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Abstract—The interrelation between spectral and structural—functional properties of Lhcllb was studied. The dipole strength of
the main Q, bands of chlorophylls (Chl a 30.8 D?; Chl 4 18.5 D?) and chlorophyll a/b ratio (Chl a/Chl b = 7 : 6) were determined
for Lhcllb. The Chl a/Chl b value shows that the subunit of this complex contains seven Chl a and six Chl » molecules. Individual
bands of chlorophylls (bands in stokes and anti-Stokes parts at 77 K were Lorentzian and Gaussian, respectively) were resolved
using synchronized deconvolution of absorption, CD, and LD bands of chlorophylls. Seven of these bands belonged to Chl a.
Parameters of absorption bands of Chl a indicate that seven molecules represent a united cluster (heptamer) with exciton inter-
actions, determining the spectrum of Lhcllb in the Chl a absorption region. Parameters of absorption bands of Chl b show the
existence of three clusters: monomer (639.6 nm), dimer (645.2 and 647.4 nm), and trimer (649.8 and 654.1 nm). These clusters
and their properties agree with the well-known structure of porphyrin groups of the Lhcllb subunit (Kuhlbrandt, 1994). A dis-
torted ring of seven porphyrins in the stromal range of the subunit corresponds to Chl a heptamer; a separately located molecule
near the N-terminal domain on the stromal side of the subunit corresponds to Chl » monomer; a dimer and a trimer of porphyrins
in the lumenal range of the subunit correspond to the dimer and trimer of Chl b, respectively. The calculated lifetimes of the exci-
tation energy (exciton) transfer in subunit and trimer of LhclIb confirm this location of pigments. The geometry of the Chl a hep-
tamer (mutual orientation of transition dipole moments) was determined by the steady-state Kasha—Tinoco approximation using
parameters of individual bands of exciton splitting. The calculated parameters of mutual orientation of Chl a dipoles agree with
the topography of the stromal porphyrins found by electron crystallography (Kuhlbrandt, 1994). A structural model of the granal
multicentral macrocomplex of PSII (MPSII) is suggested. The lifetimes of the exciton migration between the main pigment—pro-
tein compartments of MPSII were calculated. The results of calculation are consistent with the structural model of the photosys-
tem. The location of pigments provides for fast exciton hopping between Chl a clusters of neighboring proteins in the MPSII along
the stromal surface within the membrane (5-25 psec) and between stacked membranes (~40 psec) of chloroplast grana.

Key words: photosynthesis, light-harvesting complex, Lhcll, pigment—protein complex, antenna, spectroscopy, energy
migration, exciton, Photosystem 2, PSII

Virtually the whole pigment apparatus of photo-
synthesis is involved in the processes of absorption of
photons and migration of excitation energy (exciton)

Abbreviations: Lhc) chlorophyll b-containing light-harvesting
pigment—protein complex; Lhcllb) main light-harvesting pig-
ment—protein trimer complex of higher plants; CON) minor
Lhc connecting Lhcllb and PSII; PPC) pigment—protein com-
plex; PSII) Photosystem 2; OD) optical density (absorbance);
CD) circular dichroism or absorption difference between light
beams with left and right circular polarization; LD) linear
dichroism or absorption difference between light beams with par-
allel and perpendicular linear polarization; F) fluorescence; Chl
a) chlorophyll a; Chl b) chlorophyll b; Car) carotenoid(s) incor-
porated in Lhcllb (lutein); RC) photosynthetic reaction center;
MPSII) multicentral (granal) macrocomplex of Photosystem 2.

by radiationless transfer between pigment molecules
(excitation energy migration) to photosynthetic reac-
tion centers, which contain only a minor fraction of
chlorophyll [1] and mediate exciton dissociation and
primary stabilization of separated charges (an electron
at the acceptor side and a hole at the donor side of the
RC).

The main light-harvesting complex of higher plants
contains most of the chlorophyll and a significant fraction
of protein of the granal region of the chloroplast. This
complex plays a decisive role in formation and stabiliza-
tion of the photosynthetic supramolecular membrane
structures and balanced energy supply to reaction centers
of Photosystems 1 and 2. The main light-harvesting pig-
ment—protein trimer complex of higher plants (LhcllIb)
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and its aggregates' have been studied in our laboratory for
more than 20 years [2-5]. For the first time we succeeded
in isolating this complex in a state close to native and
studied the fine structure of its spectra. The Lhcllb
apoprotein is a functional container for chlorophyll mol-
ecules: internal structure of the protein provides binding
of a large number of chlorophyll molecules and their sta-
bilization, preventing thereby formation of non-fluores-
cent aggregates of chlorophyll. The surface properties of
the complex provide necessary spatial localization of pro-
tein, interaction with photoactive complexes, and effec-
tive transfer of excitation energy to the RC.

The three-dimensional structure of Lhcllb was
resolved by Kuhlbrandt et al. using electron crystallogra-
phy with spatial resolution of 6 A [6] and 3.4 A [7] and
localization of 12-13 porphyrin molecules in the Lhcllb
subunit. The Chl a/Chl b ratio in the Lhcllb preparations
studied in [6] and [7] was determined to be 1.1 and 1.33,
respectively. This discrepancy was due to the difference
between the methods of measurement of chlorophyll
concentration used in these works. It should be noted that
neither of the two values of this ratio fits the crystallo-
graphic data reported in these works. In my opinion, the
pattern of distribution of chlorophyll molecules over the
binding sites in the subunit suggested in [7] is not very
convincing because it is based exclusively on the efficien-
cy of quenching of triplet states. According to this logic,
it is impossible to identify the chlorophyll-13 molecule
located separately near the N-terminal domain of the
subunit. Perhaps, this was the reason for not showing this
molecule in the structural diagram suggested in [7].

The whole family of the Lhc proteins has now been
sequenced. It was found that these proteins are character-
ized by a high degree of homology [8], and their concen-
trations in chloroplasts have been determined [8, 9]. This
family includes ten different proteins. Three of ten have
very similar composition, constitute the most part of bulk
protein, and form Lhcllb, whereas the other seven pro-
teins connect Lhcllb with Photosystems 1 and 2 [8, 9].

Spectra of OD, CD, LD, F, and polarization of F [2,
3, 10-12] and dynamics of OD changes within a broad
time range [10, 11, 13-15] have been studied. It was
shown that spectral properties of LhclIb and isolated sub-
unit of Lhcllb coincide with one another within the Chl
a range [16, 17], whereas minor discrepancy between the
spectral properties of the subunit and trimer within the
Chl b range [16, 17] can be explained by the conforma-
tional changes of the Lhcllb subunit during trimer disso-
ciation. The characteristic time of the excitation energy
transfer between pigment molecules (~107"* sec) was
measured [11, 13, 15], and a thermal equilibrium between
populations of electron transitions in LhclIb was demon-
strated [14, 18, 19]. Dense packing of chlorophyll mole-

I The nomenclature of light-harvesting complexes (Lhc) sug-
gested by Peter and Thornber [9] is used.
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cules in Lhcllb [7] necessarily gives rise to the exciton
interaction between pigment molecules and formation of
exciton' and exciton splitting [5, 20]. The exciton split-
ting itself gives rise to fine structurization of the OD and
LD spectra, alternation-sign and conservative CD, and
thermally equilibrated fluorescence.

Results obtained in our laboratory demonstrated that
the steady-state absorption (OD, LD, and CD) spectra
were determined by concentration and structure of the
exciton clusters of chlorophyll in the protein subunit of
interest. The exciton dynamics (excitation energy migra-
tion) was determined by mutual orientation of these clus-
ters and it was manifested in the steady-state spectra of
fluorescence [5, 21, 22]. The whole aggregate of the pri-
mary processes of photosynthesis can be quantitatively
described in terms of exciton structure and exciton
dynamics. The most important structural and kinetic
parameters of these processes can be calculated from the
steady-state spectra of the pigment—protein complexes
(PPC), photosystems, and chloroplast membranes.

The goal of this work was to study correlation
between spectral, structural, and functional properties of
Lhcllb. In spite of a large number of mathematical for-
mulas used in this work, the sense of the results obtained is
fairly simple and illustrative. A uniform component of
Lhcllb corresponding to the native form of Lhcllb was
found. The number of chlorophyll molecules in this com-
plex was determined, and parameters of individual spec-
tral bands of chlorophyll were calculated. The use of these
parameters within the framework of the exciton theory
allowed the mutual location of pigments within the Lhcllb
subunit as well as the interaction between the pigments to
be calculated. The spatiotemporal characteristics of the
processes of excitation energy migration between subunits
in the granal macrocomplexes MPSII of chloroplasts were
estimated and their functional analysis was performed.

MATERIALS AND METHODS

Cells of the cyanobacterium Anacystis nidulans R2 were
grown in Kratz—Meyers liquid medium as described earlier
[21]. Cells of chlorella (Chlorella vulgaris Beijer, thermo-
phylic strain S-39/64688) were a gift of L. V. Shenderova.
Cells were grown at 30°C and light intensity 30 W/m>.

To isolate membranes, cells of cyanobacteria and
chlorella were ground together with corundum powder
(1 min in 50 mM Tris-HCI buffer, pH 7.0) in a thin layer
of a dense suspension of cells on a glass plate cooled to
4°C using a ground Petri dish. Photosynthetic membranes
were isolated from the homogenate by differential cen-
trifugation as described earlier [21]. Membranes MPSII

I Exciton is a collective excited state of closely located pig-
ments. Exciton cluster is an isolated ensemble of molecules,
excitation of which gives rise to exciton formation.
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were isolated from chloroplasts of two-week-old seedlings
of pea (Pisum sativum L.). Aggregated forms of Lhcllb
were isolated from membranes MPSII as described else-
where [2, 4]. Spectra of aggregated forms of Lhcll were
measured in the presence of 0.02% Triton X-100.

Oligomeric forms of Lhcll, including Lhcllb, were
isolated electrophoretically from the fraction of the
MPSII membranes obtained during isolation of aggre-
gated Lhcllb. Gel electrophoresis of membranes solu-
bilized in 1% Triton X-100 was performed in the cold in
7.5% polyacrylamide gel and 50 mM Tris-glycine buffer
(pH 8.3) containing 0.01% sodium dodecyl sulfate as
described earlier [21]. Electrophoresis was run simulta-
neously in several glass tubes (diameter, ~1 cm).
Stained zones containing PPC were cut from the gel
columns and their spectral properties were studied in
gel tablets in situ. The preparations of corresponding
zones obtained in parallel during the same elec-
trophoretic run were considered as duplicate, triplicate,
etc. measurements of the same sample. If necessary, the
preparations were stored in the dark and in the cold in
Tris-HCI buffer.

The absolute quantum yield of fluorescence of aggre-
gated LhclIb was measured as described in [22] using flu-
orescence of free chlorophyll as an internal standard.

Spectra of OD and LD were measured using an SF-
14M spectrophotometer equipped with an integrating
sphere, a low-temperature unit, and a dichroic unit. To
measure absorption spectra at 77 K, gel tablets with sam-
ples were soaked in 70% glycerol for 1 h under continuous
stirring in the cold. To measure LD spectra, a gel tablet
soaked in glycerol was stretched and frozen above liquid
nitrogen. LD spectrum was recorded as the absorption
difference between light beams with parallel and perpen-
dicular linear polarization relative to the axis of gel
stretching (A4, — A4,).

Spectra of fluorescence and fluorescence excitation
were measured using a SPIL TsKB AN SSSR spectroflu-
orometer. Spectra were corrected for spectral sensitivity
of photodetector and spectral distribution of light source.
CD spectra were measured using a Jasco-40 AS dichro-
graph. All spectra were corrected for the baseline shape.

Concentrations of chlorophylls were determined
spectrophotometrically in 80% aqueous acetone using the
Vernon equation [23] modified for molar concentrations:

—2.67 Dyggo + 13.02 Dygs (Chl a) |

C (UM) = :
WM =1 12016 Dess — 5.71 Dggs (Chl b)

)

where Dy, Dygs are the optical densities of the extracts at
649 and 665 nm, respectively.

The dipole strength and rotation strength (D x M =
Debye x Bohr magneton) of the electronic transitions
were calculated using equations derived from the follow-
ing standard formulas [24]:
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p2(DY)=9.18- 107 1" fe(L)dn ; )
C(DxM)=3.00-102%,"Jo)dr;  (3)

where A, is the wavelength of the spectral maximum
(nm), p is the dipole moment of the transition (D), () is
the spectrum of the molar extinction coefficient
M "-cm™"), 6(L) is the spectrum of the molar ellipticity
(degM~"-cm™).

The rate constants of fluorescence and inductive res-
onance migration (Forster) were calculated using equa-
tions derived from the following standard formulas [24,
25]:

ki(sec™) =1,""=2.89-10""-n2 [Vv'F(v)dv; (4)
ky (sec™)=2.54-10 k- n2- R® V> Fv) x g(v)dv; (5)

where g(v) is the spectrum of the molar extinction coeffi-
cient of the acceptor; F(v) is the power spectrum of the
donor fluoresce; v is the wavenumber (cm™); 1, is the nat-
ural lifetime of the excitation donor (sec); R is the distance
between the dipoles (nm); » is the refraction index of the
medium; k = cos(a) — 3cos(P)cos(y) is the orientation fac-
tor; o is the angle between the dipole moments of transi-
tions; § and y are the angles between the dipole moments of
transitions and the radius-vector connecting the dipoles;
0 < k% < 4, the mean three-dimensional value of k> = 2/3;
the mean two-dimensional value on a plane, &> = 5/4.
These equations allow the integration to be performed with-
in a narrow frequency band and they are valid for elaborate
spectra, provided the condition of thermal equilibrium is
observed, i.e., the universal Stepanov equation is valid [26]:

Vo —V
) ; (6)
kT

F(v) = &(v) - vexp (

where v, is the energy of the 0—0 transition; the ratio of
the rate constants or direct and back reactions of energy
migration in this case is equal to the ratio of correspon-
ding integrals in Eq. (5).

The angles between the normal to the Lhcllb plane
and the dipole moment of the transition were calculated
from the equation for the LD anisotropy:

LD, = A4, /A4, = Const - [1 — 3cos*(ay)]; (7)

where fﬁi is the linear dichroism anisotropy of the i-th
transition; A4; is the isotropic absorption (optical density)
of the i-th transition; A4; = (4, — A,); is the linear dichro-
ism of the i-th transition; o is the angle between j; and
the normal to the plane of the Lhcllb structure; Const is
determined by the anisotropy of the medium (method of
orientation and degree of ordering) and ranges from 0 to
1 during transition from disordered system to ideal order.
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The energy, dipole strength, and rotation strength of
CD for the resonance exciton interaction between the
transition dipole moments i, and p, were calculated using
the steady-state Kasha—Tinoco approximation for point
dipoles [24, 27]:

Ey (cm™)=5.04 yud k R,

my = K5 [1 £ cos(a)];

®)
340
Ao

(mx W) - Ry

Cik =

where R, is the radius-vector between the dipole centers
(nm); symbol x denotes vector multiplication; £ and R
(nm) are the orientation factor and distance, respectively;
2 is the dipole strength of the monomer transition (D?).
Bands of elaborate shape were used to resolve the
spectra into individual spectral bands. Vibrational bands
were described by symmetric curves of normal Gaussian
distribution; the Stokes arm of the main bands was
described by Lorentzian distribution; the anti-Stokes arm
of the bands at 77 K was described by Gaussian distribu-
tion; the anti-Stokes arm of the bands at room tempera-
ture was described by a curve of the lag-distribution
(intermediate between Lorentzian and Gaussian):

A

A=

9)
Ao (A — 2)In(3 +V8)

2b ;

where A is the wavelength (nm) of the spectral maximum
Ay; ch is the hyperbolic cosine; b is the half-width of the
band (nm) (width at half-height). Band asymmetry (ratio
of half-width parameters of Stokes and anti-Stokes arms)
was used to characterize the shape of the spectral bands.

Spectral data were processed and all calculations
were performed using the MATLAB computer programs
(Math Works, USA).

RESULTS AND DISCUSSION

Pigment composition of LhcIlb. Spectral parameters
and concentration of chlorophylls in the Lhcllb subunit
were studied in acetone extracts of six different samples of
Lhcll, the concentration of chlorophyll in which was
determined from Eq. (1), and extract of membranes of
the cyanobacterium A. nidulans containing no Chl b. The
digital (discrete) spectrum of the i-th sample can be rep-
resented as a numerical vector 4; = fi(A,), whereas the
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aggregate of the seven spectra of the tested extracts can be
represented as the matrix 4 = {4;}; concentration C =
{Chl a, Chl b} was determined as the matrix of two spec-
tra of chlorophylls a and b in the optical density units
(mM~tecm™); K= {K;} is the matrix of concentrations of
chlorophylls in the extracts. By definition, 4, = C-K|, or
for all spectra A = C-K. Spectra of chlorophylls were cal-
culated using the inverse regression equation C =
A K" (K-K")™!, where the symbol ' denotes transposition.
The spectra calculated using these equations are shown in
Fig. 1a. Parameters of chlorophyll bands were determined
by resolving spectra into individual bands. Integration of
Eq. (2) allows the dipole strength of pigments to be deter-
mined: pj (the main Q,-band of Chl a) = 30.8 D? pj (the
main Q,-band of Chl b) = 18.5 D2

Spectral analysis allowed the formulas for describing
the shape of individual bands to be derived (see
“Materials and Methods™). The Lorentzian shape of the
Stokes slope in OD spectra is masked by short-wavelength
transitions. However, this shape is clearly seen in the
long-wavelength slope of the F spectrum (Fig. 1b).

Substitution of Chl a parameters (t, = 15.2 nsec
[24]) into Eq. (4) gives n = 1.35, which coincides with the
standard value of the refraction index of acetone. The
shape of the spectra, positions of spectral maximums, and
values of extinction coefficients of chlorophylls coincided
with similar data reported by Vernon [23]. The shape of
the Chl b spectrum was realistic and close to the shape of
the Chl a spectrum, whereas the Chl a spectrum coincid-
ed with the spectrum of the cyanobacterial extract. These
results show that the method of Vernon is good for deter-
mining chlorophyll concentration.

The Chl a/Chl b ratio in Lhcllb preparations was
calculated using Eq. (1) as Chl ¢/Chl b = 1.17 =7 : 6.
This value is consistent with the crystallographic data:
the Lhcllb subunit contains 12-13 molecules of chloro-
phyll [7] and it can be suggested that the LhclIb subunit
contains seven molecules of Chl a and six molecules of
Chl b.

Component composition of Lhcll. Statistical process-
ing of OD spectra of various Lhcll preparations revealed
four spectral components, superposition of which gives
rise to spectral difference between Lhcll preparations.
Components 1-3 are characterized by the same Chl a/Chl
b ratio and their spectra are variants of the LhclIb spec-
trum. Component 3 is formed during aging or heating of
samples. Component 2 is typical of certain spectra of
Lhcllb aggregates. Spectral parameters, structure, and
pigment composition of component 1 correspond those in
native Lhcllb [5]. Component 4 (molar ratio component
4/component 1 = 1 : 3) is observed in the electrophoretic
zone of the molecular weight of the Lhcll tetramer and
corresponds to a CON-protein [9]. As a minor admixture,
component 4 is observed in preparations of aggregated
Lhcllb. Absorption spectra of these complexes and a dia-
gram of their origin are shown in Fig. 2.
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F, arbitrary units

g, mM.cm™
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Fig. 1. Spectra of LhclIb and its pigment extracts. a) Absorption spectra in 80% acetone at room temperature (left scale): /) spectrum of
LhcllIb extract; 2) (dotted line) spectrum of A. nidulans extract; 3) calculated spectrum of Chl a; 4) calculated spectrum of Chl . The wave-
length of spectral maximums, millimolar extinction coefficients, and spectral band half-width values are shown. b) Fluorescence (F) spec-
tra of two LhclIb samples. Spectra were normalized to area; /) freshly prepared preparation = component 1 (left scale); 3) preparation after
one-week storage = component 3 (right scale). Dotted lines (2, 4) show the F spectra calculated from the OD spectra of the preparations
using the Stepanov equation. c¢) Spectra of carotenoid and Lhcllb extracts in blue-green spectral range at 77 K (right scale): /, 2) spectra
of Lhcllb; 3) absorption spectrum of carotenoid extract in 1% Triton X-100. 7) OD; 2) fluorescence excitation spectrum (detection A,
682 nm); Chl b) Soret band of Chl b.
7.5% gel 677 677 o8 Fluorescence spectra of two Lhcllb preparations
67 corresponding to component 1 (freshly prepared prepara-
tion of LhclIb trimer) and component 3 (old preparation
629 = + stored for one week) are shown in Fig. 1b. The fluores-
o cence spectrum of the fresh preparation calculated from
its absorption spectrum using Eq. (6) is shown in Fig. 1b,
0, 0, . . . . .
/ L o curve 2. This spectrum coincides with the experimentally
LhclICON 677 measured spectrum of F (Fig. 1b, curve [). This coinci-
Lhcllb 650 2 dence indicates high efficiency of the excitation energy
677 . . . . . . . .
7 days of migration in this sample, implying thereby its nativeness
— . . . .
storage and homogeneity. This suggestion is also confirmed by
the long fluorescence lifetime of this preparation (~2 nsec
Component 1 component 3 at room temperature, which was much longer than. in
other PPC) and sharply resolved structure of absorption

Fig. 2. Diagram of a polyacrylamide gel column after elec-
trophoresis of MPSII membranes and absorption spectra of
electrophoretic bands of Lhcllb trimer and tetramer.

spectra at 77 K. High efficiency of excitation energy
migration between pigments in this sample is supported
by the coincidence of the fluorescence excitation spec-
trum with the absorption spectrum (Fig. 1c¢).

BIOCHEMISTRY (Moscow) Vol. 68 No.6 2003
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Aging of Lhcllb preparations is accompanied by dis-
appearance of typical fine structure of the OD spectra and
appearance of broad absorption bands in the short-wave-
length (maximum at 668-669 nm) and long-wavelength
(maximum at about 680 nm) spectral ranges. Repeat
electrophoresis revealed that although the trimer struc-
ture was conserved in old samples, the general shape of
the OD spectrum of old Lhcllb (Fig. 2) was close to the
Lhcll spectrum of chlorella. These data suggest that the
aging-induced deformation of LhcllIb is a conformation-
al transition rather than trivial denaturation of protein.

The amplitude of the long-wavelength absorption
band gradually increases upon aging the Lhcllb, whereas
the amplitude of the Lhcllb fluorescence band depends
on the fraction of deformed Lhcllb and on the degree of
Lhcllb aggregation. The higher is the contribution of this
band to the overall fluorescence, the lower is the quantum
yield of F (the shorter is the fluorescence lifetime): the

667

quantum yield of fluorescence of old Lhcllb preparation
is decreased to approximately one-tenth of the quantum
yield of fluorescence of fresh preparation. It should also
be noted that excitation quenching in antenna exerts an
unfavorable effect on the efficiency of excitation transi-
tion to reaction centers. If such quenching existed in vivo,
it would be functionally important for limiting the
amount of light quanta migrating to the RC.

Spectral properties of Lhcllb. It was noted above that
statistical processing of spectral data revealed a structurally
uniform sample consisted of virtually pure and native LhcllIb,
certain spectra of which are shown in Fig. 1. To attain this
goal, the OD, CD, and LD spectra shown in Fig. 3a were
used. The parameters of synchronous deconvolution of cor-
responding spectra are given in Table 1.

The long-wavelength band near 680 nm correspon-
ding to parameters of band 1 (Table 1) was observed in
Lhcllb using the hole burning method at 4 K [15].

3 =S
2 _—
@
c
=]
&
©
E
-~ 1+
L
2
<
2
I
-1 4
630 645 660 675 690 650 665 680 695 710
A, NM

Fig. 3. Spectra of Lhcllb, photosynthetic membranes, and MPSII components at 77 K. a) Absorption-type spectra of Lhcllb: 7) OD; 2)
LD; 3) CD; indices a and b correspond to experimentally measured and calculated for exciton clusters, respectively (spectral parameters
are given in Table 1). Spectra are shown without vibrational bands. b) Spectra of MPSII membranes and their components (arbitrary units):
1) MPSII membranes; 2) Lhcllb isolated from MPSII (fluorescence x2, i.e., extended twofold); 3) CON (absorption x2); 4) (dashed line)
core-complex (absorption x2). Spectrum No. 1 (OD or F) is a weighted sum of spectra Nos. 2, 3, and 4 (No. 1 = X(2 + 3 + 4)) with scal-

ing factors.
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Table 1. Parameters of absorption spectra of Lhcllb at 77 K. Parameters of exciton spectra derived from structural
models using the Kasha—Tinoco theory are indicated italic. Model parameters are given in Table 2. Spectra are shown

in Fig. 3a
Vibrational Chlorophyll b Chlorophyll a
No. BI B2 B3 A7
14 13 12 11 10 8 7 6 5 4 3 2 1
2 (nm) 618.7 | 631.0 | 639.6 | 645.2 | 647.4| 649.8 | 654.1 | 658.1 | 661.5 | 667.2 | 671.0 | 676.4 | 678.0 | 680.8
618.7 | 631.0 | 639.6 | 645.2 | 647.4| 649.8 | 654.1 | 658.1 | 662.1| 666.7 | 671.5| 675.5| 679.1| 680.4
AA (nm) 15.6 15.8 9.7 9.1 7.7 6.6 7.8 7.9 8.5 5.8 7.0 7.3 6.1 8.5
Asymmetry 1 1 1.15 | 1.30 | 1.04 | 1.24 | 1.00 | 1.17 | 1.04 | 1.29 | 1.27 | 1.03 | 1.17 | 1.03
p? 291 10.6 187 | 21.0 | 152 | 27.7 | 283 | 11.7 | 383 | 6.3 | 56.0 | 652 | 285 | 9.8
(D?» ’ ’ 185 | 214 | 156 | 276 | 27.9 | 125 | 37.9 | 5.6 | 54.2 | 67.2 | 26.0 | 12.1
CD 04 0.5 0.3 |[—11.6| 5.7 7.3 —109| -3.8 | 3.8 0.7 10.8 | —12.6| 3.7 | —34
(D x M) ) ) 0 —10.0| 10.0 | 10.9 —10.9| —4.0| 3.8 1.2 | 127 | =137 23 | =23
LD 0.0 0.1 0.0 06 | -02|-03 02 | -12| 0.3 0.2 0.1 0.2 1 0.8
06 | -02|-03 02 | —-11]| 04 0.2 0.1 0.3 1.0 0.8
Za (%) 55 57 54 68 51 48 60 31 62 59 58 59 90 77
zu? Number of molecules* per subunit
ul — — 1.0 2.0 3.0 7.0

* Ratio of the sum of the dipole strengths of the spectral bands to the dipole strength of absorption of corresponding pigment monomer (basis of

isolation of a cluster).

The angles given in Table 1 were calculated from Eq.
(7), the value of Const in which was calculated by substi-
tuting the maximum value Zo = 90° for band 2 and using
the following data: a) at room temperature the dichroic
ratio A /A, at the long-wavelength slope of the red LD
band' reached 1.75, which for the ideal ordered system
corresponded to Za = 78°; b) band 2 had the maximum
anisotropy and was located between two bands with lower
anisotropy (Table 1). Because of strong overlapping
between these bands at room temperature, there was a
significant decrease in the LD anisotropy of the sample
recorded at band 2; ¢) incomplete ordering of sample also
caused a decrease in the anisotropy value. Obviously, the
angle of the dipole moment of the band 2 transition is sig-
nificantly larger than 78° and the estimates of this angle
are close to the limiting value.

The amplitude of the Lhcllb CD is ~0.4% absorp-
tion amplitude, which is typical of the spectra of exciton
splitting and is three orders of magnitude larger than that
value for pigments in solution.

Exciton (resonance) interaction emerges between
two closely located identical chromophores. As a result,
the individual specificity of the interacting chromophores

I Limiting value at o = 90° was 2.

is leveled and the spectral properties of the ensemble of chro-
mophores are determined by its collective properties. An
important property of exciton spectra is invariability of the
mean values of 2E;/n = Ey; Zpi/n = pd; XC;/n = Cy= 0,
where subscripts / and 0 correspond to the exciton spectra
and pigment monomers, respectively; # is the number of
interacting molecules. Davydov’s splitting [20] is another
important manifestation of exciton interaction: absorption
spectra instead of one band contain »n characteristic narrow
bands. The amplitudes of these bands in the fluorescence
spectra are proportional to the population level and depend
on temperature [20] in accordance with the Stepanov’s
equation (6). The most long-wavelength fluorescence band
is dominant in low-temperature spectra. It follows from
Fig. 1b that Eq. (6) is valid in the case of native LhclIb.

The fact that the magnitude of splitting of the red
band of Chl b lower than that of Chl a can be explained
mainly by smaller dipole strength of Q, transition in Chl
b. It follows from Fig. 1c that in the blue spectral region
at the Soret band exciton splitting is clearly seen in Chl b
and the dipole strength of Chl b at the Soret band is high-
er than the dipole strength of Chl a. It follows from Fig. 3
and Table 1 that spectra of Lhcllb are superpositions of
narrow alternating-sign CD and LD bands, which corre-
spond to spectra of exciton splitting.
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Localization of chlorophylls in the LhclIlb subunit.
Comparative analysis of spectral positions and dipole
strength values in Lhcllb and chlorophyll monomer pro-
vides an opportunity to draw a borderline between the bands
of Chl a (bands 1-7), bands of Chl b (bands 8-12), and satel-
lite vibrational bands of Chl (bands 13-14) (Table 1).

Specific spectral features show that there are certain
structures responsible for certain components of the Chl
b absorption spectrum (Table 1): monomer (B1) demon-
strating no anisotropy; dimer (B2) with alternating-sign
CD and LD bands; and trimer (B3) with alternating-sign
CD and LD bands, in which the third band is either
weakly manifested (like a forbidden transition) or two
bands with similar parameters merge together into one
band (like a degenerate transition).

The number of bands, energy gaps between them,
alternating-sign and conservative CD, the dipole strength
values in the OD spectra nondivisible by p3, and presence of
only one perpendicular transition in LD (band 7) suggest
that the seven Chl a molecules produce one cluster (47)
with exciton interactions. The magnitude of the monomer
term in CD is C, = —0.088 DM, which corresponds to the
direction and rotation strength of Chl a in solution.

The chlorophyll clusters observed in these experi-
ments are clearly seen in the crystallographic structure of
the Lhcllb subunit [7]. There is a group of seven por-
phyrins in the stromal part of the subunit, another por-
phyrin molecule is located separately, and five molecules
are in the lumenal part of the protein subunit (two mole-
cules on one side and three molecules on the other side).
Such topography of porphyrin molecules corresponds to
four clusters of pigments (Table 1), the arrangement of
which is shown in Fig. 4a.

The arrangement of porphyrins shown in Fig. 4a is
consistent with a high efficiency of quenching of the
triplet states of chlorophyll by Car molecules: four of
seven Chl a molecules and three of five Chl b molecules
are in contact with Car at the lumenal side of Lhcllb,
whereas the triplets from the other molecules can migrate
to Car by the exchange resonance mechanism through
neighboring porphyrin molecules.

The isolated molecule B/ is an exception. Therefore,
the labile absorption band at 639.6 nm corresponds to the
isolated position of this molecule. Localization of BI near the
mobile N-terminal domain of the protein is supported by the
results of treatment of the Lhcllb preparation with trypsin
and chymotrypsin. This treatment causes degradation of the
N-terminal domain of the protein [16] and disappearance of
the band at 640 nm. The short-wavelength spectral position
of this molecule and effective excitation migration to Chl a
provide this molecule with high stability!. These bands are
well resolved in chloroplasts of higher plants.

I The rate of interconversion (triplet formation) efficiency in
chlorophyll molecules is ~1000 times smaller than the rate of
energy migration from B/ to Chl a.
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It should be noted that the wavelength of the spectral
band of B1 is shorter than that of Chl b. Therefore, BI dif-
fers chemically from common Chl b. In this case, chemi-
cal methods of measurement of concentration of pig-
ments in Lhcllb may give erroneous estimates. This can
explain an unexpectedly large ratio Chl a/Chl b (Chl
a/Chl b = 1.47) observed for Lhcllb in [10, 11]. It seems
fairly probable that B/ is a product of oxidation of Chl a
to a Chl b-like molecule. There is no such oxidation in
Chlorophyta: the main light-harvesting complex Lhcll in
chlorella is characterized by the ratio Chl a/Chl b = ~1.6
and by the absence of the absorption band at ~640 nm.
The shape of the absorption spectrum of this complex dif-
fers significantly from the Lhcllb absorption spectrum
and resembles the spectrum of component 3 (Fig. 2).
Perhaps, the eight porphyrin molecules at the stromal
side of LhcllIb of green algae are Chl a molecules, where-
as the five porphyrins at the lumenal side, are Chl b mol-
ecules.

Localization of pigments in Fig. 4a is characterized
by a trend toward an ideal segregation!, which is imple-
mented in green algae: all Chl a molecules in green algae
are at the stromal side, whereas the whole (standard) set
of the Chl b molecules is exposed to the lumenal side of
LhcllIb.

Configuration of chlorophyll a cluster in LhcIlb. The
validity of the configuration of chlorophyll molecules
shown in Fig. 4a is confirmed by the results of calculation
of the geometry of the Chl a cluster from the exciton
spectral parameters (Table 1): spectral parameters are
determined by the geometry of the dipole moments of
corresponding transitions (length and direction of the
dipole moment of the transitions of monomers) (u) and
their mutual orientation, which can be characterized by
the radius-vector (R) drawn from the geometrical center
of the exciton cluster to the dipole center. On the polar
frames of reference, directions of p and R determine the
values of two angles: Za with Z-axis (normal to the
Lhcllb plane) and L between the horizontal projection
of the vector and X-axis. The length of p is the same in all
molecules (1 = 5.55 D), whereas the length of R is the
fifth parameter that determines the p position in space.

The main energy operator (Hamiltonian H) in the
steady-state approximation of the Schrodinger equation
HY = EVY is a symmetric matrix of 7 x 7 elements. The
diagonal elements of the matrix are energies of monomer
transitions and the other elements represent the energies
of paired interactions. The eigenvalues of H are energies
of exciton transitions E;, which correspond to the eigen-
vectors W, = {a,;}. Coefficients W2 = {a,} represent the
contribution of the k-th component to the i-th exciton

1 Chl b is synthesized from Chl a, which has been already
incorporated in Lhcllb, and chlorophyll 5 synthetase is
accessible only from the lumenal side of the complex due to
membrane stacking.
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-1 0 1 nm -1 0

Fig. 4. Location of chlorophyll a molecules and clusters in the LhclIb subunit. a) Membrane view from the trimer C;-axis (direction C,
coincides with vertical Z-axis). A, B, C, and D are protein a-helices. Porphyrins are denoted in accordance with the nomenclature accept-
ed in this work and original nomenclature suggested by Kuhlbrandt et al. [6]. b) Stereoscopic diagrams of Chl a porphyrins and dipole
moments of transitions of Chl @ molecules in the Lhcllb subunit. The geometrical center of the dipoles (origin of coordinates) is indicat-
ed with an asterisk. Dipoles are drawn on a scale: 1 D = 1 A. The centers of the dipoles of neighboring Chl @ monomers are connected with
segments. 1-7) Numbers of Chl a porphyrins; BI, B2, and B3 are the Chl » monomer, dimer, and trimer, respectively.
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transition and the probability of localization of the i-th
excited level of exciton in the k-th monomer.

It was noted in the introductory part that there were
grounds to believe that the Lhcllb spectrum was exclu-
sively determined by specific features of exciton interac-
tions within the LhclIb subunit. Because the main
absorption bands of Chl @ and Chl b only insignificantly
overlap with one another (Fig. 1a), the resonance interac-
tion between these pigments could be regarded as negligi-
ble. Therefore, Chl a and Chl b in this case can be regard-
ed as independent molecules. The area of partially sym-
metric oscillations of Chl a (~620 nm) can also be regard-
ed as independent of the area of the main red bands of
Chl a [20]. Therefore, parameters of the main Q, bands
obtained as a result of deconvolution of spectra (bands 1-
7 of Chl a and bands 8-11 of Chl b, Table 1) were used as
experimental data in model calculations. It is obvious that
no calculations were performed for monomer B1.

The calculations were made by the simplex method
with different initial values of dipole moment vectors. The
energy and geometry parameters calculated using this
approach are given in Table 2 (parameters of Chl b are
given on internal coordinates). It follows from Table 2
that the distances between the closest neighbors in the
Chl a ring are 8.4-11.7 A and the energy of interaction
between them'is 21-197 cm™!. The distances between the
closest neighbors in the Chl b ring are 7.4-13.4 A and the
values of the energy of interaction between them are 26
and 34 cm™L.

The spectral parameters calculated based on the
exciton models of clusters are given in Table 1. The spec-
tra calculated from these data are shown in Fig. 3a. It fol-
lows from Fig. 3a that the three theoretically calculated
spectra are a sufficiently close fit of experimental data.
Both specific features and spectral structure are well pro-
nounced, except the OD spectrum at the main maximum
region. It should be noted that because the models were
calculated based on parameters rather than spectra, the
coincidence between experimentally measured and theo-
retically calculated spectral parameters was particularly
important. It follows from Table 1 that there is a good
correlation between the experimentally measured and
theoretically calculated values.

Detailed analysis of correlation of the geometry of
the Chl b clusters with crystallographic data is beyond the
scope of this work. Because the trimer B3 spectrum con-
tains only two bands, its calculation is ambiguous. The
structural model considered in this work was constructed
assuming that the short-wavelength band at 649.8 nm was
doubly degenerate (Table 2) and this model should be
regarded as rather illustrative. The centers of the dipoles 4

I The energy sign in paired interactions is arbitrary: the lengths
of u in the opposite directions may be equal to one another.
The change in the direction of a vector changes the sign of
the energy of paired interaction to the opposite one.
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and 5 are approximately in the plane XY, whereas the
center of the dipole 3 makes a virtually vertical triangle
with the centers of the dipoles 4 and 5. Mutual orienta-
tion of dipole moments of Chl 4 on the internal coordi-
nates of the dimer and trimer is critical only to the LD
value, i.e., to the spatial parameters along the Z-axis.
Therefore, the structures can rotate freely about the Z-
axis and turn upside down. In addition, the axis connect-
ing the B2 molecules is located close to the XY plane.
Therefore, rotation around this axis is also allowed and
position of B2 in space is rather arbitrary. The distances
between the Chl » molecules given in Table 2 are fairly
realistic.

The spatial positions of vectors of dipole moments of
the Chl a transitions are shown in the stereoscopic dia-
gram shown in Fig. 4b. The dipoles produce a ring of an
irregular shape. The dipoles are numerated in the anti-
clockwise direction.

Positions of porphyrin rings in Fig. 4b are given
based on the results reported in [7]. It should be noted
that the vector of the main dipole moment of the Q,-tran-
sition in a chlorophyll molecule is directed along the por-
phyrin ring diagonal. Although the similarity between the
Chl a dipole moment structures and similar location of
seven porphyrins in the stromal part of Lhcllb are quite
evident, they are far from ideal. The causes of incomplete
correspondence are also fairly obvious: insufficient preci-
sion of the Kasha—Tinoco approximation used in calcu-
lations, errors in determination of band parameters,
influence of Chl b and chlorophylls of neighboring sub-
units, and variability of transition energy of monomers
(diagonal elements of Hamiltonian). These factors affect
distribution of transition frequency and dipole strength
values.

The most important specific properties of the Lhcllb
subunit associated with protein structure are clearly man-
ifested in the structure of dipole moments. In particular,
nearly C,-symmetry of the geometry of pairs of por-
phyrins and dipoles 1-5 and 2-6 corresponds to close to
crystallographic position of centers of dipoles (Fig. 4b).
Incomplete correspondence in this case may be partially
caused by the conformational difference between the
Lhcllb complexes used in this work and in crystallo-
graphic studies [7]. In other words, the spectra of the
Lhcllb preparation used in the crystallographic studies
differed from the spectrum shown in Fig. 3a. This sugges-
tion is fairly realistic because the absorption spectra of the
Lhcllb complexes may have features of minor difference
though remaining similar to each other (see above).

Migration of excitation energy in the LhcIIb subunit.
Excitons are generated in molecular ensembles as a result
of exciton (resonance) interaction between several dipole
moments of transitions with one photon. The phenome-
nological properties of the Chl a excitons in Lhcllb are
similar to the phenomenological properties of excitons
with strong interaction (energy of paired interaction is
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Table 2. Parameters of exciton interaction between molecules in the Lhcllb subunit. a is the angle with Z-axis (nor-
mal to trimer plane); ¢ is the angle of the plane projection with X-axis. The numbers of the Chl a molecules corre-
spond to those in Fig. 4. The numbers of the exciton transitions (/-7 and §-11) correspond to those in Table 1. Spectra

are shown in Fig. 3a

Parameters of transitions of Chl @ molecules

No. 1 2 3 4 5 6 7
T a (%) 61.6 87.5 48.6 37.9 68.1 91.7 58.3
¢ () 15.4 —152 —64 —115 —153 13.2 142
a (%) 69.1 123 108 71.9 71.1 96.6 76.4
R ¢ () 167 —149 —-101 -55 2.8 50.6 104
R, A 7.6 11.5 11.3 10.0 7.3 12.2 125
Hamiltonian (energy of paired interaction), cm™'
1 14916 =21 29 -9 76 -37 -70
2 11.2 14916 197 36 -17 21 26
:t):“ 3 14.5 8.8 14916 80 8 13 9
g 4 15.5 16.9 10.4 14916 ~117 11 20
E 5 13.9 18.2 15.3 8.4 14916 —61 -3
6 17.1 22.0 22.3 17.9 9.8 14916 171
7 11.0 19.9 23.3 21.3 15.1 11.7 14916
Parameters of exciton transitions of Chl @ molecules
No. 7 6 5 4 3 2 1
a (%) 32.5 117 58.8 56.7 60 88.4 73.8
o (") —116 75.9 157 13.5 —161 149 22
cluster B2 B3
Parameters of transitions of Chl » molecules
No. 1 2 3 4 5
B a(°) 96.7 45.6 50.5 108 42.5
H o (°) 116 45.6 11.8 99.4 254
a (%) 96.2 83.8 45.5 104 122
R o () 0 180 —124 30.3 180
R, A 6.7 6.7 5.9 7.1 4.3
Hamiltonians, cm™
1 15473 26
< 2 13.4 15473
g 3 15356 ~34 ~34
g 4 12.3 15356 —34
5 7.4 10.2 15356
Parameters of exciton transitions of Chl 5 molecules
No. 11 10 9’ 9 &
a (%) 67.5 129 127 132 59.9
o (°) 87.4 158 —42.8 140 48.8
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Table 3. Time of radiationless transition of the excitation energy between the Lhcllb pigment clusters and between
components of MPSII at 77 K, psec (10~'? sec). Tabular values of time #; are given for R =3 nm and k = 1; #R k) =
tr (R/3)%/k?; R is the distance (nm); k is the orientation factor*. The time values in MPSII are given for the compo-
nents normalized to seven Chl a molecules. B2, B3 are the dimer and trimer of the Chl b molecules, respectively; A7

is the heptamer of the Chl a molecules

Acceptor
B3 A7 Lhcllb CON PSII core
- B2 23 25 LhclIlb 25 21 17
S
‘Qé B3 _ 8 CON 39 27 19
A7 — 16 PSII core 187 111 66
Lhcllb MPSII

* () < k< 4; the three-dimensional mean k> = 2/3; mean value in a plane, k> = 5/4.

~100 cm™!, see Table 2) and are represented by a collec-
tive excited state of the molecules, in which the excitation
with lifetime 107" sec is delocalized over the molecules
[20, 24]. In the quantum processes these excitons are
equivalent to the excited state of one molecule with a
complicated multilevel spectrum and the maximum den-
sity of excitation near the geometrical center of the exci-
ton cluster.

The exciton transition from one level to another
occurs during vibrational relaxation within the time inter-
val 107" sec [20]. This time interval is sufficient to attain
the state of thermal equilibrium between the levels [20].
The magnitudes and phases (directions) of the contribu-
tions of monomers to the excited state are changed during
the transition between the levels (so-called dephasing)
[24]. It was found experimentally that the dephasing time
in Lhcllb at 77 K within the spectral range 660-679 nm
was indeed equal to ~107" sec [13].

Even in the state of thermal equilibrium, the process
of exciton migration occurs by the mechanism of slow
inductive resonance (Eq. (5)). The efficiency of this type
of energy migration significantly depends on the overlap-
ping between the fluorescence spectrum of the excitation
donor and the absorption spectrum of the excitation
acceptor. The values of the time of the excitation migra-
tion between the Lhcllb chlorophyll clusters and between
components of MPSII were calculated from Eq. (5). The
results of these calculations are given in Table 3. It follows
from the laws of thermodynamics that the time of excita-
tion transition is inversely proportional to the dipole
strength of the excitation acceptor absorption (number of
Chl a molecules).

The distance between the centers of clusters in the
subunit is ~20 A. The values of the time of the excitation
migration in the systems BI/—>A7, B2—>A7, and B2—B3
are thought to be about several picoseconds. The long-
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wavelength transition (No. 8) is dominant in the fluores-
cence spectrum of cluster B3. There is the maximum
overlap between the spectrum of this transition and spec-
trum of transition No. 6 in cluster A7. The slope angles of
these spectra are close to one another (30 and 28°, respec-
tively, Table 1). In this case the value of the orientation
factor k? for the pair B3—A7 may approach the maximum
level (~4), whereas the time of the excitation transition
B3—A7is ~2:107"3 sec, or ~0.2 psec. Such lifetimes in the
picosecond and subpicosecond' time ranges were
observed in studies of relaxation of the Chl b excited state
in Lhellb [10, 11, 13, 14, 28].

Spectra of Lhcllb and Car within the absorption
range of Car and Soret band of chlorophylls are shown in
Fig. 1c. It follows from Fig. 1¢ that the fluorescence exci-
tation spectrum of the sample virtually coincides with the
OD spectrum. Therefore, the whole amount of the exci-
tation energy of Car effectively migrates to Chl a.
However, the probability of direct excitation from the
low-energy level of Car to Chl a is low, because the
absorption of Chl a near 500 nm is negligible and any res-
onance (inductive resonance or exchange resonance)
processes are unrealistic. This conclusion is supported by
the following findings: a) effective migration in core-
complex PSI, where the most long-wavelength band of
carotene at ~520 nm overlaps with the Q, band of chloro-
phyll a (~590 nm with a satellite at ~540 nm); b) low effi-
ciency of migration from carotene to Chl a in PSII, where
spectral positions of B-carotene and Car are close to one
another.

It follows from Fig. Ic that the long-wavelength band
of Car and Soret band of Chl b in Lhcllb (at ~493 and

I The Forster equation is invalid at such short times.
Therefore, the value of 0.2 psec should be regarded as a qual-
itative estimate: ¢ < 1 psec.
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~484 nm, respectively) significantly overlap with each
other. This provides high efficiency of excitation energy
transfer from Car to Chl b (and further to Chl a) in case
of close location of these pigments in Lhcllb. This was
the sequence of energy migration processes Car—Chl
b—Chl a that was directly demonstrated using laser
absorption spectroscopy [28].

Excitation energy migration between LhcIIb subunits.
The processes of excitation energy transfer in Lhcllb are
possible between the A7 clusters of neighboring subunits,
the distance between the centers of which is ~30 A. The
results of calculation of the cluster A7 geometry and the
third order axial symmetry of the Lhcllb trimer provide
sufficiently accurate estimates of k> = 2.6-2.7 in Eq. (5).
This also allows the time of the excitation energy migra-
tion between Lhcllb subunits to be determined (at R =
30 A = 3 nm this time is 6 psec (Table 3)).

The following data can be used as experimental esti-
mates of the migration time: a) dephasing in the long-
wavelength absorption band of Lhcllb (~680 nm) at 4.2 K
[15], because the anti-Stokes processes at this tempera-
ture are energy-forbidden and higher energy levels of
exciton are not involved in the relaxation processes. This
dephasing occurs within 10 psec and is probably accom-
panied by excitation transfer between the subunits; b)
depolarization of excitation in Lhcllb, the time of which
at 300 K is 5 psec [14]. This process can be also associat-
ed with the energy migration between the LhclIb trimer
subunits. The two estimates of the exciton migration time
between the Lhcllb subunits give a value close to that cal-
culated above (6 psec).

The mean distance between the closest Lhcllb A7
clusters of neighboring Lhcllb trimer subunits in the
MPSII particle (Fig. 5) is ~60 A = 6 nm and the value of
k? is 1.5-2.5. The time of the excitation migration
between these clusters is 16 x (6/3)%/k* psec (see Table
3) = 410-680 psec. The excitation in this case with the
probability = 1/3 is localized in the subunit which is not
in contact with neighboring subunits. As a result, the time
of migration between the trimers is 3/2 times longer (i.e.,
~600-1000 psec). This time is comparable with the time
of excitation dissipation in Lhcllb and is much longer
than the other characteristic times of excitation transfer.
Obviously, the efficiency of the processes of the excitation
migration between neighboring Lhcllb trimers in the
photosynthetic membrane can be regarded as negligible.

The distance between the Lhcllb A7 clusters of neigh-
boring stacked membranes is ~35 A (Fig. 4a) and the value
of k is ~1. The time of the excitation migration between
these clusters is ~40 psec. This time is shorter than the
excitation lifetime in MPSII, thereby providing high effi-
ciency of energy migration between stacked membranes.

The succession, characteristic times of energy
migration, and calculated parameters of the Chl @ molec-
ular ensemble agree well with the pattern of arrangement
of pigments in the LhclIb subunit shown in Fig. 4a.

TETENKIN

Structure of granal macrocomplex of PSII. In the
granal regions of chloroplasts at the areas of PSII location
the acceptor (stromal) surfaces of neighboring mem-
branes densely stack to each other. The membrane stack-
ing gives rise to the formation of the granal multicentral
macrocomplex of PSII (MPSII), which is composed of
two PSII particles of neighboring membranes (Fig. 5).
Perhaps both Lhcllb and allied CON proteins play an
important role in membrane stacking: the N-terminal
stromal domains of these proteins are macrodipoles', the
initial segment of which includes 4-9 cations and the next
segment includes about the same number of anions [8].
The electrostatic interaction between these dipoles pro-
vides close contact between stacked membranes.

Photosystem 2 consists of RC, proteins CP43 and
CP47 [21, 29] and incorporates ~36 porphyrin molecules
[21, 22, 30]. Reaction center of PSII consists of two pro-
teins and incorporates eight porphyrin molecules [29,
30]. In the photosynthetic membrane, PSII exists as a
dimer [29, 31]. The deconvolution of the CON-protein
absorption spectrum (Fig. 3b, curve 3) into individual
bands revealed that the CON-proteins were characterized
by the mean? value of the Chl a/Chl b ratio equal to 2.6-
2.7 = 8 : 3. Substantial similarity between the proteins of
the Lhcll family suggests that the subunit of the CON-
protein incorporates about the same number of chloro-
phyll molecules and its size is approximately equal to the
size of the Lhcllb subunit. According to the pigment
ratio, the CON-proteins contain an average of eight Chl
a and three Chl b molecules.

The MPSII absorption spectrum (Fig. 3b) corre-
sponds to the following molar ratio: 36 Chl a molecules
(21%) of core-complex monomer, 25 Chl ¢ molecules
(15%) of CON-proteins (three proteins), and 108 Chl a
molecules (64%) of Lhcllb (five trimers). The MPSII
particle in this particular example contained ten Lhcllb
trimers associated with six CON-proteins bound to a
core-complex dimer.

The structure of the core-complex dimer was resolved
in [30] with resolution 3.8 A. The shape and the surface
relief of the MPSII particle containing a core-complex
dimer, CON-proteins, and two LhcllIb trimers were deter-
mined in [31] with resolution ~2 nm. The second order
axial symmetry was found to be inherent in all these struc-
tures. The model of the MPSII structure shown in Fig. 5
was suggested on the basis of generalization of the data
considered above: a bent parallelogram of the MPSII par-
ticles described in [31] was inscribed in the core-complex
dimer described in [30] taking into account the size and

I Amino acid residues of arginine (+), lysine (+), glutamic
acid (—), and aspartic acid (—) [8].

2 The presently available data do not allow three CON-pro-
teins (CP29, CP26, and CP24) to be differentiated from one
another [9]. Therefore, mean characteristics of CON-protein
are used in this work.
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Fig. 5. Scheme of structural—functional organization of granal macrocomplexes of PSII. Scheme of the MPSII particle structure is shown
at the top (view from the lumenal side). The central part of the particle is occupied by a dimer of the PSII core-complex. The proteins of
the complex are circumscribed with ellipses. Cylinders show the a-helical domains of the proteins; a, b, c) CON-proteins (internal light-
harvesting complexes CP24, CP26, and CP29); 1-5) Lhcllb trimers. Bottom: block diagram of MPSII and kinetic scheme with character-
istic times at 77 K (psec) in MPSII with closed reaction centers; waved arrows show excitation dissipation; straight arrows show excitation
energy migration accounted for relative concentration of chlorophyll in complexes.

relief of the particle. Core-complex proteins were denoted
and positioned in accordance with [30]. The space
between Lhcllb and core-complexes is filled with the units
(a, b, c¢) of the size of the Lhcllb monomer and similar
shape (exactly six such units are aligned). Additional
Lhcllb trimers (Nos. 2-5) are placed along the perimeter
observing the second order symmetry (exactly eight). The
model shown in Fig. 5 is consistent with the stoichiometry
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of the MPSII preparation studied in this work. It is per-
haps the largest possible MPSII structure. This particle
contains 530 chlorophyll molecules per RC PSII dimer
with the ratio Chl a/Chl b = 1.67. This value coincides
with the value of the ratio Chl a/Chl b = 1.70 + 0.05 exper-
imentally measured in this preparation of MPSII.

In the chloroplast grana and in the isolated state two
PSII particles stick together giving rise to a transmem-
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brane tetramer [31]. The structure of the MPSII particle
(Fig. 5) suggests the following scheme of the excitation
energy migration: excitation from the Lhcllb trimers 1, 2,
3, and 5 is transferred to core-complex via CON-pro-
teins, whereas from the Lhcllb trimer 4 it is transferred
directly to core-complex.

Migration of excitation energy in the granal macro-
complex of PSII. There are features of remarkable similar-
ity between the spectral characteristics of all PPC species
producing the MPSII (Fig. 3b). Structural homology
between the members of the family of the Lhcllb proteins
[8] and similarity between their spectra in the OD range of
Chl a (Figs. 2 and 4b) suggest that Chl a of CON-proteins
produce a Lhcllb-like cluster near the stromal surface. The
PSII absorption spectra at 77 K [21] are mainly due to the
antenna proteins CP43 and CP47, whereas the RC PSII
spectra show that Chl a in these complexes is arranged as
exciton clusters [1, 21]. Thus, the excitation migration in
MPSII should be calculated from Eq. (5) as suggested
above for excitation migration between Lhcllb subunits.

The values of the excitation transfer time calculated for
equal concentrations of Chl a (normalized to seven mole-
cules of Lhcllb) are given in Table 3. The spectra of MPSII
and its components (core-complex, Lhcllb, and CON-
protein) shown in Fig. 3b provide an opportunity to calcu-
late the values of the rate (time) of the excitation energy
migration between the main compartments of MPSII.

Because of the symmetry of the system, the excita-
tion dynamics in MPSII is characterized by four states
with different localization of excitation: 1) at LhclIb
(Nos. 1, 2, 3, and 5); 2) at CON-protein; 3) at core-com-
plex; 4) at Lhcllb (No. 4). Excitation transport between
identical components is not represented kinetically.

The resulting kinetic scheme of MPSII is shown in
Fig. 5 together with the times of the excitation migration
at 77 K, which were calculated taking into account the
pigment stoichiometry in the complexes. The spectra of
an aggregated preparation of Lhcllb were used in these
calculations. This preparation was characterized by low
amplitude of the F spectrum at 700 nm (Fig. 3b) and flu-
orescence lifetime 1 = 0.1 nsec. This value of the fluores-
cence lifetime was taken to be equal to the time of excita-
tion relaxation in the two types of Lhcll, whereas its error
(£10%) is characteristic of the error of the time calcula-
tion in the scheme shown in Fig. 5.

The calculated time of the excitation relaxation in
core-complex (430 + 43 psec) coincides with the time
determined earlier in the PSII of the cyanobacteria
Synechocystis sp. and A. nidulans (~460 psec) [22]. It
should be noted that this value is the mean integral time
of excitation relaxation in PSII with closed RC (state F,,)
including the time of excitation migration within the
core-complex, time of exciton decay (charge separation)
in RC, recombination time of separated charges in RC,
and time of migration of recombinant exciton in core-
complex.

TETENKIN

One of the three Lhcllb subunits shown in the struc-
tural scheme (the probability of the excitation localiza-
tion in the subunit is 1/3) neighbors with an average of 1.5
CON-proteins containing 8 x 1.5 = 12 Chl a molecules.
The time of excitation transfer from the cluster A7 of the
subunit to CON-proteins is one-third of 26 psec =
~9 psec (Fig. 5). The time t = AR, k%, [Chl a acceptor]) =
tr x (R/3)%/k* x 7/12 allows the mean distance (t; =
21 psec, Table 3) to be calculated. The excitation in
Lhcllb is actually transferred between the long-wave-
length transitions. All these transitions in Lhcllb are
polarized in the plane close to the Lhcllb trimer plane.
Therefore, the averaged variant of migration considered
in this work corresponds to k* = 1.25 and R = 2.94 nm.
The resulting mean distance between the centers of the
exciton clusters of CON-proteins and closest Lhcllb sub-
unit agrees well with the structure shown in Fig. 5.

Both this distance and the time of migration virtually
coincide with the estimates obtained for the subunit in the
Lhcllb trimer. Actually, the LhclIb—CON-protein com-
plexes can be regarded as tetramers. The results of elec-
trophoresis show that such tetramers indeed exist (Fig. 2).

The kinetics of energy migration is described by the
first-order equations. The time values used in this work
to characterize the rate of migration are reverse rate con-
stants. In other words, characteristic time of energy
migration is inversely proportional to the density of the
probability of the excitation hopping between the com-
ponents. This raises the problem of the physical sense of
the characteristic times (e.g., 26-psec migration from
LhclIb to CON-proteins and 14-psec migration in the
reverse direction) (Fig. 5). These values mean that the
concentration of excited states in Lhcllb either expo-
nentially decreases in accordance with the following
equation C, x exp(—?/26) or exponentially increases in
accordance with the following equation C,[1 —
exp(—t/14)] (¢ is time, psec), if these processes are
unique and independent. But the interaction between
these processes would give rise to the situation in which
none of the characteristic times shown in Fig. 5 is mani-
fested individually. Therefore, experimental measure-
ment of these characteristic times in this situation is
impossible in principle.

Absorption of a light quantum induces formation of
an exciton in small clusters of antenna pigments. The
properties of the clusters are determined by their structure
(interaction between pigments). The thermal equilibrium
of the excitation energy distribution between the exciton
energy levels is attained within ~0.1 psec. Within the pro-
tein subunit, the thermal equilibrium is attained within
~1 psec. Both in Lhcllb and in CON-proteins excitation
is concentrated in the stromal regions of the complexes,
where Chl a clusters are localized and exciton migration
from MPSII occurs mainly near the stromal surface of the
membrane. Exciton transfer between the Chl a clusters of
neighboring proteins occurs within ~10 psec.
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The number of Lhcllb per chloroplast MPSII may
vary. Usually, the oxygen-evolving preparations of MPSII
are characterized by the chlorophyll a/b ratio Chl a/Chl
b = ~2. This value corresponds to three Lhcllb trimers
per RC PSII. In other words, the peripheral ellipse of the
Lhcllb trimers shown in Fig. 5 should be broken,
because there are only six of ten trimers. Perhaps, the
trimers 2 and 4 are absent. Both the scheme and charac-
teristic time values shown in Fig. 5 should be subjected to
rather obvious correction to fit the structure of this
MPSII.

If the long-wavelength bands and excitation quench-
ing in Lhcllb are absent, the time of relaxation in Lhcllb
increases from 1 to ~2 nsec (as in the LhclIb trimer). In
contrast to that, the time of migration from Lhcllb to
CON-proteins and to core-complex in this case decreas-
es from 26 to ~20 psec. The changes in the two parame-
ters cause an increase in the quantum yield of the photo-
chemical reactions in MPSII.

At physiological temperatures the thermal equilibri-
um energy values of excited states of all PPC in MPSII
fall within a narrow range (AE = ~70 cm™! << kT =
210 cm™). Therefore, energy migration in this case is vir-
tually equidirectional and probability of localization of
excitation at any MPSII site is proportional to the Chl a
concentration at the site. This property provides high effi-
ciency of the processes of back transfer of excitation from
closed or functionally inactive RC to open RC.

High velocity of exciton movement between Chl a
clusters near the stromal surface of the photosynthetic
membrane is able to compensate the lack of directional
energy migration and places substantial limitation on the
number of elementary acts of energy migration in anten-
na preceding excitation trapping in RC. Cooperative
functioning of four RC in MPSII provides necessary effi-
ciency of energy transformation and trapping.

Preparative electrophoresis was performed by my
late colleague, Prince (April 19, 1951-
October 21, 2000). We will always retain a kind and loving
memory of this wonderful person.
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