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Quadratic Stark effect was measured in the red and near infrared spectral regions for Photosystem I particles devoid of most 
antenna pigments, with the chlorophyll/P700 ratio of 11 Stark spectra of reduced primary electron donor exhibit a strong band 
at 701 nm, corresponding to a change m permanent dipole moment Ap` = 5-5 3 D When the primary donor is oxidized, two 
other bands appear at 807 nm and at 687 nm with zip. equal to 5 15 D and ~ 1 75 D, respectwely They are assigned to 
electronic transitions m chlorophyll cation and m neutral Chl molecule constituting the oxidized primary electron donor In 
addmon, two other features at =- 688 nm and around 670 nm were revealed, which are sensmve to the oxidation state of the 
primary donor They are tentatwely attributed to the primary electron acceptor A 0 and to an accessory chlorophyll a in the 
reaction center of Photosystem I Exc~ton couphng and induced d~pole moments are indicated as the sources of the effects 
observed 

Introduction 

T h e  p r imary  e l ec t ron  d o n o r  in the  r eac t ion  cen t e r  of  
Pho tosys t em I, P700, is a Chl a d l m e r  possess ing  the  
ma in  abso rp t ion  b a n d  at  a r o u n d  700 nm [1-4]  Its 
mo lecu l a r  conf igura t ion  is supposed ly  s imi lar  to tha t  o f  
the  p r ima ry  d o n o r  in bac t e rml  r eac t ton  cen te r s  [5,6] 
The  chemica l  na tu r e  of  the  p r ima ry  e lec t ron  accep to r  
and  ~ts spec t ra l  p r o p e r t i e s  were  con t roversml  untd ,  
severa l  years  ago,  it was e s t a b h s h e d  to be  a Chl a 
m o n o m e r  absorb ing  at  690 nm [7-9]  

T h e  spec t roscop ic  and b iochemica l  ev idence  po in ts  
to a s t ruc tura l  s~mdanty  be tween  the  r eac t ion  cen te r  
core  on the  accep to r  s ide m P S I  to tha t  in p u r p l e  
bac t e r i a  [10] In  bac te r i a ,  the  p r imary  e l ec t ron  d o n o r  is 
a b a c t e n o c h l o r o p h y l l  d l m e r  ass is ted  by two accessory  
BChls  

In  a r ecen t  work  [11], it was shown by m e a n s  of  
S ta rk  spec t roscopy  of  p i g m e n t - p r o t e i n  complex  CP-I  
tha t  the  Chl a molecu les  cons t i tu t ing  the  p r imary  
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e l ec t ron  donor ,  P700, a re  a r r a n g e d  suff iciently close to 
each  o the r  to al low for o rb i ta l  over lap ,  which mamfes t s  
m the  pa r tml  cha rge - t r ans fe r  cha rac t e r  of  e lec t rontc  
exci ta t ion  However ,  any conclus ions  conce rn ing  o the r  
c o m p o n e n t s  of  the  reac t ton  cen te r  core  were  difficult  
to reach  be c a use  of  the  p re sence  of  a n t e n n a  chloro-  
phylls  ( C h l / P 7 0 0  ra t io  was abou t  37) 

In the  p r e se n t  work,  S ta rk  effect  spec t roscopy  ~s 
employed  to assess mo lecu l a r  in te rac t ions  in the  core  
of  P S I  r eac t ion  cen t e r  This  t e c h m q u e  is based  essen-  
trolly on in t roduc ing  an ex te rna l  p e r t u r b a t i o n  to elec- 
t ronic  energy  levels by the  a p p h e d  e lec t r ic  f ield Us ing  
th~s t echn ique  to s tudy the  P700 -e nnc he d  par t ic les ,  we 
d e t e r m i n e  the  change  m p e r m a n e n t  d tpo le  m o m e n t  of  
P700 on e l ec t romc  exci ta t ion,  and  analyse  the  effect  of  
oxadatlon of  the  p r imary  e lec t ron  donor  on the  nelgh-  
b o u r m g  Chl molecu les  T h e  resul ts  o b t a i n e d  al low for 
the  ass ignment  of  some bands  m abso rp t ion  and S ta rk  
spec t ra  to the  s t ruc tura l  and  func t iona l  umts  m PS I 
r eac t ion  cen te r ,  inc luding  the  p r imary  e lec t ron  donor ,  
the  p r imary  accep to r  and  accessory  chlorophyl l  

Materials and Methods 

Pho tosys t em I pa r t i c les  were  p r e p a r e d  f rom spmach  
ch lorop las t s  and,  a f te r  lyophdlza t ton ,  were  ex t rac ted  
with dle thyl  e the r  par t i a l ly  s a t u r a t e d  with wa te r  ac- 
cord ing  to p r o c e d u r e s  desc r ibed  previously  [4,12,13] 



They were resolublllzed in 10 mM phosphate  buffer 
(pH 8 0) containing 0 4% Triton X-100 Their  Chl /P700 
ratio was 11 

Oxidized samples were prepared  by adding potas- 
sium ferrlcyanlde to the particle suspension to a con- 
centration of ---- 1 mM After  mLxing, they were incu- 
bated for 2 mm in an Ice-bath In white light from a 
tungsten lamp (power density 3 5 m W / c m  2 for A < 750 
nm) Glycerol was then added up to 70% (v /v)  to- 
gether with the oxidant, the final concentration of 
which was 0 9 mM The samples were frozen in red 
light from the instrument 's  monochromator  with fully 
open slits 

Samples with reduced P700 were prepared  by adding 
5-90 mM sodium ascorbate and 0 1 mM DCIP, fol- 
lowed by 5 mln incubation in the dark at 2°C After  
adding glycerol and adjusting the concentration of the 
redox agents, they were kept at 2°C for different time 
periods, up to 45  h All operations with reduced 
particles were performed in dim hght and they were 
frozen In darkness 

The instrument used and the method of recording 
the quadratic Stark effect were as described previously 
[11,14] 

The changes in permanent  dipole moment ,  A/z, and 
in polarlzabihty, Aa, accompanying an electronic tran- 
sition, and the values of the angle 6 between A/z and 
the electronic transition dipole moment  were calcu- 
lated from the formula [15,16] 

( A p , ) 2 F  2 d2(A/v)  
AA 1 0 ! / ~ - ( h c )  2 ( ( 3  c o s 2 ~  - 1) c o s 2 )  + 2 - c o s 2 t ~ )  v d v  2 

Aa d ( A / v )  
+ - -  F 2 (1 )  

2v/2hc dv 

where F is the electric field strength (rms), v is the 
wavenumber,  and X is the angle between F and the 
electric vector of  light 

The method of estimation of the angle 6 for an 
electronic transition represented in the Stark spectrum 
by a distinct negative band was based on plotting the 
ratio A A ( x ) / A A ( x  = 90 °) vs cos2x [17] AA(X) was 
determined by rotating the sample around the vertical 
axas in a linearly polarized light beam with horizontally 
oriented electric vector The angle X was calculated 
from the refraction law 

The gaussian deconvolutlon of absorption spectra 
was performed by fitting them with the sum of individ- 
ual bands assumed in the form 

A(v) = G e x p [  - ( ( v  - Vo)/S) 2] (2 )  

Results 

The quadratic Stark effect was measured for sam- 
ples with either reduced or oxidized primary electron 
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donor, P700 Each scan extended into near  infrared up 
to 10000 cm - i  Since no remarkable  features were 
noted at wavenumbers below 11500 cm-1,  the spectra 
are displayed so as to provide insight within the rele- 
vant spectral range 

Reduced primary electron donor 
Prolonged exposure of reduced samples to the 

measuring light beam led to slow conversion of P700 to 
the oxidized form Thus, only the first few scans 
recorded with hght of lower intensity and with no signs 
of changes appearing later on Illumination were aver- 
aged and taken to represent  the absorption and Stark 
spectra of reduced samples 

The absorption and Stark spectra of samples with 
reduced P700 are shown in Fig 1 In the red, the Stark 
spectrum exhibits two negatwe bands at 701 nm (14 265 
cm -1) and at 683 nm (14635 cm - I )  The band at 701 
nm disappears on oxidation of P700 By comparison 
with data obtained previously for the CP-I complex [11] 
it can be ascribed to P700 with certainty 

The negatwe band at 683 nm also disappears on 
oxidation of P700 The position of its minimum at 683 
nm indicates that it rather  should not be attributed to 
residual P700 ÷ in reduced samples, since the latter 
gives rise to Stark signal with minimum at 687 nm 
(14560 cm -1, see below) 

The interrupted line in Fig 1B approximates the 
contribution from antenna pigments, calculated from 
Eqn 1 with the first and second derwatives of the 
absorption spectrum The values of A/z = 1 D and 
Aa = 5 .~3 were assumed for Chl a in this calculation 
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Fig 1 Absorption and Stark spectra of  P700-ennched particles in 
70% glycerol in the presence of  9! mM sodmm ascorhale and 0 1 
mM DCIP Temperature 130 K (A) Absorption spectrum (B) Stark 
spectrum recorded at normal incidence with the electric field strength 
F = 8 78 104 V cm- 1 (continuous hne), and the spectrum calculated 

f r o m  E q n  l w i t h  A/~ = 1 D ,  Aa = 5 ~ 3 ,  ~ = 4 0  ° ( d a s h e d  l i n e )  
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according to the findings for monomerlc  Chl a [14] and 
following the previous work on CP-I [11], and the angle 
6 was assumed to be equal to 40 °, similar to that 
estimated for the weakly coupled Chl a in the antenna 
complex LHC-I I  [18] As can be seen, the negatwe 
Stark band at 683 nm (14630 cm -1) is very similar to 
the mlmmum at the same position that should result 
from antenna Chl, and thus can be ascribed partly to 
antenna pigments that contribute to the Stark spec- 
trum mainly as monomerlc  chlorophylls However, the 
strong band of P700 of presumably second-derlvatwe 
shape could be expected to have a flat positive shoul- 
der on the short-wavelength side, and thus it is possible 
that the mmlmum at 683 nm and the abnormally large 
positive peak at 691 nm (14470 cm -1) result from the 
superposltion of the P700 band with a first-derwatwe 
shaped (bipolar) feature centered at 687-8 nm (14 540 
cm -1) The assumption of a hypothetical band cen- 
tered at 687-8 nm leads to a quite reasonable value of 
its bandwidth, s = 106 cm-1 Additionally, the overlap 
of a strong posltwe feature at 691 nm with the negatwe 
part  of the P700 Stark band can at least partly account 
for the red-shifted position of the center of the latter 
band (700-701 nm) relatwe to the P700 absorption 
(697 nm) and for its higher slope on the hlgh-wavenum- 
ber side Further  interpretation and assignment of this 
Stark feature ts presented in Discussion 

In order to provide more direct insight into the 
effects observed, we calculated the difference between 
the observed Stark spectra and those which can be 
expected if all Chl molecules are nonlnteractmg 
monomers  The results of subtraction are shown in Fig 
2, with the dashed lme representing particles with 
reduced P700 

At wavelength about 670 nm (14750 cm-~),  the 
signs of the Stark signals and of A A calculated for 
antenna pigments are opposite (Fig 1B) This results 
in the appreciable feature in the difference spectrum 
in Fig 2 suggesting that the Stark effect in this spectral 
range does not originate from weakly interacting an- 
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Fig 2 Difference Stark spectra for reduced (dashed line) and 
ora&zed (continuous line) particles, resulting from subtraction of 
calculated Stark spectra from experimentally recorded ones shown in 

Figs 1B and 3B 
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Flg 3 Absorption and Stark spectra of P700-enrlched particles in 
70% glycerol m the presence of 0 9 mM potassium ferncyamde 
Temperature 130 K (A) Absorption spectrum (B) Stark spectrum 
recorded at normal incidence with the electric field strength F = 
8 78 10 4 W c m  -1  (continuous hne), and the spectrum calculated 

from Eqn 1 with Alz = 1 D, Act = 5 ,~3, and (5 = 40 ° (dashed hne) 

tenna Chl which could be considered as 'monomenc ' ,  
but from a Chl with per turbed electronic states 

Thus, the analysis of the Stark spectrum of P700-en- 
rlched particles with the primary electron donor in the 
reduced state indicates that, besides the strong band of 
approximately second-derwatlve shape generated by 
the primary donor at 701 nm, two other bands at 687-8 
nm and at 669 nm can be revealed, which contrtbute to 
the Stark spectrum tn a more complicated manner  

Oxtdtzed primary electron donor 
The absorption and Stark spectra of oxl&zed sam- 

ples are shown in Fig 3 They are significantly differ- 
ent from those obtained for reduced particles The 
strong band at 701 nm disappears completely and is 
replaced by a narrow band at 687 nm (14560 cm -1) 
Also, three weaker  bands at 806-7 nm (12400 c m - l ) ,  
671 nm (14900 cm -1) and 635-6 nm (15725 cm -1) 
appear,  which were absent in the spectra of reduced 
particles This indicates that the strong signals recorded 
with both reduced and OXl&zed samples originate 
mainly from molecules located in the core of the PS I 
reaction center and sensitive to the redox state of 
P700 

The band at 807 nm (12400 cm -~) has a symmetric 
second-derwatlve shape and is related to the weak 
absorption band of P700 ÷ which appears  when the 
reaction center of  P S I  is oxidized chemically or photo- 
chemically [20,21] The appearance of respective ab- 
sorption band at this wavelength is evtdenced by differ- 
ence spectra Aox d --Ared, presented in Fig 4, for sam- 
ples at normal and low temperatures  The shapes of 
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Fig 4 Difference absorption spectra (oxidized minus reduced) of  
P700-ennched particles at room temperature  (dashed hne) and at 
130 K (continuous line) Room- tempera tu re  spect rum was normal- 
lzed so as to facilitate comparison It was recorded with a diluted 
sample in 10 mM phosphate  buffer  and 0 4% Triton X-100 The  
low-temperature spect rum is the difference of absorption spectra 

shown In Figs 1A and 3A 

both difference spectra are similar except for an effect 
of band sharpening at low tempera ture  Their  compari-  
son shows that the wide absorption band with the 
maximum around 815-820 nm (---12240 cm -1) be- 
comes narrower at low tempera ture  and exhibits a 
quite remarkable  maximum at 807 nm (---- 12 390 c m - i ) ,  
coincident with the minimum in the Stark spectrum of 
oxidized particles in Fig 3B 

The appearance  of a new band In Stark spectrum at 
687 nm (14 560 cm-1)  clearly corresponds to changes in 
absorption spectra which occur at the same wavelength 
on oxidation of P700 Difference spectra Aox d - A r e  d in 
Fig 4 indlcate that the feature at 687 nm (14 560 c m - l )  
which remains negatwe at room tempera ture  (cf also 
Refs 4 and 19) becomes positwe at low temperature ,  
thus indicating the appearance  of a new absorption 
band at th~s position It corresponds to an electronic 
transition with d~pole strength approximately equal to 
that for the Qy band in m onom enc  Chl a and is 
ascribable to P700 + [4] 
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In the shorter wavelength region, the similarity of  
the observed Stark spectrum and the calculated one 
(expected for virtually unper turbed Chls) in Fig 3B 
indicates that the negative band at 671 nm (14900 
cm -1) can be ascribed to antenna Chl The features 
remaining after the subtraction of the calculated spec- 
trum, shown in Fig 2, are too small to ascribe them a 
particular mechanism of the Stark effect Nevertheless, 
the changes appearing in the range 14 900-15 300 cm-1 
on oxidation of P700 indicate that some electronic 
transition(s) in this spectral region are sensitive to the 
oxidation state of P700 Also, the small negative band 
at 636 nm (15725 cm -~) repeatedly observed in the 
Stark spectra of oxidized particles (Figs 2 and 3B) has 
no counterpart  m the Stark spectra of reduced parti- 
cles, nor it can be ascribed to antenna Chl Thus, it will 
be considered as originating from some Chl molecule 
per turbed by P700 ÷ The position of this minimum at 
636 nm in the Stark spectrum suggests its assignment 
to the Qx transition m Chl a The studies based on 
resonance Raman  [22], absorption and Stark spec- 
troscopy [14] have shown that the Qx (0-0)  transition 
in Chl a is spaced from Qy (0-0)  by 1150 cm -1 in 
pentacoordlnated chlorophyll and overlaps with the 
long-wavelength slope of the Qy (0-1)  band Since the 
Stark band at 636 nm appears  only on oxidation of the 
primary donor and its spacing from the 687 nm band is 
about 1150 cm-1,  it can be related to the Qx transition 
in the neutral Chl molecule, the Q> transition of which 
is at 687 nm (P700 +) 

Calculatton of dtpole moment changes 
The angular dependence of the ratio AA(x)/  

~IA(90 °) for the relevant Stark bands is presented in 
Fig 5 and the values of the angle (5 are quoted m the 
last column in Table I The data plotted in Fig 5 
represent  the mmlma in the Stark spectra, where the 

TABLE I 

Summary of parameters of tndlvtdual absorptton bands relevant for Stark spectra 

Band position Intensity b s, the 1 / e  width 
c m -  1 (nm) (absorbance ( c m -  i) a 

units) 
( c m -  1) b ( c m -  t) c 

za/x (D) 8 
(deg) 

14350 0 074 2 1 3 - 2 2 2  201 212 5 0 - 5  3 44 
(697) (P700) 245 d 
14560 0 069 127 117 135 1 75 60 
(687) (P700 + ) 
12390 0 0056 - - 365 5 15 36 
(807) 
14900 0 167 (red) 1 6 6 - 1 7 0  176 - 190 177 - 30 
(671) 0 161 (oxd) 

a Gausslan deconvolutlon, Ikegaml and Itoh [4] 
b Gausslan deconvolutlon, this work Band in tensmes  refer to absorption speetra shown in Figs 5 and 6 
c This work, data obtained from the spacmg of zero-crossing points m Stark spectra 
d This bandwidth was est imated by taking the spacing between the center  of  Stark band and the zero-crossing point to the red 
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Fig 5 The angular dependence of the intensity of relevant Stark 
bands, measured at the wavelengths indicated X is the angle be- 
tween the vector of the apphed electric field and the electric vector 

of light m the measuring beam 

second term in Eqn 1, proportional to the first deriva- 
tive, should be negligible However, unhke Eqn 1, 
which is apphcable to isolated molecules, calculations 
of band shifts and Intensity changes for model systems 
of excitonically coupled molecules (Krawczyk, S ,  un- 
pubhshed data) indicate that there may appear non- 
negligible zeroth- and first-derivative terms which de- 
pend on the angle X, like the second-derivative term in 
Eqn 1 Thus, the linear relations in Fig 5 cannot solely 
be considered to be indicative of a particular mecha- 
nism of the Stark effect Nevertheless, judging by the 
band shapes in Fig 2, two of the three most relevant 
Stark bands, at 807 and 687 nm, seem to fully conform 
to the A/z-based mechanism, some level of uncertainty 
remains with respect to the P700 band at 701 nm due 
to the presence of the atypical feature on its short- 
wavelength side 

In the absence of precise absorption band shapes of 
individual electronic transitions in P700-ennched parti- 
cles, the estimates of A/z must rely on the approximate 
knowledge provided by gausslan analysis of the whole 
absorption spectrum Such analysis was performed in a 
previous work [4] To provtde an independent set of 
data adequate for the P700-enriched particles used in 
this study, the deconvolutlons were performed again 
with the starting values for peak positions and widths 
taken from the previous work [4] Their results are 
given in Table I for several relevant bands and the 
overall fits are presented m Figs 6 and 7 The gaussian 
components that fit the absorption spectra of both the 
reduced and oxadized particles are quite analogous to 
those obtained with particles slightly more enriched in 
P700 with a Chl /P700 ratio of 10 [4] 

To obtain A/z for a given electronic transition from 
Stark data, the second derivatives in the center of 
respective absorption band can be calculated using 

700 ,~. ( n m )  650 
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Fig 6 The gausslan components and the resulting fit of the absorp- 
tion spectrum of P700-ennched particles with P700 in the reduced 
state For clarity, one wide component at 15 925 cm- 1 (628 nm), with 

w = 815 cm- ], is omitted m this figure 

Eqn 2 with appropriate band parameters The band- 
widths can be also determined independently of the 
gaussmn fits, from the spacing, in cm-1, of the zero- 
crossing points in the Stark spectra The widths deter- 
mined m th~s way are quoted in Table I together with 
those obtained from gausslan deconvolutlon As can be 
seen, the bandwidths determined from the gausslan 
deconvolut~on agree well with the values obtained from 
Stark spectra under the assumption that the Stark 
bands are of the second-derivative shape Also, the 
band positions determined by the deconvolution coin- 
cide wtth the mlmma In Stark spectra with deviations 
much less than the band halfwidth 

For reduced P700, it is possible to estimate the 
change in permanent d~pole moment solely from exper- 
imental data by taking the gausslan amplitude directly 
from the difference spectra Aox d - A r e  d (Fig 4) and by 
assuming that the change m permanent dipole moment 
dominates in the electrochromIsm of P700 The mean 
experimental bandwidth ( l / e )  is 245 cm -]  (Table I) 
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Fig 7 The gausslan components and fit of the absorption spectrum 
of P700-enr]ched particles with oTadlzed primary electron donor 
One wide component at 15 875 cm-~ (630 nm) with w = 750 cm ~s 

omitted, as in Fig 6 



Under  these assumptions we obtain for P700 (A~)P700 
= 5 0 -5  3 Debye units 

If  a pure first-derivative shape is assumed for the 
bipolar feature at 683-691 nm in the Stark spectrum of 
reduced particles (Fig 1B), then a value of A a  can be 
calculated assuming a gausslan shape for the corre- 
sponding absorption band centered at 687-688 nm Aa 
estimated from the minimum and maxamum values of 
AA and from their spacing, s --- 120 cm -1, is between 
30 and 40 ,~3 Since a second-derivative contribution 
can also be expected for this feature in Stark spectrum, 
this value should be considered as an upper  limit for 
a a  

The value of A/z estimated for the band at 687 nm 
(P700+) of apparently second-derivative shape (cf Fig 
2) with the mean bandwidth s = 126 c m -  1 (cf Table I), 
is 1 75 + 0 2 D (the error limit given here reflects the 
scatter In band parameters  taken from gausslan decon- 
volutlons and from Stark spectra) 

The Stark and absorbance data for the electronic 
transition at 807 nm (P700 +) are the most reliable due 
to the lack of significant overlap of this band with 
other bands, as evidenced by its almost perfectly sym- 
metrical shape in the Stark spectra For th~s band, A/x 
is 5 15 D with relative error smaller than those in 
previous estimates 

The estimates given above are actually the products 
f A/z, where f is the local field factor of order of 
1 1-1 3 [17,23] We quote them in this way to faclhtate 
comparison with other Stark data They can also bear 
some error Inherent to the method of estimation which 
rehes on approximating the absorption band by a pure 
gausslan shape 

Discussion 

The interpretations of particular features in Stark 
spectra given in the preceding section rely upon some 
assumptions which, although briefly mentioned,  need 
to be considered in more detail The preparat ion used 
in this work contains about 11 molecules of chlorophyll 
per  P700 Some of these are residual antenna pigments 
not removed by the extraction procedure,  and they can 
potentially generate  enhanced Stark features due to, 
e g ,  strong exclton couphng like that observed for Chl 
b in antenna complex LHC-I I  [18] But such features 
originating from antenna pigments should be rather  
insensitive to changes in the oxadat~on state of P700 
Indeed, a recent study [24] points to the presence of 
2 -3  Chl a molecules absorbing at 676 nm in P700-en- 
rlched particles, which do not transfer excitation en- 
ergy to P700 Therefore,  the changes m Stark spectra 
related to P700 oxidation state must be ascribed to Chl 
molecules In the close nelghbourhood of P700 and to 
P700 itself 
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The value of (d,lZ)P700 = 5--5 3 D compares  well with 
the previous estimate 4 7 -7  7 D obtained for P700 in 
CP-I particles [11] and is very close to A/~ = 5 2 D for 
the dlmer (Chl ethanol) 2 [14] This value was derived 
from the minimum in the Stark band at 701 nm under  
the assumption that the change in permanent  dipole 
plays the dominant role in electrochromlsm of P700 
However, the Stark band of P700 can contain some 
contributions originating from both the exclton interac- 
tions within the dlmer and from its coupling with other 
chlorophylls in the reaction center Simple exclton the- 
ory applied to a dlmer of approximate C 2 symmetry, 
like the primary donors P870 or P960, predicts near  
cancellation of a /z ' s  of the constituent monomers  m 
the dimer's  states, and in consequence the second-de- 
rlvatwe term near zero However, there can be a small 
electric field-induced decrease of absorption intensity 
of dlmer 's  P-band and a band shift to the red related to 
the coupling with closely lying states, which give rise to 
the zeroth- and first-derivative components  (Krawczyk, 
S ,  unpublished data, cf also Ref  25) Thls, together 
with the lower value of (d~,~)P700 as compared to 
(A/Z)P870 = 6 5 -7  D and (A/z)P960 = 6 5 - 8  2 D [17,23], 
indicates that charge-transfer states may be only partly 
responsible for the enhanced electrochromlsm of P700, 
and the estimate for (A~)P700 given above should be 
taken as only an upper  limit 

The electronic transition in PT00 +, at 686-7 nm, is 
usually ascribed to the remaining Chl In the special 
pair present  as a neutral molecule [4,19,20] The ap- 
pearance of a new absorption band at this wavelength 
on oxadatlon of P700 was inferred indirectly from the 
analysis of difference spectra Aoxd-Are d [4,19] The 
Stark spectra of both the CP-I complex [11] and of 
P700-enrlched particles presented here clearly confirm 
such interpretation of difference absorption spectra 
The change in permanent  dipole assocmted with this 
transition, A i z -  1 75 D, can be, at least partly, as- 
cribed to lnductwe effect of the Chl cation on the 
neutral molecule in P700 + The calculations on elec- 
trochromic effects in bacterial reaction centers [26] and 
in free pigments [27] predict a red shift if a positive 
charge is placed close to ring I of  the Chl or BChl 
molecule Thus, the strongly red-shifted position of this 
absorption band would be consistent with an elec- 
trochromlc effect Additionally, an internal structure of 
dlmerlc P700 with overlapping rings I, analogous to 
bacterial primary electron donors [5,6], can be Inferred 
from this red shift The inductive effect can also ex- 
plain the appearance  of a weak band at 636 nm, 
apparently related to the Qx transition in the same 
neutral Chl molecule in P700 + (see Results) 

Alternatively, the transition at 687 nm would be 
considered to result from exclton coupling in the reac- 
tlon center core not necessarily Involving P700 +, which 
changes significantly on oxidation of P700 However, 
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within the framework of exciton theory, the second-de- 
rivative contribution cannot be related to A/~ larger 
than that for monomeric Chl [18] This circumstance 
points again to the assignment of the transition at 687 
nm rather to P700 + 

The electronic transition at 807 nm (12390 cm- l ) ,  
related to symmetric Stark band of P700 ÷ at the same 
wavelength, clearly corresponds to the weak absorption 
band of cation radical of Chl a at 813 nm (at 77 K) [28] 
or at 824-840 nm at room temperature [21,29,30] The 
radical cation of the dlmer (Chl methanol) 2 possesses 
an absorption band at 956 nm at 77 K [28] Thus, the 
band at 807 nm corresponds rather to the electronic 
excitation of an essentially monomerlc Chl cation con- 
stitutlng a half of P700 ÷ It is difficult to conclude 
whether its A/z = 5 15 D reflects a permanent dipole 
change of Chl ÷ (which is not known), or should be 
related to a weak charge transfer between the halves of 
PT00 ÷ (see below) In bacterial primary donors, analo- 
gous transitions are found at 1250 nm for P870 ÷ [31] 
and at 1300 nm for P960 ÷ [32], l e ,  at lower energy 
than the near-infrared band in BChl a cation radical 
which is at -- 900 nm [33] 

The above interpretation of the experimental results 
refers to a model of PT00 in which the two Chl 
molecules are energetically lnequlvalent to a degree 
that allows the electronic states in P700 ÷ to be consid- 
ered approximately as localized on either one or the 
other molecule, and in which the molecules are held by 
their protein environment so that the orbital overlap is 
kept sufficiently low for (A~.Z)P700 to not exceed --- 5 D 

In a recent study [34], it has been shown that the 
orbital overlap and subunlt interaction in oxidized bac- 
terial primary donors P870 ÷ and P960 ÷ result in a 
bonding-antibondlng combination of molecular or- 
bltals in the ground state, analogous to that in sand- 
wlch porphyrin dimers [35,36] The resulting splitting of 
states leads to the appearance of an electronic absorp- 
tion band in the mid-infrared region at energy as low 
as 2700 cm-  l The intensity of this band is predicted to 
increase with the increase of electron delocahzatlon 
over the two BChls On this basis, a high degree of 
electron localization on one of the two BChls has been 
inferred, which results from ---2000 cm-1 difference 
between energies of the basis states L ÷ M and L M ÷ 
[34] Such energetic asymmetry (and possibly a some- 
what smaller orbital overlap) is indeed a prerequisite 
for spectroscopic distinction of states corresponding to 
separate excitations of the neutral molecule and the 
radical cation in P700 ÷ It should be mentioned that 
the description in terms of closely localized states is 
only approximate, and in fact there must always be 
some degree of electron delocahzation in a system of 
closely spaced molecules Spectroscopic investigations 
in the mid-infrared region analogous to that just men- 
tloned [34] would be extremely helpful in establishing 

the degree of delocahzatlon of the electronic states in 
P700 + 

The positive feature observed at 691 nm (14470 
c m - l )  in Stark spectra corresponding to reduced P700 
(Figs 1 and 2) appears in a similar proportion to P700 
minimum at 701 nm also in the Stark spectra of CP-I 
complex which contains more antenna pigments 
(Chl/P700 ratio about 40) [11] This band cannot be 
attributed to the higher-energy exclton component of 
P700, since it would be difficult to reconcile the small 
splitting in the P700 band with the strong exciton 
interaction between the Chl subunlts If not reflecting 
an intrinsic property of P700, the positive Stark band at 
691 nm and its negative counterpart at 683 nm must be 
attributed to an electronic transition resulting from 
exclton coupling of P700 with a Chl molecule always 
present in the core of the PS I reaction center at a 
constant proportion to P700 This conclusion is in 
agreement with CD spectra of P700-enrlched particles, 
which show a symmetric bipolar feature centered 
around 688 nm (at room temperature) [37] At present, 
only one candidate for such a molecule positioned 
close to P700 and absorbing at around 685-690 nm can 
be indicated, this is the primary electron acceptor A o 
Thus, we propose the following interpretation of the 
effects observed (for simplicity, we describe the situa- 
tion in terms of localized transitions while in fact they 
are all delocahzed to some degree) Due to the cou- 
phng of A 0 with P700 through transition-dipole inter- 
action, the electronic transition localized mainly on A 0 
is accompanied by a significant increase in polarizabil- 
ity, and this adds a first-derivative shape to the respec- 
tive Stark band When the primary electron donor 
becomes oxidized, the exclton coupling of A 0 changes 
and its absorption band slightly shifts to longer wave- 
lengths, this is the bandshift effect at 688 nm (--- 1 4 
nm to the red) noted in photoselection experiments 
[19] In this state, the Stark effect related to A 0 is 
weaker and probably characteristic for Chl a monomer 

The exciton effects in the Stark spectrum, resulting 
from coupling of electronic transition moments in A0. 
P700, and possibly other chlorophylls, are analogous to 
somewhat weaker effects of this kind in bacterial reac- 
tion centers [25] They found experimental evidence in 
Stark spectra of bacterial antenna complexes Also, we 
have found a significant contribution from the polariz- 
ability change (first-derivative term) in the Stark effect 
of Chl b in plant light-harvesting complex LHC-II  [18] 
However, no significant deviations from the A/z-based 
mechanism of the Stark effect were observed for pri- 
mary donors or acceptors in bacterial reaction centers. 
where only minor discrepancies were noted [17] This 
difference between bacterial and P S I  reaction centers 
gains a clear physical basis if we consider the differ- 
ences In excitation energy of Individual units in both 
reaction centers In bacterial reaction centers, the ex- 



cited states of primary donors P870 and P960 are lower 
in energy than the other electronic states by -= 1000 
c m -  and > 1500 cm-1, respectively These large dif- 
ferences make the electrtc field-induced mixing of states 
very weak and the first- and zeroth-derlvatwe terms 
resulting from such mtxlng can be very small In the PS 
I reactton center, the spectra are more congested and 
the energy difference between excited states of, e g ,  
A 0 and P700 is 200 cm -1 or less, this ts the factor 
leading to the substantial enhancement of the untypi- 
cal Stark feature centered around 687-8 nm 

The changes m Stark spectra at about 670 nm (Figs 
2 and 3) cannot be clearly mterpreted The difference 
Stark spectra in Ftg 2 can be vtewed as lndtcatmg a 
red shift of some absorption band at about 665-670 
rim, taking place on oxldatlon of P700 Such a band- 
shift effect can account for the btpolar feature around 
665-7 nm (15 000 c m - l )  in absorption difference spec- 
tra Aoxd-Are d In Ftg 4 Also, there are several experi- 
mental findmgs m the hterature which point to the 
presence of an electromc transition at about 670 nm 
w h i c h  IS s e n s i t i v e  to  t h e  o x t d a t l o n  s t a t e  o f  t h e  p r i m a r y  

donor These are the observations of the bleaching of a 
chlorophyllous absorption band at 670 nm in P S I  
particles under strongly reducmg condttlons, ongmally 
ascribed to photoaccumulatlon of reduced secondary 
electron acceptor A t [39] and then of reduced A 0 [40] 
Also, picosecond absorptton difference spectra were 
found to exhibit a clear shoulder at 670 rim, m addition 
to the bleached band of A 0 at 690 rim, when PS I 
particles were excited at 710 nm [7] Excltatton at 532 
nm did not produce such a shoulder [8] Its occurrence 
was explamed by possible side reactions of antenna 
pigments when exctted wtth 710 nm hght This explana- 
tion seems to be in contradlctton to what could be 
expected for excitation wavelengths used, nevertheless, 
the appearance of a bleach of picosecond duratton at 
670 nm remains a fact Thus, we see it justified to 
relate the variable features m Stark spectra at - 6 7 0  
nm with an accessory Chl analogous to the accessory 
BChls m bacterial reaction centers [5,6] Although only 
hypothetical, such an assignment would be consistent 
with the observatton that Chl a absorbing at 670 nm is 
among a few spectral forms in the P S I  reactton center 
capable to efflctently transfer the excitation energy to 
P700 [24] In the PS II reaction center, accessory 
chlorophylls have been revealed as the species absorb- 
Ing at approximately the same wavelength [41-43] 
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