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ABSTRACT: The trimeric main light-harvesting complex (LHC-II) is the only antenna complex of higher
plants of which a high-resolution 3D structure has been obtainédlifkandt, W., Wang, D., and Fujiyoshi,

Y. (1994)Nature 367 614-621) and which can be refolded in vitro from its components. Four different
recombinant forms of LHC-II, each with a specific chlorophyll (Chl) binding site removed by site-directed
mutagenesis, were refolded from heterologously overexpressed apoprotein, purified pigments, and lipid.
Absorption spectra of mutant LHC-II were measured in the temperature range from 4 to 300 K and
compared to likewise refolded wild-type complex and to native LHC-II isolated from pea chloroplasts.
Chls at different binding sites have characteristic, well-defined absorption sub-bands. Mixed occupation
of binding sites with Chlstandb is not observed. Temperature-dependent changes of the mutant absorption
spectra reveal a consistent shift of the major difference bands but an irregular behavior of minor bands.
A model of the spectral substructure of LHC-II is proposed which accounts for the different absorption
properties of the 12 individual Chls in the complex, thus establishing a first consistent correlation between
the 3D structure of LHC-II and its spectral properties. The spectral substructure is valid for recombinant
and native LHC-II, indicating that both have the same spatial arrangement of Chls and that the refolded
complex is fully functional.

The sequence of primary photosynthetic reactions is and five Chisb. LHC-II is one of the very few membrane
initiated by photon absorption in light-harvesting antenna proteins that can be refolded in vitro from its components
complexes(LHC) and subsequent excitation energy transfer (11, 12). Recently, the refolding of LHC-II into native-like
(EET) to the reaction centers where charge separation occurstrimers has been achieved by a simple one-step procedure
Numerous studies addressed the mechanism of the very fas{13). The procedure has been used to generate specifically
and efficient EET processed~(5). LHC-II is the most modified recombinant forms of LHC-II with individual Chl
abundant antenna complex in higher plants, accounting for binding sites removed by site-directed mutagenesis. Pigment
up to 50% of their total chlorophyll conteri)( Native LHC- analyses of the mutant complexes have confirmed most of
Il forms trimeric units of thed_hcb1—3 gene products7( 8) the tentative Chld/b) assignments in the original structural
which belong to the family of the so-called Ciub and Chl model (4).

alc LHC proteins found in higher plants and alg& (HC- EET among pigments in LHC-II manifests itself in

Il is the only plant antenna complex for which a three pafast, complex excited-state dynamics with energy-
dimensional (3D) structural model at near-atomic resolution t.ansfer rates down to the 100 fs range-6, 15). For a full

has been obtained by electron crystallograpiig).( It theoretical understanding of EET mechanisms, the relative
revealed the positions of 12 chlorophylls (Chls) and two |4cations of the pigments and orientations of their transition
xanthophyll molecules (luteins) that are noncovalently bound dipoles need to be known, 17). Center-to-center distances

per monomeric subunitlQ). On the basis of their relative e qyeen the chlorin headgroups of the Chis can be obtained
positions, Chls were tentatively assigned to seven @hls o the structurel(0), but relative orientations of the chlorin
planes are uncertairl§). A full theoretical treatment also
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is presumably formed _by SUperpqSition of _several overlapping Table 1: Chlorophyll Contents of the Native and In Vitro Refolded
sub-bands characterized by slightly shifted center wave- | Hc-

lengths. This spectral and spatial heterogeneity ultimately

. ; . . trimeric samples mutation Chl Chlb
results in a more or less directed net-energy migration to i ST o £:
the photosynthetic reaction centers. e olged T s s

The present work addresses the spectral heterogeneity of mutant b6 Q131A +0.3 -19
Chls in LHC-II. A general assignment of LHC absorption mutant b3 H212A -0.6 +0.1
regions attributed to Chha or Chl b has been recently mutant a2 N183A —0.8 +0.2

H H s : : : monomeric samples
presentedZ0). In this study, Chls at individual binding sites refolded WT 63 6.2
are correlated with distinct spectral sub-bands on the basis mytant a5 H68A —08 +0.2

of a detailed examination of recombinant LHC-Il mutants — ===~~~ per LHC-Il monomer were assumed as
with selectively modified Chl binding sites by low-temper-  jyteral standard for Chl quantification.

ature absorption spectroscopy. We propose a general spectrat
substructure model for LHC-II which fits all observed

absorption spectra of in vitro refolded and native LHC-II. e
05
MATERIALS AND METHODS _
£
In vitro reconstitution of LHC-Il wild type (WT) and & 00—
mutants H212A (altered Chl binding site b3), Q131A (b6), §
N183A (a2), and H68A (a5) was performed as described § | @ 9
<

recently (L4), where the lhch1*2 gene dPisum satium
(EMBL database accession name PSCAB80) with an N- 05
terminal engineered hexahistidine tag served as genetic S
starting material. Native LHC-Il was purified from pea, as 0,0 e
described Z2). Binding sites are designated according to
Kidhlbrandt et al. 10). LHC-II apoproteins were overex-

pressed as inclusion bodies Escherichia coliand bound

to a 5-mL Ni-chelating column via a polyhistidine tag after FIGURE 1: Absorption spectratat K of LHC—II mutants () a2,
solubilization in ureagf(S) Refolded tFr)im)éric LHC-II %vas (b) b3, (c) b6 as compared to WT, and (d) monomeric mutant a5
: as compared to monomeric WT at 77 K: absorption of WT (dotted

obtained upon washing with buffers containing pigments, |ine), mutants (solid line), and difference spectra (dashed line).
detergent, and lipid; in short, refolding took place in the

presence of Chisa(b ratio adjusted to 1.35) and a mix of  1). For the Qtransition probability of Chb as compared to
carotenoids purified from spinach leaves. To achieve trimer- Chl a, a factor of 0.68 was assumezj.

ization, synthetic posphatidylglycerol, dipalmitoyl (Sigma),

was added in the presence of 0.05% Triton X-100. The LHC- RESULTS AND DISCUSSION

II trimers were eluted from the column with imidazol and

loaded onto sucrose density gradients<{26% sucrose, 20 Absorption spectra of five different recombinant forms of
mM Tris (pH 7.5), 0.1%n-dodecylS-p-maltoside) for further LHC-II were recorded at cryogenic temperatures. Four of
purification by ultracentrifugation (16 h, Beckman Ti70 these species were obtained in thg native trimer_ic state (WT
Rotor, 50 000 rpm at 4C). The green bands containing the and mutants b3, a2, and b6) and in concentrations suitable
LHC-II trimers were harvested and concentrated about 100- for investigation at 4 K. However, refolding of the mutant
fold in a Centricon 30 device at«C. Pigment analysis was ~ complex lacking the binding site for Chl a5 yielded only
performed by HPLC, as describet¥yj. For low-temperature ~ monomers which were less stable and could not be concen-
absorption measurements, glycerol was added to a finaltrated to the required density. Therefore, the monomeric
concentration of 67% (v/v), and the samples were cooled to Mutant complex a5 was investigated at 77 K and compared
4 K in about 30 min. A slow cooling rate was usechat20 to refolded monomeric WT at the same temperature. The 4
K to avoid cracking of the sample. €4 K absorption and 77 K absorption spectra are shown in Figure 1. Spectra
spectra of trimeric LHC-II were recorded on a Shimadzu Were normalized, reflecting the amount of bound Chl as
UV-2101PC photometer equipped with a liquid-helium indicated by pigment analysis (Table 1). Absorption changes
cooled Oxford cryostat. Glass cuvettes with a light path of are consistently confined to relatively narrow spectral regions.
1 mm were used, and spectra were recorded with a reso|utionDifference spectra calculated in relation to the refolded WT
of 0.5 nm at a bandwidth of 2 nm. For mutant H68A (Chl complex indicate that one Chl band is lacking in each of the
a5) the band Corresponding to the monomeric LHC-Il was mutant formS. For mutants a2 and a5, the miSSing bandS are
taken directly from the sucrose density gradient, glycerol was located in the spectral region characteristic of @hQy
added to 67% (v/v), and absorption was measured at 77 Kabsorption, while mutant b6 obviously lacks a pigment
in a plastic cuvette with a 10 mm light path placed in a liquid- @bsorbing in the Chb region. This is consistent with the
nitrogen cooled holder. WT spectra were normalized to results of the pigment analysis by HPLC (see Table 1).
identical Q band areas on a wavenumber scale to ensure Mutant b3 lacks a Chl absorbing at 659 nm with full width
conservation of the total transition probability at different at half-maximum (fwhm) of 6.9 nm (Figure 1b), which is
temperatures. Mutant samples were scaled to these areasoughly halfway between the regions characteristic of&£hl
using factors reflecting the altered Chl contents (see Tableand Chlb (20). The assignment of this pigment to a Ghl
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Ficure 2: Assignment of spectral chlorophyll forms to the corresponding binding sites in the 3D structure of LHC-II: Chl b6, blue; Chl
b3, green; Chl a5, yellow; Chl a2, red. The LHC-II trimer is viewed from the stromal side.

(14) was deduced from pigment analysis (Table 1). The monomeric complexes are omitted from the detailed discus-
center wavelength obtained here is in agreement with room-sion that follows. The well-resolved missing bands of all
temperature spectroscopic data of monomeric complexes withfour mutant complexes, however, clearly support the fol-
partial occupancy of site b28). The absorption difference  lowing conclusions.

spectrum between mutant a2 and WT (Figure l1la) is Summarizing our observations, we suggest a “one-site
characterized by one missing band centered at around 676ne sub-band” model as the most suitable first approximation
nm with a 5.2 nm fwhm. Chl a2 appears to represent a for the description of the Qabsorption region of LHC-II.
terminal state in the EET pathway of LHC-II, as suggested Our results provide compelling evidence that each binding
previously @4, 23). A similar conclusion was reached for site is occupied either by a Chlor by a Chlb in all four

the homologous monomeric antenna complex CP29 from mutants. Mixed occupancy can be excluded, as it would
maize @4). Because no ultrafast EET from this state has result in two distinct missing bands in both the Ghand
been observed, the fwhm of the transitioh 4 K is the Chlb regions of the absorption difference spectrum.
determined by environmental effects only. Accordingly, the Mixed occupancy of binding site b3 with 50% each of Chl
observed fwhm corresponds to the pure inhomogeneous linea and Chlb was postulated in an earlier stu®s|. However,
width of about 5 nm, confirming an earlier estimation the complex in that study was monomeric and refolded at
obtained by hole-burning spectrosco®@b), Mutant b6 is an elevated (non-native) Cla/b ratio of 2.3, while our
characterized by decreased absorption predominantly in thetrimers were refolded at a Chib ratio of 1.35 (4)

Chl b region around 650 nm (Figure 1c). This observation corresponding to the Chl distribution in native LHC-II. It is
is in good agreement with previous studies of monomeric known that some Chl binding sites in LHC-II can be forced
LHC-Il and CP29 23, 24). The comparatively large area of to accept either Chh or Chl b under nonphysiological
the missing band probably reflects a lack of more than one conditions 20). Hence, the mixed occupancy at binding site
Chl b in this complex, as suggested by the pigment analysis b3 (as reported in re23) may be due to the significantly
(Table 1). Because only one binding site was modified in higher level of Chla present during refolding or to the fact
this mutant, the additional loss of Chlmust be due to  that monomers rather than trimers were used. In our
cooperative effects on adjacent Chl binding sit23).(The experience, only LHC-II trimers reliably contain the correct
main band in the difference spectrum, however, is located complement of pigments.

at 649 nm with an 8.6 nm fwhm. Mutant a5 forms only  As all four main spectral bands of LHC-II could be
monomers. Different mutations in this particular binding site assigned to specific Chl binding sites, the following points
confirm this finding @6). Although monomers are generally relating to the structure and function of LHC-II can be made
less robust than trimeric LHC-II, mutant a5 was sufficiently (Figure 2). First, the assignment of absorption bands to
stable for absorption measurements at 77 K. The pigmentindividual pigments provides a firm base for a better
analysis indicates the lack of about one @hder monomer understanding of the absorption spectrum of LHC-Il and its
when compared to refolded monomeric WT LHC-IIl. The sub-bands. Second, a 3D map of the chromophores with their
difference spectrum between mutant a5 and WT at 77 K is corresponding spectral features is indispensable for a de-
characterized by a missing band in the @hkegion around scription of the ETT process. This process must account for
672 nm with a 9.8 nm fwhm (Figure 1d). We believe that the spectral, spatial, and temporal evolution of the excitation
this large fwhm is not an inherent feature of this binding energy once an LHC-II molecule has been hit by a photon.
site but rather results from perturbations of the environment In the following discussion, we develop a model to
of this Chl in the less stable monomeric complex. It is well- describe the high-resolution spectra obtained at 4 K. Several
known that absorption spectra of LHC-II monomers can previous attempts to deconvolute the @psorption region
differ significantly from those of trimers, depending on the of LHC-II into sub-bands have been reported (e.g., &fs
preparation method2{). Therefore, the data obtained with and 27). Auxiliary techniques, such as linear or circular
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Table 2: Spectral Substructure Analysis for Refolded WT and Native LEC-II

Refolded WT LHC-Il at 4 K
Ao (Nm) 622.0 640.0 645.4 649.8 654.6 659.4 663.2 667.6 671.2 675.6 678.8
a(a.u.) 2.44 0.51 1.02 1.05 1.05 0.98 1.06 1.06 1.51 1.60 0.80
y (nm) 22.8 8.6 7.6 6.0 6.4 6.4 6.4 5.6 5.2 5.2 5.8

Native LHC-Il at 4 K
Jo (Nm) 620.0 639.8 645.6 649.8 654.4 659.4 663.0 667.6 670.8 675.4 678.4
o (a.u.) 1.96 0.70 1.02 0.90 1.01 0.98 0.77 0.97 1.48 2.00 0.73
¥ (nm) 19.8 8.6 7.2 5.0 6.4 6.8 6.4 5.2 4.4 4.6 5.8

aTen sub-bands (Gaussian profiles) were identified by their center waveléndivhm y, and areax. The areas (arbitrary units) are taken from
the fit program using the normalized spectra of Figure 3 as irfplhis Gaussian band summarizes higher vibrationall(Otransitions of Chia
interfering with the (6-0) transitions of Chb. It does not represent the transition of a Chl molecule.

dichroism (CD) and Stark spectroscopy, have been employed
by others to identify sub-bands (e.g., réfsand29). Some
bands have been identified by hole-burning studies at
cryogenic temperatur@p). Nevertheless, the exact number
of transitions necessary to describe the absorption spectrum
of LHC-II could not be unambiguously established by these
investigations. At room temperature, modeling of LHC-II
absorption has been shown to require at least six separate
transitions 2). At 77 K, 11 forms were found by the
techniques summarized i27). More recent studies were
based on 812 Chl bands4, 28). However, no commonly
accepted substructure model of LHC-II has been established
so far.

A physically reasonable choice of the absorption band
parameters plays a key role, because even the simplest
approach using Gaussian deconvolution of the spectra
requires at least three parameters per band (center wavelength

; ol ; Ficure 3: Fit of the 10-sub-band model as applied to refolded (a)
Ao, fwhm y, and areay). In this regard, essential information WT and (b) native LHC-Il: measured spectra (thin line), fitted

is now provided by our site-directed mutation analysis. AS gpsorption spectra (dashed line), and resolved sub-bands (solid
pointed out previously, we directly observe at least four fines).

unambiguous, Gaussian-shaped sub-bands that can be used
as guide points for further sub-band analysis. Moreover, the sub-bands directly observed at 676, 672, 659, and 649 nm,
fwhm of the terminal fluorescent transition at the red edge considerably improve the reliability of substructure analysis.
of the LHC-II absorption spectrum is determined to 5.2 nm. The number of sub-bands was increased stepwise until a
The total fwhm represents a convolution of contributions satisfactory fit was obtained. This procedure requéatdsast
from homogeneous and inhomogeneous broadening. Inhomo410 bands (with their respective parameters listed in Table
geneous broadening results from quasistatic heterogeneity?). One additional band was used to account for contributions
in the environment of pigments occupying homologous from higher vibrational transitions of Chlthat overlap with
binding sites in different LHC-Il molecules. Homogeneous the absorption of CHb in the region below 640 nm (compare
broadening &4 K is due tofast energy relaxation processes. Figure 3 and Table 2). A marginal difference between the
Accordingly, the fwhm of the band at 676 nm represents measured spectra and our fits is observed on the red edge of
pure inhomogeneous broadening, as it is located at the encthe Q band, probably reflecting a deviation of the real band
of the EET chain where no fast energy relaxation occurs. shapes from the assumed Gaussian shape. Strikingly, the
From the aforesaid considerations, one can deduce thatbsorption strengths of the transitions at 671 and 676 nm
inhomogeneous broadening for Chl transitions in LHC-Il is are 1.5-2 times higher than the others (see Figure 3 and
about 5 nm, because the different pigments have statisticallyTable 2). This is most likely due to the superposition of two
similar environments. However, EET times in the 100 fs bands with similar center wavelengths. On the other hand,
range have been measured in other regions of thkaQd excitonic interactions between Chls can lead to the formation
(3—5). The corresponding transitions are, therefore, addition- of absorption bands with increased transition dipole strength
ally broadened by up to 3 nm. As a result, one expects sub-(30). At present, we cannot distinguish between these two
bands with a total fwhm of 49 nm, with the narrowest  possibilities. We note, however, that the double dipole
bands located at the red edge of the absorption spectrumstrength in each of these two bands results in a total of 12
The fact that all three difference bands in the trimeric LHC- transitions, in complete agreement with the 3D structb@ (
lls conform to these values strongly suggests a general Notably, the same 10-band model holds for refolded WT
limitation of the transition bandwidths to a range between 4 and for native LHC-II. Our interpretation implies that the
and 9 nm. slightly increased Chb content of refolded LHC-II (see
Hence, sub-band analysis was performed assuming Gauss¥able 1) is not due to additional Cbhlbound to a specific
ian-shaped bands with the restrictions of broadening assite, as no additional sub-band is observed in the correspond-
outlined previously. These restrictions, together with the four ing spectrum. Rather this difference seems to be due to

Absorption [a. u.]

0,0
620 640 660 680
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Ficure 5: Temperature dependence of the maximum of the a2-
0.2 absorption difference band (circles). For comparison, the temper-
ature dependence of native LHC-II fluorescence is added (triangles).
0,0
the vicinity of the resolved transition at 671 nm. This may

620 640 660 680 700 indicate that the intense band at 671 nm in our model indeed

Wavslength [nm] represents two different, but strongly overlapping, transitions.
Ficure 4: Absorption difference spectra (WT minus mutant) for Second, the band around 659 nm which is absent in mutant
trimeric LHC-Il mutants (a) a2, (b) b3, and (c) b6 at 293 K (solid  h3 has not been observed in previous studies. Most probably,
line), 150 K (dashed line), 77 K (dotted line),ca K (dot-dashed s hand was not resolved because of the strong overlap
line). with the transition at 661 nm (see Figure 3).

peripherally, nonspecifically attached Ghfrom the refold- Absorption spectra obtained 4 K are well-suited for

ing process which is, therefore, not present in the isolated studying the spectral substructure of refolded and native
native LHC-II. Another, more significant difference between LHC-II. However, understanding the light-harvesting func-
refolded WT and native LHC-II is the different height of tion of LHC-II under physiological conditions requires
the two bands centered at about 671 and 676 nm. In the caséformation about its absorption properties at room temper-
of the band centered at 671 nm, this can be explained by aature. To obtain this information, we examined the temper-
15% narrower fwhm of the band in native LHC-II, because ature dependence of peak positions and fwhm of the resolved
the areas are of the same magnitude for both preparationdands (Figure 4). As expected, all difference spectra are
(see Table 2). The difference may relate to a slightly larger characterized by an increasing fwhm of the main bands with
inhomogeneity of Chl binding sites in refolded LHC-Il or temperature. This can be attributed to enhanced homogeneous
originate from the different lipid/detergent environment of broadening due to stronger coupling of the pigments with
the two complexes (i.e., specifically bound thylakoid lipids their protein environment. The band at 676 nm broadens to
versus synthetic lipids). By contrast, the by 20% smaller areaabout 11 nm at room temperature. Assuming temperature-
of the 676 nm band in refolded LHC-II corresponds to an independent inhomogeneous broadening, a homogeneous
actual decrease in transition probability. The occupancy of bandwidth of 215 cm' can be deduced. An unexpected
this peripheral Chl binding site or its lipid and detergent feature is the significant redshift with increasing temperature
environment may be responsible for this behavior. Variations of the two bands at 659 and 676 nm by 3.5 and 5 nm,
in excitonic interaction strengths may be another explanation. respectively. It has been speculated earlier that a broadening
The diminished height of the 676 nm band in refolded LHC- of the red edge of the LHC-II spectrum is due to the
Il had also been observed by others in samples prepared byappearance of new spectral bands during the transition from
a different method31). Notably, this is the only appreciable 10 K to room temperatureg). However, our results suggest
difference in the spectral properties between native and that this behavior originates from the considerable shift of
refolded LHC-II. Good evidence for the integrity of refolded the spectral sub-bands in this region. By comparison, the
WT complexes is provided by electron crystallographic Chl b band at 650 nm shifts only by 1 nm, indicating that
analyses of 2D crystals, which share the same space groughe temperature-dependent shift of different sub-bands is
and unit cell dimensions with native LHC-II, being indis- Vvariable. Hence, extrapolation of spectral features from 4 K
tinguishable at the obtained resolution of 15 £2,(32). to room-temperature turns out to be more complex than
Furthermore, a native-like excitonic structure of refolded WT anticipated. Taking in account band shifts varying between
LHC-Il can be assumed, as the CD spectrum of our refolded 1 and 5 nm, an unambiguous fit of the room-temperature
LHC-Il was identical to native LHC-II (data not shown, absorption could not be achieved, because many different
compare refl2). solutions are obtained (data not shown).

We now briefly discuss the sub-band model (Table 2) in  Any comparison of data obtained at different temperatures
the context of earlier studies performed at 4 and 77 K with needs to consider these highly variable band shifts. To
native LHC-II preparations. Data recorded at these two investigate this issue further we compared the shift of the
temperatures are comparable because temperature depe76 nm absorption band in the temperature range between
dence of the band positions below 100 K is negligibfel ( 4 and 293 K with that of the fluorescence maximum in native
nm; see Figure 4). There are two significant deviations which LHC-II (Figure 5). The data possibly indicate a switch of
exceed the uncertainty range of 1.5 nm. First, other studiesthe terminal emitting transition at a temperature around 100
have suggested two bands (at 671 and 673 nm2Tein K. This is caused by a change of position of the 678.5 and
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features reflect temperature effects on the overall protein REFERENCES
structure because their temperature dependence does not fit

into a simple model. Evidently, the lack of individual Chls
in the LHC-1l mutants will cause local changes of the protein
structure, which in turn will give rise to minor spectral
differences. Equally, electronic coupling between Chl dipoles
could be considered as origin of these minor features. In this
regard, it is instructive to compare LHC-II to the soluble,
bacterial antenna protein FM@3J). In the FMO protein,
different spectral sub-bands could be assigned to the seven,
chemically identical bacteriochlorophyll molecules by cal-
culation of the electronic Hamiltonians. This was based on
the dipole coordinates obtained from the high-resolution
X-ray structure and a comparison of theoretical with
experimental spectra. It turned out that each of the different
exciton states was localized to about 80% at a particular
bacteriochlorophyll molecule, (although the calculation al-
lowed full delocalization), but a weak excitonic interaction

between pigments remained. Thus, one could expect a similar ;4

situation in LHC-II. It should be noted, however, that Chls
in LHC-I1 are slightly closer spaced than in the FMO protein.
Nevertheless, our results are in full agreement with a
correlation of the major spectral sub-bands with individual
Chils and a minor contribution of absorption caused by
electronic coupling. An in-depth analysis of CD spectra
would give further hints to such coupling effects. As no
conclusive interpretation of LHC-Il CD spectra has been
presented so far, we believe that a high resolution 3D
structure of LHC-Il in combination with an in-depth analysis
of CD spectra of mutants may yield further insight into the
excitonic structure of LHC-II in the future.

CONCLUSIONS

We have shown that spectral bands in the absorption
spectrum of LHC-II can be assigned to individual Chl
molecules located at distinct binding sites. In this way, a
simple relation between the structure and the spectra of LHC-

mutants and WT, no features were observed that indicate a

mixed occupancy of binding sites by Caland Chlb. A
general substructure model with a minimal set of spectral

for the absorption spectrum of native and refolded LHC-II.

Two of the sub-bands were about twice as strong as the 24.

others. Thus, our minimal model is consistent with the 12
Chls identified in the 3D structure. The temperature depen-
dence of sub-band positions reveals spectral shifts that must

be taken into consideration when low-temperature data are 26.

extrapolated to physiological temperatures. Our model now
provides a firm base for calculations of EET in LHC-II.
Future time-resolved absorption measurements of WT and
mutant LHC-II will complete our understanding of ultrafast
EET kinetics.
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