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The band structure of low-temperature absorption and Stark spectra of light-harvesting chlorophyll a/b protein complexes 
LHC-II and CP-II is analysed In the red spectral region, the Stark spectrum serves as an Independent experimental reference 
allowing for the resolution of eight bands at 639, 642-3, 649, 656, 662, 665, 671 and 678 nm, consistently with the gausslan 
deconvolutlon of the absorption spectrum Different parts of the Stark spectrum are fitted with combinations of the derivatives 
of either the total absorption spectrum or of individual gausslan components Two electronic transitions at 671 nm and 678 nm 
and two others at 639 nm and 642-3 nm are found to excite, respectively, localized chlorophyll a and chlorophyll b states 
Increased changes m permanent dipole moment, A/~ _= 2 2 Debye umts, corresponding to the transmons at 656 nm and at 665 
nm, and an Increase in polarizablhty -= 70 ,~3 corresponding to the first of them indicate that these transitions originate from 
strong exclton coupling In the violet, the Stark spectra are dominated by the contribution from xanthophylls A value of A/x > 10 
D was estimated for xanthophyll bands at 484 nm and at 511-513 nm The mechanism of the Stark effect m xanthophylls is 
briefly discussed 

Introduction 

The hght-harvestlng pigment-protein complex LHC- 
II is the most abundant chlorophyll a/b pigment-pro- 
tern m higher plants and algae, binding more than half 
of total chlorophylls Recent crystallographic analysis 
of this complex at 6 ,~ resolution [1] revealed its 
structure as a thiner binding 8 molecules of Chl a and 
7 molecules of Chl b in each monomenc  unlt The 
chlorophyll molecules are arranged apparently in two 
layers a n d  lntermolecular distances are in the range 
9-14 A, consistent with the high rate of nonradlatlve 
energy transfer However, the chlorophylls a and b 
were not distinguished from each other, as was also the 
case for the molecules of xanthophylls 

The absorption spectrum of this complex in the red 
part of the visible spectrum is composed of overlapping 
bands grouped around two peaks ascribable to Chl a 
(678 nm) and to Chl b (650 nm) The analysis of 
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fluorescence polarization data and circular dlchrolsm 
spectra of a related complex isolated earlier with SDS 
and called CP-II have led to an approximate model of 
spatial distribution of pigments [2-4] According to this 
model, three molecules of Chl b interact strongly In a 
closely spaced symmetric cluster, whereas Chl a is 
deposited more loosely around it Exclton interactions 
within the Chl b trlmer result in two degenerate strong 
transitions at 652 nm and a weaker band at 665 nm, 
the latter energetically links the Chl b energy donors 
with Chl a acceptors, absorbing at 670 and 677 nm 
Later, new bands were identified and ascribed to Chl 
a-Chl b exclton states [5,6]. Picosecond kinetic studies 
on energy transfer in LHC-II  gave different estimates 
for the transfer time from Chl b to Chl a (6 +_ 4 ps in 
isolated complex [7] and 0 5 _+ 0 2 ps for LHC-II  m sltu 
[8]) Recent measurements revealed the appearance of 
both picosecond and subplcosecond kinetics [9], consis- 
tent with the fast energy transfer between the two 
chlorophyll species, and m agreement with earlier con- 
clusions based on steady-state polarization measure- 
ments [2] 

The early model of pigment organization quoted 
above was originally designed for a pigment system of 3 
Chl a and 3 Chl b, thought to exist In CP-II, actually 
smaller than that established later for LHC-II,  which is 
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known to consist of 15 pigment molecules This model 
is based on a simple exclton theory neglecting the 
possible role of higher excited states and of specific 
Interactions (environmental shifts) in absorption spec- 
tra, which turned out to be very important when the 
problem of band splitting is considered in antenna or 
reaction center pigment-proteins [10-14] The distribu- 
tion of pigments within the complex, although as yet 
approximate, indicates that no pigment clusters can be 
distinguished [1] A recent study on absorption, CD, 
LD and fluorescence polarization [15] points to a rather 
uniform distribution of Chl b among Chl a and to a 
complicated structure of the absorption spectrum 
Thus, the question concerning molecular interactions 
remains very important and should also include the 
possible interactions of chlorophylls with carotenolds 

In this study, we approach these problems by means 
of Stark effect spectroscopy, which has an important 
advantage in that the molecular interactions can be 
revealed by analysing the Stark spectrum with refer- 
ence to the absorption spectrum For a single nonde- 
generate electronic transition in an immobile molecule, 
the Stark effect (l e ,  the absorbance change in the 
external electric field) should be proportional to the 
second derivative of the absorption spectrum The exis- 
tence of higher excited electronic states manifests m 
the admixture of the so-called polarizability term, pro- 
portional to the first derivative of absorption, and the 
general formula describing the Stark spectrum for an 
isolated molecule has the form [16,17] 

(Ap~)2F 2 
AA 10l/~-h2c2 [(3 COS2(~ -- 1) cos2x +2--COS23] D (2) 

AaF 2 
+ ~ D(1) O) 

where 

D ~2)=) ,d2 (A /v  ) D(1)=v d ( A / v )  
dv 2 dv 

and A/~ is the change m permanent  dipole moment on 
electronic excitation, Aa is the polarizability change, F 
is the electric field strength, 8 is the angle between d g  
and the transition dipole moment, and X is the angle 
between P and the electric vector of absorbed light In 
monomerlc Chl a, a small but not negligible first-de- 
rlvatwe term was found to contribute to the Stark 
spectra [18], due to mixing of the Qy transition with Qx 
in the electric field This mixing of electronic states 
leads to a polarlzablhty change Aa of several (2-4)  .~3 
Strong pigment-pigment  interactions in systems with 
overlapping molecular orbltals involve the charge- 
transfer transitions and make the Stark bands stronger, 
this was found to be the case in photosynthetic primary 

donors in bacteria [19-21] and higher plants [22], and 
In chlorophyll dimers [18] Also in the case of exciton 
interactions without orbital overlap, when the elec- 
tronic excitation is shared by several strongly interact- 
lng molecules, theory predicts a strong contribution 
from the first derivative and from the absorption Itself 
(zeroth derwatwe) in the Stark spectrum [23] A variety 
of effects of this kind was found in bacterial light- 
harvesting pigment-proteins [24,25] 

Materials and Methods 

LHC-II (hght-harvestlng chlorophyll a/b protein ot 
Photosystem II) was isolated and purified from rye by 
the method of successive cation precipitation as de- 
scribed previously [26] In order to minimize the cation 
concentration in purified LHC-II, isolates were resus- 
pended and washed three times in 100 mM EDTA (pH 
7 7), at a chlorophyll concentration of 0 1 mg /ml  
Purified LHC-II preparation of at least 95% elec- 
trophoretlc purity was then resuspended in 50 mM 
Trlclne-NaOH, 100 mM sorbitol buffer (pH 7 8), con- 
taming 50% (v/v)  glycerol, and stored at -40°C until 
further use 

The corresponding SDS preparation, called usually 
CP-II, was obtained from 14-day-old bean leaves The 
chloroplast thylakoids were dissociated for 2 mln in 0 3 
M Trls-HC1, 1% SDS and 13% glycerol (pH 8 8), and 
then for 4 mln in analogous solution containing 2% 
sodium deoxycholate instead of SDS Pigment-protein 
complexes were separated electrophoretically in 0 75 
mm polyacrylamide gels according to the procedure 
described earlier [27] CP-II was usually eluted from 
the slab and concentrated in 50 mM Triclne (pH 8 0) 
using an Amlcon cell and then immediately used in the 
experiments In some experiments, slab fragments con- 
talnlng CP-II were used after washing them in 70% 
glycerol /buffer  as described previously [22] 

For recording the spectra at low temperatures, the 
concentration of glycerol in the samples was adjusted 
to 70% (v/v)  The samples were applied to 0 3-ram 
thick cuvettes with conducting glass windows and frozen 
in darkness To avoid any cracks in the sample, which 
is of importance for measuring the electric field in- 
duced absorbance changes, the samples were kept at 
temperatures higher than 77 K 

In all experiments described here, the quadratic 
Stark effect was measured The experimental setup 
used was as described prewously [18,22] 

Results 

Two kinds of sample were used in the experiments 
described below The samples were prepared either by 
adjusting the glycerol content In LHC-II suspension to 
70%, or by first adjusting the Triton concentration to a 
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Flg 1 Absorption and Stark spectra of LHC-II in 50 mM Trlclne, 
100 mM sorbltol, pH 7 8, with 1 mM Triton and 70% (v/v)  glycerol 
Temperature 130 K (A) absorption spectrum (B) Stark spectra at 
X = 90° (continuous line) and X = 54 7 ° (mterrupted hne) Electric 
field strength F = 8 82 10 a V c m -  1 (rms) (C) the second derwatwes 
of absorption spectra at 130 K (continuous hne) and 77 K (inter- 
rupted line) The vertical hnes indicate the positions of relevant 

bands in the spectra 

value exceeding 1 5-2- t imes the critical mlcelle con- 
centratlon and then adding glycerol after 2 -3  mln The 
increased content of  Triton in the sample corresponds 
approximately to the conditions leading to dissociation 
of aggregated form of LHC-I I  into tnmers  [6] Judging 
by the disappearance of weak light scattering, the 
dissociation of large aggregates took place before 
reaching the final Triton concentration No differences 
were noted on such t reatment  of LHC-I I  both in 
absorption and Stark spectra and in the shape of 
fluorescence spectra (not reported here) 

The absorption spectrum of a LHC-I I  sample in the 
region of Qy transitions in chlorophylls is shown in Fig 
1A With the maxima at 677 and at 650 nm and their 
relative intensities, it is quite analogous to the spectra 
found in the hterature [15,28,29] The corresponding 
Stark spectrum recorded with the angle X = 90° (nor- 
mal incidence of the light beam onto the sample) is 
shown in Fig 1B (continuous line) together  with the 
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spectrum recorded with X = 54 7 ° (dashed hne) The 
latter was appropriately scaled with the absorbance 
ratio so as to compensate  for the increase in absorption 
(and thus in AA) on tilting the sample Thus, the 
differences between these two spectra are directly re- 
lated to the values of the angle 6 (cf Eqn 1) which 
may be different for different bands 

The complex shape of Stark spectra should be com- 
pared first of all wlth the second derwatwe of the 
absorption spectrum, represented m Fig 1C The Stark 
bands, revealed as minima or negative shoulders at 
677-8 nm (14760 cm-1) ,  671 nm (14900 cm-1) ,  649 
nm (15410 cm-1) ,  642-3 nm (15560 cm -~) and at 639 
nm (15640 cm -x) have clearly corresponding local 
minima in the second derivative, except for the Stark 
band at 665 nm (15040 cm -1) On the other hand, two 
bands clearly appearing in the absorptton spectrum at 
662 nm (15100 cm - I )  and at 656 nm (15250 cm -~) 
seemingly are not represented in Stark spectra, but this 
inconsistency can be due to their overlap with a large 
bipolar feature centered at 658 nm (15200 cm - l )  All 
relevant bands found in the red part  of the spectrum 
are listed in Table I 

The main feature that makes the Stark spectra dif- 
ferent from the second derivative is the inverse propor- 
tion of Intensities of bands at wavenumbers below 
15 000 c m - i  corresponding mostly to Chl a, and those 
above 15 000 cm -~ originating from Chl b The large 
variability of the proportions between the Stark and 
second derivative spectra along the wavenumber  axis 
indicates that the electronic transitions represented in 
absorption are each characterized by a separate set of 
molecular parameters  determining the lntenstty of the 
corresponding band in the Stark spectrum 

The calculations performed on spectra in different 
spectral ranges show that a good fit of the Stark 
spectrum can be obtained with the linear comblnatton 
of the first and second derivatives of absorption only in 
the long-wavelength region The fit obtained with the 
least squares method in the wavenumber  range 14 000-  
15 000 cm-1 is represented by the interrupted hne in 
the lower part  of Ftg 2, where the points represent  the 
experimental data at normal incidence of light onto the 
sample The coefficients at the derivatives obtained tn 
this way lead to the following values of molecular 
parameters  common to the region of LHC-II  spectrum 
ascribable to Chl a 

A~ = (0 95_+0 1)D 

a~ = (8_+ 2) A 3 

6 = (40+ 6) degrees 

Thus, the most important  parameters  A/z and Aa are 
not very different from those determined previously for 
monomeric  Chl a A/z = 1 D and Aa  ~ (2-4)  .~3 [18] 
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At  wavenumbers  higher  than  15 000 c m -  1 the Stark 
spect rum is domina t ed  by strong signals or iginat ing 
from Chl b The  trials to fit this part  of the spec t rum 
with the derivatives of absorpt ion  spect rum were un-  

successful This ln&cates  that,  due  to the overlap of 
Chl a and  Chl b bands  and  because  of the possible 
complex excitomc na tu re  of electronic t rans i t ions  in- 
volved, different  coefficients must  be used for individ- 

ual bands  The  necessity of individual  t r ea tmen t  of 
different  t rans i t ions  is also evident  from a conspicuous 
d e p e n d e n c e  of the Stark signal at 665 n m  (15040 
cm - l )  on  the angle X (cf Fig 1B) 

In order  to provide more  insight into molecular  
interact ions,  we es t imated rough values of electrooptl-  
cal pa ramete r s  for the eight bands  ( 2 - 9  in Table  I) by 
deconvolut lng  the whole absorpt ion  spect rum into 

gaussmn componen t s  and then  fitting the Stark spec- 
t rum with the l inear  combina t ion  of their  second 

derivatives The  use of gausslan deconvolu t ion  is well 
subs tan tmted  in this case by the fact that  bo th  absorp- 
t ion (l e ,  its second derivative) and  Stark spectra pro- 

vide unambiguous  and  self-consistent  informat ion  con- 
cernIng the set of bands  that  must  be taken into 
account  The  star t ing band  posi t ions for the deconvolu-  
t lon were taken from the exper imenta l  data  as listed in 
the first two columns in Table  I Two addi t ional  small 
bands  were inc luded into the fit to account  for the 
long-wavelength tall in the absorpt ion  spectrum, they 

were not  taken into account  in fur ther  calculat ions 
The  results of the deconvolu t lon  are p resen ted  in Table  
I and  in Fig 3 General ly ,  the resul t ing band  posit ions 
are very similar to those inferred  from exper imental  
data,  and  the band  widths for Qy t ransi t ions agree with 
the widths for isolated chlorophyll  

The  least-squares fit of the Stark spect rum with a 
l inear  combina t ion  of only the second derivatives of 
gausslan bands  2 to 9 is p resen ted  in the upper  part  of 

Fig 2 Al though all bands  resolvable in both absorp- 
t ion and Stark spectra have b e e n  acounted  for, the 
quali ty of the fit is ra ther  poor  A n  essential  improve- 
men t  is ob ta ined  by adding the first derivative of the 
b a n d  at 656 nm (No 5 in Table  I), consistently with the 

TABLE I 

Deconcolutton results 

Band positions as detected in the second derwatwe (D (2)) and Stark spectra of LHC-II, the parameters of lndwldual absorption bands from 
gausslan deconvolutaon, and thetr zip. values 

The bandwldths are one-side 1/e widths n r, band not resolved 

No Band positions Gausslan parameters zip  ̀b 

D (2) Stark max width height ~ (debyes) 
cm- 1 cm- 1 cm 1 cm- 1 
(nm) (nm) (nm) 

1 16100 n r 16100 545 0 101 - 
(621) (621) 

2 15 625 15 635 15 640 173 0 029 1 4-1 9 (1 4) 
(640) (639 5) (639 5) 

3 15528 15565 15570 132 0 074 1 2-1 7 (1 4) 
(644) (642 5) (642 2) 

4 15408 15410 c 15405 136 0 195 0 9-1 3 (1 1) 
(649) (649) (649) 

5 15248 n r d 15245 124 0 137 1 9-2 7 (2 2) 

(656) (656) Aa = 70 ,~ 
6 15100 n r 15100 136 0 134 1 4-2 0 (1 7) 

(662) (662) 
7 n r 15 040 15 035 126 0 109 2 2 

(665) (665) 8 -= 25 ° 
8 14903 14900 14895 107 0 252 1 1-1 5 (1 2) 

(671) (671) (671 3) 
9 14747 14760 14750 113 0 365 0 8-1 1 (0 9) 

(678) (677 5) (678) 
10 n r n r 14600 133 0 054 - 

(685) 
11 n r n r 14397 273 0 023 - 

(695) 

a Refers to the absorbance spectrum m Fig 1A 
b Estimate based on the gausslan deconvolutlon 
c Shoulder 
d Dominated by the first derivative 
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large bipolar feature around th~s wavelength The fit 
obtained m this way ~s presented m the lower part  of 
Fig 2 (continuous hne) and the resulting values of A/x 
and /ta are quoted in the last column m Table I Trmls 
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Fig 3 The results of the gaussmn deconvolutlon of the absorption 
spectrum of LHC-II The parameters of mdwldual components are 
listed in Table I For clarity, only the components enumerated 2-9 m 

Table I are shown m this figure 

to fit the Stark spectrum by including the first deriva- 
tives of other single components  did not result in 
further improvement  and often produced negatwe co- 
efficients at the second derwatwes which is an unrea- 
sonable result (cf Eqn 1) The remaining discrepancy 
at wavenumbers below 14 800 cm-1 could be removed 
by including the weak bands enumerated 10 and 11 in 
Table 1 These two bands were not mcluded into the 
fits because they were not resolved experimentally, and 
their positions and widths are much less certain than 
the parameters  of other bands 

The fitting procedure described above clearly distin- 
guishes two bands One of them, at 656 nm (15250 
cm-1 ,  No 5 in Table I), is characterized by remarkably 
larger A/x and by a large contribution from the first 
derwatwe in the Stark spectrum The other band, at 
665 nm (15 040 cm-1) ,  which is weak and not clearly 
resolvable In the absorption spectrum, ts related to an 
electronic transition accompanied by a larger A/x and 
exhibits a strong dependence of the Stark signal on the 
angle X 

The numbers in the last column in Table I specify 
the range of /l/x values for indwldual spectral compo- 
nents The values of A/x were estimated from Eqn 1 
by assuming X = 90°, whzch is the case for normal 
incidence of light onto the sample, and by taking into 
account the maximum vartablhty range of the factor 
[ 2 - c o s 2 8 ]  (cf Eqn 1) Since most of the observed 
Stark bands, except for the one at 665 nm (15040 
cm-1) ,  exhlbzt only a small mcrease on changing X 
from 90 ° to 54 7 ° (see Fig 1), it was estimated from the 
Stark spectra that the values of the angle 8 fall gener- 
ally wzthln the range 35-45 ° The assumption of 8 = 40 ° 
results in values of A/z quoted in parentheses in the 
last column m Table I We consider them to be the 
most probable estimates of permanent  d~pole moment  
changes accompanying the respective electromc transi- 
tions m LHC-I I  

Data  analogous to those obtained wlth LHC-I I  were 
also recorded for the chlorophyll-protein complex CP- 
II, isolated with the use of SDS The absorption, Stark 
and second derwat,ve spectra are depicted in Fig 4 
Although their shapes are analogous to those for LHC- 
II, they present a weaker resolution of component  
bands In pamcular ,  the cluster of bands between 640 
and 662 nm ~s not resolvable in the absorption spec- 
t rum (see the second derivative in Fig 4C) Also, a new 
weak band seems to appear  at about 660 nm 

Because of the less precise data on the number  and 
pos~t~ons of component  bands m the spectra of CP-II,  
systematic analyses of Stark spectra were not per- 
formed Only m the spectral range 14 000-15 080 cm-1 
were the derlvatwes of absorption spectrum found to 
fit the Stark spectrum with A/x = 0 9 D, Aa ~_ (7-10) 
03 

A ,  and 6 ~- 40 °, in analogy with what has been found 
for LHC-I I  
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In the higher-energy region 17000-25000 c m - t ,  the 
absorption spectrum of LHC-I I  (Fig 5A) consists of 
bands originating from Chl a (435 nm, 22960 cm-1)  
and Chl b (474 nm, 21090 cm -~) with a clear shoulder 
from xanthophylls at 484 nm (20 660 c m -  1) Two weaker 
shoulders can be detected around 494 nm (20 220 c m -  ~) 
and 511 nm (19580 cm-~),  as indicated by the minima 
m the second derivative m Fig 5C The Stark spectrum 
m Fig 5B has several mlmma generally coincident with 
the minima in the second derivative Th~s ~mplles a 
substantial contribution from A/x-based mechanism for 
the Stark effect in xanthophylls Assuming Ate = 0, we 
can estimate the angle ~ between A/x and the elec- 
t romc trans~tion moment  as equal to 16 ° for the band 
at 511 nm (513 nm m the second derwatwe) and about 
20-25 ° for the one at 484 nm (20 660 c m - t )  A value of 
A/x = 8 D can be estimated for the band at 484 nm 
&rectly from the data in Fig 5B and C Apphcat ion of 
gaussian deconvolut~on procedure allows to approxi- 
mately estimate the A/x's for both bands at 484 nm and 
at 511 nm (19580 cm - t )  as being at least 10 D 
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Fig 4 Absorption and Stark spectra of CP-II m 50 mM Tncme 
buffer, (pH 8 0), with 70% (v/v)  glycerol Temperature 142 K (A) 
Absorption spectrum (B) Stark spectra at X = 90° (continuous line) 
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The appearance of strong Stark bands from xantho- 
phylls m the range 18000-20000  cm -1 suggests that 
also at higher wavenumbers the Stark spectrum is 
dominated by the signals originating from xanthophylls 
Indeed, almost all prominent extrema exhibit a urn- 
form dependence on the angle X Only one exception 
can be noted at 21090 cm-1,  i e m the maximum of 
Chl b absorption, where the angular dependence of 
Stark signals appears to be inverse The weakening of 
the negative signal with the decrease of X implies that 
the Stark effect within this band has a slgmflcant 
contribution from the change in permanent dipole mo- 
ment oriented at an angle ~ > 54 7 ° relatwe to the 
transition moment In the case of Chl a band at 
~ 2 3 0 0 0  cm -1, no clear conclusion concerning the 
mechanism of the Stark effect can be drawn because of 
weaker signals and increased noise in this region 

Discussion 

The comparison of A/X for chlorophylls m pigment- 
protein and m nonpolar  solvent would require the local 
field factor f ,  defined as f = F/Fm.cr o, to be taken into 



account, since only the product  f A# is obtained from 
experiment An analysis based on expressions for the 
local field factor [30] shows that the correction factor 
relatmg A/x measured here with that  found for chloro- 
phylls in frozen nonpolar  solvents hes in the range 
f = 1 07-1 16, and thus its effects are below the experi- 
mental  accuracy 

For two of the eight indwidual absorption bands 
considered, at 678 nm (14760 cm -1) and 671 nm 
(14 900 c m - i ) ,  the values of A/z est imated from the fits 
of the Stark spectrum by either the derwatwes of total 
absorption or of gausslan components,  are in the range 
1 + 0 2 D, which is close to A/x for monomerlc  Chl a 
[18] Moreover,  the absorption bands at 678 and 671 
nm originate from Chl a molecules that can be consid- 
ered as only weakly coupled to the other ones by 
t ransmon dipole interaction If  the presence of higher 
excited states is neglected, which is the usual assump- 
tion in the weak coupling limit, then the wavefunction 
of the system of interacting molecules can be written as 
a linear combination of product  wavefunctlons, each 
representing a state with one excited molecule 

~k =ECk, X,, X, = ~ b° $0  <#~ 4)0 (2) 
t 

where 4)° m and 4) 1 are the ground and the first excited 
state of ruth molecule, and the set of coefficients Ck, iS 
different for each exo ton  state ' k '  In such a case, the 
change in permanent  d~pole moment  of the system, 
accompanying the k th  exciton transition, is 

( a g ) k  = ] ~ ( c k , )  2 a g ,  (3) 
t 

Since ~,(Ckt) 2= 1, it follows from Eqn 3 that for a 
system of identical molecules with differently oriented 
A~ vectors, the resultant value of the vector ( A ~ )  k 
shall be not larger than the value of permanent  dipole 
change A/z, of  an individual molecule Also, the angle 
6 for an exclton transition can be quite different from 
its 'monomer ic '  value Thus, the fact that the perma-  
nent dipole moment  changes accompanying electronic 
transitions at 678 nm (14 760 c m - i )  and 671 nm (14 900 
cm-1)  are quite similar to the values characteristic for 
monomerlc  Chl a, points strongly to the localized 
nature of corresponding excited states These states 
are characterized by a set of  expansion coefficients Ck, , 
of which only one is near  unity and the remaining ones 
are nearly zero The highly localized character  of elec- 
tronic excitations corresponding to the absorption of 
Chl a at 678 and 671 nm suggests that the main factor 
determining the red shift in these spectral forms is the 
specific physlcochemlcal interaction of Chl a molecules 
with the surrounding medium rather  than the exciton 
splitting 

The CD spectra of LHC-I I  and CP-II  are slgnlfi- 
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cantly different, generally, the intensity of CD signals 
m the region of Chl a absorption is much smaller in 
CP-II  [3,4] than in LHC-I I  [6,15] However, there are 
no such differences in both absorption and Stark spec- 
tra of these preparaUons except for some loss of  spec- 
tral resolution, possibly related to increased spectral 
lnhomogenelty in CP-II  Taken together this means 
that CD signal at 670-690 nm arises from mteractlons 
of Chl a molecules weak enough so as not to change 
the positions of absorption bands or their electrooptl- 
cal characteristics At the level of experimental  accu- 
racy attained in this study, we cannot find the evidence 
for a strong coupling of Chl a absorbing at 671-672 nm 
with higher-energy states, as suggested in Ref  5 

The above arguments emergmg from exclton theory 
can be apphed also to the other two Stark bands at 639 
nm (15 640 cm -1) and 642-3 nm (15 560 cm-1) ,  which, 
judging by their positions m the spectrum, are ascrib- 
able to Chl b The appearance of a composite band 
structure at 640-645 nm was not revealed m absorp- 
tion spectra [28,29] and was recently postulated on the 
basis of differences in CD and LD spectral features in 
this region [15] The values of dipole moment  changes, 
A/z = 1 4-1  6 D, typical for monomeric  Chl b (Kraw- 
czyk, S ,  unpubhshed results), point to 'monomerlc ' ,  i e 
essentially locahzed, character of electronic transitions 
underlying these overlapping absorption bands 

The prominent  absorption band at 649 nm (15410 
c m - i )  is represented in the Stark spectrum by only a 
weak feature appearing as a shoulder at the same 
wavelength (Fig 1) Also, the other band at 662 nm 
(15100 cm-1) ,  clearly resolvable in the absorption 
spectrum (see the second derivative in Fig 1C) is not 
seen, apparently because of its overlap with the strong 
bipolar feature centered at 656-8 nm (15 240 cm -1) 
Although the curve fitting procedure used here gives 
qmte reasonable values of A/z for these two bands (1 1 
and 1 7 D, respectively), the reliability of these results 
is uncertain due to the weakness and overlap of corre- 
sponding bands in the Stark spectrum, and we cannot 
ascribe a particular sigmflcance to them 

The remaining two electronic transitions giving rise 
to absorption bands at 656 nm (15240 cm - i )  and at 
665 nm (15040 cm - l )  are both characterized by an 
increased change in permanent  dipole moment ,  about 
2 2 D Additionally, a large increase in polarizability, 

0 3 
Aa = 70 A ,  accompanies the first transition, while for 
the second one the vector A/x is directed close to the 
transition moment  The effective values of A/z exceed- 
lng 2 D and thus larger than those for monomeric  Chl 
a or Chl b, and other untypical characteristics, indicate 
that the assumptions underlying Eqn 2 are inapplica- 
ble, and the exclton interaction resulting in these elec- 
tronic transitions is as strong as to mix other electronic 
states (ground and higher excited) to the electronic 
wavefunction of the excited state In such a case, 
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theory predicts a sigmficant admixture of the first- and, 
possibly, zeroth-derivatwe terms into the Stark spec- 
trum [23] Due to the hmltatlon imposed by the overlap 
of indw~dual bands m both absorption and Stark spec- 
tra, it is rather  difficult to rehably assess the possible 
polanzablhty contribution to the Stark band at 665 nm 
For the same reason the estimates of alz 's  for both 
these t ransmons shall not be regarded as to represent-  
ing their close values but, together  with other  pecuharl- 
ties mentioned above, are rather  a sem~quantltattve 
indication of exc~ton interaction strong enough to dis- 
tort the distribution of electromc charge m molecules 
involved Our  conclusion that these effectwe values of 
A/z and Aa are related to interactions of the exoton  
type, and not to more speofic  physlcochemlcal interac- 
tions with, e g ,  protein, is supported by the appearance  
of a strong band around 650 nm m CD spectra of both 
LHC-I I  [6,15] and CP-II  [3,4] The persistence of this 
exc~ton feature points to the locahzatxon of responsible 
molecular structure (Chl b) m the protein core 

The tnmer lc  exoton  model [2-4] postulates the exxs- 
tence of two energy levels resultmg from strong cou- 
pling between three Chl b molecules one doubly de- 
generate,  exotable  at 652 nm, and the other one which 
is weaker, at 665 nm The large polanzablhty change 
accompanymg the 656 nm t ransmon can be lndlcatwe 
of its degeneracy m terms of the t r lmenc exclton 
model Th~s electromc state ~s thought to act as an 
acceptor of excitation energy from Chl b, and the 
second one, at 665 nm, to transfer the energy to Chl a 
A recent kinetic study [8] confirmed the requirement  
for a strong couphng between the state excited at 
---650 nm and some other state of lower energy and 

w~th improved overlap with Chl a Our  data confirm 
the exastence of such excited states corresponding to 
absorption bands at 656 and 665 nm, resulting from 
strong exciton couphng m a Chl b cluster and energeti- 
cally hnklng the mainly localized electromc states of 
Chl b excitable at shorter wavelengths with those of 
Chl a m the long-wavelength part  of the LHC-I I  spec- 
trum This link is probably responstble for the sub-pi- 
cosecond rates of energy transfer from Chl b excited at 
650 nm to Chl a absorbing at = 670 nm and longer 
wavelengths [8,9], otherwise difficult to reconcde with 
the weak-couphng Forster theory [8] 

As was pointed out m the preceding section, the 
overall picture in the blue part  of the spectrum sug- 
gests that the contributions from both chlorophylls to 
AA are rather  mslgmficant, and the Stark spectrum is 
dominated by signals originating from xanthophylls 
Despite of the complexaty of the overall spectrum, the 
mechamsm of the Stark effect based on the change in 
permanent  dipole moment  can be safely ascribed to 
the electronic transitions m xanthophyll at 484 nm 
(20660 cm - I )  and to the one at 511-513 nm (--- 19580 
c m - I ) ,  corresponding to d/~ _> 10 D The spacing of 

these bands, about 1100-1150 cm -1, indicates that 
both these bands can be attributed to the same xantho- 
phyll species The Stark signal originating from the 
other xanthophyll and corresponding to the shoulder in 
absorption at 494 nm (20220 cm -1) is much weaker, 
and thus no clear mechanism can be indicated for it 
Generally, the findings indicating a substantial mcrease 
of permanent  dipole moment  in some xanthophyll 
species in LHC-I I  are analogous to what has been 
observed for carotenoids in bacterial antenna com- 
plexes [25] 

The xanthophyll content of LHC-I I  is labile and is 
known to include lutein, neoxanthin and vlolaxanthin 
m the total number  of about three [31] to five [32] 
xanthophylls per  15 chlorophylls In a monomenc  unit 
[33] The assignment of absorption bands to particular 
xanthophylls has not yet been done In solvents of 
different polarity, the redmost maxima of absorption 
are positioned at 472-476 nm for lutein, 464-468 nm 
for neoxanthln and at 468-471 nm for violaxanthin 
[34] Of  these three xanthophylls only neoxanthin has 
an asymmetric molecular structure, which may be re- 
sponsible for a change in permanent  dipole on elec- 
tronic excitation The studies of the Stark effect in 
lutein [35] showed no appreciable contribution from 
permanent  dipole Thus, the value of A/z > 10 D for 
xanthophyll band at 511-513 nm and ItS strongly red- 
shifted position might be attributed to neoxanthm 
However, neoxanthm is present  only m a small propor- 
tion to lutein and violaxanthln [31,32,34] On the other 
hand, the long polyenlc chains are highly polarizable 
[35,36] and thus an internal permanent  electric field m 
the protein may also be operatwe m lnduong signifi- 
cant dipole moment  in the symmetric xanthophylls 
The lack of band assignments to particular xantho- 
phylls makes a defimtwe explanation difficult at pre- 
sent 

In conclusion, our results are the first to confirm 
directly the strong exoton  couphng in a set of a few 
(two or three) molecules of Chl b, which gwes rise to 
electromc states considered to hnk the higher-energy 
excited states m Chl b w~th the lower-energy states in 
Chl a, as postulated in the early exciton model of 
CP-II  and LHC-I I  They point also to significant modi- 
fications in the electromc structure of xanthophylls 
bound to LHC-I I  
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