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ABSTRAO

C-phycocyanin (CPC) and Allophycocyanin (APC) are pigment-protein complexes isolated from
antenna systems in cyanobactria. The crystal structure of CPC has been solved recently13 and APC has a
similar structure. CPC and APC have a trimeric structure, monomeric subunits are composed of an a and f
polypeptide chain, each has a tetrapyrrole chromophore chemically bound to position 84. In CPC and APC
trimers, the a84 and 384 chromophores in adjacent monomers are in close proximity, forming relatively
strong coupled pairs. Calculation of pairwise energy transfer rates using Förster theory has suggested an
extremely fast transfer (> ips 1) between the a84 and 184 pair in CPC.4 We have constructed a
femtosecond fluorescence up-conversion apparatus which achieves subhundred femtosecond time
resolution. Using this technique, we have experimentally observed the fast energy transfer process
between the a84 and 384 pair in both CPC and APC. We also observed a wavelength depençlence of the
fluorescence depolarization kinetics which is inconsistent with Förster inductive resonance energy transfer
theory.

1. INTRODUCTION

In the initial steps of photosynthesis, electronic excitation of pigments by light absorption in light
harvesting antenna complexes is rapidly transferred among the pigments and trapped in photosynthetic
reaction centers where electron transfer occurs with high efficiency. Without knowledge of the
intermolecular distances and relative orientations of chromophores, it is often difficult to investigate the
mechanism of energy transfer from a chemical physics point of view. Recently, a few structures of
antenna proteins have become available at atomic resolution.13'58 This offers an opportunity to study the
mechanism of energy transfer in a photosynthetic system in a detailed fashion.

C-phycocyanin (CPC) and Allophycocyanin (APC) are isolated phycobiliproteins from
phycobilisomes, an antenna protein complex in cyanobacteria.9'1° Both CPC and APC have chemically
identical chromophores, the open chain tetra-pyrroles (phycocyanobilins). However the absorption
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spectrum of APC is red shifted from that of CPC as a result of stronger excitonic coupling. The crystal
structures of CPC from three different organisms have been solved1'2'7 and recently refined to 1.66 A.
cPc is composed of a and f3 polypeptide chains. Tetrapyrrole chromophores are covalently bound via
thioether bonds to cysteines, one on the a chain and two on the f3 chain, denoted as a84, f84 andfi 55
respectively. One a and one f3 chain form a subunit. X-ray structure analysis reveals that three monomeric
subunits (c4) form a trimer (af)3, as sketched in Figure 1. A C3 symmetry axis passes through the center
and is perpendicular to the disk like structure. In the trimers, the phycocyanobilins a-84 and f-84 of
adjacent monomers are located close together, forming a strongly coupled pair with center to center
distance of 20 A. Spectral studies of isolated subunits indicate that f3155 has the highest absorption
maximum whereas f84 has the lowest, possibly resulting from different protein environments of the
bums.11'12 The crystal structure of APC has not been obtained. However the sequence homology
between APC and CPC suggests that APC adopts a similar tertiary structure to CPC.13 A major difference
in APC is the absence of f3155 due to the deletion of ten residues in the f chain in the region of the f.3155
binding 13 The considerable red shift of absorption and emission spectra in APC compared to CPC is
believed to be due to stronger excitonic interaction between a84 and p84.14

23155

1f3 155

Figure 1. Schematic arrangement of chromophores, a84, 384 and p155 in trimeric CPC
according to Ref 3-7. See text for details.

Sauer and Sheer have carried out calculations of excitation transfer ratesamong the chromophores of
cPc using the Förster inductive resonance transfer mechanism and the coordinates for theposition and
orientations.4'12..This Förster calculation indicated that the fastest component for the (af) trimer should
have a time constant less than 1 ps, corresponding to the pairwise transfer between a84-f84. The short
interchromophore distances and favorable orientation factors of a84 and 1384 not only produce in the large
Förster rate, but also a large value (56 cm1) of the exciton interaction energy. This led the authors to
suggest that mechanisms other than Förster's should be incorporated. In particular, internal conversion
from the upper exciton level to the lower one is proposed. The calculated Förster rate is much faster than
the reported experimental value of 20 to 36 ps from fluorescence16 or the values of 21 to48ps obtained
from transient absorption measurement.1718 Clearly this indicates the need forexperiments withfemtosecond time resolution.
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We have recently constructed a fluorescence upconversion apparatus with subhundred femtosecond
time resolution. In investigating electronic excitation energy transfer processes, time resolved fluorescence
has several advantages over transient absorption (ground state recovery) in that it is free of complications
from coherent artifact, excited state absorption and stimulated emission. Time resolved fluorescence
depolarization measurements have been explored both experimentally and theoretically as an approach for
studying energy transfer in condensed phase. As will be demonstrated later, the application of such an
approach to photosynthetic antenna is particularly informative about the rate of energy transfer, given the
fact that the photosynthetic pigments have heavily overlapped spectra.

Time resolved spectroscopies have been extensively used to study the energy transfer in
phycobilisome and isolated phycobiliproteins.16"7'1921 Previous time resolved fluorescence studies on
cPc,16 and APC21 utilized time correlated single photon counting,16 streak camera and phase-shifting
approaches,21 all with time resolution of at best several picoseconds. These studies were mostly
concerned with the decay kinetics of the total fluorescence at different wavelengths, and are less sensitive
to energy transfer than fluorescence depolarization. Transient absorption experiments with better time
resolution (l-2ps) have been reported on intact phycobilisomes,22 and isolated phycobiliproteins,
CPC,17,18 and APC20. Time dependent linear dichroism measurements have also been employed.
However, insufficient time resolution in these studies is often reflected by the lack of observation of 0.4
for the initial anisotropy.17'18 Recently Beck et a! have carried out picosecond linear dichroism
experiments on APC.2° Their results reveal an ultrafast (< 2ps) depolarization process which they
attributed to the internal conversion between two excitonic states of the strongly coupled pair of a84 and
p84. Depolarization experiments on these systems with femtosecond resolution have not appeared in
literature.

In this paper, we present our preliminary experimental result on fluorescence depolarization in CPC
and APC trimers. The data of CPC is compared to the prediction of Förster theory. We have found that
Förster theory can not describe the energy transfer between a84 and J384 on the two adjacent monomers in
cPc. An even faster depolarization is observed in trimeric APC.

2. EXPERIMENTAL

Fluorescence up-conversion technique serves as the best approach for achieving subpicosecond
luminescence time resolution and has undergone rapid developments in recent years.2326 In building our
up-conversion apparatus, care has been taken to obtain both high time resolution and good sensitivity.
The experimental details and some design considerations are briefly described in this section.

The cavity dumped antiresonant ring dye laser used in the experiment has been described in detail.15
This laser typically provides pulses shorter than 75fs FWHM, 2nJ in energy and had a center frequency
around 605nm. When using 605nm light as excitation source, the dye laser is cavity dumped at 1 MHz,
and its output is group velocity compensated by a pair of SF-10 prisms and then directly split by a 50%
beam splitter for excitation and gate beams.

When using 630-660nm as excitation source, the dye laser is cavity dumped at 100kHz and the
pulses are amplified by a two pass dye amplifier pumped by the frequency doubled output from a 100KHz
Nd:YAG regenerative amplifier. A detailed description of this regenerative amplifier has appeared.27 The
amplified dye pulses have 200 nJ pulse energy, and are group velocity compensated by a pair of SF- 10
prisms in a double pass retroreflecting geometry, 10% of the beam is split to serve as gating pulses, the
rest is focused onto a flowing water cell to generate broad continuum. Band pass interference filters
(lOnm FWHM) are used to select the desired excitation wavelength. The continuum is then amplified by a
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single pass dye amplifier (DCM) pumped by 10% (35nJ) of the regenerative amplifier output. The
amplified continuum is precompensated by another pair of SF-10 prisms in a double pass retroreflecting
geometry. The cross correlation of 605nm and amplified continuum is 100- l2Ofs FWHM.

Figure 2. Schematic of the femtosecond up-conversion apparatus (the case of 605nm excitation).

The fluorescence upconversion apparatus (the 605nm excitation case) is shown in Figure 2. The
excitation beam is passed through an optical delay line, a half wave plate, focused by a 7.5cm focal lens
onto a sample cell with 1mm path length. The focal spot is smaller than 0.3mm, the excitation intensity is
such that each CPC or APC trimer is excited by at most one photon.This avoids annihilation problems.

The key to achieving high time resolution is to use reflective optics to collect the fluorescence. While
the group velocity dispersion induced by dispersive optics in the pump and the probe beam, such as lenses
and half wave plates can always be precompensated by prism pairs, the group velocity dispersion of
fluorescence light is very difficult to compensate. In choosing the reflective optics, we need to collect as
much fluorescence light as possible and to focus it on the mixing crystal as tight as possible. A
Cassegranian arrangement was used in previous designs.23'26 We use an elliptical mirror (Melles Griot)
made of electrochemically deposited Rhodium. The elliptical mirror is free from spherical aberration and
astigmatism. Although it does not give a focus as tight as a Cassegranian can (due to coma), it has a larger
solid angle of collection and is easier to align. The distance between two foci is 10cm. Sample emission
from the left focus has a 1 : 1 image on the right one, where the mixing beam is focused and overlapped
onto a mixing crystal in noncollinear geometry. The lens used in the mixing beam has 7.5cm focal length.
A half wave plate in the beam makes the beam vertically polarized.

A 0.5-1mm thick Type I Li103 crystal is used for sum frequency generation. The advantage of Type
I mixing over Type II mixing is that the former has less group velocity mismatch (both beams polarized
along o axis) when the two beams have similar wavelengths. Therefore a relatively thick crystal can be
used for Type I mixing to obtain a larger signal. For 1mm Type I Li103, the group velocity mismatch for
600nm and 650nm light was estimated to be 4Ofs.23 The disadvantage of Type I mixing is that the second
harmonic of the mixing beam often results in a very large background signal. A double monochrometer
(Instrument SA, DH-20, F = 4.2) is used to suppress the background and extract the signal. The emission
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detection wavelength is selected by angle tuning the crystal around a vertical axis to the appropriate phase-
matching angle and setting the monochrometer to the corresponding sum frequency. Mounting the Li103
crystal in such a way assures the best stray light rejection of the monochrometer. The up-conversion
bandwidth of the experiment is about 8 nm.

The signal is detected by a photon counting PMT (EMI, 9789B) and a gated photon counter
(Stanford Research System model 400). The intensity of excitation pulses are monitored with a PMT and
boxcar average combination. The intensity fluctuation is normally within a few percent and normalization
of the raw data was not carried out. A 486 compatible computer is used for controlling optical delay line
(Micro-Control, ijim resolution) and data acquisition. Data was collected by repetitive scanning with is/pt
counting time. Decay curves for parallel and perpendicular polarization with respect to the excitation
polarization were obtained on alternate scans of the delay line by rotating the half waveplate in the
excitation beam. Individual scans within a data set were added.

Care has been taken to assure an accurate depolarization measurement. No polarizer is used after the
sample in order to maintain high time resolution and sensitivity. Only the vertically polarized fluorescence
component is up-converted with the vertically polarized mixing beam when the Li103 crystal (o +o —* e) is
carefully aligned. It is necessary to reduce the solid angle of fluorescence collection by masking the
elliptical mirror in order to prevent scrambling of s and p polarization by the mirror. We have verified the
initial anisotropy of crysyl violet and diluted chlorophyll solution are both 0.4±0.02. Biological samples
usually generate some scattering, however, we found that scattering does not affect the initial anisotropy
significantly in our apparatus.

The excited state population decay K(t), and the anisotropy, r(t) ,are related to the deconvoluted
emission curves by

K(t) = I(t) + 2 Iperp(t) (i)
r(t) = [I(t) -I(t)] / [Ipara(t) + 2 Iperp(t)I (2)

The measured parallel and perpendicular data were analyzed by simultaneous iterative reconvolution and
nonlinear least-squares fitting of both data as described by Cross and Fleming.28 The data could in
general be fit using one to three exponential functions for K(t) and r(t). The instrumental response
function used in fitting was taken to have similar shape of the autocorrelation or cross correlatibn but iO to
50 fs broader to account for the group velocity mismatch which varies depending on the emission
wavelength and the crystal length.

C-Phycocyanin from Aphanotheca halophytica (Suspension in 50% ammonium sulfate containing
0. i5M Tris buffer, pH7.4) was purchased from Sigma. It was dialyzed in 0. iM tris buffer, pH 8.0 and
was filtered with glass wool. Allophycocyanin from Spirulina sp. (lyophilized powder) was purchased
from Sigma. It was dialyzed in 0. iM phosphate buffer, pH 7.0 and was filtered with glass wool. The
O.D. of the samples was between 0.5-0.8 for imm path length. The samples were stirred during the
experiments.

3. RESULTS

3.1. CPCtrimer

The absorption and emission spectra of CPC trimer from Aphanotheca halophytica are shown in
Figure 3. The absorption maximum and shape are similar to the CPC trime' from Mastigocladus
laminosus ,11 According to molecular orbital calculations, the transition in this region is 5o —Si29 The
conformation of the tetrapyrrole chain has a considerable effect on the transition energy. Also shown in
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Figure 3 are spectra of the excitation pulses and up conversion bandwidths for the two experiments
described below.

C

>'

Wavelength (nm)

Figure 3. The absorption and emission spectra of trimeric CPC with the spectra of
excitation pulses (centered at 605nm and 640nm) and the corresponding up-conversion
windows (centered at 650nm and 720nm, respectively) used in two the experiments.
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Figure 4. a) Time resolved fluorescence data of CPC trimer with excitation pulses centered
at 605nm. Fluorescence was probed at 650nm. The signals with parallel and perpendicular
polarization are plotted (dots). The fitted curves (solid lines) give: K(t) = - 0.22 exp(- t I4.7ps) + 1.22, and r(t) = 0.13 exp(- t I O.8Ops) + O.2lexp(- t I 2Ops) + 0.07. A l5Ofs
instrument response time was used to fit the data. b) The corresponding measured (dots)
and fitted (solid line) r(t) are plotted, clearly showing a fast depolarization.

First we show the time resolved fluorescence data with 8Ofs excitation pulse centered at 605nm. The
fluorescence signals probed at 650nm with parallel and perpendicular polarizations are plotted in Figure4a. The corresponding anisotropy is shown in Figure 4b. The parameters for the fitted curves are
explained in the figure caption. The fluorescence signal at the magic angle (not shown) has onlyverysmall level change in this delay time range. However the fluorescence anisotropy measurement clearly
demonstrates an ultrafast depolarization process which occurs within a picosecond or two. If therapid
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depolarization results from energy transfer it must correspond to the fastest pairwise transfer or relaxation
processes in the CPC trimer, which would be expected to involve the cx84 and 1384 pair. We note this fast
component has a considerable weight even though at least one third of photons in the 605nm excitation
pulses are absorbed by f1155, according to Sauer and Sheer's isolated spectrum.12 We also note that an
initial anisotropy of --O.4 is observed. This is consistent with the fact that the absorption and emission
transition dipoles of the tetrapyrrole chromophore are parallel. Gillbro et al have observed an r(O) of 0.4 in
their transient absorption study on monomeric CPC.17 However, previous studies on CPC trimer have
neither observed this short time behavior nor an r(O) of 0.4.

We now evaluate the data with excitation pulses centered at 640nm, the red edge of the trimeric CPC
spectrum. The fluorescence is detected at 720nm, and is mostly contributed by the 0 —1 transition. The
0 —÷ 1 transition is expected to have the same transition dipole moment direction of 0 —> 0 transition due to
the strong oscillator strength of S 1 — 5o The parallel and perpendicular signals are plotted in Figure 5a.
The corresponding anisotropy is shown in Figure 5b. The parameters for the fitted curves are explained in
the figure caption. The initial anisotropy is about 0.38 and remains almost constant up to 5Ops (longer run
data not shown). At 640nm excitation wavelength, very little f3155 can be excited according to the isolated
spectra.12 The lack of 3155 emission should make the depolarization due to the a84-4384 transfer, if this
occurs, more obvious, as compared with the 605nm excitation case. Yet the fluorescence has no
significant amount of depolarization at this excition wavelength. This fact is intriguing and will be
discussed in the next section. This result is consistent with the steady state excitation depolarization
spectra which show less depolarization at the red 11

a) b)
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Figure 5. a) Time resolved fluorescence data for CPC trimer with excitation pulses
centered at 640nm. Fluorescence was detected at 720nm. The signals with parallel and
perpendicular polarization are plotted (dots). The fitted curves (solid lines) give: K(t) =
0.07 exp(- t I O.83ps) + 0.93, and r(t) = 0.04 exp(- t I O.35ps)+ 0.34. A l5Ofs instrument
response time was used to fit the data. b) The corresponding measured (dots) and fitted r(t)
(solid line) are plotted, showing no significant depolarization.

2. APC TRIMER

The room temperature absorption and emission spectra of trimeric APC from Spirulina sp. are
shown in Figure 6. These spectra are similar to those of APC from other organisms.10 The characteristic
650nm band is formed upon trimer formation. The substantial spectral change from CPC is explained in
terms of excitonic coupling between cx84 and f384 by MacCoil and coworkers.14 The coupling strength

696 / SPIE Vol. 1640 Time-Resolved Laser Spectroscopy in Biochemistry III (1992)

0 2000 4000

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 01/16/2015 Terms of Use: http://spiedl.org/terms



C

ci
-o

0.0 -
I I I

0 1000 2000 3000
Delay Time (fs) Delay Time (fs)

Figure 7. a) Time resolved fluorescence data for the APC trimer with excitation pulses
centered at 605nm. Fluorescence was detected at 650nm. The signals with parallel and
perpendicular polarization are plotted (dots). The fitted curves give: K(t) =- 0.4 exp(- t I
O.43ps) + 1.4, and r(t) = 0.23 exp(- t I O.36ps) + 0.15. A l5Ofs instrument response time
was used to fit the data. b) The corresponding measured and fitted r(t) are plotted, clearly
showing an extremely fast depolarization.

Figure 7a shows the time resolved fluorescence data with the excitation pulse centered at 605nm.
Fluorescence signals probed at 650nm in both parallel and perpendicular polarizations are plotted. The
parallel curve remains constant after rising with the instrument response, while the perpendicular curve
rises within ips. This behavior results from both a spectral red shift and a depolarization. The
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described below.
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Figure 6. The absorption and emission spectra of trimeric APC with the spectra of
excitation pulses (centered at 605nm and 640nm) and the corresponding up-conversion
windows (centered at 650nm and 730nm, respectively) used in the two experiments.
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corresponding anisotropy is shown in Figure 7b. The parameters for the fitted curves are explained in the
figure caption. The depolarization is even faster than in trimeric CPC due to the stronger coupling between
a84 and 84 in trimeric APC.

Figure 8a shows the time resolved fluorescence data obtained with an excitation pulse centered at
640nm. The fluorescence signals probed at 730nm in both parallel and perpendicular polarization are
plotted. The 730nm emission band is due to the 0 —* 1 transition of tetrapyrrole, which should have the
same transition dipole moment direction of 0 —>0 transition. The corresponding anisotropy is shown in
Figure 8b. The parameters for the fitted curves are explained in the figure caption. Again, a much slower
depolarization rate is observed when exciting at the red portion of the absorption spectrum. This rate is
still faster than 640nm data of trimeric CPC due to stronger coupling in trimeric APC. Similar results are
obtained when exciting at 650nm and 656nm.

a) b)

1200- para 0.5-

! 1E 03P"..PI2.
0 2000 4000 0 2000 4000

Delay Time (fs) Delay Time (fs)

Figure 8. a) Time resolved fluorescence data for APC trimer with excitation pulses
centered at 640nm. Fluorescence was detected at 730nm. The signals with parallel and
perpendicular polarization are plotted (dots). The fitted curves give: K(t) = 0.12 exp(- t I
O.69ps) + 0.88, and r(t) = 0.16 exp(- t I 2.7ps) + 0.19. A l2Ofs instrument response time
was used to fit the data. b) The corresponding measured and fitted r(t) are plotted

4. DISCUSSION

Sauer and Sheer's calculation using Förster theory showed an extremely fast Förster rate (> ips 1)
between the a84 and f384 pair in CPC and thus raised the question whether Förster theory is adequate to
describe the energy transfer between a84 and J384.4 Using the femtosecond florescence up-conversion
technique, we have experimentally observed this fast energy transfer process between the a84 and f384 pair
in both CPC and APC. We are now in a position to experimentally address the issues about whether or not
Förster theory is valid in describing these systems, if not, for what reason it fails, to what extent it fails,
and what alternative mechanisms are.

The Förster inductive resonance mechanism30 is adequate to describe the rate of energy transfer in
the case of weak coupling. In this regime the interaction between chromophores does not significantly
alter the absorption spectrum. In the case of very strong coupling, strong enough that an excitonic
splitting is visible in absorption or CD spectra, eigenstates of a "super molecule" are delocalized within the
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entire molecular complex, and spectral evolution may result from internal conversion between excitonic
states. The intermediate coupling case is not well understood.

4,1. CPC TRIMER

Although there are nine chromophores in the CPC trimer, the situation is simplified when we are
only interested in the short time dynamics. Only the energy transfer in the a84 and f84 pair makes a
significant contribution to the depolarization in the first several picoseconds. According to Sauer and
Sheer's calculation,4 the fastest pairwise transfer involving f3155 fi 55 — a84) has a time constant of
4l7ps, therefore the fluorescence contribution from f3155 should be almost constant on the time scale of
interest and can be subtracted from the total fluorescence. Furthermore, the calculated transfer times
between two the strongly coupled pairs (f84 — J3'84, a84 —> a'84, cz84 —> 384) are also longer than
lOOps. Therefore the three a84 and f3'84 pairs can be considered independent at short times. In addition,
at our excitation intensity, only one of the three pairs can be excited. The problem reduces to energy
transfer between a84 and J384 pairs randomly oriented in solution. The effect of level kinetics of a system
with two excited levels on fluorescence anisotropy has been treated by Cross et al 31 and is directly
applicable to this case. A schematic representation of this model is shown in Figure 9. This two state
model does not imply a single vibrational level on each chromophores, but rather rapid vibrational
relaxation within the chromophores. To simulate the experimental data, we use the spectra of isolated
a84, f384 and 3155 obtained by Sauer and Sheer to determine the excitation and detection ratios for the
different chromophores. These spectra have been used in their Förster calculation. 12

Kba Kab
b - 4i4

Kar Kbr

\bT.
Kbnr

Kanr

ground state

Figure 9. The two state model. The radiative rates and kbr) and nonradiative decay
rates (kr W1d kb) of both states are in the nanosecond range and make no contribution to
the measured kinetics on the time scale of interest.

Figure 10 shows the fluorescence contribution from a84 and f384 to the data in Figure 4. 45% of the
total fluorescence is assumed to be f3155 emission. This value is estimated from the relative amplitudes of
the extinction coefficients in the isolated 12 The ratio of parallel and perpendicular signals from
f355 is kept at 3 : 1 and is subtracted from the data in Figure 4. The solid line in Figure 10 is a simulated
curve using the method of Cross et al 31 The instrumental response function is taken as a l5Ofs gaussian
pulse and used to convolute the simulated data. The angle between a84 and f84 is taken as 650, the value
obtained from the crystal structure. A 2: 1 excitation ratio for a84 and f84 is used according to the isolated
spectra.12 The detection ratio for a84 and 384 is assumed to be 4:6. The best fit is generated with
ka84b84 and kb84a84 equal to ips1 and 0.8 ps1' respectively. These values are very close to the
corresponding calculated Förster rates, 1 .53ps1 and 1 .16ps*4 The ratio of the forward and backward
transfer rates used in the simulation is determined by the temperature (297K) and the energy gap between
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a84 and 384. Given the uncertainty in the calculation, such as the perturbation of isolated spectra upon
trimer formation, the dielectric constant used, the discrepancy between experiment and calculation is not
large. Therefore the Förster mechanism is not inconsistent with the data for 605nm excitation.

Figure 10. The trimeric CPC data of Figure 4 (605nm excitation) with the 155
contribution subtracted (dots) and simulated curves using a two state model (solid line), see
text for the parameters used in the simulation.

An alternative mechanism responsible for the fast depolarization is internal conversion between two
delocalized excitonic states.20'21 Although the two states are orthogonal to each other, they can be mixed
by vibronic coupling, or interaction with phonons in the protein matrix. The observed depolarization
might result from such an excited state relaxation. In principle, there is an experimental way of
approaching this question: the angle between the two transition dipole moments of the exciton states
should generally be different from that between the two original transition dipoles. Knowing the angle
between the transition dipole moments of two excitonic states, we can use the two state model to simulate
the data again. The "two states" now represent the two excitonic states, rather than the two monomers.

According to standard excitonic theory,30 an excitonicly coupled dimer with components a and b
(which may be dissimilar) has wave functions for the two excitonic states which can be written as

(t)+ = coscx (Pa'4)b + sina 4)a4)b'

4).. = sinx 4)a'4)b - coscx 4)a4)b' (3)

where 4)a and 4)b are wave functions for the ground state monomers, the primes denote the excited states.
The parameter a can be obtained from

tg2a= 2ab
(Wa'b - Wab') (4)

Here Vab is the coupling matrix element, Wa'b is the energy of the configuration 4)a'4)b, and Wab' has a
similar meaning. The eigenvalues of 4)+ and 4 are
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w±= - ( Wa'b Wab' ) Vab Isin2a
(5)

The transition dipoles of and states are

L..CO5aLa + sincqL

sincqi, COSIX (6)

In the weak coupling case, 2Vab << Wa'b Wab'I, 0, the excitation is essentially localized either in one
or the other chromophore. In the strong coupling case, 2Vab >> IWa'b Wab'I, / 4, and the two
monomers equally mix to give delocalized states with orthogonal transition dipoles.

Sauer and Sheer's calculation gives Vabi 56 cm for the a84-fE84 pair in tnmeric CPC.4 Such a
magnitude of Vab does not result in a noticeable excitonic splitting in the absorption spectrum. However,
a difference CD spectrum of the CPC trimer and monomer indicates the excitonic nature of the aM and
r84 ai1 According to the crystal structure, the orientation of ct84 and 84 results in a negative dipole-
dipole interaction energy. So Vab h1S a negative sign and the state has a lower energy. The "a" and "b"
here should denote 1384 and a84, respectively, in order to keep 0 < a < rJ2 in Equation 4. We take Wa'b
Wab' approximately to be -130cm1 (the separation of the two absorption maxima 617nm and 622nm, for
isolated u84 and 84 respectively). These values result in a = 200. With the angle between cx84 and 1384
transition dipoles (65°) known from crystal structure, the angle between the two excitonic states, 0, can be
calculated by

0 — IL+• _ (cosap + sincxLb)(sincqL - cosatb)cos — ItI ILI kO5aLa + sincW.bI Isinap., coscqLl (7)

The ratio of extinction coefficients in Sauer's isolated spectra a84 and 1384 is about 5:3. Assuming I.ta2:
%2 3:5, we get 0 = 1 18°. Here we want to emphasize that this angle between the two transition dipole
moments of two excitonic states is not 90°, as often believed. The standard excitonic theory predicts a 90
degree angle only in the case of very strong coupling ( VaI >> 0 ) or in the case of a symmetric dimer with
identical monomers (Wa'b Wab' 0). The complementary angle of 1 18°, 62° is very close to the angle
between 84 and 1384 monomer transition dipoles (65°). Complementary angles should result in the same
depolarization kinetics and can not be experimentally distinguished. The current signal to noise ratio does
not allow discrimination between 65°, and 1 18° (62°) fits. Therefore the 6OSnm data cannot discriminate
between the two possible mechanisms. The fitting results (not shown) indicate that if the internal
conversion between the two excitonic states is responsible for the depolarization, the internal conversion
rates k+.. and k.+ would be very similar to the Förster rates, kab and kba. However, these two rates
originate from two different coupling matrix elements.

We now turn to examine the data with 640nm excitation. Difficulties arise when using the above two
state model to simulate 640nm data. While keeping kab, kba and the angle between the transition dipoles
the same as used for 605nm data, it is impossible to simulate the 640nm data by varying the excitation and
detection ratio. Figure 11 shows several of these simulations with parameters given in the figure caption.
The existence of both fast forward and backward transfer always results in more depolarization than is
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the Förster prediction when excited at the red edge of the CPC spectrum. A simple two state model
requires an equilibrium between the two monomers and does not predict a wavelength dependence of the
energy transfer rates.

—- I I '

Figure 1 1 . Simulations of CPC 640nm data with the two state kinetic model. Simulated
signal in parallel and perpendicular polarizations are plotted. The angle between two
transition dipoles, a and b is taken to be 65° according to the crystal structure. The forward
rate (kba), the backward transfer rate (kab), the excitation ratio (b:a) and emission detection
ratio (b:a) are listed in the inserts.

Förster theory assumes fast vibrational relaxation on the excited state of the donor, in the spirit of
calculating the energy transfer rate by the overlap integral of the donor emission and the acceptor
absorption spectra. On the time scale of interest, vibrational relaxation time might not be instantaneous. If
vibrational relaxation is comparatively slow, the "uphill' energy transfer (kab) may be influenced more
than the "downhill" transfer (kba). The reasoning is as follows. Energy transfer from b to a occurs from
unrelaxed levels of b. However, the couplings are likely to be relatively insensitive to the levels and the
effect of slow relaxation may not be obvious. On the other hand, use of the microscopic reversibility
relation between kab and kba requires that Boltzmann equilibrium be maintained in a. If the upper levels of
a (i.e. those that are isoenergetic with b) are depleted by transfer to b on a short time scale the average
"uphill" rate may be substantially slower than expected on the basis of the equilibrium model. Thus the
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long wavelength excitation data may be consistent with a model involving slow vibrational relaxation
compared to energy transfer.

Another obvious reason for the break down of Förster theory is the strong coupling. The Simpson
and Peterson criterion, Vab' much smaller than the electronic bandwidth, is often taken as a criterion for
the validity of Förster theory.30'33 In the case of trimeric CPC, the Vabi of 56 cm1 is compared to the
whole electronic band width of -21OOcm1, not in strong violation of this criterion. However, the
intermediate coupling regime needs to be better understood. In this regime and in the strong coupling
regime, the role of exciton coherence has long been discussed.32'34'35 However direct experimental
investigations with ultrafast pulses have only become possible recently.36

Depolarization of fluorescence as a result of energy transfer has been studied phenomenologically for
a dimer by Rahman et.al.37 The inclusion of off-diagnal density matrix elements and the use of the
stochastic Liouville equation resulted in predictions which are independent of the representation chosen
(site, or delocalized representation). The fluorescence polarization for arbitrary coupling strength was
obtained. However this treatment did not include the optical preparation step for the density matrix. In
general, the evolution of the system is determined by how the system is prepared and detected (the spectral
and temporal profile of pump and probe pulses). For example, excitation pulses much longer than Vab/h
will prepare the system in excitonic eigenstates (with Vab diagonalized). Pulses much shorter than Va/h,
on the other hand, will result in localized excitation. When the excitation pulse width is shorter than the
dephasing time between these two sites, coherent excitation can occur.

4.2 APC TRIMER

Previous experiments on APC trimer have indicated a fast depolarization process.20'21 In this work,
we are able to observe the depolarization directly.

The X-ray structure of APC has not been obtained. A clear assignment of the absorption spectrum in
Figure 6 has not appeared. The assignment of the spectrum is dependent on whether the trimer can be
treated as three identical pairs and whether the red shift upon trimer formation is due to the excitonic
interaction of a84 and j384. It is quite possible that the spectral shifting is due to interacting with protein,
such as hydrogen binding and/or electrostatic interaction with charged residues.38 Although such
interactions might be responsible for the spectral shift, it should not result in a fast depolarization. At the
very least, our result of ultrafast depolarization in trimeric APC suggests that tetrapyrrole chromophores
belonging to different monomers are brought together in close proximity. This provides additional
evidence for the symmetric trimer structure.

The internal conversion between two delocalized excitonic states of a84 and f84 pair was first
postulated by MacColl and coworkers and has been adapted in several recent studies on APC2° and
Phycocyanin 645.21 However, the fact that 'ab' is 105 cm1 is smaller than the electronic bandwidth
(--1 800cm1 for the whole electronic band and —900cm1 for the 650nm band )39 still places APC trimer in
the intermediate coupling regime. The Vabi of APC is about twice as large that of CPC. In the 605nm
data of APC, it is reasonable to relate the faster depolarization to APC's stronger dipole-dipole interaction.
On the other hand, it is not obvious why APC should have a faster internal conversion rate between its two
excitonic states. The 640nm data of APC shows a similar wavelength dependence to that observed for
CPC, again raising the possibility of slow vibrational relaxation. These two systems with different dipole-
dipole coupling provide an interesting opportunity to explore the intermediate coupling regime of energy
transfer in photosynthetic systems.
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5, CONCLUSION

We have constructed a femtosecond up-conversion apparatus, making it possible to study the
ultrafast energy transfer in photosynthetic antenna proteins. Using the apparatus we have directly
observed very rapid fluorescence depolarization in trimeric CPC and APC. The simplest model for our
observations is ultrafast energy transfer between the a84 and f84 pairs in the trimeric proteins with a rate
being faster in APC due to the stronger coupling. However, the excitation wavelength dependence of the
observed dynamics cannot be rationalized with a two state model assuming very fast vibrational relaxation.
Our study indicates the need for a better understanding of the influence of finite vibrational relaxation
rate4° and for a clearer understanding of the intermediate coupling regime.

6. ACKNOWLEDGEMENTS

We thank Dr. Norbert Scherer for development and help on the laser system, Minhaeng Cho for
many helpful discussions and Aida Pascual for help on sample preparation. We also thank Dr. Robert
MacColl and Professors Warren Beck and Ken Sauer for communicating their work and helpful
discussions. This research is supported by National Science Foundation.

7. REFERENCE

1 . T. Schirmer, R. Huber; M. Schneider; W. Bode; M. Miller; M. L. Hackert, "Crystal Structure Analysis
and Refinement at 2.5 A of Hexameric C-phycocyanin from the Cyanobacterium Agmenellum
quadruplicatum The Molecular Model and Its Implications for Light Harvesting," J. Mol. Biol.
vol.188, pp. 651-676, 1986.

2. T. Schirmer; W. Bode; R. Huber, "Refined Three-dimensional Structures of Two Cyanobacterial C-
phycocyanins at 2.1 and 2.5 A Resolution," J. Mol. Biol. vol. 196, pp 677-695, 1987.

3. M. Duerring; G. B. Schmidt; R. Huber, "Isolation, Crystallization, Crystal Structure Analysis and
Refinement of Constitutive C-phycocyanin from the Chromatically Adapting Cyanobacterium Fremyella
diplosiphon at 1.66 A Resolution," J. Mo!. Biol. vol. 217, pp.5T7-592, 1991.

4. K. Sauer; H. Scheer, "Excitation Transfer in C-phycocyanin. Förster Transfer Rateand Exciton
Calculations Based on New Crystal Structure Data for C-phycocyanins from Agmenellum
quadruplicatum and Mastigocladus laminosus," Biochim. Biophys. Acta, vol. 936, pp. 157-170,
1988.

5. D. E. Tronrud; M. F. Schmid; B. W. Mattews, "Structure and X-ray Amino Acid Sequence of a
Bacteriochiorophyll a protein from Prosthecochioris aestuarii Refined at 1 .9 A Resolution," J. Mol.
Biol. vol. 188, pp. 443-454, 1986.

6. B. W. Mattews; R. E. Fenna; M. C. Bolognesi, M. F. Schmid; J. M. Olsen, "Structure of A
Bacteriochlorophyll a protein from the Green Photosynthetic Bacterium Prosthecochioris aestuarii," J.
Mol. Biol. vol. 131, pp. 259-285, 1979.

7. T. Schirmer; W. Bode; R. Huber; W. Sideler; H. Zuber, "X-ray Crystallographic Structure of the
Light-harvesting Biliprotein C-Phycocyanin from the Thermophilic Cyanobacterium Mastigocladus
laminosus and its Resemblance to Globin Structures," J. Mo!. Biol. vol. 184, pp. 257-277, 1985.

8. M. Duerring; R. Huber; W. Bode; R. Ruembeli; H. Zuber, "Refined 3-Dimensional Structure of
Phycoerythrocyanin from the Cyanobacterium Mastergoc!adus Laminosus at 2.7 A," J. Mo!. Biol. vol.
211, pp. 633-644, 1990.

9. A. N. Glazer, "Light Harvesting by Phycobilisomes," Ann. Rev. Biophys. Biophys. Chem. vol. 14,
pp. 47-77, 1985.

10. R. MacCoil; D. Guard-Friar, Phycobi!iproteins, CRC Press, Boca Raton, 1987.

704 / SPIE Vol. 1640 Time-Resolved Laser Spectroscopy in Biochemistry II! (1992)

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 01/16/2015 Terms of Use: http://spiedl.org/terms



1 1. M. Mimuro; P. Fuglistaller; R. Rumbeli; H. Zuber, "Functional Assignment of Chromophores and
Energy Transfer in C Phycocyanin Isolated from the Thermophilic Cyanobacterium Mastergocladus
Laminosus," Biochim. Biophys. Acta, vol. 848, pp. 155-166, 1986.

12. K. Sauer; H. Scheer; P. Sauer, "Förster Transfer Calculations Based on Crystal Structure Data from
Agmenellum quadruplicatum C-Phycocyanin," Photochem. Photobiol. vol. 46, pp. 427-440, 1987.

13. W. Sidler; J. Gysi; E. Isker; H. Zuber, "The Complete Amino Acid Sequence of Both Subunits of
Allophycocyanin, a Light Harvesting Protein-Pigment Complex from the Cyanobacterium
Mastigocladus laminosus," Hoppe-Seyler's Z. Physiol. Chem. vol. 362, pp. 61 1-628, 1981.

14. R. MacColl; K. Csatorday; D. S. Berns, E. Traeger, "Chromophore Interaction in Allophycocyanin,"
Biochem., vol. 19, pp. 2817-2820, 1980.

15. N. F. Scherer; M. Du; A. J. Ruggiero; H. Gutman; G. R. Fleming, to be submitted.
16. A. R. Holzwarth; J. Wendler; G. W. Suter, "Studies on the Chromophore Coupling in Isolated

Phycobiliproteins. II. Picosecond Energy Transfer Kinetics and Time-resolved Fluorescence Spectra
of C-phycocyanin from Synechococcus 6301 as a Function of the Aggregation State," Biophys. J.,
vol. 51, pp. 1-12, 1987.

17. T. Gilibro; A. Sandstrom; R. Fischer; H. Scheer, "Picosecond Time-Resolved Energy Transfer
Kinetics within C-phycocyanin and Allophycocynin Aggregates," in Photosynthetic Light-Harvesting
Systems, H. Scheer; S. Schneider, Ed., pp. 457-467, Walter de Gruyter & Co., Berlin, New York,
1988.

18. T. Gilibro; A. Sanstrom; V. Sundstorm; A. R. Holzwarth, "Polarized Absorption Picosecond Kinetics
as a Probe of Energy Transfer in Phycobilisomes of Synechococuus, "FEB Lett., vol. 162, pp. 64,
1983.

19. A. R. Holzwarth; E. Bittersmann; W. Reuter; W. Wehrmeyer, "Studies on the Chromophore
Coupling in Isolated Phycobiliproteins. III. Picosecond Excited State Kinetics and Time-Resolved
Fluorescence Spectra of Different Allophycocyanins from Mastigocladus laminosus," Biophys. J.,
vol. 57; pp. 133-145, 1990.

20. W. F. Beck; M. Debreczeny; X. Yan; K. Sauer, "Picosecond Transient Absorption and Dichroism
Studies on Excitation Transfer in Allophycocyanin," Ultrafast Phenomena Vii, Springer Series in
Chemical Physics, C. B. Harris, et al, Ed., Vol. 53, pp. 535-537, Springer-Verlag Berlin,
Heidelberg 1990.

21. H. Malak; R. MacColl, "Picosecond Fluorescence from Phycocyanin 612," Photochem. Photobio,
vol. 53, pp. 367-370, 1991.

22. A. N. Glazer; S. W. Yeh; S. P. Webb; J. H. Clark, "Disk-to-Disk Transfer as the Rate-limiting Step
for Energy Flow in Phycobilisomes," Science, vol. 227, pp. 419, 1985.

23. J. Shah, "Ultrafast Luminescence Spectroscopy Using Sum Frequency Generation," IEEE J. Quant.
Electron., vol. 24, pp. 276-288, 1988.

24. M. A. Kahiow; W. Jarzeba; T. P. DuBruil, P. F. Barbara, "Ultrafast Emission Spectroscopy in the
Ultraviolet by Time-Gated Upconversion," Rev. Sci. Instrum., vol. 59, pp. 1098-1 109, 1988.

25. A. J. Ruggiero; D. C. Todd; G. R. Fleming, "Subpicosecond Fluorescence Anisotropy Studies of
Tryptophan in Water," J. Am. Chem. Soc., vol. 112, pp.1003-1014, 1990.

26. A. Mokhtari; A. Chebira; J. Chesnoy, "Subpicosecond Fluorescence Dynamics of Dye Molecules," J.
op. Soc.Am. B, vol. 7, pp. 1551-1557, 1990.

27. A. J. Ruggiero; N. F. Scherer, G. M. Mitchell, G. R. Fleming; J. N. Hogan, "Regenerative
Amplification of Picosecond Pulses in Nd:YAG at Repetition Rates in the 100 KHz Range," J. Op.
Soc. Am., B, vol. 8, pp. 2061-2071, 1991.

28. A. J. Cross; G. R. Fleming, "Analysis of Time-Resolved Fluorescence Anisotropy decays," Biophys.
J., vol. 46, pp. 45-56, 1984.

29. G. Wagniere; G. Blauer, "Calculations of Optical Properties of Biliverdin in Various Conformations,"
J. Am. Chem. Soc., vol. 98, pp. 7806-7810, 1976.

30. T. Förster, "Delocalized Excitation and Excitation Transfer," in Modern Quantum Chemistry, 0.
Sinanoglu, Ed., Vol. III, pp. 93-137, Academic Press, New York, 1965.

SPIE Vol. 1640 Time-Resolved Laser Spectroscopy in Biochemistry Ill (1992)! 705

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 01/16/2015 Terms of Use: http://spiedl.org/terms



31. A. J. Cross; D. H. Waldeck; 0. R. Fleming, "Time Resolved Polarization spectroscopy: Level
Kinetics and Rotational Diffusion," J. Chem. Phys., vol. 78, pp. 6455-6467, 1983.

32. R. S. Knox, "Photosynthetic Efficiency and Exciton Transfer and Trapping," in Primary Processes of
Photosynthesis, J. Barber, Ed., Chapter 2, pp. 55-97, Elsevier/North-Holland Biomedical Press,
1977.

33. W. T. Simpson; D. Peterson, "Coupling Strength for Resonance Force Transfer of Electronic Energy
in Van der Waals Solids," J. Chem. Phys., vol.26, pp. 588-593, 1957.

34. R. Pearistein, "Chlorophyll Singlet Excitons," in Photosynthesis: Energy Conversion by Plants and
Bacteria, L. Govindjee, Ed., Vol. I, pp. 293-330, Academic Press, 1982.

35. R. Silbey, "Electronic Energy Transfer in Molecular Crystals," Ann. Rev. Phys. Chem., vol. 27, pp.
203-223, 1976.

36. Y. R. Kim; P. Share; M. Pereira, M. Sarisky, R. M. Hochstrasser, "Direct Measurements of Energy
Transfer Between Identical Chromophores in Solution," J. Chem. Phys., vol. 9 1 , pp. 7557-7562,
1989.

37. T. S. Rahman; R. S. Knox; V. M. Kenkre, "Theory of Depolarization of Fluorescence in Molecular
Pairs," Chemical Physics, vol. 44, pp. 197-21 1, 1979.

38. C. Scharnagi; S. Schneider, "UV-Visible Absorption and Circular Dichroism Spectra of the Subunits
of C-phycocyanin I: Quantitative Assessment of the Effect of Chromophore-Protein Interaction in the
a-Subunit," J. Photochem. Photobio., B: Bio., vol. 3, pp. 603-614, 1989.

39. K. Csatorday; R. MacColl; V. Csizmadia, J. Grabowski, C. Bagyinka, "Exciton Interaction in
Allophycocyanin," Biochem., vol. 23, pp. 6466-6470, 1984.

40. M. Bixon; J. Jortner, "Quantum Effects on the Electron-transfer Processes," Faraday Discuss. Chem.
Soc., vol.74, pp 17-29, 1984.

706 / SPIE Vol. 1640 Time-Resolved Laser Spectroscopy in Biochemistry Ill (1992)

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 01/16/2015 Terms of Use: http://spiedl.org/terms


