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Structural Information on the Light-Harvesting Complex Il of Green Plants That Can Be
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The atomic model of light-harvesting complex Il of green plants (LHCII) reveals a densely packed arrangement
of 12 chlorophylls and two carotenoids. At the current resolution of 3.4 A chlorophylls can only be modeled
as “naked” tetrapyrrole rings. Consequently, definitive assignments of the identities of the chlorophylls
(chlorophyll a or chlorophyllb) and the directions of the transition dipole moments are obstructed. These
uncertainties lead to a large number of possible configurations, and a detailed understanding of the-structure
function relationship is obscured. It is demonstrated that a large reduction in the number of possible
configurations and a considerable amount of additional structural information can be obtained by deciphering
global features of the polarized absorption spectra within the context of exciton calculations. It is shown that
only a limited number of configurations are able to explain the global features of the linear and circular
dichroism spectra of LHCII. Assuming that the preliminary assignment of the identities of the 12 chlorophylls
by Kilhlbrandt and co-workers is correct, it is possible to deduce the most likely orientations for most of the
chlorophylls. The information presented in this study on the most likely orientations will be important for a
detailed understanding of the relation between the structure and spectroscopy.

Introduction On the other hand, the indistinguishability betweenxiaad

. they axes in the tetrapyrrole ring leaves a binary ambiguity for
In photosynthesis about 50% of all the chlorophylls are ¢ qinole moment direction of each transition in the red/Soret.

associated with the light-harvesting complex Il (LHCII). The Therefore, for a given molecular conformation, there ate 2

major function of LHCII is to absorb solar photons and t0 —409g) possible configurations for the orientational arrange-
transport the excitation energy to the reaction centers of mainly ., a1t of the transition dipole moments.

photosystem Il, where it drives a charge separation. There is
no doubt that the 3.4 A atomic model for LHCII by Kibbrandt,
Wang, and Fujiyoshiplays an essential role in understanding
the relation between structure and function. However, a detailed
understanding of the functional properties is hampered, in part

With these uncertainties, any quantitative conclusions con-
cerning the spectroscop¥tructure relationship are obstacled.
Important aspects of the structurinction relationship one
would like to understand are the character of the excited states,
L - X "the mechanism(s) of energy transfer, and the mechanisms
by the uncertainties associated with the current model. leading to efficient quenching of the Chl triplets by Cars. Since

In the atomic model, each monomer of til§ symmetric ~  ho by pjication of the previous LHCII mod&in which several
complex hosts two carotenoid (Car) and 12 chlorophyll (Chl) gy ctyral details were already apparent, there have been many

molecules. At the current resolution, Chls can only be modeled spectroscopic studies, and a wealth of information on these
as “naked” tetrapyrrole rings, and definitive assignments of the aspects has been accumulatet®. It is an enormous challenge
identities of the Chls and the directions of the transition dipole , corelate the structure of LHCII to its spectroscopic properties,
moments associated with the functionally important red and the \ich in turn are intimately related to the function. Considering
Soret transitions are difficult. the densely packed pigment content, relatively strong interac-

A preliminary assignment of the identities of the Chls has tjons among the Chls can be expected, and some of their effects
been proposed based on the StOIChlometry and the functionalha\/e been reported by a number Of Spectroscopic Stﬁ'cﬁ@S
aspects of the system: seven of the 12 Chls that are closest to A considerable amount of additional “structural” information
the two central Cars are assigned as &Mnd the remaining 5 phe obtained if the key features of the steady-state spectra
five Chls, each of which is in close proximity to a “Cél, are are deciphered. In this respect, the sensitivity of polarized
assumed to be CH. This assignment provides a molecular  gpeciroscopy (linear dichroism, LD, and circular dichroism, CD)
conformation for rapid energy transfer from Ghlo Chla and on the molecular configuration is particularly valuable. For
efficient quenching of Chh triplets by Cars to prevent the  gxample, the orientations of the, @ansition dipole moments
formation of singlet oxygen. A_Ithough it is probably one of of LH2 from R. sphaeroidesas determined by carefully
the most reasonable choices, it is still one out of 7822!/ analyzing its polarized absorption and fluorescence propétties
7'5!) possible 7 Chla—5 Chl b molecular conformations.  ,rned out to be in good agreement with the orientations in the
Moreover, from biochemical analysis it was concluded that each yocent crystal structure of LH2 froR. acidophilal Similarly,
monomer contains eight Chl and six Chlb pigments; so LD fingerprints are found to be very informative for suggesting
posssibly two Chl's are missing. a new starting point for a better understanding of the excited-
state structure of the FennMatthews-Olson complex ofP.
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configurations of the molecular conformation suggested by for instance the decomposition of the absorption spectrum in
Kihlbrandt are simulated within the context of exciton calcula- ref 22), but given the present uncertainties we consider such an
tions. Those configurations are selected that yield featuresapproach to be premature.

compatible with the most prominent polarization characteristics A and Ag are defined as the absorption of light with
of the Chla and the Chb bands in the experimental spectra. It polarization parallel and perpendicular to the trimeric plane, and
is shown that a large reduction in the number of configurations A is the isotropic absorption. The average reduced LD over
is feasible. The spectroscopic properties (dipole strengths andthe wavelength interval fromi; to 1, (LDy) is then defined
directions of transition dipole moments) of Caland Chlb according to

have been determined with a relatively high degree of accuracy,

but they are not known exactly and depend to some extenton | p = ( f‘z[ A(A) — AA)] dAY/( f‘z[ A(A) + 2A(A)] d2)

the environmental conditions. Moreover, possibly two out of ' M M
14 Chls are missing in the structure. Therefore, we are not
looking for a configuration that leads to calculated LD and CD
spectra which agree best with the experimental spectra. Rather
we want to discard configurations that lead to calculated spectra
that are in serious disagreement with the measured ones.

and its value can vary betweer0.5 and 1.0 It should be

noted that the given definition of LDdliffers in two ways from

the generally used definition of the reduced LD. The latter is

defined per wavelength and can be obtained from the above

given definition by omitting the integration. Moreover, parallel

Methods gnd perpendicular refer herg to molecular axes instgad of axes
in the laboratory frame. This can be done because in ref 3 the

An exciton formalism that takes into account the interactions absorption spectra with respect to tBg symmetry axis were
among all important low-lying- andy-polarized red and Soret ~ determined explicitly.
transitions of the Chls is numerically implemented. Excitonic ~ The polarization characteristics of the LHCII absorption bands
stick spectra obtained on the basis of dipeatépole interactions ~ have been extensively analyzed in ref 3. Some important results
in the point dipole approximation are dressed with symmetric were the following: the value of the average reduced dichroism
Gaussians to simulate the experiments. Several detailed rep-above 660 nm (here called LDecause this region is dominated
resentations of the exciton formalism used in the simulations by the Chla) is around—0.3; between 640 and 660 nm (here
may be found in the literatuf€. This approach is sufficient ~ called LDy) the reduced dichroism is close to zero; on the red
for the current study, which only considers the global features edge of the Chéa region the corresponding dipole moments on
of the polarized spectra. A more thorough approach (see e.g.average are significantly more in plane than those on the blue
ref 18) would in our opinion only be relevant at a later stage. Side of the Chi absorption region, and particularly, the dipole

Simulations are carried out for a monomeric subunit of the Moments contributing to the main Calabsorption band (676
trimeric LHCII complex since the global spectral features of nm) are oriented almost perfectly parallel to the trimeric plane.
“the monomer” and “the trimer” are almost identi¢&l. The Below LDreq denotes the reduced LD averaged over the two
tentative pigment assignment of Kibrandt et al. described rgdmpst bands. In \./i.ew qf the uncertainties inh.erent to the
above is used, and all the(or x)-polarized transition dipole dlrect_lons Of the transition dlpole_ momer_1ts, comparison betv\(een
moment directions have been assigned in a binary fashion: thethe simulations and the experiments is done on the basis of
Q, transition dipole moment is taken along one of the two relatively mild criteria. Itlwas somewhat arbitrarily .deC|ded
diagonals connecting the nitrogen atoms (along-NNC or that only those conformations are acceptable for whi€h50
NB—ND in the convention of the file provided by Dr. = LDa< —0.10,-0.25< LDy < 0.30, and—0.50 < LDreq <
Kuhlbrandt) of the tetrapyrrole rings. The uncertainties about —0.30. Here the margins for Lare chosen slightly larger
the exact orientation of the Chlis and the exact orientation of because there is some contribution from @hlibronic bands
the transition dipoles with respect to the diago#alare in the Chib Qy region.
neglected. The other dipole moment directions, (8, and . )
B,) are defined under the assumption that red (Q) and SoretResults and Discussion
(B) transitions with the same polarization are parallel to each  The reduction statistics obtained by analyzing the polarization
other, and they-polarized transitions are perpendicular to the characteristics of the absorption bands of &(2096) possible
x-polarized transition§?° The Q transitions are designated  configurations are given in Table 1. It should be stressed that
by the unperturbed site energies, around 650 nm fortGirid with the broad range given for the values of L&nd LD, we
around 670 nm for Chla, with the respective absorption eliminate the possibilities that are certainly wrong.
strengths of approximately 16 and 23.DThis choice of the The strongest reduction of possible configurations is obtained
dipole strengths is in agreement with the values measured inby restricting the average reduced LD in the @hégion (LDy),
carbon tetrachloridé (refractive index of 1.46). The Q  which leads to an approximately #30-fold decrease depending

transitions are assumed to have about-18% of the Q's on the choice of the restriction criteria. Only 122 out of the
absorption strength and are placed around 635 nm#Qlaind 4096 possible configurations lead to a calculated value foy LD
617 nm (Chlb). The Soret region transitions {Band B, that is smaller thar-0.15. It is striking that in all these cases
assumed to be degenerate and equal in absorption strength, arghe Q, dipole moment of Ch&7 can only adopt one orientation,
taken around 435 nm for the Chland 460 nm for the Chib. whereas also Chl'al anda4 have a strong preference. Another
The total Soret region absorption strengths corresponding 2—2.5-fold reduction follows if in addition the average reduced
respectively to th&'s and theb’s are changed between 500 LD over the two redmost bands (L£J is restricted.

and 60-80 D?. Reference 20 may be consulted for the choices  Thus, by considering only the very prominent polarization
of the Soret region parameters we give above. Gaussians ofcharacteristics of the Clalband, the reduction factor with very
full width at half-maximum (fwhm) of 5.56 nm are judged  relaxed elimination conditions is around 20-fold, and the
reasonable at low temperatures7( K).5822 reduction is already as high as 80-fold with slightly more
Only the globally striking characteristics of the LD spectra stringent, but still relatively mild, restrictions. The restriction
of the monomeric LHCII in the Qregion are used to evaluate of the average reduced LD over the ®Hand (L0y) contributes
the simulation results (see below). In principle, one can also only a 1.5-2-fold reduction if applied directly to all 2
try to simulate the substructure in the §oectral region (see  configurations. This factor is higher when the L.6f the LD,
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TABLE 1: Survival Statistics for a Typical Case?

Gllen et al.

restriction criterié no. of survivors/

survival statistics

LD, LDred LDy othef reduction factor al a2 a3 a4 ab a6 a7 b3
0.30 2871/1.43
0.23 2266/1.81
—0.30 1907/2.15
—-0.35 1554/2.64
-0.10 397/10.32 0.806 0.620 0.408 0.907 0.730 0.763 0.980 0.519
-0.15 122/33.57 0.902 0.672 0.328 0.992 0.844 0.820 1.0 0.566
-0.10 0.30 224/18.29 0.978 0.535 0.513 0.924 0.714 0.737 0.996 0.223
—0.15 0.23 43/95.26 1.0 0.419 0.488 1.0 0.907 0.837 1.0 0.002
—0.10 —-0.30 186/22.02 0.726 0.924 0.344 0.898 0.828 0.753 0.962 0.575
—0.15 —0.30 68/60.24 0.868 0.985 0.294 0.985 0.882 0.779 1.0 0.588
-0.15 -0.35 49/83.59 0.837 0.980 0.403 0.909 0.818 0.701 0.987 0.156
—0.15 —0.30 0.23 20/204.50 1.0 1.0 0.350 1.0 0.950 0.750 1.0 0.0
-0.15 -0.35 0.25 13/315.00 1.0 1.0 0.308 1.0 1.0 0.615 1.0 0.0
—0.15 —0.30 0.30 bl 28/146.29 0.750 0.857 0.393 0.964 0.857 0.679 1.0 0.0
-0.15 0.25 bl 12/341.33 1.0 0.583 0.500 1.0 0.917 0.917 1.0 0.0

2 The following input parameters are used. The absorption strength$)(ar®16.5 (Q Chlb), 23.5 (Q, Chla), 2.8 (Q, Chla), 1.95 (Q, Chl
b), 28 (B.= By, Chla), 33 (B, = By, Chly,). The respective unperturbed transition wavelengths are 650, 670, 635, 617, 435, and 4&artext.
¢In this column, the labebl indicates that the Chb1's y-polarized dipole moment is forced to be along NBD. These rows are included to
demonstrate how additional experimental observations might be hel@thk probability that the Chl's listed assume thpolarized dipole moment
directions along NA-NC. The probabilities are calculated relative to the number of survivors in each row.

bl
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b6
a3l

a7

Figure 1. Calculated directions for the dipole moments of the
y-polarized transitions of several Chl's. Shown are Chl's in a monomeric
subunit of trimeric LHCII. The thick solid dipoles are determined to a
very good degree of certainty even under extremely relaxed elimination
criteria. The thick dashed ones are slightly less certain. No solid
conclusions could be drawn about the thin solid dipoles, but a
preliminary assignment is made which gives rise to a reasonable
explanation of many experimental results.

=+ LDyeq SUrvivors is restricted. In summary, the combination
of the LD,, LDreg, and LD, leaves us with at most about 75
configurations, which is as low as about 15 configurations if
the restrictions are somewhat tightened.

Following the elimination on the LPselection, the Chh
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Figure 2. (a) The 77 K CD spectrum of monomeric LHCII taken from
(ref 4). (b) Linearly polarized absorption spectra taken from (ref 3).

region configurations of the survivors are not widely scattered They are derived from experimental absorption and linear dichroism
over the available configurational space. They are rather spectra as explained in ref 3. The solid dots represent the absorption

grouped into certain subclasses (around-18 out of Z), in
which at least four of the seven Chlmolecules adopt one of
the two possibley” directions. What is more important is that

parallel to the trimeric plane (or perpendicular to @esymmetry axis),
and the open dots represent the absorption perpendicular to this plane
(or parallel to theC; symmetry axis).

each of the restrictions used forces at least one specific ChlLD does not strongly depend on the excitonic interactions (see

molecule to an almost uniquely defined orientation.

This also ref 3). The survival statistics of Table 1 shows the &l

observation suggests that the average reduced LD does nobrientation is almost uniquely determined by the ldlimina-
strongly depend on the excitonic interactions: a point which is tion, the Chl a2 is the key molecule for determining the

already discussed in ref 3. This point of view is further
supported by the recent theoretical results on the Fenna
Matthews-Olson protein complex, for which some of the LD
features are critically determined by the individual Bchl

polarization characteristics of the redmost bands of the cases
that survive the LR elimination, and the orientation of the Chl
b3 molecule is almost unequivocally defined by the J.D
filtering. The most undetermined Chldirections are those of

orientations, despite the existence of couplings that are an ordem3 anda6. This is because the/” and “X’ axes make a similar

of magnitude stronger than the-a and b-b couplings of
LHCII.1® This is also true for LHCII since the average reduced

angle with respect to the plane of the trimer. Moreover, the
remaining Chla molecules (1, 4, and 5) largely prefer one of
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Figure 3. Simulated polarized absorption spectra of the &absorption region for various configurations (given in arbitrary units). The solid line
represents the absorption parallel to the trimeric plane (or perpendicular @ tenmetry axis), and the dashed line represents the absorption
perpendicular to this plane (or parallel to figsymmetry axis). In all cases the transition dipole moments of allbChblecules were taken along

the NB—ND diagonal. The individual Chd and Chlb absorption strengths and the unperturbed transition energies are the same as in Table 1, and
the excitonic stick transitions are dressed with symmetric Gaussians of faBri@5 nm. All simulated spectra have the same absolute scale. In
panel a they-polarized transition dipole moments of all the Ghimolecules are along the NANC diagonal, and in panel e all are along the
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NB—ND diagonal. In panel b thg direction for Chla3is along NB-ND while for the other Chk molecules they are oriented along NAC.
Similarly, in panel c they direction for Chla4 is along NB-ND while for the other Chi molecules they are oriented along NAC. Similarly,
in panel d only they axis of Chla7is along NB-ND. The value of the average reduced LD over the £band (LD, is —0.154,—0.144,—0.061,

—0.056, and+0.339 for panels a, b, c, d, and e, respectively. Throughout this figure one can clearly follow the correlation between the survival

statistics (Table 1) predictions and the simulated spectral characteristics.
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the two possibley” orientations. Chlsalanda4tend to assume The structural differences between the Ghland Chlb

the preferred orientation upon LBiltering, and this tendency = molecules are quite minor. Therefore, the distinction between
gets stronger after imposing the others. It is found that the two the “y” and the %" axes will more likely precede the Chl
Chl a pairs,al—a4 and a2—a5, whose tetrapyrrole rings are identification. We have also provided some statistics to illustrate
related to each other by an approximate 2-fold symmetry tend how useful the incorporation of such directional information
to conserve the same symmetry also in the dipole momentcan be for narrowing down the uncertainties. (See the last two

orientations. Within a combinatorial restriction of k,.Dyeg, rows of Table 1.)
and LD, it remains largely ambiguous whether this is also the
case for the other symmetrical Calpair (@3—a6). Concluding Remarks

The most likely orientations of the y-polarized transitions  As discussed, the method introduced above is successful in
based on the calculations are summarized in Figure 1. Theresolving ambiguities in specific Chl orientations, given a
circular dichroism (CD) of LHCII (Figure 2a) contains additional particular assignment of the Chland Chlb molecules. The
information about the polarization characteristics of the absorp- question we currently consider is to what extent the uncertainties
tion bands. The CD in the CHd region of the spectrum is  in the Chl identities can be reduced by a similar approach. The
strongly biphasic (with a crossing point around 670 nm), being recent results from singletriplet transient absorption measure-
positive on the short wavelength side (peaking around 665 nm) mentd2 provide evidence for close contacts between theaChl
and negative on the long wavelength side (peaking around 675and Cars, but it cannot be excluded that somelQhblecules
nm)#5 Calculated spectra could be regarded to be unacceptableare also located in close proximity of the central Cars. In this
if either these signs are reversed or the CD signal in theaChl  context, one might make use of evolutionary considerations
region is dominantly monophasic. However, we have avoided about the complex. It has been suggestéwht four of the
a strict elimination on the basis of CD spectra since itis known central Chls related to each other by an approximate 2-fold
that the CD is extremely sensitive to the uncertainties in the symmetry probably form an evolutionarily conserved €hbre
directions of the dipole moments (as well as the inhomogeneities (the ones labeled asl, a2 a4, and a5 in the current
in the site energies):’8 We have nevertheless determined how assignment). If it is furthermore assumed that three Chls that
much reduction can be obtained if the key CD features are usedare closest to this Chd core are Chb (b1, b2, andb5 in the
for further elimination. It is concluded that another reduction current assignment), which would be in line with the ultrafast
factor of around 2 can be associated with each of the key CD transfer from Chb to Chla;!! the number of possible molecular
features described above. conformations decreases drastically in the presence of stoichio-

The 77 K absorption spectfy andAg as determined in ref  metric limitations (i.e., seven Chland five Chlb). Also, many
3 are given in Figure 2 together with the 77 K CD spectrum of results from ultrafast measurements in tha€yion will restrict
monomeric LHCII4 In Figure 3 we have simulatedl, and Ay the possible orientations and identitid€3 We hope to address
over the Chhl absorption band for various configurations. This these aspects soon.
figure is provided to illustrate how sensitive the spectra are to
different orientations of the chlorophylls. Throughout Figure ~ Acknowledgment. D.G. acknowledges the grants from
3 one can clearly follow that the survival statistics results EMBO (European Molecular Biology Organization), ESF
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