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ABSTRACT: Peridinin chlorophylla protein (PCP) fromAmphidinium carteraehas been studied using
absorbance (OD), linear dichroism (LD), circular dichroism (CD), fluorescence emission, fluorescence
anisotropy, fluorescence line narrowing (FLN), and triplet-minus-singlet spectroscopy (T-S) at different
temperatures (4-293 K). Monomeric PCP binds eight peridinins and two Chlsa. The trimeric structure
of PCP, resolved at 2 Å [Hofmann et al. (1996)Science 27, 1788-1791], allows modeling of the Chl
a-protein and Chla-Chl a interactions. The FLN spectrum shows that Chla is not or is very weakly
hydrogen-bonded and that the central magnesium of the emitting Chla is monoligated. Simulation of the
temperature dependence of the absorption spectra indicates that the Huang-Rhys factor, characterizing
the electron-phonon coupling strength, has a value of∼1. The width of the inhomogeneous distribution
function is estimated to be 160 cm-1. LD experiments show that the two Chlsa in PCP are essentially
isoenergetic at room temperature and that a substantial amount of PCP is in a trimeric form. From a
comparison of the measured and simulated CD, it is concluded that the interaction energy between the
two Chlsa within one monomer is very weak,<10 cm-1. In contrast, the Chlsa appear to be strongly
coupled to the peridinins. The 65 cm-1 band that is visible in the low-frequency region of the FLN spectrum
might indicate a Chla-peridinin vibrational mode. The efficiency of Chla to peridinin triplet excitation
energy transfer is∼100%. On the basis of T-S, CD, LD, and OD spectra, a tentative assignment of the
peridinin absorption bands has been made.

The overall efficiency of photosynthesis is strongly
enhanced by the light-harvesting complexes that transfer
absorbed light energy to the reaction centers (1). Photosyn-
thetic dinoflagellates, forming the major component of sea
plankton, contain several membrane-bound light-harvesting
complexes similar to those in higher plants and green algae.
These organisms contain also water-soluble light-harvesting
complexes, peridinin chlorophylla proteins (PCP).1 The
predominant carotenoid of dinoflagellates is peridinin, which
enables the organism to collect light in the 470-550 nm
region where chlorophyll does not absorb. The structure of
PCP from the dinoflagellateAmphidinium carteraehas been

resolved by X-ray crystallography to a resolution of 2.0 Å
(2).

Monomeric PCP fromA. carteraecontains two chloro-
phylls a (Chl a) and eight peridinins. These pigments are
organized in two clusters, each containing one Chla and
four peridinins. Each peridinin molecule is in van der Waals
contact with the tetrapyrrole ring of the Chla of the same
cluster. The center-to-center distance between the two Chls
a is 17.4 Å (2). The peridinin molecules are organized in
two pairs per cluster, where the closest distance between the
polyene chains within a pair is less than 4 Å (2). The pigment
clusters are located in the hydrophobic cavity formed by the
protein. The peptide primary sequences of the NH2 and
COOH terminal regions are largely (56%) homologous and
form structurally almost identical domains each consisting
of eight R-helices (2). The holoprotein, including also two
lipid molecules, has a molecular weight of 38.1 kDa. In the
crystals, the complex is trimeric.

Long before the structure of PCP was resolved, the
complex was isolated and studied spectroscopically (3, 4).
The peridinin to chlorophylla excitation energy transfer was
shown to have an efficiency of 88% (5)-100% (3) and to
occur on a time scale of a few picoseconds (5). The circular
dichroism (CD) spectrum has been interpreted in terms of
exciton interactions between peridinins (6). Triplet-minus-
singlet (T-S) experiments show efficient transfer of triplet
excitation energy from Chla to peridinin (5). These studies
were mainly focusing on peridinin-peridinin and peridinin-
Chl a interactions.
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PCP forms an ideal system to study Chla-protein and
Chl a-Chl a interactions for the following reasons: (i) a
limited number of Chlsa are bound, (ii) a high-resolution
crystal structure is available, and (iii) the peridinins do not
contribute to the absorption in the Chla Qy region, so that
in this region the absorption is entirely due to a few Chla
molecules. Here, we present a study that to a large extent
deals with the properties of Chla in PCP. Information about
the electron-phonon coupling and the vibrational modes of
Chl a in PCP is obtained from fluorescence line narrowing
(FLN) experiments. Furthermore, the 580-630 nm region
of the absorption spectrum of PCP is interpreted in detail.
The linear dichroism (LD) spectrum provides information
about the site energies of the Chlsa in PCP. In addition, a
simulation of the CD spectrum in the Chla Qy region is
presented. On the basis of a combination of the spectral
features revealed by T-S, absorption, LD, and CD spectra
in the peridinin region, a tentative assignment of the
absorption bands of peridinin in PCP is obtained.

MATERIALS AND METHODS

Sample Preparation and Spectroscopy.PCP from A.
carteraewas prepared as described in ref2. The 77 and 4 K
measurements were performed in a buffer containing 25 mM
Tris (pH 7.5), 3 mM NaN3, 2 mM KCl, and 85% (v/v)
glycerol. For the LD measurements, a gelatin gel was
prepared, since the use of a polyacrylamide gel led to the
immediate loss of the characteristic orange color of PCP.
To a buffer containing 66% (v/v) glycerol, 25 mM Tris (pH
7.5), 3 mM NaN3, 2 mM KCl, and 6.4% (w/v) gelatin (Dr
Oetker) were added, and the mixture (with a volume of 3
mL) was heated to 65°C in a water bath to dissolve the
gelatin. Subsequently, the mixture was cooled to 30°C, and
PCP was added (∼20 µL). Then the mixture was poured
into the gel press and kept in the refrigerator for 1 h. After
that time, the gel was squeezed by a factor of 1.1 in thex
andy directions, allowing expansion in thez direction. The
rest of the procedure was described before (7). This process
led to a PCP gel with an absorption spectrum identical to
that of the original sample.

Absorption spectra were measured on a Cary 219 spec-
trophotometer with a bandwidth of 0.5 nm. CD and LD
measurements (bandwidth of 1 nm) were performed on a
home-built setup as described earlier (7).

Fluorescence spectra were recorded as described previ-
ously with a CCD camera (Chromex Chromcam) via a 1/2-m
spectrograph (Chromex 500IS) (8). Excitation light was
provided by a tungsten-halogen lamp via an interference
band-pass filter (610 nm, fwhm of 15 nm) or by a dye laser
(Coherent CR599, dye DCM, spectral bandwidth 1 cm-1)
pumped by an Ar+ laser (Coherent Innova 310). An optical
density (OD) of 0.1 at 670 nm was used for the fluorescence
measurements unless stated differently. The measuring time
per excitation wavelength was 1 min. The effects of spectral
holeburning were minimized by the use of a low laser power
(<200µW/cm2), although even at these intensities a decrease
(<10%) of the fluorescence intensity was observed. Emission
spectra were corrected for the wavelength-dependent sensi-
tivity of the detection system, and the wavelength calibration
was checked with an argon calibration lamp.

Microsecond laser-flash induced T-S absorption difference
measurements were performed as reported earlier (9). In

short, excitation pulses at 590 nm were provided by a Nd:
YAG (second harmonic) pumped dye laser (Rhodamine 610)
and had an intensity of∼10 mJ. A pulsed xenon lamp was
used for detection. The light was detected via a 1/4-m
monochromator (bandwidth 2 nm) by a photomultiplier
connected to a digital oscilloscope. The response time of
the setup was less than 0.5µs. Time traces (averages of 32
shots) were detected at different detection wavelengths and
analyzed globally (10). At 590 nm, mainly Chla is excited,
but the excitation of some peridinin cannot be ruled out.

Calculation of LD. If the orientations of the transition
dipole moments of pigments in a pigment-protein complex
and the orientation behavior of the complexes in a (com-
pressed) gel are known, the reduced LD (LDr) can be
calculated using the following expression (11):

where∆A is the measured LD spectrum,A is the isotropic
absorption spectrum, andú is the angle between the transition
dipole moment and the molecular axis of the complex (see
below). The brackets〈 〉 denote averaging over different
pigments within a single complex.φn is an orientation factor
that reflects how (well) the complexes are oriented on
average. This factor is negative for disklike particles and
positive for rodlike particles. The molecular axis for disklike
particles is the axis perpendicular to the plane of the disk,
whereas for rodlike particles, the longest axis is defined as
the molecular axis (11).

Monte Carlo Simulation of OD and CD Spectra.To
interpret the height of the CD spectrum, we have performed
a Monte Carlo simulation to calculate the OD and CD spectra
at room temperature. A more detailed analysis of the
absorption spectrum at various temperatures is given in the
Discussion section where the contributions from homoge-
neous and inhomogeneous broadening are estimated. The
Monte Carlo method is essentially the same as described in
ref 12. In short, for each run, an interaction matrix was
generated with the site energies on the diagonal and the
interaction energies on the off-diagonal positions. The site
energies were picked at random from a Gaussian distribution
(see below) to account for the broadening of the spectra.
The interaction energies were calculated from the crystal
structure. In the case of PCP, the interacting pigments are
not charged, and the distances between the pigments are
significantly larger than the conjugated parts of the molecules
so that the dipole-dipole approximation can be applied (13).
For Chla in ethanol/methanol, a dipole strength (µ2) of 28.3
D2 can be calculated from the absorption spectra in methanol
and ethanol when the effect of the medium is ignored. Taking
into account the effect of the medium by applying the cavity-
field expression for the local field correction factor (14), a
value of 27.5 D2 is obtained. The exciton interaction energy
V (in cm-1) between two identical pigments can be calculated
using (see, for example, refs15 and16):

whereR is the distance between the centers of the pigments
(in nm), εr is the relative dielectric constant, andfl is the
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local field correction factor. It was concluded in ref17 on
the basis of Fo¨rster calculations that the refractive index of
PCP is 1.6( 0.1. The effective dipole strength of Chla in
PCP can thus be calculated to be 17.0( 1.4 D2, using again
the cavity-field expression.

The expression for the orientation factorκ is

whereµ̂1 andµ̂2 are the normalized transition dipole moment
vectors, andr̂12 is the normalized vector between the centers
of pigments 1 and 2.

Using an effective dipole strength of 17.0 D2 and taking
the Qy transition dipole moment along they axis lead to the
following interaction matrix for the full trimer:

In the case of a monomer, it suffices to diagonalize a 2× 2
matrix (for instance, the upper left part). Interactions with
the carotenoids are not included. The site energies (the
diagonal entriesε1 ..... ε6) were selected randomly from a
Gaussian distribution with a fwhm of 280 cm-1 to produce
the correct absorption bandwidth. The average site energy
was 14 925 cm-1. This matrix was diagonalized numerically,
and the eigenvectors and eigenvalues were used to calculate
stick spectra. Typically, 100 000 runs were performed. It
should be noted that both homogeneous and inhomogeneous
broadening contribute to the absorption band shape, but
lumping both into one inhomogeneous distribution of site
energies is a very good approximation, especially since the
interaction strength is much weaker than the bandwidth (18).

The CD spectrum is determined by the rotational strengths
of the absorption bands of the pigment-protein complex
according to ref18:

with

whereAL - AR is the difference in absorption of left and
right circularly polarized light,A is the absorption of isotropic
light, Rj is the rotational strength, andDj is the integrated
dipole strength. In eq 5,Dj

L andDj
R are the dipole strengths

for left and right circularly polarized light,λ is the wave-
length (in a vacuum) corresponding to transitionj, rkm is the
distance between the interacting pigments,n is the refractive
index,N is the number of interacting pigments,Cjk andCjm

are matrix elements of the diagonalized interaction matrix,
andµk andµm are the transition dipoles of pigmentsk and
m. Note that the refractive index has been included to correct
for the effect of the medium on the wavelength. In principle,
one also needs to take into account the shielding effect of

the medium on the polarized absorption (change in size of
effective transition dipole moment), but this effect is the same
for CD and OD. Because we only consider the CD after
normalization to the OD, this effect can be ignored. The
effect of the medium on the coupling between the pigments
is taken into account when the exciton states are calculated
and the latter are described by the matrix elementsCjk and
Cjm.

Both the simulated CD and the OD spectra are expressed
in debye2 (D2). For each simulation, the OD spectrum was
scaled to the experimental OD spectrum, and the CD
spectrum was scaled using the same scaling factor.

RESULTS

Absorption.Absorption spectra measured at 4 K, 77 K,
and room temperature (RT) are shown in Figure 1A. The 4
K spectrum shows more structure than the RT spectrum. In
the region 600-650 nm, several small peaks appear at 604,
615, and 625 nm. Upon cooling, the peak in the Qy region
at 667.5 nm (RT) shifts almost linearly with temperature to
665 nm at 4 K and sharpens by a factor of∼2. The apparent
overall increase (∼8%) of the absorption upon cooling from
RT to 4 K is most likely caused by shrinking of the sample.
In the Discussion section, the temperature dependence of the

FIGURE 1: (A) OD spectra of PCP at 4 K (solid), 77 K (dotted),
and room temperature (RT) (dashed). The peak position of the Chl
a Qy band is 665 nm (4 K) and 667.5 nm (RT). (B) Magnification
of the 400-590 nm region, showing the RT (dashed) and 4 K (solid)
spectrum. Also plotted is the temperature dependence (4 K to RT
in steps of 50 K) of the second derivative, which is reversed in
sign and rescaled to give a clear picture. Positions of the maxima
in the second derivative of the 4 K spectrum (after sign reversal)
are indicated in the figure.
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second moment of the Qy band is used to estimate the
inhomogeneous line width and the Huang-Rhys factor.

In Figure 1B, the 400-590 nm region of the 4 K and RT
spectrum and the second derivatives of the absorption spectra
multiplied by -1 as a function of temperature (steps of 50
K) are shown. In the region where peridinin absorbs, the
second derivative of the spectrum at 4 K peaks at 464, 476,
480, 503, 520, 529, 546, and 555 nm. These peaks are, albeit
at slightly different positions, also present in the second
derivatives of spectra measured at higher temperatures (see
Figure 1B). The absorption below 440 nm is to a significant
extent due to Chla. The peak at 585 nm is most probably
due to Chla (19, 20).

NonselectiVe Fluorescence Spectroscopy.In Figure 2 the
fluorescence emission spectra at 4 K, 77 K, and RT after
excitation at 610 nm are shown. The integrated intensity of
the emission, which is proportional to the fluorescence
quantum yield, increases by a factor of 2 upon cooling from
RT to 4 K. A similar increase of the quantum yield was
reported for the monomeric Chla present in the cytochrome
b6 f complex (Cytb6 f) of the cyanobacteriumSynechocystis
PCC6803(21). The peak of the fluorescence is located at
668.5 nm (4 K) and shifts to 671.5 nm at RT. The shift is
comparable to the peak shift of 2.5 nm of the Qy band in the
OD spectrum (665 to 667.5 nm). The fwhm of the fluores-
cence spectrum is larger at all temperatures than the fwhm
of the absorption spectrum, which was also reported for
Cytb6 f (21).

Circular Dichroism. In Figure 3, the 4 K CD and OD
spectra are shown. The positions of the positive and negative
bands are indicated. In the CD spectrum of the peridinin
absorption region, peaks appear at 462, 510, 516, 537, and
545 nm. The bands at 407, 427, and 438 nm are most likely
due to Chla. Very similar peaks in the CD spectrum were
reported in ref6. Note that the band at 438 nm, most likely
due to the Chla Soret band, is more pronounced here than
in the spectrum reported in ref6.

In the 575-700 nm region, maxima at 585 and 625 nm
and minima at 603, 615, and 666 nm are visible. The CD
signal of the Chla Qy band is shifted 1 nm to the red (666
nm) with respect to the OD spectrum (665 nm) and is
significantly narrower than the OD band. This was not
reported for PCP ofA. carteraebefore (4, 22); however, for

PCP fromAlexandrum cohorticulacontaining 12 peridinins
and two Chlsa, a red shift and a narrowing of the Chla CD
band was found as well (23). Figure 4A shows the CD
spectrum (solid) in the 650-690 nm region measured at RT
and the inverse OD spectrum (dotted) normalized to equal
area with respect to the CD spectrum. Clearly, the CD and
the OD spectrum do not have the same shape. This suggests
that the CD spectrum is the sum of a conservative and
nonconservative spectral component. Because the area of the

FIGURE 2: Fluorescence emission spectrum of PCP at 4 K (solid),
77 K (dotted), and RT (dashed). The excitation wavelength was
610 nm. At 4 K, the fluorescence peaks at 668.5 nm, and at RT it
peaks at 671.5 nm.

FIGURE 3: OD (dotted) and CD (solid) spectra of PCP measured
at 4 K.

FIGURE 4: (A) CD spectrum (OD670 ) 1) measured at RT (solid)
in the 650-690 nm region. Also shown is the OD spectrum at RT
(dotted), which is reversed in sign. The integrated area of the CD
and OD spectra are normalized. The bold solid spectrum shows
the difference spectrum (CD minus OD), which is the estimated
conservative component of the CD spectrum (see text). (B)
Smoothed simulated CD spectra for monomers (dashed) and for
trimers (dotted). The bold solid spectrum shows the estimated
conservative CD (of panel A).

PCP: Relating Structure and Spectroscopy Biochemistry, Vol. 39, No. 17, 20005187



conservative spectrum is zero by definition, it can be found
by subtracting the normalized OD spectrum from the CD
spectrum, where it is assumed that the nonconservative CD
spectrum has the shape of the OD spectrum. The bold solid
spectrum in Figure 4A reflects the “conservative CD”, and
it has an amplitude of 5× 10-4 (OD670 ) 1 in the peak of
the absorption spectrum at 670 nm). The amplitude of the
RT CD signal at 672 nm is 1.8× 10-3 (OD670 ) 1). The
nonconservative CD (inverse OD in Figure 4A) has an
amplitude of 1.4× 10-3. This is much larger than the CD
of monomeric Chla in ether or detergent, which is on the
order of ∼2 × 10-4 (19). In the Discussion section, the
estimated conservative spectrum is compared to the CD that
is calculated on the basis of the structure.

Linear Dichroism.The room temperature OD, LD, and
LDr spectra are shown in Figure 5. Note that the Chla Qy

peak has shifted 2.5 nm to the red with respect to the position
of the Qy band in 85% (v/v) glycerol at RT, probably due to
the lower glycerol content (66% v/v) of the gel. The LD
spectrum shows peaks at 447(+), 484(+), 517(+), and 670-
(-) nm. The solid line in Figure 5 shows the reduced LD
spectrum. The peaks are indicated in the spectrum. The
reduced LD is 2-3 times smaller in the carotenoid region
as compared to the Chla Qy region, and the signs are
opposite. The positive features at 591 and 628 nm were
reported before at similar wavelengths for the absorption
spectrum of isolated Chla and were assigned to the Qx bands
of Chl a (19, 20).

In Figure 6A, the inverse LD (solid) and OD (dashed)
spectra at 77 K of the Qy region are plotted. The LD and
OD spectra are normalized to 1 in the peaks. The peak of
the LD spectrum is shifted 0.5 nm to shorter wavelengths
with respect to that of the OD spectrum. In the Discussion
section, this band shift will be interpreted in terms of the
spectral positions of the absorption bands of the individual
Chls a.

Fluorescence Anisotropy.The fluorescence anisotropy
spectrum as a function of the excitation wavelength at room
temperature is shown in Figure 7 (filled circles). To prevent
depolarization of the fluorescence due to rotation of the
whole molecule, PCP was dissolved in a (uncompressed)
gelatin gel. The dashed spectrum shows the OD spectrum
of PCP in the gel. The anisotropy at room temperature has
a value of∼0.1 and is almost independent of the excitation

wavelength (slight increase at longer wavelengths is partly
due to some scattering). Also shown in Figure 7 is the
fluorescence anisotropy spectrum measured at 4 K (open
circles) and the 4 K OD spectrum (solid). The anisotropy
both at RT and at 4 K was independent of the detection
wavelength. At 4 K, the anisotropy ranges from 0.08 at 660

FIGURE 5: Room temperature LD (dashed), OD (dotted), and
reduced LD (solid) spectra. The amplitude of the LD signal at 670
nm is LD670 ) ∼5 × 10-3 (OD670 ) 1).

FIGURE 6: (A) LD (bold solid) and OD (bold dashed) spectra
measured at 77 K. The LD spectrum is reversed. The spectra are
normalized in the peaks. (B) Decomposition of the OD spectrum
(bold dashed). The estimated absorption spectra of the individual
Chls a are shown (dotted, dashed). The maxima are separated by
∼1 nm (see text for details).

FIGURE 7: Fluorescence anisotropy spectrum of PCP at 4 K (open
circles). The error bars indicate the upper and lower value of the
anisotropy calculated from two sequential measurements at the same
laser excitation wavelength. Also shown is the RT fluorescence
anisotropy spectrum of PCP (filled circles). The RT anisotropy was
measured in gelatin to immobilize the complexes. In addition, the
OD spectra of PCP at 4 K (solid) and RT (dashed) are shown.
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nm to a value of 0.3 at 670 nm, which is close to the value
of ∼0.35 that is expected in the absence of energy transfer.
Generally, the theoretical maximum value of 0.4 that is
reached when transition dipole moments for absorption and
emission are parallel is not observed experimentally. Polar-
ized fluorescence excitation spectra were reported in refs3
and4, but the number of points in the Qy region is too small
for a detailed comparison.

Fluorescence Line Narrowing Spectroscopy.Figure 8
shows the FLN spectrum of PCP at 4 K after excitation in
the red edge of the OD spectrum at 671 nm. Along thex
axis the excitation frequency (νexc) minus the emission
frequency (νem) is represented in wavenumbers. The upper
spectrum is multiplied by 5. The FLN spectra were recorded
at an OD of 0.4 in the Qy maximum at 665 nm. At 671 nm,
the OD is below 0.1 (see Figure 1) so that self-absorption,
which could affect the shape of the emission spectrum, is
very much reduced. The FLN spectrum consists of three
parts: a sharp zero phonon line (ZPL) superimposed by
scattered laser light, a relatively broad phonon wing (PW)
on the red side of the ZPL, and sharp vibronic bands on top
of the PW. The ZPL is due to the pure electronic transition.
The PW is due to the coupling of the electronic transition to
the intermolecular vibrations of the protein (electron-phonon
bath). The vibronic coupling, that is, coupling to the
intramolecular vibrations of the pigment, leads to a series
of vibronic bands.

The left inset in Figure 8 shows a magnification of the
PW. It shows considerable structure and has a pronounced
main peak at 22 cm-1, a shoulder at 42 cm-1, and a broad
feature at∼65 cm-1. For the emitting chlorophyll in the light-
harvesting complex II of green plants (LHCII) (8) and in
the Cytb6 f complex (21), just a main band at∼20 cm-1 is
observed, whereas in the case of the photosystem II reaction
center complex (PSII RC) (24), a similar structure as for
PCP was observed, with bands located at 19, 37, and 80
cm-1. It is not known whether these extra bands have to be
attributed to other modes or to a progression of the mode at
∼20 cm-1. If in case of PCP the band at 65 cm-1 would be
a separate mode originating from the coupling to other
pigments and not due to the protein phonon bath, the only
candidates for such a coupling would be the peridinins, since
the coupling between the Chls is very weak (see Discussion).

The magnification of the 1500-1720 cm-1 region shown
in the second inset of Figure 8 is an average of eight spectra
excited at four different wavelengths (668-771 nm). The
sharp lines are due to vibronic bands. The frequencies of
these lines are independent of the excitation wavelength. In
the 1500-1700 cm-1 region, the frequencies of the 131 Cd
O stretch mode of Chla (1650-1700 cm-1) and the CdC
stretch modes of the chlorin ring are located (25, 26). Bands
visible at 1697 and 1681 cm-1 can be assigned to the 131

CdO stretch mode. The band at 1697 cm-1 reflects a non-
H-bridged 131 CdO group. The band at 1681 cm-1 indicates
a very weakly bound or unbound 131 CdO group. The fact
that two different frequencies are observed suggests that
either there are two different emitting Chlsa or that the
emitting Chla can have two different environments. When
the two Chlsa have inhomogeneously broadened absorption
bands that are only slightly shifted (see Discussion) with
respect to each other, the red-most pigment in a complex
can be either Chla1 or Chl a2 (see Figure 10), and therefore
the fluorescence most probably originates from both pig-
ments. The fact that we do not find (strong) H bridges is in
agreement with the structure (2).

The frequencies of the CdC stretch modes are located at
1526, 1553, and 1610 cm-1. These frequencies indicate that
the chlorins are five-coordinated. The frequencies of these
modes would be 10 cm-1 lower when the chlorin would have
been six-coordinated (25, 26). From the structure, it is known
that the fifth coordination site is formed by a water molecule
(2).

T-S Spectroscopy.Transient absorption traces induced by
selective excitation of Chla at 590 nm, were recorded at
detection wavelengths ranging from 400 to 700 nm, both at
room temperature and at 77 K. They reflect the decay of
triplet states formed in the complex. These traces were fitted
using a global analysis routine (10). At RT, the data could
be fitted with one lifetime component of 10µs, which is
characteristic for carotenoid triplets. No lifetime component
of hundreds of microseconds or a few milliseconds, typical
for Chl triplets, was found. Apparently, chlorophyll triplets
are transferred to peridinin with an efficiency of 100%, in
agreement with the findings in ref5. The decay associated
difference spectra (DADS) are shown in Figure 9A (squares).
In the peridinin absorption region, a broad bleaching is visible
at 450 nm, and positive features due to absorption by the
triplet states are located at 555 and 593 nm. In the Qy region
that is shown in Figure 9B (squares), at∼668 nm clearly a
bleaching is visible, reflecting Chla absorption changes due
to the presence of a triplet on a neighboring peridinin. A
similar signal in the 10µs T-S component has been observed
for LHCII (27).

At 77 K, besides a 13µs component, a spectrally different
second component with a lifetime of 40µs was needed for
an adequate fit of the data. The spectra are shown in Figure
9A. The 13µs 77 K component (triangles) is spectrally very
similar to the 10µs RT component (squares). However, in
the 77 K spectrum (see magnification in Figure 9C) shoulders
and peaks at 515, 554, 567, and 589 nm are better resolved.
The 40µs component (circles) has, when compared to the
13 µs component, a more pronounced peak at 515 nm and
a stronger bleaching at 505 and 534 nm (see Figure 9C). In
the Discussion section, the T-S peaks will be discussed in
more detail. The two DADS are also slightly different in

FIGURE 8: FLN spectrum of PCP measured at 4 K, whereνexc -
νem is given in wavenumbers (cm-1). Excitation was at 671 nm.
Left inset shows an enlargement of the PW, and the right inset
shows the vibrational fine structure in the 1500-1720 cm-1 region.
The latter spectrum is the average of eight spectra excited at 668-
671 nm.
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the Qy region; however, due to the low signal-to-noise, this
might not be significant (see Figure 9B). The fact that two
components with different lifetimes are present is not easy
to explain. For a fit of T-S data of LHCII at 4 K, two
lifetimes of 8 and 40µs were needed (27); however, the
corresponding T-S spectra were identical. The 8 and 40µs
components were attributed to decays of different triplet
sublevels (27). If that would be the explanation in the case
of PCP, it is remarkable that (i) the effect would already be
visible at 77 K and (ii) it apparently just happens only in
one or a few peridinins. Another explanation for the 40µs
component could be that at 77 K, besides triplets with a
lifetime of 13 µs, triplets also are formed on one or more

peridinins that have a longer triplet lifetime. An extensive
examination of the temperature dependence of the T-S
spectra of PCP might shine more light on this issue.

DISCUSSION

Monomers and Trimers.Using the crystal structure of PCP,
in principle, CD and LD spectra and the value of the residual
anisotropy can be calculated. However, a comparison of these
calculations with the experimental data is hampered by the
fact that the preparation does not contain only trimeric
complexes. This can be concluded from the fact that the
measured residual anisotropy at RT has a value of∼0.1,
which is higher than the value of the residual anisotropy
calculated on the basis of the trimeric structure, which is
0.05 (17). For monomeric PCP, an expected value of 0.15
was calculated (17). Apparently, the preparation consists of
a mixture of monomers and trimers. Using ultracentrifugation
techniques, it was shown that the relative amounts of
monomers and trimers depend on the PCP concentration of
the preparation (Hofmann et al., unpublished results). Since
the biochemical separation of monomers and trimers cannot
be done without affecting the monomer/trimer equilibrium,
we have not been able to determine the amounts of
monomers and trimers at a certain concentration. An ad-
ditional problem is that it is not known whether this
equilibrium is affected by the presence of gelatin or glycerol
and how fast a new equilibrium is reached after dilution.

Chl a in PCP.From LD, OD, and FLN experiments, a
wealth of information can be obtained about the local
environment of the Chlsa in PCP. On the basis of a
comparison of the LD measurements with the LD that is
calculated on the basis of the crystal structure, we will discuss
whether the Chlsa in PCP are isoenergetic. Using the OD
spectra measured at different temperatures together with the
PW, we will determine the width of the inhomogeneous
distribution function (IDF). In addition, the Huang-Rhys
factor, which expresses the strength of the electron-phonon
coupling, will be calculated.

Since we do not know the relative amounts of monomers
and trimers, we will calculate the reduced LD on the basis
of the crystal structure for both monomeric and trimeric PCP.
The orientation behavior in a gel is different for monomers
(more or less with a rodlike shape) and trimers (disklike
shape). For trimers, the anglesú (see eq 1) are defined with
respect to the axis oriented perpendicular to the plane of the
trimer (11). In case of monomers, the choice of the molecular
axis is more difficult since the “length” of the monomeric
particle is only about twice the “width”. The axis through
the magnesium atoms of the two chlorophyll molecules
seems to be a reasonable choice. The Qx and Qy transition
dipole moments of the Chla molecules are assumed to be
oriented along the NA-NC and NB-ND axis, respectively
(notation as in ref2). In ref 17, it was concluded that the
orientation of the Qy transition dipole moment of Chla in
PCP can very well be approximated by the orientation of
the NB-ND axis. The transition dipole moment of peridinin
in principle lies parallel to the long axis of the molecule;
however, some of the peridinins are slightly bent. We have
assumed the transition dipole moment to be oriented along
C6-C24 (numbering as in ref2). Since the amplitude of the
orientation factor (φn) is not known, only the shape of the
spectrum and the relative sizes of the peaks can be calculated.

FIGURE 9: T-S DADS at 77 K and RT. (A) DADS of the 10µs
component measured at RT (open squares) (OD670 ) 0.15). Also
shown are the DADS of the 13 (open triangles) and 40µs
component (open circles) measured at 77 K (OD665 ) 0.23) (B)
Enlargement of panel A in the Qy region. (C) Enlargement of the
77 K spectra shown in panel A in the peridinin region.

5190 Biochemistry, Vol. 39, No. 17, 2000 Kleima et al.



In Table 1, the calculated values ofú and the LDr for
peridinin and Chla (Qy and Qx transitions) in monomeric
and trimeric PCP are given. The experimentally determined
LD spectrum is the sum of the contributions of the individual
pigments in each absorption region. Therefore, in Table 1,
the average values of LDr in the peridinin Qx and Qy regions
also are given. Note thatφn is negative for trimers and
positive for monomers. In case of monomers, the average
value of LDr is negative in the Qx and Qy and peridinin
absorption region, whereas for trimers, it is positive in both
the peridinin and the Qx region and negative in the Qy region.
The measured spectrum (see Figure 5) is clearly in disagree-
ment with the calculated values for monomers and resembles
the calculated trimer spectrum. Since from anisotropy
experiments it was concluded that the preparation consists
of a mixture of monomers and trimers, this might imply that
the orientation of monomers in the gel is worse than that of
trimers. The calculations predict that the LDr amplitudes of
the two Chla Qy transitions in trimers have different values
(0.08 and-0.73), while in monomers they are the same
(-0.50) (see Table 1). The equal amplitudes in the monomer
case cannot explain the shift of the peak of the LD spectrum
with respect to that of the OD spectrum as was detected for
the 77 K LD and OD spectra (see Figure 6). Only in case of
trimers the difference in amplitude can show up in the
spectra, provided that the Chla molecules are absorbing at
different wavelengths.

Assuming that the complex we observe in LD is organized
in trimers, it is possible to estimate the peak positions of the
Qy transitions of the two Chls using the OD and LD spectra
measured at 77 K. The OD and LD spectra are normalized
to equal area in the 650-680 nm region. The OD spectrum
is assumed to consist of the absorption bands of the
individual Chls (ODa and ODb) with equally weighted
amplitudes: OD) ODa + ODb. The LD spectrum can be
described as a linear combination of ODa and ODb according
to LD ) caODa + cbODb. Because the areas of the OD and
LD spectrum are normalized, we haveca + cb ) 2. The ratio
x ) ca/cb is given byca/cb ) (〈1/2(3cos2 úa - 1)〉φn)/(〈1/
2(3cos2 úb - 1)〉φn). The preceding four expressions can now
be combined into one for ODb:

from which ODa ) OD - ODb is easily obtained. For Chl
a1 and Chla2, x has a value of-9 (see Table 1). In Figure
6B, the decomposition (dotted and dashed) of the OD
spectrum (bold dashed) is shown. We find that the ODa and
ODb spectra are shifted by∼1 nm with respect to each other,
much less than the fwhm of the Qy band. Chla1 (see Figure
10) has the red-most OD spectrum. As discussed, we
assumed that the LD spectrum is entirely due to trimeric
PCP. If the LD spectrum is the sum of the LD spectra of
monomeric and trimeric PCP, the interpretation of the shift
is more complicated. Because the LD signal is dominated
by the trimers, the possible contribution of the monomers
will only slightly change the mutual shift.

To obtain information about the electron-phonon coupling
strength, which is expressed in the Huang-Rhys factor (S),
and about the inhomogeneous distribution function (IDF),
we have simulated the temperature dependence of the
absorption spectra in the Chla Qy region. The algorithm
that is used has been described extensively elsewhere (28)
and is based on linear, harmonic Franck-Condon electron-
phonon coupling and assumes a temperature-independent
inhomogeneous distribution function (IDF). The PW obtained
from site-selected excitation at 675 nm is assumed to
resemble the single-site emission spectrum, and it provided
the input for the simulation. SinceS is not known, different
values ofSwere used to simulate the temperature-dependent
homogeneous spectra, which were then convoluted with a
Gaussian IDF. Simulated and measured spectra were com-
pared via the second moment of the Qy absorption band,
which forms a measure for the bandwidth. The second
moment was calculated over the interval where the absorption
was>30% of the maximum of the Qy absorption to minimize
uncertainties due to possible (small) baseline offsets. Figure
11 shows the temperature dependence of the second moment
of the simulated and measured spectra. The best agreement
between simulation and experiment is achieved whenS )
1.0, and the width (fwhm) of the IDF is 160 cm-1. The
broadening of the absorption spectrum could well be
simulated up to 250 K. Above this temperature, simulation
and experiment start to deviate, possibly due to contributions
of nonlinear electron-phonon coupling and/or a change in
the IDF.

The value of 1.0 that is found for the Huang-Rhys factor
in case of PCP is moderately large as compared to the values
found for other pigment-protein complexes. For LHCII and
Cytb6 f, values of 0.6( 0.1 and 0.6-0.9, respectively, were
found (8, 21). The value that is found for the Huang-Rhys
factor of the PSII RC is 1.6( 0.3 (24). The IDF of Chla in
PCP (160 cm-1) is larger than that of Chla in LHCII (120
( 15 cm-1) and smaller than that of Chla in Cytb6 f (210(
10 cm-1).

In Figure 12A, the measured and simulated spectra
(corresponding toS and IDF values of 1.0 and 160 cm-1,
respectively) are shown. All amplitudes of the measured
spectra have been scaled with the same factor for comparison
with the simulated spectra. For each temperature, the
measured spectrum has been shifted until the maximum
coincided with that of the simulated spectrum. Note that a
shift of the ZPL is not included in the model, so only the

Table 1: Angles and LD with Respect to Monomer and Trimer
Symmetry Axisa

trimer
symmetry axes

monomer Mg-Mg
symmetry axes

transition
dipole moment angle

reduced
LD avg angle

reduced
LD avg

Chl a1 Qx 59 0.10 0.30 62 -0.17 -0.16
Chl a2 Qx 88 0.50 61 -0.15
Chl a1 Qy 58 0.08 -0.33 87 -0.50 -0.50
Chl a2 Qy 25 -0.73 87 -0.50
Per 11 C6-C24 63 0.19 0.06 48 0.17 -0.13
Per 12 C6-C24 54 -0.02 74 -0.39
Per 13 C6-C24 65 0.23 44 0.28
Per 14 C6-C24 49 -0.15 87 -0.50
Per 21 C6-C24 65 0.23 48 0.17
Per 22 C6-C24 89 0.50 78 -0.44
Per 23 C6-C24 70 0.32 47 0.20
Per 24 C6-C24 21 -0.81 87 -0.50

a Note that LD values for trimers are multiplied by-1 because
disklike particles have a negative orientation factor. The Chlsa and
peridinins (Per) are numbered according to ref2.

ODb ) x
x - 1

OD + 1
2

1 + x
1 - x

LD (6)
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shape of the band can be modeled. From 125 to 290 K, the
simulated and measured spectra correspond reasonably well.
Below ∼125 K, the line shapes start to deviate. This might
be because we did not take into account the possible small
difference in site energies between the two Chlsa in PCP
and thus used only one Gaussian IDF. A more sophisticated
line shape of the IDF might lead to some improvement of
the simulation, but this is beyond the goal of this paper.
Figure 12B shows the Qx and Qy regions of the simulated
and measured spectra for 4, 25, 50, 77, and 100 K. Clearly,
the simulated spectra show the bands at 615 and 604 nm,
which are also present in the experimental spectrum. The
band at 625 nm that is visible in the measured spectrum
cannot be distinguished in the simulated spectrum. This
suggests that the bands at 615 and∼604 nm in the absorption
spectrum should (at least partially) be attributed to vibronic
bands coupled to the (electronic) Qy transition. We conclude
that the band at 625 nm is due to the electronic Qx transition.
The orientation of the transition dipole moment of a vibronic
band coupled to the Qy transition will approximately be the
same as that of the pure electronic transition. As a conse-
quence, the signs of the LD and CD signals of these bands

and the Qy band, in the absence of exciton coupling, are
expected to be the same. In the CD spectrum (Figure 3)
indeed the 603, 615, and 666 nm bands have the same sign,
whereas the band at 625 nm has an opposite sign. The LD
spectrum (Figure 5) clearly shows a maximum at 628 nm
and a minimum at 616 nm. At 604 nm, no band can be
distinguished. Apparently, the CD and LD spectra support
the notion that the bands at 605 and 614 nm are due to
vibrations coupled to the electronic Qy transition.

Peridinin in PCP. Even at 4 K, a limited amount of
structure is visible in the absorption spectrum of PCP in the
peridinin absorption region due to the many overlapping
absorption bands (Figure 1A,B). It is therefore very difficult
to identify the individual peridinins in the PCP absorption
spectrum. Nevertheless, by using a combination of the
spectral information from OD, LD, CD, and T-S measure-
ments and the absorption spectrum of peridinin in a solvent,
we will tentatively assign some of the bands in the PCP
absorption spectrum to individual peridinins. Since it was
reported by Carbonera et al. (29) that the PCP absorption
spectrum is not strongly affected by exciton coupling, we

FIGURE 10: Simplified representation of Chlsa in trimeric PCP.

FIGURE 11: Comparison between the experimental (filled circles)
and the simulated temperature dependence of the second moment
of the Chla Qy band in PCP (see text). The values forS and the
width (in cm-1) of the inhomogeneous distribution function were
as indicated.

FIGURE 12: (A) Comparison between the experimental absorption
spectra and the simulated spectra at temperatures ranging from RT
to 4 K for S ) 1 and a width of the IDF of 160 cm-1. (B) As in
panel A, but for the temperatures 4, 25, 50, 77, and 100 K including
the absorption region to the blue of the Qy band. Also indicated
are the wavelengths in nm.
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will not take that coupling into account in the following
analysis. Figure 13 gives an overview of the spectral features,
repesented by bullets, that are observed in T-S, OD, LD,
and CD spectra.

The absorption spectra of peridinin in both ethanol (77
K) (4) and methanol (RT) (30) show a peak at 475 nm and
shoulders at∼445 and 505-509 nm, whereas inn-hexane,
the spectrum shows a shoulder at∼426 nm and peaks at
456 and 486 nm (5). The bands have to be attributed to the
electronic S0-S2 transition, and the red-most band in each
solvent corresponds to the vibronic 0-0 transition. In these
solvents, the spacing between the vibronic bands of peridinin
is about the same,∼1410 cm-1 on average. It is therefore
likely that also in PCP the spectrum of an individual peridinin
is characterized by this typical band pattern, although the
relative intensities of the bands can vary. However, it should
be noted that the spacing between the vibronic bands of
peridinin in PCP might be affected by exciton interactions.

In the 77 K T-S spectra shown in Figure 9C, positive peaks
are located at 589, 567, and 554 nm. In refs31 and32, it
was shown that a carotenoid triplet spectrum can be
represented by the ground-state absorption spectrum shifted
to longer wavelength. Since the 554 nm band cannot be a
vibronic band of the 589 nm transition because the energy
difference is too small, 1073 cm-1 instead of 1410 cm-1 (see
above), the three T-S maxima most likely correspond to
individual peridinins. It should be emphasized that the shorter
the wavelength the more the maxima and minima overlap
and the more uncertain the peak positions are.

In the absorption spectrum, the longest wavelength peak
is located at 555 nm (see Figures 1B and 13). Above that
wavelength, no clear features are observed, and the band at
585 nm was assigned to Chla. The next peridinin absorption
band is located at 546 nm (see Figures 1B and 13). In the
CD spectrum, a negative band at 545 nm is also visible, and
negative bands are observed at 510 and 472 nm, possibly
due to the corresponding vibronic bands (see Figure 13). The
relatively small absorption band at 529 nm cannot directly
be related to any band observed with another technique. The
absorption band at 520 nm might be a vibronic band of the
0-0 transition at 555 nm. However, it seems more likely

that it corresponds to the 517 nm LD band. The LD band
pattern suggests that the LD is mainly determined by a
peridinin that has its absorption bands at 517, 484, and 447
nm (see Figure 13) and not near 555 nm. We thus find
evidence for at least three different peridinins on the basis
of OD, LD, and CD.

The individual peridinins distinguished in the T-S spectrum
now have to be linked to those discussed in the previous
paragraph. The longest wavelength singlet peak at 555 nm
most likely corresponds to the longest wavelength T-S peak
at 589 nm. The energy difference (∆EA) between the T-S
peak at 589 nm and the OD peak at 555 nm is 1040 cm-1

(see Figure 13). The singlet peak at 520 nm is most probably
linked to the 554 nm T-S peak. The energy difference is
1180 cm-1(∆EC). If we suppose for the 567 nm T-S band
an energy difference∆EA, we would expect a singlet band
at 535 nm. At 537 nm, a CD band is visible. On the other
hand, if an energy difference of∆EC is supposed, we would
expect a singlet band at 531 nm. This might correspond to
the 529 nm absorption band. In conclusion, we cannot
unambiguously correlate the 567 nm T-S band with an
absorption band.

We have found evidence that at least four peridinins that
have their electronic transitions at 520, 529 or 537, 546, and
555 nm determine the T-S, OD, LD, and CD spectra of PCP.
On the basis of the crystal structure of PCP, one would expect
that at least the four peridinins in one cluster do not have
the same absorption spectra since each of these peridinins
experiences a slightly different local environment. Neverthe-
less, it should be emphasized that our assignment only gives
a lower limit to the number of contributing peridinins.
According to the simulation of the CD and OD spectra by
Carbonera et al., the electronic transitions, in the absence of
exciton coupling, are located at 485, 518, 534, and 543 nm
at 20 K (29). The authors state that the absorption spectrum
is not strongly affected by exciton coupling (29), so that these
wavelengths can be compared to the ones we have deter-
mined using a different approach. In both cases, the bands
are distributed over a large wavelength region. Three of the
four bands are located at very similar wavelengths. We do
not find evidence for a band at 485 nm, but due to the many
overlapping bands we cannot exclude a band at that position.

Chl a-Chl a Interactions.As was stated in the introduc-
tion, the peridinin to Chla excitation energy transfer in PCP
is very fast (5). Since PCP functions as a light-harvesting
complex, the energy has to be transported finally to the PSII
complex. One might therefore expect that also Chla to Chl
a excitation energy transfer takes place within PCP. The
anisotropy measurements presented in this paper confirm the
occurrence of Chla to Chl a transfer processes. When no
transfer between pigments occurs, the Stokes shift, which is
the difference in position between the absorption and the
fluorescence maxima, equals 2Sωm, whereS is the Huang-
Rhys factor, andωm is the mean phonon frequency (see for
example, ref33). In this case, that relation does not hold
since the Stokes shift is 77 cm-1, and 2Sωm ) 44 cm-1,
thus confirming that Chla to Chl a energy transfer takes
place. Direct measurement of the Chla to Chl a transfer in
PCP using time-resolved fluorescence anisotropy measure-
ments yielded two depolarization times that were assigned
to equilibration within the monomer (∼7 ps) and equilibra-
tion within the trimer (350 ps) (17). A prerequisite for

FIGURE 13: Summary of the spectroscopic features in PCP as
detected in T-S, OD (second derivative Figure 1B), LD, and CD
spectra. The energy differences between some spectral features are
indicated with arrows. The value of the energy difference (in cm-1)
is italicized (see text for details).
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excitation energy transfer between pigments is that the
interacting pigments should at least be weakly coupled. In
the following paragraphs, we will determine the coupling
and simulate the CD spectrum of PCP in the Chla region.

To investigate whether the conservative part of the CD in
the Qy region is entirely due to exciton interaction between
the Chlsa within a monomer or whether also interactions in
the trimer have to be included, we have simulated the CD
of PCP. The exciton interaction energy was calculated from
the structure (with the Qy transition dipole moment oriented
parallel to the NB-ND axis), both for PCP trimers and
monomers (see Materials and Methods). For the effective
dipole strengths, we used a value of 17 D2. The Gaussian
distribution function had a fwhm of 280 cm-1, which was
necessary to correctly describe the bandwidth of the OD
spectrum at room temperature. The width here is larger than
the width of the IDF in the simulations of the absorption
spectra at different temperatures (160 cm-1) because it now
accounts for both homogeneous and inhomogeneous broad-
ening. As was already stated in Materials and Methods, it is
not necessary to distinguish between both types of broaden-
ing for the CD calculations. The site energies of the two
Chlsa within one monomer were assumed to be equal, but
shifting the site energies apart led to virtually identical spectra
as long as the splitting was small as compared to the total
bandwidth. For instance, a splitting of 100 cm-1, which is
already much larger than could be concluded from a
comparison of the absorption and LD spectra, still gave rise
to almost indistinguishable spectra. The exciton interaction
energy within a monomer was calculated to be∼-7 cm-1.

Figure 4B shows the experimental and simulated CD
spectra obtained with the previously discussed parameters.
The shapes of the simulated (dotted, dashed) and measured
spectra (bold solid) are very similar. The simulated CD
spectrum of the trimer (dotted) is smaller than that of the
monomer (dashed); however, both spectra are larger than
the experimentally determined CD spectrum. Apparently,
other interactions also contribute to the CD. It was already
mentioned in the Results section that the estimated noncon-
servative CD in the Qy region is significantly larger than
that of “free” Chl a, probably due to peridinin-Chl a
interactions. If these interactions are not identical for both
Chls a, then this will also lead to a contribution to the
estimated conservative spectrum.

Peridinin-Chl a Interactions.Each peridinin in PCP is
in van der Waals contact with Chla. Therefore, strong
interactions between peridinin and Chla are to be expected.
Exciton interactions between Chla and peridinin, in prin-
ciple, could involve any peridinin or Chla transition.
However, because the OD and CD spectra in the peridinin
and Soret absorption region are difficult to interpret, we
cannot determine whether the Chla Soret transition con-
tributes to the coupling between peridinin and Chla. It was
argued previously that the CD in the Qy region indicates the
presence of interactions between Chla and peridinin.

The signal that is visible in the Qy region in the T-S
spectrum (Figure 9A,B) has a lifetime that corresponds to
that of peridinin triplets, indicating that the presence of a
triplet on peridinin influences the absorption of Chla.
Therefore, the T-S data also demonstrate the close interaction
between Chla and peridinin molecules.

The Chla fluorescence PW (Figure 8) shows bands at 42
and 65 cm-1. These bands are also visible in the calculated
distribution of phonon and vibrational modes (28) (not
shown), which implies that they originate from different
modes rather than that they are due to overtones of the 22
cm-1 mode. These modes could be due to the protein, but it
is also possible that they result from interactions between
Chl a and peridinin.

CONCLUSIONS

The conclusions from the study presented in this paper
can be summarized as follows:

(1) Chl a in PCP is five-coordinated, and the 131-keto
carbonyl group is not or is very weakly H-bridged (FLN).
These observations are in agreement with the structure (2).

(2) The Huang-Rhys factor has a value of 1, which is
larger than that of LHCII (8) and Cytb6 f (21) and smaller
than that of the PSII RC complex (24). The IDF has a fwhm
of 160 cm-1.

(3) Chla-peridinin coupling is reflected by the following
results: (i) the Chla to peridinin triplet excitation energy
transfer has an efficiency of 100%; (ii) the microsecond T-S
spectra show a signal in the Qy region indicating contact
between Chla and peridinin; (iii) the nonconservative CD
in the Chla region is much larger than the CD of monomeric
Chl a in, for example, detergent; (19) and (iv) we speculate
that the feature at 64 cm-1 in the PW reflects coupling
between Chla and peridinin.

(4) At room temperature, the Chlsa in PCP are ap-
proximately isoenergetic.

(5) The two Chl a molecules in a PCP monomer are
weakly coupled (V ≈ -7 cm-1), and the coupling between
the Chls a within the trimer is even smaller. The CD
spectrum that was simulated using these exciton interaction
energies, is a factor of 2-2.5 larger than the experimentally
determined spectrum. This is probably due to Chla-peri-
dinin interactions.

(6) Four different peridinins can be recognized in the T-S
and OD spectra that are assigned to peridinins that have their
red-most transitions at 520, 529-537, 546, and 555 nm.

(7) The intriguing observation that at 77 K an additional
triplet lifetime component of 40µs is present remains
unexplained.
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