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Govindjee,s poem on Vladimir Shuvalov 

Vladimir A. Shuvalov is a man on the go  
We honor him today, not because he is 70, but because he knows what life is all 
about 
 
And how plants , algae and photosynthetic bacteria do their basic thing,  
i.e.,  convert the all-abundant solar energy into energy that powers him to dance.. 
 
What more do we want!   
Keep going, Vlad, and teach us your tricks of life.  
And how you made it all happen " 
(Govindjee, 2014) 
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ 
 

 
George’s toned down version 

Vladimir A. Shuvalov is a man on the go  
We honor him today, not because he is 70, but because he knows what life is 
And how plants , algae and photosynthetic bacteria convert the all-abundant 
solar energy into energy that powers him to dance. 
 
What more do we want!   
Keep going, Vladimir, and teach us about life.  
And how you made it all happen. 
 (Govindjee, 2014) 
 
 
Владимир А. Шувалов мужчина на ходу ...  
 
Мы чтим его сегодня, а не потому, что он 70, а потому, что он 
знает, что такое жизнь.  
 
И, как растения, водоросли и фотосинтезирующие бактерии 
преобразовать все обильные солнечную энергию в энергию, что 
полномочия его танцевать.  
щ 
Что еще мы хотим!  
Продолжайте, Владимир, и научить нас о жизни.  
И, как вы сделали все это возможным.  
 
(Говинджи, 2014) 
 

Vladimir A. Shuvalov is a man on the go… 
We honor him today not because he is 70, but because he  knows what life is all about 

And how Plants , Algae and Photosynthetic Bacteria do their basic thing, 
 i.e.,  convert the all-abundant solar energy into energy that powers him to dance.. 

What more do we want.. 
Keep going, Vlad and teach us your tricks of life and how you made it all happen  

 

GCP 



Well, well.. From being a 6-year old handsome happy 
eager  boy (1949) to a charming young man of 20, still 

quite happy (1963) at Moscow State University 

Six years old (1949)

Student of Moscow state university (1963)

Faculty of Biology and Soil 
Science,MSU 



After his PhD in 1969 on  
"Studying persistence of 

chlorophyll in photosynthetic 
electron transfer”; and while he 
was a  researcher at the Academy 
of  Science of the USSR (1969—
1979), he went to the Charles F. 
Kettering Lab in Yellow Springs, 

Ohio, to work with Bacon Ke 
(1978-1979)  and then with   

Bill Parson (1980-1981), at the 
University of Washington, 

Seattle 

From Russia to USA: Now in his 30s.. really grinning 

With Bacon Ke in New York (1978).
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Figure 1. The Charles F. Kettering Research Laboratory in Yellow Springs, Ohio (mid-1960s).

Figure 2. The author (Bacon Ke) (1986).

negative than the E0
′ value of ferredoxin. These find-

ings raised doubt that ferredoxin could be the primary
reductant of Photosystem I.

Even though chlorophyll with a highly negat-
ive redox potential remained the most likely candid-
ate to fulfill the requirement for the primary elec-

Figure 3. The co-discoverer of P430 (Tetsuo Hiyama ) (2001).

tron acceptor, other candidates continued to emerge.
These included the naturally occurring, low-potential
(∼–0.7 V), pteridine proposed by Fuller and Nugent
(1969), a flavin-like compound suggested by Wang
(1970), and ‘ferredoxin reducing substance’ (FRS)
that was found to stimulate the photoreduction of

208

Figure 1. The Charles F. Kettering Research Laboratory in Yellow Springs, Ohio (mid-1960s).

Figure 2. The author (Bacon Ke) (1986).

negative than the E0
′ value of ferredoxin. These find-

ings raised doubt that ferredoxin could be the primary
reductant of Photosystem I.

Even though chlorophyll with a highly negat-
ive redox potential remained the most likely candid-
ate to fulfill the requirement for the primary elec-

Figure 3. The co-discoverer of P430 (Tetsuo Hiyama ) (2001).

tron acceptor, other candidates continued to emerge.
These included the naturally occurring, low-potential
(∼–0.7 V), pteridine proposed by Fuller and Nugent
(1969), a flavin-like compound suggested by Wang
(1970), and ‘ferredoxin reducing substance’ (FRS)
that was found to stimulate the photoreduction of



1991: USSR State Prize Winner 
 1997: Russian Academy of Sciences 
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Member of Russian Academy of Sciences (1997) OK Vlad, it was  
2011:You  

have really won 
Slava agrees 

 

1991 

1997 



Well, Vlad, your PhD was on Chlorophyll, which is the 
Green King that reigns our field 

1 

2 
 3 

 

1.   Richard Wilstätter 1872-1942; Prize in 1915; 
 studied at Univ. of Munich) 

2.    Hans Fischer (1881-1945; Prize in 1930; studied at 
 Univ. of Marburg) 

3. Richard Burns Woodward (1917-1979; Prize in 1965; 
 studied at MIT) 

 



A Glimpse of Some of the Discoveries of 
Vladimir Anatoly Shuvalov 

•   In bRC, BPheo is an electron acceptor that 
precedes QA (Shuvalov& Klimov, 1976; cf. 
Dutton; and Parson, 1975) 

•  In BRC, BChl is an electron acceptor before 
BPheo (Shuvalov, Klevanik et al., 1978)  

•  In PSII RC, a Chl is an alternate e-acceptor to 
Pheo : P+ ChlD1

- (Shelaev et al., 2008, 2011) 
•  In PSI RC,  a Chl (Ao)  is actually reduced 

within 100fs (Shelaev et al.,2010;  cf. Fenton et 
al., 1978; Wasielewski et al., 1987))  

•  In bRC, PA
+ PB

- is formed in fs (120-180 fs) 

within  P870* 



D-P-A of PSII and of PSI: Vlad really focused on all the A’s; P’s were 
done; did not want to touch D’s: Chls and Pheos 

Background on Chl a: Why Chl a does different things? Short answer:  
Redox potential; amino acid environment 

REVIEW

A viewpoint: Why chlorophyll a?

Lars Olof Björn Æ George C. Papageorgiou Æ Robert E. Blankenship Æ Govindjee

Received: 10 September 2008 / Accepted: 9 December 2008 / Published online: 6 January 2009
! Springer Science+Business Media B.V. 2009

Abstract Chlorophyll a (Chl a) serves a dual role in
oxygenic photosynthesis: in light harvesting as well as in

converting energy of absorbed photons to chemical energy.

No other Chl is as omnipresent in oxygenic photosynthesis
as is Chl a, and this is particularly true if we include Chl a2,
(=[8-vinyl]-Chl a), which occurs in Prochlorococcus, as a
type of Chl a. One exception to this near universal pattern
is Chl d, which is found in some cyanobacteria that live in

filtered light that is enriched in wavelengths [700 nm.

They trap the long wavelength electronic excitation, and
convert it into chemical energy. In this Viewpoint, we have
traced the possible reasons for the near ubiquity of Chl a
for its use in the primary photochemistry of Photosystem II
(PS II) that leads to water oxidation and of Photosystem I

(PS I) that leads to ferredoxin reduction. Chl a appears to

be unique and irreplaceable, particularly if global scale
oxygenic photosynthesis is considered. Its uniqueness is

determined by its physicochemical properties, but there is
more. Other contributing factors include specially tailored

protein environments, and functional compatibility with

neighboring electron transporting cofactors. Thus, the same
molecule, Chl a in vivo, is capable of generating a radical

cation at ?1 V or higher (in PS II), a radical anion at -1 V

or lower (in PS I), or of being completely redox silent (in
antenna holochromes).

Keywords Chemistry of chlorophylls ! Chlorophyll a !
Chlorophyll d ! Chlorophylls in proteins ! Color of plants !
Cyanobacteria ! Evolution of photosystems !
Oxygenic photosynthesis ! Photosystem I ! Photosystem II !
Reaction centers ! Spectra of chlorophylls

Abbreviations
Chl Chlorophyll
Pheo Pheophytin

PS Photosystem

RC Reaction center
TMH Transmembrane helix

‘‘Man cannot give a true reason for the green under
his feet Why it should be green rather than red or any
other colour.’’

Sir Walter Raleigh

Introduction

Chlorophylls (Chls) are ubiquitous participants in photo-

synthesis and this prompted Mauzerall (1973) to ask ‘‘Why

Chl?’’ While various Chls function as light-harvesting

L. O. Björn
Department of Cell and Organism Biology, Lund University,
22362 Lund, Sweden
e-mail: Lars_Olof.Bjorn@cob.lu.se
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transporting branches on the core proteins A and B but in

this case both branches are active although unequally (for
literature, see reviews in the books edited by Wydrzynski

and Satoh (2005), and by Golbeck (2006) for PS II, and PS I,

respectively).
Of the several hundreds of chlorins a (i.e., Chls and

Pheos) that are present in the photosynthetic units of

oxygenic organisms, only 4 Chls a and 2 Pheos a per PS II
RC monomer and 6 Chls a per PS I RC monomer are

actually redox active. Recent evidence indicates that even
this six-plus-six chlorin a minimum can be further pared

down by replacing Chls a with Chls d, though perhaps the

PD1 Chl a of the PS II RC is irreplaceable (vide infra).
There is also one Chl a in the Cyt b6f complex, which is

involved neither in light harvesting nor in transporting

electrons (reviewed by Cramer et al. 2005).
If only 10, or fewer, redox-active Chls a in PS II and in

PS I do really make the difference, then it is quite

intriguing to speculate how this came about, or how dif-
ferent protein environments tune their properties

differently from, let us say, those of the antenna Chls a.
Chls bind to proteins in at least three ways: (1) by forming
coordinate covalent (or semi-polar) bonds with their central

Mg atom (the electron acceptor) and with unshared elec-

tron pairs donated by N, O, and S atoms (the donor) of
amino acid side chains, peptide backbones and water

molecules; (2) by forming H-bonds with their keto and

ester carbonyl oxygens as acceptors and –OH, –SH, and
–NH groups of amino-acid side chains as donors; and (3)

by binding to the phytyl chain. Probably there is at least

one more component interacting with the p-electrons of the
macrocycle. These various kinds of ligands plus the dif-

ferences in the electron shielding of the central Mg, due to

the presence of different electron donating (alkyls) and
electron withdrawing (formyl) peripheral substituents,

afford a wide range of possibilities for selective Chl
binding. Our knowledge is only fragmentary, although

elegant laboratory demonstrations do exist in the literature

(Rau et al. 2001; Chen et al. 2005; Chen and Cai 2007;
see also Hoober and Argyroudi-Akoyunoglou 2004, and

Hoober et al. 2007 for reviews). There is no easy way to

know why the different RC Chls have totally different
properties. Although the dominant force is H-bonding, the

overall electronic milieu must have the greatest contribu-

tion (see Table 2 for differences).
In the protein environment of the PS II reaction center

(Fig. 6, left), the redox-active Chls a PD1, PD2, ChlD1, and

ChlD2 are all excitonically coupled and share, at room
temperature, the energy of a 680 nm photon (see review by

Dekker and van Grondelle 2000) with which they generate

stable oxidant PD1
?• (Em(PD1

?•/PD1) *1.1–1.3 V; see
Rappaport et al. 2002; Grabolle and Dau 2005; Ishikita

Fig. 6 Structures of the photosynthetic reaction centers, as viewed
from the stromal side of the thylakoid membrane and parallel to the
membrane normal. Carbon-to-carbon bonds are colored green in Chls
a, gray in non-polar amino acids, cyan in polar amino acids, and blue
in positively charged amino acids. O, N, and S atoms are shown in
red, blue, and yellow. Left, detail of PS II RC. The polypeptide
backbones of proteins D1 and D2 are represented as yellow and
orange ribbons, the two special pair Chls a are identified as PD1 and
PD2, and the two accessory Chls a as ChlD1 and ChlD2. The central Mg
atom of PD1 forms a covalent coordinate bond with His-198(D1), and
of PD2 with His-197(D2). In addition, PD2 has a possible interaction
with D1-Ser 282. Further, ChlD1 (the primary electron donor) has an
environment very different from that of PD1 and PD2, and ChlD2 (see
Table 2). Right, detail of the PS I RC. The polypeptide backbones of
proteins A and B are represented as yellow and orange ribbons, the

special pair PA and PB are Chl a0 (13C2-epimer) and Chl a,
respectively, the two accessory Chls a are identified as AA and AB and
the two stable Chl a anions as A0A and A0B. The central Mg atoms of
PA and PB form coordinate covalent bonds with His residues, A-His
680 and B-His660, respectively. In addition, there is the possibility of
H-bond interaction of PA with A-Tyr735, and of PB with B-Tyr 727.
ChlAA and ChlAB coordinate with water molecules, which are further
hydrogen-bonded to A-Asn-591and B-Asn604, and of A0A and A0B
Chls a with A-Met-668 and B-Met-668; after Grotjohann and
Fromme (2005). Structural water molecules are shown as red spheres.
In all cases, RC Chls have, within van der Waals distances, different
sets of hydrophobic amino acids, with different polarity (see Table 2).
The figure shown here is courtesy of Jan Kern; it was made by using
PyMol and is based on pdb coordinates of 2 AXT file (Loll et al.
2005) for PS II, and of 1JBO file (Jordan et al. 2001) for PS I

Photosynth Res (2009) 99:85–98 91
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PSII: PD1; PD2:  
His 198, His 197 

 
PSI: Ao:  

Met 688; Tyr 
696 

 



“For our purposes the fundamental 
problem from the technical point of 
view is how to fix the solar energy 
through suitable photochemical 
reactions. To do this it would be 
sufficient to be able to imitate the 
assimilating processes of plants.” 
  

To imitate it, we must 
understand it, and Vlad 

Shuvalov has provided much  
understanding to us ..  

Giacomo Luigi Ciamician (1912)  
“The Photochemistry of the Future”, 

Science 36 (926) 385-394. 
 



A bit of history before  
Vlad  Shuvalov began his exciting  
experiments with top-of-the line 

instruments built and assembled by him 
and his brilliant analysis of the new 

data on the  
“Primary Photochemistry of 

Photosynthesis”… He will talk about 
them himself right after my talk 



ò  We need only suppose 
that for every 2480 
m o l e c u l e s  o f 
chlorophyll there is 
present in the cell one 
u n i t  c a p a b l e  o f 
reducing one molecule 
of carbon dioxide each 
time it is suitably 
activated by light” 

The discovery of  
 “Photosynthetic Unit” 
 (2400 Chlorophylls per 

Oxygen)  

1932 



Hans Gaffron (1902-1979) 
 The “Concept of Excitation Energy Transfer” and a 

“photoenzyme” 

E=hν

Hans Gaffron 

Photo by Govindjee Provided by Late Bob Clegg 

1936 
 



Rabinowitch and Weiss (1936, 1937)  
Chl + Fe+3  à       Chlox

   +  Fe+2   à    Chl 
 

ò  “Reversible Oxidation 
and Reduction of 
Chlorophyll”  by 

E.Rabinowitch and J. 
Weiss, Nature 138: 
1098-1099 (1936)  

ò  They observed reversible 
oxidation (and reduction) 
of  ethyl chlorophyllide by 

ferric  and ferrous  
chloride, where the 

oxidation was stimulated 
by light. 



3 

Chl + ascorbic acid        Chlred  hv Chl 

1948   
 

396

Figure 13 (top). Eugene I. (Evgenii Isakowitch) Rabinowitch (1901–1973) reading a newspaper at the international biophysics congress in
Sweden in 1961. To his left are Rajni Varma Govindjee and Govindjee (hand on his face) (photo is a gift from Govindjee).
Figure 14 (bottom). Alexander Nikolaevitch Terenin (sitting), Alexander Abramovitch Krasnovsky (just behind him), Galina Petrovna Brin
(woman in white) and Vyacheslav Borisovitch Evstigneev. Photo taken at the Institute of Biochemistry, Moscow, 1946. From the Krasnovsky
family archive.

that photosynthesis is a redox photochemical process.
Hence, it should be initiated by a redox photosensit-
izer, which acts in a similar way to the Michaelis
mechanism of redox reactions and the primary light
driven reaction should be charge (electron) transfer
and the primary intermediates – ion-radicals. It should
be accompanied by proton translocation, which is a
much slower process. He found Szent-Gyorgyi’s idea
unlikely. Szent-Gyorgyi had proposed that biochem-
ical systems resemble a semiconductor crystal, in
which electrons can migrate inside the energy zones.
Therefore, Terenin found it highly promising to in-

vestigate the roles of both singlet and triplet states
as well as free radicals in the photobiochemical re-
actions, and believed that spectroscopic and fluores-
cence methods in combination with other methods of
physico-chemical analysis were the most useful for
this research (Terenin 1947b).

This lecture was actually a presentation of an ex-
tensive research program, which Terenin wanted to
initiate, and eventually did, in the Soviet Union.
From 1945, Terenin began the restoration of his
photochemistry laboratory in Leningrad (St. Peters-
burg), which was destroyed by the War. At the same

Reversible photochemical reduction of chlorophyll 
(Krasnovsky reaction) [from: A.A. Krasnovsky 

(1948) SSSR 60:  421-424] 
 

Chlred 
 

Krasnovsky 



1947-1948 
Theodor Förster (of the Förster theory of Energy 

Transfer) with Robert (Bob) Knox 

Theory: Energy transfer 
depends upon 3 major 

parameters: 

ò  1) 1/r6 , where r is the 
distance between donor and 
acceptor molecules 

ò  2) Kappa squared, where 
Kappa is orientation factor 

ò  3) Overlap integral of 
emission spectrum of donor 
and absorption spectrum of 
acceptor molecule 



Energy transfer, the trap (P) and oxidation of Chl: 
PhD thesis of  L.N.M. Duysens 

In Duysens’ 1952 thesis 
“On excitation energy 

transfer” the important  
reaction center concept of 

P870 (in vivo) for 
oxidation of  just a few 
molecules of BChl (Chl) 

was born---and so was the 

Concept of two types of 
Chl a’s –precursor to the 

PSII and PSI Chl a’s 

1952 



The Z-Scheme 

Bicarbonate 

Govindjee et al. (2005) 

Slava Klimov  



Bessel Kok discovered P700 in 1956-1957; in 1959, he 
showed the two-light effect on it– and much more.. 

Later,  the  Kok-Joliot Oxygen Clock 

  

Jack Myers (1987) Bessel Kok 
(1918-1979) Biograph Mem  
of the Natl Acad of Sci, 
Washington, DC, pp. 125-147 
 

Photo by Tiny Pulles 



Pierre Joliot 
•  Discoverer of  the Oxygen Clock in Photosynthesis 

P. Joliot (2003) Period-four oscillations of  the flash-induced oxygen formation 
in Photosynthesis. Photosynthesis Research 76: 65–72 

 

Photo: 
Courtesy 
of  Tiny 
Pulles 

Source of  figure: 
 Govindjee and W.J. Coleman 

(1990) 
 How Plants Make Oxygen. 

Scientific American 262: 50-58 
 

1969 



 
 

1943; 1957  

The Red Drop; and   
the Emerson Enhancement Effect: 

Two Light Reaction  and Two Pigment System 
Concept 



Govindjee and Rajni look back at 
their experiments done 54 years 

ago.. 

A short wavelength absorbing form 
of chlorophyll a (Chl a 670) is  
present in the system that has 

chlorophyll b.  
And the effect is not on respiration 

as Larry Blinks  had said! 

Rajni Govindjee 

1960 



In 1960-- “the Z”   Scheme  
was invented by Robin Hill and Fay Bendall 

R.C. Prince (1992)  
“Robert Hill, FRS;  

his published work”. 
 Photosynth Res  34: 

329-332 



Louis N. M. Duysens et al. (1961) and Duysens and Amesz (1962) were  
responsible for the names of the photosystems  we use today 

Light 1 (red light) oxidizes cytochrome f (called Light Reaction 1 and its 
Photosystem, PS 1) ; whereas, Light 2 (green light) reduces it (called Light 

Reaction 2, and its photosystem, PS 2).  
This push-pull antagonistic effect on a redox intermediate is the crux of the  

Z-Scheme. 

Red alga Porphyridium cruentum 



 
 

1977: Discovery of pheophytin as PSII acceptor 

A LIFETIME JOURNEY WITH PHOTOSYNTHESIS 237 

what  extent can one observe pheophytin participation not 
only in bacterial reaction centers, but also in that  of P S I  
and PS II? 

Reviewing our photochemical experiments, I noted the 
similarity in the behavior of chlorophyll and pheophytin: 
both were capable of reversible photooxidation and reduc- 
tion. The difference was that  chlorophyll underwent more 
readily reversible photooxidation, whereas pheophytin 
showed photoreduction. It seemed that  pheophytin must be 
somehow involved in photosynthesis. Many researchers had 
previously reported that during pigment extraction from 
green leaves, there were always small amounts of pheo- 
phytin detectable. Perhaps, rather than being a purification 
artifact, pheophytin was significant in electron transfer? 

Already, in our experiments in 1968, in collaboration with 
M.G. Shaposhnikova, we applied the fluorimetric method of 
pheophytin determination under conditions excluding pheo- 
phytinization (low temperatures, etc.). However, even then, 
a small amount of pheophytin (making up 1-1.5% of the 
chlorophyll content) was always present [59]. The puzzle 
was solved later by the research group in Pushchino when 
pheophytin was found to be a component of the reaction cen- 
ters of PS II. The experimental evidence of this was obtained 
when membrane particles enriched in PS II reaction centers 
were studied. Klimov et al. [58] managed to observe pho- 
toreduction of pheophytin coupled to photooxidation of reac- 
tion center chlorophyll. This concept is now generally ac- 
cepted (Fig. 4). 

. 

DONOR ACCEPTOR 

CHLOROPHYLL PHENOPHYTIN 

Fig. 4. Photoinduced electron transfer between chlorophyll and pheophytin. 

V.V. Klimov, A.V. Klevanik, V.A. Shuvalov and A.A. 
Krasnovsky (1977) Reduction of pheophytin in the primary 
light reaction of Photosystem II. FEBS Lett 82: 183-186 ; 
they discovered that membrane fragments enriched in PSII 
showed photoreduction of  pheophytin coupled to 
photooxidation of  Chl. 



1979: Kinetic and Spectral Properties of A1 in 
Photosystem I 

PSI prep (Chl/P700=26), TSF1(Triton) 
prep. Wavelength,694  nm; 1mJ;  

50-60 ps pulse 

Result: Decrease in absorption at ~700 
nm :A1 was reduced in <60ps; next step 

200ps 
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1. Introduction 

In recent studies of green-plant photosystem I, 
evidence has been found for the existence of two ear- 
lier electron acceptors, designated Al and AZ, func- 
tioning between the primary donor, P700, and the 
acceptor P430, found [I], provisiona~y represented 
by the sequence ([2,3 ] also cf. [4]): 

P700-Ar-AZ-P430 

When P430 (bound iron-sulfur protein) is chemi- 
cally reduced beforehand, charge recombination is 
observed between P700’ and A; or between P700+ 
and A; following flash excitation, with lifetimes of 
3 ~.ls [2-51 and 250 /JS [4] at 2O*C, becoming 1.3 ms 
[2,3,5] and 130 ms [2,3] at 5 K, respectively. The 

spectra obtained for the two intermediary acceptors 
have led us to identify A, with a chlorophylls dimer 
and A2 with an iron-sulfur protein [2,3 J . A broad 
EPR signal, designated X [6,7], has been identified 
with the optical signal of AZ on the basis of parallel 
kinetic behavior [2] . 

This note reports the ps kinetics AAbW3 in TSF-I 
(Triton-fractionated photosystem- subchloroplast 
fragments) particles at room temperature, induced by 

’ Permanent address: Institute of Photosynthesis, USSR 
Academy of Sciences, Poustchino, USSR 

* To whom correspondence and reprint request should be 
addressed 

ElsevierjNorth-Holland Biomedical Press 

single 50 ps pulses at 694.3 nm, absorbed mainly by 
P700 rather than antenna chlorophyll molecules. The 
initial absorbance change, which subsequently decays 
to the level of photo-oxidized P700 alone, is inter- 
preted as formation of the charge pair P7OO*Chl, 
in <60 ps, followed by reoxidation of the chlorophyll-a 
dimer radical anion by a secondary electron acceptor 
in -200 ps. When P430 is chemically reduced, the 
initial Ad is the same, but the decay is slower and 
biphasic, and is interpreted as due to recombination 
between P700’ and Chl; in 10 ns and 3 &s. 

2. Materials and methods 

TSF-I, prepared as in [lo] , had 1 P700/26 total 
chlorophyll molecules. Redox mediators were as in 

[Ill* 
For ps kinetic measurements at 694.3 nm a passively 

mode-locked ruby laser was used (fig.1). A single 
pulse at 694.3 nm was isolated from a ps pulse train 
by a Glan prism and a Pockels cell energized for 
6-7 ns by a high-voltage pulse initiated by breakdown 
across the spark gap. 50% of the single pulse energy 
was used as exciting light and l-2% as measuring 
light. One of the measuring beams was passed through 
an unexcited region of the sample to serve as a refer- 
ence beam. The duration of the exciting pulse was 
50-60 ps as measured by cryptocyanine bleaching 
(fig.1 bottom left). 

For ps and ms measurements, a 300 ns dye-laser 
pulse at 7 10 nm (Nile Blue perchlorate) was employed 
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CM 

Fig.1. A picosecond spectrometer consisting of a passively 

mode-locked ruby laser, a single-pulse isolation system, an 
amplifier, an optical delay line, and a photodiode array and 

signal processing system manufactured by Tracer Northern 

Inc. (Middleton, WI). Components: CM-cavity mirrors; RO- 

ruby oscillator; DC-mode locking dye cell; BS-beam splitters; 

P-polarizing beam splitter; PC-Pockels cell; RA-ruby ampli- 

fier; M-mirrors; SBS-stacked beam splitters; S-sample cuvette 

(1 mm pathlength). Bottom left shows the kinetics of aA 

cryptocyanine in acetonitrile at 694.3 nm induced by a 694.3 

nm ps excitation pulse. 

in conjunction with a single-beam spectrometer [ 121 . 
AA induced by continuous illumination were measured 
in a dual-wavelength spectrophotometer [ 131 . 

3. Results 

Figure 2A shows the kinetics of AA AA694.3 in 
TSF-I particles posed at +200 mV and 20°C. During 
the instrumental resolution time of 60 ps a bleaching 
at 694.3 nm is observed, the amplitude of which is 
2-fold greater than that induced by continuous 
illumination (dashed line). The decay from the 
maximum level to the level of steady-state bleaching 
has a lifetime of -200 ps. When P700 was maintained 
in the oxidized state by continuous background 
illumination, the absorbance changes induced by a ps 
pulse were decreased 1 O-fold (fig.2B). 

At -625 mV, when the bound iron-sulfur 

proteins are in the reduced state [ 141 , ps excitation 
produces the same absorbance decrease (as in fig.2A), 
but the subsequent decay has an initial lifetime of 
10 ns (fig.2C), and does not appear to be altered by 
background illumination (fig.2C). Under these condi- 

Fig.2. Kineticsof A,4,,,, in TSF-I particles induced by single 

694.3 nm pulses (50-60 ps duration and an energy density 

of 1 m.J/cm’) at 20°C. Each point of the kinetic plot was an 

average of 1 O-20 measurements. (A) Aerobic reaction mix- 

ture in 0.1 M Tricine buffer (pH 8.0) containing 1 mM 

ascorbate, 50 MM tetramethyl phenylene diamine (TMPD) and 

630 pg/ml total chlorophyll (cuvette pathlength 1 mm). 

Redox potential of the reaction mixture about +200 mV. 

(B) (m-m) Same conditions as in fig.ZA, but under background 

illumination to cause P700 photo-oxidation; (A-A) same as 

above, plus additional 10 PM methyl viologen. (C) (o-0) 

anaerobic reaction mixture containing all above reagents 
plus 50 PM of the low-potential viologens reduced by dithio- 

nite to -625 mV; (o-o) same as above plus background 

illumination to cause A;- accumulation. For ms measure- 

ments, the 710 nm dye-laser excitation pulse of 300 ns dura- 

tion was used (see [ 2]), 

tions, the aA decay extends into the ms domain 
(fig.2C), and with decreasing temperature into the ms 
range [2] . The spectrum of these A,4 at 5 K, where 
their lifetime is 1.3 ms, is shown in fig.3A. In the red 
region only an intense bleaching of a 700 nm band is 
observed, while in the blue region a bleaching at 
425 nm and at 450 nm is observed. New narrow bands 
at 480 nm and 670 nm are developed which cannot 
be attributed to P700 oxidation [2,3] . 

4. Discussion 

The principal feature of the L4 in TSF-I particles 
reported here (fig.2A) can only be accounted for by 
photochemical activity in the photosystem- reaction 
centers, since maintenance of P700 in the inactive, 
oxidized state by supplementary illumination elimi- 
nated the L4 almost entirely (fig.2B). We can rule out 
the possibility that these A,4 represent formation of 
an excited (singlet) P700* in 60 ps, followed by its 

Bacon Ke 



1989 
Primary Photochemistry: Conversion of light energy into chemical 

energy occurs in picoseconds: Our very first measurements(Proc Natl 
Acad Sci, 86: 524-528)  

P680+ (oxidized form of reaction center 
chlorophyll) is formed within 3 
picoseconds and excited state 

 of chlorophyll disappears 
simultaneously with a half-time of 3 

picoseconds (Wasielewski et al., 1989) 

Mike Wasielewski’s 60th birthday 
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Abstract In Part I of the article, a review of recent data
on electron-transfer reactions in photosystem II (PSII) and

bacterial reaction center (RC) has been presented. In Part

II, transient absorption difference spectroscopy with 20-fs
resolution was applied to study the primary charge sepa-

ration in PSII RC (DI/DII/Cyt b 559 complex) excited at

700 nm at 278 K. It was shown that the initial electron-
transfer reaction occurs within 0.9 ps with the formation of

the charge-separated state P680?ChlD1
-, which relaxed

within 14 ps as indicated by reversible bleaching of 670-
nm band that was tentatively assigned to the ChlD1
absorption. The subsequent electron transfer from ChlD1

-

within 14 ps was accompanied by a development of the
radical anion band of PheoD1 at 445 nm, attributable to the

formation of the secondary radical pair P680?PheoD1
-.

The key point of this model is that the most blue Qy

transition of ChlD1 in RC is allowing an effective stabil-

ization of separated charges. Although an alternative

mechanism of charge separation with ChlD1* as a primary
electron donor and PheoD1 as a primary acceptor can not be

ruled out, it is less consistent with the kinetics and spectra
of absorbance changes induced in the PSII RC preparation

by femtosecond excitation at 700 nm.

Keywords Chlorophyll ! Pheophytin ! Photosystem II !
Primary charge separation ! Reaction center

Abbreviations
BA Bacteriochlorophyll, primary electron

acceptor in BRC

BRC Bacterial reaction center

D1/D2/
Cytb559

PSII RC

CD Circular dichroism

Chl Chlorophyll a
ChlD1 Chl located in D1 protein subunit

ET Electron transfer

HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital

Pheo Pheophytin a
PheoD1 Pheo located in D1 protein subunit
PSII Photosystem II

QA Primary plastoquinone electron acceptor

RC Reaction center

Introduction

In Part I of the article, a review of recent data on the

mechanism of primary charge separation in bacterial

reaction centers (BRC) and photosystem II RC (PSII RC)
has been presented. The role of tetrameric (bacterio)chlo-

rophyll structure in efficient charge separation in bacterial

and oxygenic photosynthesis was discussed. In Part II, we
describe new data on the kinetics and spectra of absorbance

changes in isolated PSII RCs (D1/D2/Cyt b559) at 278 K

obtained by the pump–probe method with 20-fs time res-
olution and with excitation centered at 700 nm.
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The ultrafast (b100 fs) conversion of delocalized exciton into charge-separated state between the primary donor
P700 (bleaching at 705 nm) and theprimary acceptor A0 (bleaching at 690 nm) inphotosystem I (PS I) complexes
from Synechocystis sp. PCC 6803 was observed. The data were obtained by application of pump–probe technique
with 20-fs low-energy pump pulses centered at 720 nm. The earliest absorbance changes (close to zero delay)
with a bleaching at 690 nm are similar to the product of the absorption spectrum of PS I complex and the laser
pulse spectrum, which represents the efficiency spectrum of the light absorption by PS I upon femtosecond
excitation centered at 720 nm. During the first ∼60 fs the energy transfer from the chlorophyll (Chl) species
bleaching at 690 nm to the Chl bleaching at 705 nm occurs, resulting in almost equal bleaching of the two forms
with the formationofdelocalizedexcitonbetween690-nmand705-nmChls.Within thenext∼40 fs the formation
of a new broad band centered at ∼660 nm (attributed to the appearance of Chl anion radical) is observed. This
banddecayswith timeconstant simultaneouslywith anelectron transfer toA1 (phylloquinone). The subtractionof
kinetic difference absorption spectra of the closed (state P700+A0A1) PS I reaction center (RC) from that of the
open(state P700A0A1) RC reveals thepure spectrumof the P700+A0

− ion–radical pair. The experimental datawere
analyzed using a simple kinetic scheme: An*→k1 [(PA0)*A1→

b100 fs
P+A0

−A1]→
k2

P+A0A1
−, and a global fitting

procedure based on the singular value decomposition analysis. The calculated kinetics of transitions between
intermediate states and their spectra were similar to the kinetics recorded at 694 and 705 nm and the
experimental spectra obtainedby subtraction of the spectra of closedRCs from the spectra of openRCs. As a result,
we found that themain events in RCs of PS I under our experimental conditions include very fast (b100 fs) charge
separation with the formation of the P700+A0

−A1 state in approximately one half of the RCs, the ∼5-ps energy
transfer from antenna Chl* to P700A0A1 in the remaining RCs, and ∼25-ps formation of the secondary radical pair
P700+A0A1

−.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The three-dimensional structure of photosystem (PS) I from the
thermophilic cyanobacterium Synechococcus elongatus resolved using
X-ray diffraction to resolution 2.5 Å has been reported [1]. The core of

the complex consists of two large subunits (products of expression of
genes PsaA and PsaB), which bind to 96 molecules of chlorophyll (Chl)
a, 22 molecules of β-carotene, two molecules of phylloquinone, and
an interpolypeptide iron–sulfur center FX. Most Chl a molecules serve
as antenna pigments. The primary electron donor P700 comprises two
molecules of Chl (designated by us [2] as ChlA1/ChlB1), the porphyrin
planes of the molecules being parallel to one another (distance, 3.6 Å)
and perpendicular to the membrane plane. The X-ray diffraction
analysis of crystals of the PS I complexes also (in addition to P700)
revealed two domains of high electron density, which were attributed
to Chl a molecules (ChlA2/ChlB2), in positions corresponding to
accessory bacteriochlorophyll molecules in reaction center (RC) of
purple bacteria, two Chl a molecules (ChlA3 and ChlB3) in positions
corresponding to bacteriopheophytin molecules in RC of purple
bacteria [3,4], and two phylloquinone molecules (QA and QB).

Pairs of Chl and phylloquinone molecules are located in nearly
symmetric electron-transport branches A and B and bound to subunits
PsaA and PsaB, respectively. Branch A incorporates ChlA1, ChlA2, ChlA3,

Biochimica et Biophysica Acta 1797 (2010) 1410–1420

Abbreviations: PS I, Photosystem I; Chl, chlorophyll; RC, reaction center; P700, the
primary electron donor in PS I; A0, the primary chlorophyll electron acceptor in PS I; A1,
the secondary phylloquinone electron acceptor in PS I; An, light-harvesting antenna
chlorophyll; ChlA1, ChlA2, ChlA3, ChlB1, ChlB2, ChlB3, chlorophyll molecules in PS I RC
belonging to the A or B symmetric cofactor branches
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PSII (2008) 
20 fs flashes 

In 0.9 ps 
P680+ Chl- D1 

is formed, and in 14 ps, 
P680+ Pheo- D1 

is formed 
PSI (2010) 

20 fs flashes 
< 100fs  

P700+ Ao-  
is formed; in 5 ps, Chl* 
transfers its energy to 

P700, and in 25 ps, 
P700+ Ao A1

- is formed 

 
 
 
 
 

Shelaev et al.
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a b s t r a c t

Low temperature (77–90 K) measurements of absorption spectral changes induced by red light illumina-
tion in isolated photosystem II (PSII) reaction centers (RCs, D1/D2/Cyt b559 complex) with different
external acceptors and in PSII core complexes have shown that two different electron donors can alter-
natively function in PSII: chlorophyll (Chl) dimer P680 absorbing at 684 nm and Chl monomer ChlD1
absorbing at 674 nm. Under physiological conditions (278 K) transient absorption difference spectros-
copy with 20-fs resolution was applied to study primary charge separation in spinach PSII core complexes
excited at 710 nm. It was shown that the initial electron transfer reaction takes place with a time con-
stant of !0.9 ps. This kinetics was ascribed to charge separation between P"

680 and ChlD1 absorbing at
670 nm accompanied by the formation of the primary charge-separated state Pþ

680Chl
$
DI, as indicated by

0.9-ps transient bleaching at 670 nm. The subsequent electron transfer from Chl$D1 occurred within 13–
14 ps and was accompanied by relaxation of the 670-nm band, bleaching of the PheoD1 Qx absorption
band at 545 nm, and development of the anion-radical band of Pheo$

D1 at 450–460 nm, the latter two
attributable to formation of the secondary radical pair Pþ

680Pheo
$
D1. The 14-ps relaxation of the 670-nm

band was previously assigned to the ChlD1 absorption in isolated PSII RCs [Shelaev, Gostev, Nadtochenko,
Shkuropatov, Zabelin, Mamedov, Semenov, Sarkisov and Shuvalov, Photosynth. Res. 98 (2008) 95–103].
We suggest that the longer wavelength position of P680 (near 680 nm) as a primary electron donor and
the shorter wavelength position of ChlD1 (near 670 nm) as a primary acceptor within the Qy transitions
in RC allow an effective competition with an energy transfer and stabilization of separated charges.
Although an alternative mechanism of charge separation with Chl"D1 as the primary electron donor and
PheoD1 as the primary acceptor cannot be ruled out, the 20-fs excitation at the far-red tail of the PSII core
complex absorption spectrum at 710 nm appears to induce a transition to a low-energy state P"

680 with
charge-transfer character (probably Pdþ

D1P
d$
D2) which results in an effective electron transfer from P"

680

(the primary electron donor) to ChlD1 as the intermediary acceptor.
! 2011 Elsevier B.V. All rights reserved.

1. Introduction

Pigment–protein complex of photosystem II (PSII) functions at
physiological conditions as a light-dependent water:plastoquinone
oxidoreductase in the thylakoid membranes of cyanobacteria,
green algae and higher plants. PSII is the main source of the oxygen
on the Earth, and is also involved in the primary production of bio-
mass in the biosphere. The electron density map of dimeric PSII
core complex from the cyanobacterium Thermosynechococcus
elongatus has recently been solved to a resolution of 2.9 Å [1]. Each

core PSII complex contains D1, D2 reaction center (RC) proteins,
the a and b subunits of cyt b559, two integral antenna proteins,
CP43 and CP47, which carry 13 and 16 chlorophyll a molecules
(Chl), respectively, as well as three extrinsic proteins of 33 kDa
(PsbO), 17 kDa (PsbV, cyt c-550) and 12 kDa (PsbU) required for
maintaining the stability and function of the oxygen-evolving com-
plex. The RC D1/D2 proteins are located approximately symmetri-
cally with respect to transmembrane region, which is very similar
to the arrangement of the L/M subunits in bacterial RC (BRC) [2,3].
Four Chls (special pair chlorophyll molecules PD1 and PD2, denoted
as P680, and two accessory chlorophylls ChlD1 and ChlD2, in BRC de-
noted as BA,B), two pheophytins (PheoD1 and PheoD2, in BRC de-
noted as HA,B), and two plastoquinones (QA and QB) are arranged
in two symmetrical branches. As in the BRC, electron transfer in

1011-1344/$ - see front matter ! 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jphotobiol.2011.02.003
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77K : 0.9 ps for charge separation in PSII 
 [Shelaev et al.: The title tells the story] 
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