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Energy Transfer in the Core Pigments of Phycobilisomes from Mastigocladus laminosus
As Studied by Temperature-Dependent Hole Burning
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Persistent optical hole burning has been performed in the allophycocyanin band of phycobilisomes of Mastigocladus laminosus.
The homogeneous transition line width has been obtained by a careful analysis of the hole-burning data. The dependence
of the line width on temperature has been measured in the range 1.5-4.2 K. A lifetime-limited value of 1.08 £ 0.21 GHz
is obtained as a result of linear back extrapolation to T = 0 K. It corresponds to an energy transfer time of 147 & 15 ps
from allophycocyanin to the terminal emitters of the phycobilisome core.

Introduction

Protein—protein and protein—cofactor interactions represent an
attractive topic in the study of intermolecular interaction and
biological function. Highly organized protein complexes play
fundamental roles in living cells, such as molecular recognition,
regulation of ionic fluxes or catalytic activity, gene regulation,
etc. Photosynthetic systems are a representative example of or-
ganized protein complexes. They are built of various chromo-
phore-binding proteins, which are arranged in a way to optimize
light absorption, energy transfer, and energy conversion, Itisa
considerable advantage in the study of photosynthetic systems
when the isolated subunit proteins are well characterized. In this
respect, phycobilisomes (PBS), the light-harvesting complexes of
cyanobacteria and red algae, are a profitable case. Isolation of
PBS and of their constituent pigments, which are proteins con-
taining bilin chromophores, has been achieved for many species.!
The main constituent proteins of PBS are phycocyanins, allo-
phycocyanins, and phycoerythrins or phycoerythrocyanins, with
relative abundance and aggregation states depending on the source,
on the growth conditions, and on the isolation procedure. The
physicochemical characterization of the proteins of PBS has been
mainly performed by means of optical spectroscopy and ultra-
centrifugation studies.2 There is a growing number of known
protein sequences,’ and X-ray structures have been determined
for C-phycocyanin from several species® and one phycoerythro-
cyanin.’

A comparison of the structural data with time-resolved spec-
troscopic experiments®’ has allowed for elucidating the intra- and
interprotein energy transfer processes following light absorption.
In PBS of Mastigocladus laminosus, energy transfer is known
to occur, on a time scale of tens of picoseconds, from C-phyco-
cyanin to allophycocyanin (APC), and eventually to specialized
long-wavelength-absorbing chromophores on APC-B and/or the
large polypeptide(s). Owing to the complexity of the excitation
decay process, time-resolved experiments produce decay curves
which must be fitted with multiexponential laws. Persistent
spectral hole burning, instead, offers the opportunity to probe the
various steps one at a time. The site selectivity of the technique
allows measurement of the homogeneous transition line widths
of a selected group of chromophores.! The determining energy
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transfer time can then be determined for that group of chromo-
phores, provided one main condition is fulfilled, that is, the con-
tribution of pure dephasing to the homogeneous transition line
width is absent. This situation is hypothetically reached at 7 =
0 K. Nevertheless, energy transfer times can be evaluated by back
extrapolation to 0 K if the temperature dependence of the ho-
mogeneous line width is known. We therefore measured the
homogeneous line width of APC chromophores in PBS of Mas-
tigocladus laminosus in the temperature range 1.5-4.2 K.
Temperature-dependent data have been reported so far only for
C-phycocyanin from Mastigocladus laminosus in a glass.’ Al-
though hole-burning spectra of PBS from the same source at 4.2
K have also been measured,” the temperature dependence for the
whole PBS assembly has not yet been determined.

Experimental Section

Low temperature glasses of energetically coupled phycobilisomes
from Mastigocladus laminosus'! were prepared as described
before.'® Absorption and fluorescence spectra were measured with
a 1-m Jobin-Yvon monochromator. Hole-burning spectra were
measured with a continuous wave (CW) ring dye laser (Coherent
CR-699), having a bandwidth of <10 MHz in single mode
operation. Holes were burnt with power densities ranging from
1 to 470 uW/cm? and irradiation times ranging from 1 s to 30
min (see Results)., The holes were detected by scanning the laser
over the burn wavelength and measuring the transmission of light
through the sample. All measurements were performed in a ‘He
bath cryostat. The temperature was kept constant within 0.01
K.

Results

Figure 1 shows an absorption spectrum of PBS, taken at 4.2
K in the wavelength range 600-700 nm. The main peak at 635
nm and the broad band system with its maximum at 610 nm are
due to the absorption of C-phycocyanin. The peak at 652 nm
corresponds to the absorption maximum of APC. The small band
at 670 nm may be ascribed to the low-energy chromophores of
APC-B and the large linker polypeptide(s).!? Figure 1 shows also
a fluorescence spectrum of the same sample at 4.2 K. The weak
bands at shorter wavelength (644 and 662 nm) originate from
C-phycocyanin and APC, whereas the outstanding band at 687
nm is the emission from the terminal emitter(s). Both spectra
are comparable to those of ref 10. The fluorescence spectra are
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Figure 1. Absorption and fluorescence emission spectra of phycobilisomes
from Mastigocladus laminosus at 4.2 K. The arrow marks the wave-
length by which hole burning was performed. (Insert) Fluorescence
emission spectrum in “standard” conditions (see Results).
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Figure 2. Hole width vs hole area in APC at 1.55 K. The first six data
points are linearly fitted (see Results). The first four points correspond
to the hole-burning spectra shown in the insert, which are artificially
scaled in order to make them legible.

strongly dependent on the optical density of the sample, since
self-absorption of fluorescence alters both the position and the
relative intensity of the peaks. We therefore measured the
fluorescence spectra under standard conditions in order to test
the quality of the samples, viz. room temperature and a concen-
tration giving an optical density of 0.1 in a I-cm cuvette. A
fluorescence spectrum of this kind is shown in the insert in Figure
1. The fluorescence spectra were independent of the exciting
wavelength in the investigated range (610—645 nm). Intact PBS
have maxima ranging from 670 to 676 nm under these standard
conditions. A dissociation of PBS, leading to uncoupling of energy
transfer, would be indicated by a blue shift of the emission
maximum and the appearance of short-wavelength shoulders due
to emission from free C-phycocyanin and APC.

We performed hole burning by irradiating the samples in the
APC band at 657 nm. In order to obtain accurate values for the
homogeneous line widths, we carefully tried to avoid photochemical
saturation broadening. This effect is due to the depletion of the
ground-state population during the hole-burning process itself.!?
Therefore, we measured the hole widths as a function of increasing
irradiation times. By this means, we obtained the width for zero
burning intensity through a back extrapolation. An example for
such a series of measurements is given in the insert of Figure 2.
The data points in Figure 2 show how the hole width evolves with
the number of photoconverted centers as reflected in the hole area.
A systematic feature of all our experiments was the early onset
of saturation broadening.

The lifetime-limited hole width was obtained by performing
a quasi-linear back extrapolation to 0 K, using the line widths of
the very shallow holes only. As it was shown previously,'4 the
slope of the extrapolation line of the width vs hole area is inde-
pendent of temperature, as long as the Debye—Waller factor is
independent of temperature. The results strongly support such

Feis et al.

5 T —

™ o 0 *

T #’ o+

o .

c »

5 s 2

'z + 15 uW/em

% @ 150 pW/cm?

T @ 470 pW/em?
o . . |
0.00 0.15

Hole area (a.u.)
Figure 3. Hole width vs hole area in APC at 1.55 K. Holes were burnt
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Figure 4. Temperature dependence of the hole width of APC at zero
burning fluence. A linear fit is superimposed on the data.

a behavior. Therefore, we fitted all extrapolation data with a line
having the same slope at all temperatures. This way, the lifetime
limit of the hole-burning data should have a reasonable accuracy.
We incidentally note that the larger width at 4.2 K, which was
observed in ref 10, is possibly due to photochemical saturation
broadening.

The laser power, too, is a possible source of extra broadening
in the hole-burning process. This effect has a different origin as
compared to photochemical saturation broadening.!* We ex-
perimentally proved the absence of power broadening by repeating
the same series of measurements as in Figure 2 with laser power
densities ranging from 15 to 470 xW /cm? (see Figure 3), We
found no evidence for an influence of power density on the hole
width.

Figure 4 shows the temperature dependence of the hole width
in the range 1.5~4.2 K. Each value has been obtained by a back
extrapolation to zero burning fluence, as shown in Figure 2. A
linear fit is superimposed on the experimental data points. The
lifetime-limited width has a value of 1.08 &+ 0.21 GHz.

Discussion

The results shown in Figures 2 and 3 rule out any sources of
artificial hole broadening. On the other hand, a possible con-
tribution to the hole width from spectral diffusion processes cannot
be excluded. Spectral diffusion may occur on an extremely wide
range of time scales.!s In particular, it may occur in the time
between burning and reading the holes. Therefore, the extrap-
olated line width, as measured by spectral hole burning, is correctly
referred to as quasihomogeneous.” For PBS, it has been shown
by temperature cycling experiments that spectral diffusion is not
completely absent.!”

If contributions from artificial broadening can be excluded, then
the measured hole width (Av)y, is just twice the homogeneous
transition line width, (A»)pom,!® plus the spectral diffusion width
(Av)sp

(Ay)hole = 2(Ap)hom + (Av)sp 1

The spectral diffusion width depends on temperature in a linear
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fashion (see, for instance, ref 16). The homogeneous width is
related to energy relaxation time (7)) and pure dephasing time
(T,*) by the following equation

1 1
27(Av)hom =

2T, * T,*
Since 1/T,*, as well as (Av)gp, vanishes as the temperature ap-
proaches zero, the measured line width can be related to T, in
the limit 7 = 0 K. Our experimental data allow an estimation
of T,. However, we have to assume a certain kind of temperature
dependence of the line width. The temperature dependence of
the homogeneous line width for solids at low temperature has been
the subject of much theoretical and experimental work.!6!%
Molecular mixed crystals exhibit an exponential temperature
dependence, which originates from thermal excitation of local
phonons. Most glasses have been shown to follow a guasi-linear
temperature dependence, namely, a dependence on 7. This has
been correlated with a variety of models, all of which include
coupling between the optical excitation and the structural defects
in the glass. As far as data are available for proteins at low
temperatures, they share many characteristics with amorphous
systems.!® The temperature dependence of the homogeneous line
width was well fitted by a 7!16 law in the case of C-phycocyanin
in a glass® and by a 7'?7 law in the case of chlorophyilide apo-
myoglobin complex in a polymer.2® Line width data below 1 K
are scarce. Recently, it was shown for a polymer that the width
is dominated by spectral diffusion.?!

If one assumes that the line width is spectral diffusion dominated
in the temperature range of our experiment, a linear fit, as shown
in Figure 4, is adequate. The back extrapolation to 7= 0 K then
allows estimation of T of APC to be 147 = 15 ps. The exper-
imental data points might as well be fitted by a 7*-* law, which
does not significantly differ from the linear fit in the measured
temperature range. In this case, the lifetime estimate would be
101 % 15 ps. It can be assumed that T, is almost totally deter-
mined by energy transfer processes. In fact, APC fluorescence
is very low in PBS. We can also assume that it is the interprotein
energy transfer which mainly determines the measured hole width,
since (i) we burnt the red edge chromophores in the inhomoge-
neous band and (ii) intraprotein relaxation occurs on a much
shorter time scale,?? so it would show up in a much broader line
width. A minor contribution to the observed T, might come from
those chromophores of APC-B, which absorb at the same wave-
length as those of APC, and which can directly transfer energy
to their lower lying chromophores. The relaxation time has been
determined for this couple of chromophores in APC-B from
Mastigocladus laminosus by time-resolved fluorescence. It is on
the order of 66 ps at room temperature.?? Owing to the lesser
quantity of these chromophores, we conclude that this contribution
is negligible.

The interprotein energy transfer processes which take place in
the core of PBS are directed from APC to two emitters, APC-B
and/or the “anchor” protein.2»* The sequential path for energy
transfer is still a matter of discussion. Time-resolved fluorescence
measurements at 77 K’ in PBS from 4nabaena variabilis support
the idea that the pathways leading to the two terminal emitters
are separated and originate from APC’s with and without linker
polypeptides, respectively. In our case, we cannot speculate on
which of the two types of chromophores are selectively excited,
but we can compare our result to the overall time for energy to
flow from APC chromophores to the terminal emitters as observed
in these measurements, i.e., about 100 ps. A very similar (120
ps) time constant was also observed?’ for the energy transfer from
APC to the terminal emitters in PBS from Mastigocladus lam-
inosus at room temperature.

The analysis of ref 7 rests on the spatial model proposed by
Glazer.? An alternative model* has been proposed, whereby
excitation would be transferred from APC with linker to a complex
containing the “anchor” protein, and, from this complex, to
APC-B. In this case, the energy transfer time we determined
should be mainly referred to the step: APC — “anchor”.
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Conclusions

We have shown that hole-burning spectroscopy allows the
determination of single steps in the interprotein energy transfer
of phycobilisomes, provided temperature-dependent data are
obtained and artificial broadening sources can be excluded. We
determined a time constant of 147 ps for the energy transfer from
allophycocyanin to the terminal emitters of PBS. This value is
well consistent with fluorescence kinetic measurements.
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