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Chlorophyll b to Chlorophyll a Energy Transfer Kinetics in the CP29
Antenna Complex: A Comparative Femtosecond Absorption Study
between Native and Reconstituted Proteins
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ABSTRACT The energy transfer processes between Chls b and Chls a have been studied in the minor antenna complex
CP29 by femtosecond transient absorption spectroscopy. Two samples were analyzed: the native CP29, purified from higher
plants, and the recombinant one, reconstituted in vitro with the full pigment complement. The measurements indicate that the
transfer kinetics in the two samples are virtually identical, confirming that the reconstituted CP29 has the same spectroscopic
properties as the native one. In particular, three lifetimes (150 fs, 1.2 ps, and 5–6 ps) were identified for Chl b-652 nm to Chl a
energy transfer and at least one for Chl b-640 nm (600–800 fs). Considering that the complexes bind two Chls b per
polypeptide, the observation of more than two lifetimes for the Chl b to Chl a energy transfer, in both samples, clearly indicates
the presence of the so-called mixed Chl binding sites—sites which are not selective for Chl a or Chl b, but can accommodate
either species. The kinetic components and spectra are assigned to specific Chl binding sites in the complex, which provides
further information on the structural organization.

INTRODUCTION

The main functions of antenna complexes in higher plants are

to absorb light and transfer excitation energy to the reaction

centers for use in photosynthetic charge separation and also

to control this energy flow to avoid possible photodamage

(Van Amerongen and van Grondelle, 2001; Bassi and Caf-

farri, 2000). These proteins belong to the Lhc multigenic

family (Jansson, 1999). Although all members share common

features, each complex has specific biochemical, spectro-

scopic, and functional properties.

CP29 is one of the minor antenna complexes of

Photosystem II (PS II). It is present in the supramolecular

antenna of PS II in monomeric form and it is located between

the reaction center and the major light-harvesting complex

(Hankamer et al., 1997; Boekema et al., 1999). CP29 is the

product of the nuclear gene Lhcb4. Its primary sequence is

highly homologous to the other Lhc proteins, but shows an

insertion of 42 amino acids at the N-terminal domain, where

a phosphorylation site has been detected (Testi et al., 1996).

Native CP29 binds eight chlorophylls (Chls): six Chls a, two

Chls b, and two carotenoid molecules (Sandona et al., 1998).

Reconstitution in vitro of the recombinant apoprotein with

pigments allowed obtaining a complex with the same bio-

chemical and spectroscopic properties of the protein as

purified from plants (Giuffra et al., 1996). Moreover,

spectroscopic analysis of CP29 complexes reconstituted with

different Chl a/b ratios suggested that some of the Chl binding

sites are not selective and they can be occupied by either of the

two Chl species (Giuffra et al., 1997). These results were

confirmed by mutation analysis at the Chl-binding residues:

for some of the mutants, although only one Chl per poly-

peptide was lost, the biochemical and spectroscopic data

indicate that contributions of both Chl a and Chl b were

involved (Bassi et al., 1999; Simonetto et al., 1999). In partic-

ular, four sites have been found to havemixed occupancy (A3/

B3 and B5/B6 in the corresponding Kühlbrandt nota-

tion introduced for LHCII; Kühlbrandt et al., 1994). Some

doubt still remains whether this effect is present also in the

native complex, or if it is, in fact, the result of in vitro

reconstitution where the folding process is probably different

than in vivo.

The study of the energy transfer kinetics in CP29 can give

an answer to this question: if the two Chls b of CP29 are

accommodated in two sites, two lifetimes for the Chl b to

Chl a energy transfer are expected. In contrast, if the two

Chls b are coordinated to four binding sites, as the mutation

analysis suggests, a higher number of components should

be observed in the Chl b to Chl a energy transfer kinetics.

It has also been possible to calculate the energy transfer

processes in CP29 within a Förster model, since all the

parameters involved in the Förster equation have been

determined using various methods: the distance between the

chromophores has been taken from the structure of the

homologous protein LHCII (Kühlbrandt et al., 1994), the

energy levels of the Chls have been determined from

mutation analysis (Bassi et al. 1999) and the transition dipole

moment orientations were determined from linear dichroism

(LD) measurements on mutants lacking specific Chls (Sim-

onetto et al., 1999). Although the Förster model can clearly
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only be a first order approximation to the kinetics, the spectra

and transient absorption kinetics could be simulated reason-

ably well only when assuming a mixed site occupation

(Cinque et al., 2000b).

Two other experimental studies on the energy transfer

kinetics in CP29 have been published so far. The first

femtosecond study (Gradinaru et al., 1998) showed that there

are two main pathways for Chl b to Chl a energy transfer,

with lifetimes of 350 fs and 2.2 ps. In a very simple model

the first lifetime was assigned to the transfer from the ‘‘blue’’

Chl b (640 nm) to the ‘‘red’’ Chl a (680 nm), whereas the 2.2

ps signal was assigned to the transfer from the ‘‘red’’ Chl b

(650 nm) to the blue Chl a (675 nm). Equilibration among

Chls a was detected in 280 fs and 10–13 ps (Gradinaru et al.,

1998). More recently the same group performed a new

femtosecond study on CP29 focused mainly on Car to Chl

energy transfer (Gradinaru et al., 2000) with an improved

time resolution (\100 fs versus 200 fs) although some new

information was also obtained on Chl-Chl transfer. The

authors observed a faster transfer step from Chl b-640 nm

with 220-fs lifetime, which account for 60% of the energy in

the 640-nm form, whereas the main transfer from 652 nm

Chl b was detected at 2.2-ps lifetime, and a second decay for

the 640-nm Chl b was observed with a similar lifetime.

Furthermore, a slow transfer from both Chl b spectral forms

was observed with a�10-ps lifetime. Additional information

about Chl energy transfer in CP29 was obtained by hole

burning: the energy transfer times, calculated from the zero-

phonon hole widths at 4.2 K for Chl b 638.5 nm and Chl b

650 nm were 900 fs and 4.2 ps respectively, and the trans-

fer from Chl a 665, 5.2 ps (Pieper et al., 2000).

In this work we present a femtosecond absorption study on

the energy transfer processes at RT in both native and

reconstituted CP29 complexes after preferential Chl b exci-

tation. Besides further detailed analysis of the transfer paths,

the aim of this article is also to compare the results in the two

complexes to check if the kinetic parameters are conserved.

In this way it will be possible to determine if the mixed sites

also exist in vivo. If the same lifetimes for energy transfer

can be found in both complexes, this would be clear evidence

that the Chl organization is the same in native and recon-

stituted complexes and that the only heterogeneity pres-

ent is the one due to mixed occupancy of some of the Chl

binding sites.

MATERIAL AND METHODS

Sample preparation

Native CP29

The native complex was isolated from maize PSII membranes (Berthold

et al., 1981) as previously described (Croce et al., 1996). In short, the

membranes were solubilized in n-docecyl-b-D-maltoside (DM) and then

fractionated by nondenaturing flat bed isoelectrofocusing. The green band

containing CP29 was harvested and eluted from the gel with 0.06% DM and

50 mM Hepes pH 7.6. The sample was then loaded on a sucrose gradient

(0.1–1M) containing 0.06% DM and 10 mM Hepes pH 7.6. After running

23 h at 39,000 rpm in a SW41 rotor (Beckman) at 48C it was harvested with

a syringe. The sample was analyzed by SDS-page as previously reported

(Bassi et al., 1985).

Recombinant CP29

The construct overexpressing maize Lhcb4 was obtained as described earlier

(Giuffra et al., 1996) except for a sequence coding for a His6 tail inserted at

the 39 end before the stop codon.

Complex reconstitution was performed as already reported (Giuffra et al.,

1996) using Chl a/b ratio of 4.0 and a mixture of all the carotenoids present

in the thylakoid membrane. Purification of the reconstituted complex was

performed by affinity chromatography on a Ni column followed by ultra-

centifugation on glycerol gradient (15–40% glycerol, 0.06% DM, 10 mH

Hepes pH 7.6, 12 h at 55,000 rpm in a SW60 rotor; Beckman).

The pigment composition was determined by HPLC analysis (Gilmore

and Yamamoto, 1991) and analysis of the absorption spectrum of the

acetone extracts was performed with the spectra of the individual pigments

(Croce et al., 2002).

Absorption spectra analysis

The absorption spectra of the two samples in the 630- to 720-nm region have

been analyzed by deconvolution with the absorption forms of the Chls in

protein environment as described (Cinque et al., 2000a). In the description

12 Chl absorption bands are used, eight for Chl a and four for Chl b, in

agreement with the results of the mutation analysis (Bassi et al., 1999). The

absorption maximum of each band is used as a fixed parameter and it has the

value determined by mutation analysis (Bassi et al., 1999). The intensity of

the individual bands also reflects the values obtained in the mutation

analysis: fixed values representing the absorption of one Chl were used for

the ‘‘pure’’ Chl-a sites. For the mixed sites a variation of610% with respect

to the value obtained by mutation analysis was allowed in the analysis of

nCP29 to optimize the description. The occupancy (Chl a/Chl b) of the

mixed sites obtained with the best fit was: A3 70/30, B3 24/76, B5 58/42,

and B6 45/55. For the rCP29, which shows a lower Chl a/b ratio, the

intensity of the bands associated with the mixed sites was varied to obtain

the best description. In this case, the best description was obtained assigning

to the mixed sites the following values (Chl a/Chl b): A3 65/35, B3 16/84,

B5 40/60, and B6 30/70. Using this description, it is possible to calculate the

direct excitation in the Chl a and Chl b for the two excitation wavelengths

used in the experiments. The results obtained convoluting the spectra of the

single pigments with the spectrum of the laser pulse (a FWHM 7-nm was

used for the analysis) are reported in Table 1.

Femtosecond measurements and analysis

Femtosecond transient absorption was measured as described in (Croce et al.,

2001). In short, the pulse width was ;60 fs with a spectral width (FWHM)

TABLE 1 Percentage of direct excitation in the different Chl

absorption forms, after the excitations at 640 and 653 nm

for the two samples

CP29 native CP29 recombinant

Ex 640 Ex 653 Ex 640 Ex 653

Chl a 30.7% 49.2% 26% 41.9%

Chl b-640 49.5% 13% 49.3% 12.5%

Chl b-652 19.8% 37.8% 24.7% 45.6%

The data were calculated from the description in Fig. 1 convoluting each

Chl spectrum with the pulse spectrum (FWHM 7 nm).
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of ;7–8 nm. Intensities between 0.6 and 1.8 1013 pH/(cm2 pulse),

depending upon the excitation wavelength, were used. The analysis has been

performed by lifetime distribution analysis and is represented as lifetime

density maps, as described in that work in detail. To summarize, the lifetime

density plots present the amplitudes of the lifetime components in a

quasicontinuous lifetime range. White-yellow spots represent positive am-

plitudes and reflect either decay of an absorption or rise of a bleaching.

Blue to black spots represent negative amplitudes and reflect either decay

of the bleaching or rise of absorption. In the detection ranges between

640 and 660 nm, strong oscillations occur at early times after excitation

(t \ 200 fs) in the transient traces (compare with Fig. 2). These oscil-

lations, which we believe are not directly due to energy transfer processes

of the Chls, have been eliminated from the transient spectra using a spe-

cial deconvolution procedure. They can, in no way, be described in terms

of a sum of exponentials. In summary, we consider the oscillations in the

deconvolution procedure as an overdamped oscillation term, which describes

the experimental situation sufficiently well, whereas the energy transfer ki-

netics is still described as a sum of exponentials. As a result of this special

deconvolution we obtain the deconvoluted exponential kinetics, free from

oscillations, which we present as a modified lifetime density map (or al-

ternatively the deconvoluted kinetics at a particular wavelength).

This deconvolution was specifically designed to correct for the com-

plicated oscillation-like dynamics observed on the early time scale between

640 and 660 nm. At least in part, they most likely arise from some kind of

four-wave mixing effects between the pump and probe pulse. We used an

extended model function as given in the following equation. This function is

actually based on the analysis of oscillatory four-wave mixing effects.

However, we stress the point that, quite independently of any actual physical

interpretation of these oscillations, an overdamped oscillation term, as used

here, accounts very well for the actual observations.

The second part of the formula corresponds to the conventional, purely

exponential model function of the lifetime density approach with ampli-

tudes a and lifetimes t, whereas the first one and its complex conjugated

term accounts in a first approximation for the perturbed free induction

decay as well as for off-resonant four-wave mixing effects. These four-

wave mixing effects result in some oscillation patterns around zero delay

time. When the noncollinear pump and probe pulses overlap, they

produce a periodic grating-like excitation that couples them together. If

the dephasing time of the polarization induced by the probe pulse is

sufficiently long, then a small part of the pump pulse can be scattered into

the direction of the probe beam during pump-probe overlap and also at

negative delay times, i.e., when the probe pulse arrives prior to the pump

pulse. In this first-order approximation these four-wave mixing oscil-

lations are described by a single mean frequency mode varying with the

detection wavelength. It is subsequently addressed by an (in time)

inversely convoluted exponential term, which represents the dephasing of

the polarization generated by the probe pulse in the medium before time

zero. A dephasing time trelx at room temperature of 20 fs was consistently

used in the analysis, but is not critical. The phase of the oscillation is

determined by the complex value of the amplitude A(l) and its complex

conjugated, while the best frequency v was obtained for each detection

wavelength in an iterative process to achieve the lowest x2-value for the

fit. The system response function, i.e., the cross-correlation function P,

also includes the wavelength-dependent shift s to correct for a chirp of

;4 fs/nm in the white-light continuum.

RESULTS

Two complexes were analyzed in this study. The native

CP29 has been purified from maize and a recombinant CP29-

WT has been reconstituted in vitro using an apoprotein with

WT sequence and a mixture of pigments containing all the

chromophores present in the thylakoid membrane (Giuffra

et al., 1996). The native complex binds 5.9 Chls a and 2.1

Chls b, whereas in the recombinant one there are 5.5 Chls

a and 2.5 Chls b. Both complexes bind two carotenoids per

polypeptide: 0.8–0.9 lutein and 0.5–0.6 each of neoxanthin

and violaxanthin.

The absorption spectra of native and reconstituted com-

plexes are shown in Fig. 1, top and bottom. Note that in the

recombinant complex more absorption is associated with the

Chl b 652 nm. This is an effect produced by the use of a lower

Chl a/b ratio in the reconstitution mixture, which allowed

obtaining complexes with a somewhat higher Chl b content.

For analyzing the kinetic data it is important to know

the initial excitation conditions. To calculate the relative

excitation in the different Chls the absorption spectra of the

two complexes were described in terms of the absorp-

tion of individual chromophores using the spectral forms of

Chl a and Chl b in protein environment as described earlier

(Cinque et al., 2000a). The absorption maxima of the Qy

transitions were obtained by mutation analysis (Bassi et al.,

1999; see also Fig. 1). This ignores any possible effects of

excitonic coupling (see below), but should still be fairly

accurate. We have to stress the point that the data shown do

not represent the results of a specific fitting of the absorption

spectrum in each particular case. Since all the parameters,

including the extinction coefficients, Chl contents, and Chl

maxima are known, there are no free parameters available for

a fit. Taking this into account the agreement of the analysis

with the experimental data is more than satisfactory and

probably indicates that the effects of excitonic coupling on

the absorption spectra are likely to be moderate to small.

Using these descriptions, the direct excitation in the in-

dividual pigments at the two excitation wavelengths (640

and 653 nm) used in the pump-probe experiments was

calculated by convolution of the spectra of individual

pigments with the spectrum of the laser excitation pulse. It

is clear that, despite four bands being used to describe the

Chl b region, according to mutation analysis results only two

Chl b pools can be discriminated spectroscopically due to the

almost complete superposition of the absorption spectra:

DAbsðl; tÞ ¼ AðlÞ3 expð�ivðlÞtÞ
ð1‘

t

Pðu� sðlÞÞ3 expð�ðu� tÞ=trelxÞdu1 c:c:

1

ð t

�‘

Pðu� sðlÞÞ
ð
t

aðl; tÞ3 expð�ðt � uÞ=tÞdt du
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a ‘‘red Chl b pool’’ with absorption at 652 nm; and a ‘‘blue-

Chl b pool’’ which absorbs ;640 nm. The results are

presented in Table 1. At both excitation wavelengths, a sub-

stantial amount of direct excitation in Chl a is present, which

accounts for 20–47% of the total energy absorbed. In the

case of the 640-nm excitation the largest part of the energy

absorbed by Chl a excites the vibrational side bands of the

red Chls a (678–680 nm), which show a maximum;630 nm.

Femtosecond measurements

For both complexes two excitation wavelengths, 640 nm and

652–653 nm, were used to selectively excite the blue and the

red Chl-b pools and the kinetics were measured over the

610–730 nm range in a region where the Chls Qx and Qy

signals are present. In Fig. 2 some selected decay kinetic

traces for both excitations are reported.

As noted above (Materials and Methods), particularly in

the Chl-b absorption region and up to 670 nm, there are fairly

strong oscillations observed which cannot be described

in exponential terms, and thus the classical deconvolution

description fails. These oscillations not only distort the qual-

ity of the fits but also have some influence on any ki-

netics and spectral components with lifetimes smaller than

;200 fs. It is not completely clear why this feature appears

in the CP29 measurements whereas it was not present to any

appreciable extent in LHCII measurements. One possible

explanation is that, in the case of CP29, the absorption in the

Chl b region is not very intense compared to LHCII, due to

the presence of only two Chls b, whereas in LHCII there are

at least five Chls b which absorb almost all in the 650–652

nm region. Some part of these oscillations is, in our view,

also due to vibrational ladder relaxation in the high vibra-

tional states of Chls a. In this article, we do not discuss these

oscillation effects in any detail, but rather postpone the

discussion to a later work describing individual Chl excited-

state relaxation processes. To obtain good insight to the data

without loss or distortion of the information, we performed

the analysis in three different ways for WT complex: 1),

using all the data collected and fitting them as usual as a sum

of exponential functions, which clearly is very unsatisfactory

and leads to extremely poor fits and distorted ultrafast

lifetimes and spectra; 2), cutting off the data on the early time

scale (\150 fs) to eliminate part of the oscillation, which

improves the fitting quality but is likely to make it impossible

to resolve fast lifetimes up to 200–250 fs; and 3), explicitly

including in the analysis a damped oscillation term as

described in Materials and Methods. The latter is the pre-

ferred analysis mode. While we present and shortly discuss

the differences in the lifetime density maps for these

methods, we finally use only method 3 to deduce the proper

kinetic data.

Fig. 3 shows for the native CP29 complex and for both

excitation wavelengths the results of all the analysis methods

in terms of lifetime density maps. It is interesting to note that,

for the 653-nm excitation, the lifetime density maps obtained

are almost identical, independently of the method used in the

analysis. This is not true for the 640-nm excitation where up

to 200 fs the different analyses give very different results

(compare with Fig. 3). Three main kinetic components re-

flecting energy transfer processes are present for the 640-nm

excitation in all the analyses: a transfer from the 640-nm,

Chl b to the 675 nm Chl a in 600–800 fs, a transfer from the

652 nm Chl b to 680 nm Chl a in 1–1.2 ps and a third

component of 4–6 ps that involves the transfer from 645-,

655-, and 670-nm Chls to red Chl a at 680 nm. In the time

scale below 200 fs the analyses show a negative feature in

the 635- to 640-nm range with a lifetime, strongly dependent

on the analysis method, which ranges between 50 and 130 fs.

To interpret this negative feature in Chl-b region as energy

transfer it would be necessary to observe an equivalent rise

in the Chl a region. Such a rise is hardly detected. In the

analysis 1), a positive feature in Chl a region is observed in

a time scale faster than the supposed Chl b bleaching decay;

in 2), the rise observed at 680 nm is far less intense than the

decay at 640 nm; and in 3), it is absent. Note that, for all the

analysis, the region above 200 fs is very similar.

The 653-nm excitation shows at least three different

lifetimes: 100- to 150-fs transfer from 652 nm Chl b to 680

nm Chl a; a second transfer from 652 nm to 678 nm in 800–1

ps; and a third one of 5–6 ps. An equilibration between Chl a

FIGURE 1 Absorption spectra of native (top) and reconstituted (bottom)

CP29. The description of the spectra in terms of absorption of individual Chls

is presented. All the spectra of Chl a and Chl b have been multiplied by 2.
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molecules is present with 6-ps lifetime as in the case of

640-nm excitation. These components can be observed in

all the analysis performed. The positive and negative com-

ponents detected in the 640-nm region of 100 and 250 fs,

respectively, are probably an artifact of the conventional anal-

ysis due to the presence of the oscillation which is particu-

larly pronounced ;640 nm as shown in Fig. 2.

In Fig. 4 the lifetimes’ density maps for recombinant CP29

are reported. In this case, only the result of the modified

analysis procedure (method 3) is presented. All the kinetic

components are, in fact, very similar to what is observed

in the native complex, except for the presence of more

pronounced transfer components from the 652 nm Chl b

upon excitation at 640 nm. This is related to the higher

absorption at 652 nm in the rCP29 (Fig. 1), which reflects the

presence of additional 0.5 Chl-b molecules in this sample

compared to nCP29, allowing exciting directly more Chl b

652 nm, as compared to the native complex upon 640-nm

excitation (see Table 1). The main transfer from the 640 nm

Chl b is observed with 600- to 800-fs lifetime, whereas three

transfers at 100–150 fs, 1–1.2 ps, and 5–6 ps are still detected

for the 652-nm excitation and again a component of 6–8 ps

corresponds to the equilibration between Chl a-670 nm and

Chl a-680 nm.

DISCUSSION

Analysis of CP29, reconstituted with different Chl a/b ratios

(Giuffra et al., 1997), and the mutation analysis performed

on CP29, selectively substituting the Chl binding residues

with amino acids which are not able to coordinate Chls, have

suggested that Chl b is accommodated in four different sites

(Bassi et al., 1999), although on average only two Chls b are

present in the complex. This implicates that in CP29 four out

of the eight Chl binding sites do not have a strong preference

for either Chl a or Chl b. These sites have been named mixed

sites. Whereas the evidence for the presence of these mixed

sites is quite strong for the recombinant complex rCP29,

some doubt still remains about their presence in the native

complex. To sort out this point, we performed energy trans-

fer measurements on both the reconstituted and the native

CP29 complexes and compared the results. If in the native

CP29 the Chls b are coordinated in only two sites, only two

kinetic components for the Chl b to Chl a transfer are

expected: one from the Chl b at 640 nm and a second one for

the Chl b at 652 nm. If sites with mixed occupancy are

present, more than two components for Chl b to Chl a trans-

fer are expected.

The 652-nm excitation

The 652- to 653-nm excitation of both native and re-

constituted CP29 gives identical results. Three kinetic com-

ponents for the Chl b-652 nm to Chl a transfer can be

identified in the measurements: a fast one with 100–200 fs,

a second one with an;1.2-ps lifetime and a third one with a

5- to 6-ps lifetime. These results clearly indicate that the Chl

organization in the two complexes is the same. Not only

FIGURE 2 Experimental transient absorption kinetics at selected detection wavelengths for nCP29 complex. (left) Excitation at 640 nm; (right) excitation at

653 nm.
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do the Chls absorb at the same wavelengths, as already

indicated by steady-state spectroscopy analysis (Giuffra

et al., 1996, 1997), but also the orientation of the dipole

moments is conserved in the reconstituted complex as

compared to the native one, thus yielding identical transfer

kinetics. Even more important, three components have been

detected for the transfer from Chl b-652 nm to Chls a,

strongly indicating that the absorption ;652 nm originates

from Chls b accommodated in more than two sites. This

observation points to a unique conclusion: the mixed sites

exist also in the native complex and the relative occupancies

are quite similar, except for the somewhat higher total Chl-b

content of the rCP29 complex.

Previous measurements on native CP29 showed for the

652 nm Chl b form a single decay only in ;2.2 ps. The

discrepancy with our results is not surprising, since the

instrument resolution in those measurements was near 200 fs

(Gradinaru et al., 1998). More recently, the same group

performed a femtosecond transient absorption study on

carotenoid to Chl energy transfer on CP29. In this work, they

were able to observe two distinct energy transfers from Chl b-

652 nm in 2.2 ps and 9.8 ps (Gradinaru et al., 2000). Again,

the fast transfer time was absent as compared to our data.

This can easily be explained, taking into account that the

measurements were carried out with carotenoid excitation,

and thus the kinetics were more complex due to the

simultaneous presence of car to Chl and Chl b to Chl a

transfers. Doing similar measurements, we were able to see

a fast transfer from car to Chl-b 652 nm in ;100 fs (Croce

et al., 2003). Considering that the lifetimes for the transfer

from car to Chl b and from Chl b to Chl a are very similar, it is

almost impossible to resolve theChl b toChl a transfer in 100–

200 fs following carotenoid excitation. The lack of Gradinaru

et al. (2000) to resolve the fast transfer step even in high-

resolution experiments upon carotenoid excitation is thus not

in disagreement with our data, which clearly suggest such

a fast Chl b to Chl a transfer step. In Table 2 a comparison

between the energy transfer kinetic components observed by

different groups for CP29 complex is presented.

The 640-nm excitation

Due to the oscillatory contribution for 640-nm excitation,

which seems to be particularly strong in the wavelength

region between 640 and 660 nm, we cannot completely

exclude an energy transfer component from the 640 nm Chl b

FIGURE 3 Lifetime density maps of native CP29 complex excited at 640 nm (top) and 653 nm (bottom). Three analyses are shown: (A-A9) using all the

collected data and fitting them in exponential terms; (B-B9) using the data collected after 80 fs only; and (C-C9) analyzing all the data, by applying

a deconvolution procedure taking into account a damped oscillation term (see text for details).
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of ;100 fs. However, taking into account the complete

picture our observations suggest that the negative feature

observed at 635 nm in the 50–150 fs decay range is not

associated to a bleaching decay of the 640-nm Chl-b form,

but it is likely to be a Chl a vibrational relaxation. This is

supported by the strong dependence of this feature upon the

analysis methods used, and it can be eliminated when the

oscillation is taken into account explicitly. Previous experi-

ments on nCP29 have shown a very fast decay of the 640-nm

form in 220 fs, which accounted for 60% of the energy,

a second decay (20% of the energy) in 2.2 ps and a third one

(20%) in 9.8 ps (Gradinaru et al., 2000). These results have

been obtained by SADS global analysis of the carotenoid

excitation (489 nm) and the low number of components used

to fit the entire region between 632 and 658 nm can explain

the difference in lifetimes to ours results. Interestingly, the

same authors, exciting the sample at 506 nm, found only one

transfer time from 640 nm Chl b, which happened in less

than 150 fs, whereas the slow components which they were

able to resolve after the excitation at 489 nm were practically

absent. Moreover, comparing the excitation at 489 nm,

where a large part of the energy reached Chl b directly, with

the 506-nm excitation, where less Chl b is directly excited,

the value for the total Chl b direct excitation was identical to

the ratio of the immediate bleaching between the Chl b 640

nm and Chl b 652 nm forms. This is quite surprising because

two separate Soret band positions are believed to be asso-

ciated with the 640-nm and 652-nm Chl b and the excitation

is thus expected to be more selective (Croce et al., 2003). The

two observations, i.e., the fact that the bleaching at 640 nm

was quite strong after excitation at 506 nm (where low Chl b

direct excitation is expected) and the fact that this bleaching

decayed mainly with a lifetime shorter than 150 fs, whereas

the slow component was not present, can also suggest that

the feature at 640 nm in the work of Gradinaru et al. (2000) is

at least partially associated with the vibrational relaxation of

Chl a. In effect, the 506-nm excitation is expected to directly

excite Chl a, more so than at 489 nm.

In our measurements, the main transfer component out of

Chl b 640 nm shows a lifetime of 600–800 fs in both

samples. A very small amplitude component of;4 ps is also

present, whereas this component is more clearly visible upon

Soret excitation (Croce et al., 2003). This component prob-

ably corresponds to the 9.8-ps component reported by

Gradinary et al. (2000), also upon Soret excitation. There are

also evidences for weak lifetimes components above 10 ps

(see Figs. 3 and 4). We note, however, that these long

lifetimes might be related not so much to energy transfer but

to conformational reorganization. Measurements on some of

the mutants of CP29 that lack single Chls (data not shown)

also show a component of 4 ps, although maintaining the

600- to 800-fs transfer as the main component in the 640 nm

Chl b decay.

Lifetime assignments to individual Chl
binding sites

The energy transfer process in the CP29 complexes to a

first approximation can be analyzed based on the For-

ster mechanism, although some exciton coupling effects will

be present, as pointed out previously (Iseri et al., 2000; Voigt

et al., 2002). For Förster-type transfer the main parameters

that influence the transfer rate are: the distance between the

chromophores, the overlap between the fluorescence of the

FIGURE 4 Lifetime density maps of the reconstituted

CP29 complex: (A) excitation at 640 nm; (B) excitation

at 652 nm. The deconvolution procedure used is method

C of Fig. 3.

TABLE 2 Energy transfer kinetic components for CP29

complex according to different studies

This article

Gradinaru et al.

(1998, 2000)

Pieper et al.

(2000)

Chl b-640 600–800 fs 220 fs (350 fs) 900 fs

(4 ps) 2.2 ps

9.8 ps

Chl b-652 150 fs 2.2 ps 4.2 ps

1.2 ps 9.8 ps

5–6 ps

Chl a-670 1 ps 280 fs 4.3 ps

6–8 ps 10–13 ps
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donor, and the relative absorption of the acceptor and the

orientation of the dipole moment transitions (Förster, 1965).

It is the attraction of the simple Förster description that, in the

case of CP29, all these parameters are known; the distance

between Chl was obtained from the structure of LHCII

(Kühlbrandt et al., 1994), which is a highly homologous

complex. The energy of the S1 electronic levels for all Chls

has been determined by mutation analysis and differential

spectroscopy (Bassi et al., 1999), and the orientation of

the dipole moments has been determined by LD analysis

on the mutant complexes which lack, selectively, single Chls

(Simonetto et al., 1999). Using those data, it has been

possible to calculate the energy transfer processes in the

complex in the Förster approximation (Cinque et al., 2000b).

The calculations indicate that for the 652-nm Chl b form two

main transfer components are expected: a fast one in 160–

180 fs and a slow one in 1.4–1.7 ps. The fast transfer should

be associated with the Chl b in site B5 whereas the slow one

is attributed to the transfer from Chl b in site B6. The range

of expected lifetimes obtained from the calculations is due

to the fact that, considering four mixed sites, 16 different

populations should be present in the sample, each one having

a particular set of lifetimes for the transfer of each particular

Chl due to the different occupancy in the neighboring sites.

Our experimental lifetimes are practically identical with the

calculated ones, which strongly supports the overall model.

The calculations suggest also two main decays for the

640-nm, Chl b forms. The first one of 1.7 ps should be

associated with Chl b in site B3 and a slower one of 6 ps

should be associated with Chl b in site A3 (Cinque et al.,

2000a,b). In this case, the mutation analysis showed that the

affinity for Chl b in site A3 is ;30%, whereas it is 70% in

site B3. It is thus expected that the faster decay dominates the

kinetics. The experimental data show a decay in the lifetime

range of 600–800 fs. This is by a factor of 2 faster than the

calculations suggested. The reason for this discrepancy

might be that the relative orientation of transition moments in

the A3/B3 sites might be different than concluded by Cinque

et al. (2000b). We note, however, that in Simonetto et al.

(1999) it was not possible to determine directly by LD

spectroscopy the orientation of the A3 site, due to the low

quality of the spectrum, and thus A3 orientation was ob-

tained from the fit of the LD spectrum. It is also possible

that the discrepancy in lifetimes is due to the importance of

exciton interaction as suggested by Iseri and co-workers

(Iseri et al., 2000).

The mixed sites in CP29

Aiming to further test the mixed site hypothesis the

recombinant CP29 used in our measurements was recon-

stituted with a low Chl a/b ratio to obtain a complex that

binds more Chl b than the native one. It is well known, when

reconstituting in vitro, that it is possible to modify the Chl a/b

ratio in the folded complex using different pigment mix-

tures during the reconstitution procedure (Giuffra et al., 1996,

1997; Pagano et al., 1998; Croce et al., 2002; Kleima et al.,

1999). The native CP29 has a Chl a/b ratio of 2.8, mean-

ing 5.9 Chls a and 2.1 Chls b, whereas the reconstituted com-

plex shows a final Chl a/b ratio of 2.2, i.e., 5.5 Chls a and

2.5 Chls b. In the reconstituted complex there is thus a

substitution of 0.4 Chl a by 0.4 Chl b with respect to the na-

tive one. Our aim was to check if the substitution in the

recombinant complex is uniform in all sites or if the first sites

to be substituted are the mixed sites. In the first case we

expect to see additional Chl b to Chl a components in the

reconstituted sample as compared to the native one, while

the same components, but with different intensity ratio, are

expected if the substitutions are in the mixed sites only. No

additional components are observed in the recombinant

complex; moreover, the 640-nm excitation clearly indicates

that more Chl b 652 nm is excited at this wavelength in the

reconstituted complex compared to the native. It is thus

clear that the Chl a to Chl b substitution occurs in one site

preferentially, which already accommodates Chl b in the

native complex, with its absorption maximum tuned to 652

nm (sites B5 and B6). This result provides additional evi-

dence for the existence of specific mixed sites in the native

CP29 complex.

CONCLUSIONS

For both samples the same kinetic components have been

found, indicating that the organization of the Chls in the

native and recombinant CP29 is very similar in terms of

distance between chromophores, absorption energy of pig-

ments in specific sites, and orientation of the dipole mo-

ments. At least four components are associated with the Chl b

to Chl a energy transfer in both the native and the recon-

stituted complex, indicating the presence of four sites with

mixed Chl a/b occupancy. The equilibration among the Chls

a occurs with several time constants with main components

ranging from ;1 ps and 6–8 ps (670-nm excitation; data not

shown). Weak lifetime components, present in the data

above 10 ps and up to several hundred ps, cannot be

identified clearly as energy transfer components. It is more

likely that these long-lived components reflect conforma-

tional reorganization processes in the protein environment

upon excitation. Overall, the agreement of the Förster cal-

culations (Cinque et al., 2000b) with the experimental data is

surprisingly good. This suggests that the Förster model is

quite a reasonable first order approximation. It will have to

be amended eventually with an improved theory considering

exciton coupling effects for at least one or two Chl pairs, as is

suggested by the work of Iseri (Iseri et al., 2000).
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