially ! /k,, owing to the
large disparity between &, and & _ . This model can be
generalized by also allowing the Chl b and Chl a pools
to decay independently, with rate constants &, and k.
respectively (e.g.. due to annihilation). In this case, the
excited-state kinetics of the two pools become biexpo-
nential, with empirical rate constants k. k. k; given
by

«*

h,thy=k (+k +hsth, (v)
hoky=k (kytkk+hsky v

As a practical cxample, we may set kA, =1ps ' k | =
0.06 ps .k, =k, =0.05 ps '. This would yicld empir-
ical lifetimes k ~ 1 ps™', k, ~0.05 ps ' that closcly
resemble the individual rate constants for downhill
encrgy transfer and exciton annihilation. Such a situa-
tion arises because the time scales for these two pro-
cesses are so disparate. Hence, observation of a range
of timescales for spectral equilibration in the two-color
experiments suggests a Kinetic scheme that is morc
complex than cnergy transfers between two homoge-
neous pigment pools.

The origin of the differences in the LHC-H kinetics
observed in one-vs. two-color experiments remains
speculative, owing to uncertainties in the chromophore
architecture. While the positions and approximate ori-
entations of the 15 chromophores in an LHC-II

monomer have been determined by Kiithibrandt and
Wang [7], the Chl ¢ and Chl b molecules have not
been differentiated; the locations of the individual
pigments responsible for the spectral components iden-
tified in the recent LD and CD studies [8] are still
unknown. Approximately four of the ninc Chl a chro-
mophores in a monomer are believed to contribute to
the lowest-energy LHC-1I absorption band at 676 nm
[8]. If dispersion cxists in ihe separations betweea pairs
of such C676 pigments (as is to be cxpected in this
irregular monomer structure [7]), it would lead to mul-
tiexponentiai decay in the 676 nm one-color anisotropy
function - which is controlled mainly by excitation
equilibration among the pigments whose absorption
dominates at this wavelength. Such a situation is
strongly implied by the anisotropy parameters for 675
nm in Table 1. While the resolvable anisotropy decay
is well described by a lifetime of 4.3 +2 ps at this
wavelength, the fitted initial anisotropy r(0) is only
0.14 - which is well below the theoretical r(0) = 0.4,
Hence, faster (likely subpicosecond) decay components
are likely to be present within the instrument function,
and the total one-color anisotropy decay probably con-
tains a supcrimposition of picosccond and subpicosec-
ond lifetim¢ components.

The residual anisotropies r(x) observed at the
shorter wavelengths (Table V) can be directly com-
pared with the static LD spectrum of LHC-11 trimers.
In the latter case, the reduced linear dichroism (A, —
A )/(A+2A. measured in a rotationally symmctric
antenna is proportional to {Py(cos 8*)). Here BY is
the angle between the pigment Q, transition moment
and the normal to the plane of the disk-shaped trimer
[7]. and the average is taken over all pigments absorb-
ing at the pertin 'nt wavelength. In the case of the
present absorption difference spectra at 640-650 nm,
the signal is dominated by ESA (with absorption coeffi-
cient A,) and likely contains some photobleaching
(with absorption coefficient A4,). Hence the total
anisotropy r(A,, A,) measured using pump and probe
wavelengths 8gl, and A, will contain contributions r,
and r, from ESA and photobleaching. respectively,
according to [23]

Agry— Ayr
;= (LA H [} (8)

Ay A,
If the excitation equilibrates among rotationally equiva-
lent monomers in a trimer, the anisotropy function
detected in a pump-probe experiment is related to the
transition moment angles BY, B" at the pump and
probe wavelengths respectively through [24]

) ApPrcos Bliean) — A Pa(cos By,
r(A:.Al)=;(P3(cos#“)>< e Picucn) L BI'M)>

Ay— A

9)



TABLE VI

Comparison of reduced linear dichroisin with residual anisotropy from
pump-probe experiments

A (nm) Reduced LD (Pyeos BHA DN/
{Pyeos A M "

640 0.25+0.04 =01 +0.3

645 (.25 4+ 0.04 -0.1 +0.8

650 016 +0.04 -0.1540.15

675 100 1.06

“ Room temperature, normalized to reduced lincar dichroism at 675
nm.
P Excitation wavelength 675 nm in two-color experiments.

(Egn (9) allows for the possibility that the ESA and
photobleaching transition moment directions differ.)
Accordingly, the ratio of anisotropics observed at long
times in one-color and two-color experiments at the
probe wavelength A, will be

AL Ay (Ps(cos BH(AY)
F(As.A)) {Ps(cos B*(A2)))

Q1D

For fixed excitation wavelength A,, this ratic of one-
color to two-color residual anisotropies becomes analo-
gous to the reduced linear dichroism in that it is
proportional to {P,(cos B*(A))).

The linear dichroism spectrum of LHC-II trimers [8)
is dominated at long wavelengths by an intense, posi-
tive band at 676 nm, corresponding to Chl a pigments
with Q, moments that are nearly parallel to the mem-
brane plane (8* = 90°). At the Chl b absorption wave-
lengths 640-655 nm, the LD signals are far smaller.
For example, the 77 K spectrum exhibits a positive
band at 640 nm and negative bands at 648 and 657 nm.
The relevant Chi b Q, transition moments are thus
aligned at angles slightlv greater than and slightly less
than 54.7° from the disk plane, respectively. For direct
comparison with our residual anisotropics, the LD
spectrum was obtained at room temperature, with the
results shown in Table VI. While there are large uncer-
tainties in the pump-probe anisotropics at the shorter
wavelengihs, the LD data are qualitatively consistent
with the residual anisotropies listed in Tables HI and
IV. Eqn (10) predicts, for example, that the ratio of
one-color to two-color residual anisotropies should
scale with the linear dichroism at the probe wavelength
A,. Since the one-color anisotropies are smaller (by a
factor of at least 5) than the two-color anisotropies at
640-650 nm, and since this ratio is defined as unity at
675 nm for A, = 675 nm, this scaling is, in fact, approxi-
mately obeyed (Table VI). The large fractional errors
in these ratios at the shorter wavelengths stem from
the extremely low values of the one-color anisotropies
r(A,, A,) observed at these wavelengths (cf. Table V).
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The low value (- 0.03 + 0.03) of the one-color resid-
ual anisotropy r(=) at 650 nm (Table V) ditfers consid-
crably from the value 0.42 + 0.05 reported at 652 nm
[11]. In view of the preceding analysis, the latter value
appears to be inconsistent with the static LD spectrum
of our LHC-II trimers. Similarly, our residual
anisotropy at 665 nm (0.05 + 0.04) is much smaller than
the reported 0.28 + 0.04 [1]. These differences may
originate in part from structural differences between
the LHC-IT particles isolated using n-dodecyl B-n-
maltoside and Triton X-100.

Conclusions

The principal featurcs of our one-color and two-color
pump-probe experiments on LHC-1J trimers isolated
using n-dodecyl B-p-maltoside may be summarized as
follows:

(1) Both the isotropic and anisotropic decays show
cleer evidence for subpicosecond downhill excitation
transicr, both in the Chl b - Chl a transfer processes
and in ¢xcitation cquilibration among the Chl a spec-
tral forms. The former conclusion is consisteat with
that drawn by Eads ct al. [12] on the basis of their
fluorescence upconversion study.

(2) Our isotropic decays also contain the slower life-
time components 2-6 ps, 14-36 ps, and several hun-
dred picoseconds. The 2-6 ps components are con-
nected with dynamic red-shifting in the Chl a /b ab-
sorption difference spectrum; the comprehensive spec-
tral equiiibration in LHC-II thus appears to contain
picosccond as well as subpicosecond lifetime compo-
nents. Such multiphasic equilibration kinetics are to
expected, given the dispersion in Chl-Chl separations
and orientations [7]. The Chl chromophores in a
monomer are organized into upper and lower layers
containing cight and seven pigments, respectively; the
2-6 ps lifetime components may arise from cxcitation
transfer between layers. The 14-36 ps components may
stem from energy transfer between pigments belonging
to different monomers. The origin of the longest life-
time components remains unassigned, pending a more
thorough study of the exciton annihilation kinetics.

(3) The anisotropy decays are multiexponential. Subpi-
cosecond components dominate the two-color aniso-
tropics; picosecond components are conspicuous in the
one-color nisotropies at the red edge of the Chl a
absorption region. In the latter case, the initial
anisotropy r(()) is generally less than 0.4, so that subpi-
cosecond components exist even in the one-color aniso-
tropies. As in the isotropic decays, this multiphasic
behavior is consistent with the irregular structure [7] of
the LHC-II antenna. The appearance of picosecond
components in the one-color anisotropies is reminis-
cent of the anisotropy decays reported by Gillbro et al.
for Triton X-100 preparations of LHC-1I [10].



212

(4) The values of the long-time anisotropics r(x) mea-
sured in the one-color and two-color ¢xperiments are
qualitatively consistent with polarized steady-state exci-
tation spectra {8) and with the lincar dichroism spec-
trum of LHC-1I trimers.
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