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The chlorophyll (Chl) a '  and pheophytin (Pheo) a contents in photosynthetic organs have been reinvesti- 
gated by means of silica HPLC. Previously reported data (Walmmbe, T. et al. (1985) BBA 807, 110-117 and 
FEBS Lntt. 191, 252-256) were fmmd te contain errors from two sources: slight e~fion and 
pheephyfintzaficm of CId a ~ering pigment extraction and PS ! ~ l w e p m ~ n ,  and an aceidemal 
overlap of a Old a alteratioa pmdect (meso-chlcrinnted CId a )  with CId a" on the ~ trace. The 
pigment molar ratios determined with the improved e x U a c t i o a / ~  pmcedmre were Chl a / C M  a" ~. 460 
a n d ( 3 d  a / P h e o a ~ . 1 2 O i n m o r e t h a n  100 samples from 13 differam higimr [~m~ts, real CM a / C b l  
a '  .~ 125 and Chl e / P h e o  a + 100 in three cyanobacteriL These values, when combined with the P S i  
particle comF~iifiun (CW a ' / P - 7 0 O =  11) and the widely accepted molar ratio Pheo a / P - 6 N  of  2, yield 
P.~38@/P-"/6@ m 1.9 -4- 0.5 and 0.65 -I- 0.20 as reactiola center s t o i ¢ ~  ia higher ptants and cyanolz~- 
ter i~ r e s p e ~ e l y .  T h e  present results e o n e x p ~ d  well  with the receedy published C t i  a / r e a ~ e n  center 
stokhlemetry data acquired by (phnto-)redox tiWntious of key coml~nen~ 

In~redadian 

The presence of metal-frce chlorophyll (Cld) a, 
or pheophytin (Pheo) a, in photosynthetic ap- 
paratus had been questioned for a long thue, until 
Klimov et al. [1,2] demonstrated indirectly that it 
might function as the prima~y aceeptor in photo- 
system (PS) II  reaction center. Chl a ' ,  or the C-20 

Abbrevladons: Chl. chlorophyll; Pheo, phecphytin, PS, Photo- 
~tem; HPLC, high.performance liquid chzomatography; Q. 
quincne acceptor. 

Con~ponden~: "IF. Watanabe, Institute of Industrial Scienc~ 
Un~/~ity of Tokyo, Roppcngi, Minalo-lm, Tokyo 106, Japan. 

epimer of Chl a (see Ref. 3 for carbon numbering), 
was first described in 1942 [4|, but since then most 
workers have regarded it as merely an extraction 
artifact. Only a few investigators [5,6] have claimed 
that it may be possible that Chl a" is an ingredi- 
ent in vivo. 

We have attempted to quantitate minor pig- 
ments in photosynthetic orsans by means of 
HPLC. Previous work [7] susgested the presence 
of one molecule of Chi a '  and one molecule of 
Pheo a p ~  approx. 300 and 69 molecules of Chl 
a, res=ectively, in higher plant leaves. Subsequent 
analysis of a series of P S I  particles under identi- 
cal HPLC conditions showed that roughly two Chl 
a '  molecules are associated with P-700 [8]. More 
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recently interaction of Chl a '  with a 65 kDa 
subunit protein of PS I reaction center was dem- 
onstrated [9]. 

After further accumulation of analytical data, 
however, we noted that the contents of Ph¢o a 
and Ch] a" were variable, albeit slightly , from 
one HPLC measurement to another. The present 
work was undertaken to unravel the causes for 
such a scatter of analytical data and, on this basis, 
to obtain more reliable values for the Chl a '  and 
Phoo a contents in higher plants, PS 1 particles 
and cyanobacteria. 

Briefly, two matters have been identified as the 
principal sources of the data scatter: alteration of 
Chl a through contact with tissue-derived sub- 
stances on disruption of cells and cMoroplasts, 
and an accidental overlap of one of the Chl a 
alteration products with Chl a '  on the HPLC 
trace. By carefully examining and improving the 
extraetion/HPLC conditions, we were able to 
suppress these artifact-producing phenomena 
satisfactorily. The newly established analytical 
data are in line with the stoichiomctfies Chl a'/P- 
700= 1 and Pho0 a/P-680 = 2 for every plant 
species examined here, and the P.fS0/P-700 molar 
ratios of about 1.9 in higher plants and about 0.65 
in cyanobacteria. 

Materials and Methods 

Plant materials. Young leaves, apparently 
healthy and active in photosynthesis, were 
harvested from a total of 13 higher plants (Hy- 
drangea macrophylla, Spinacia oleracea, Cheno- 
podium album, Chrysanthemum maximum, Erigeron 
canadensis, Fragaria chiloensis, Angelica keiskei, 
Brassica rapa, Co,ptotaenia canadensis, Oenanthe 
stolonifera, Salpichroa rhomboidea, Lycopersicon 
esculentum and Rhododendron pulchrum) grown 
under sunlight. Three species of cyanobaeteria, 
Synechococcus sp. (ATCC 27144), Anabaena sp. 
(ATCC 29151), and Spirulina platensis (M-135) 
were used as materials. The former two were grown 
in BG-11 medium [10] without NaCI and the latter 
in SOT [11], all under white fluorescent tubes 
(approx. 40 p E - m - 2 - s  -1) at 30-1- I ° C  for 7-8 
days, 

PS 1 particles. P-700-enriched particles were 
prepared by digltonin solnbillzation of spinach 
chloroplasts followed either by centdfugatiou [12] 

or by a diethyl ether wash [13,14]. The P-700 
concentration was assayed via the flash-induced 
absorption change for the former particles and the 
ferricyanide-oxidized minus ascorbate-reduced 
difference spectrum for the latter particles, based 
on a common absorption coefficient of 64 mM -1 - 
cm -x for P-700 [15]. The Chl alP-700 molar ratio 
in these P S l  particles ranged from about 300 
down to about 8. 

Pigment extraction. The leaf tissue of a higher 
plant was ground in a glass mortar for I rain with 
approx. 60 g of anhydrous Na2HPO 4 ( - 2 0 ° C )  as 
a desiccant. The leaf tissue/desiecant weight ratio 
proved to be one of the crucial factors in ensuring 
the molecular integrity of Chl-type pigments in 
the course of e, xtraction, as will be detailed later. 
The ground material was transferred into a glass 
beaker, to which 30 ml of chloroform ( - 2 0 ° C )  
was added, and the mixture was sonicated for 30 
s. It was then filtered through a glass filter (What- 
man GF/C, prewasbed with chloroform) under 
suction, and the residue was washed twice with 5 
ml of cooled chloroform for exhaustive extraction. 
The filtrate was immediately dried in a r o t ~  
evaporator under 0.01 atm. 

The same practice was follo~ :' in pigment 
extraction from eyanobacteria (after separating 
the culture medium by centrifugation at 10000 × g 
at - 1 0 ° C  for 1 rain) and P S I  particles. 

HPLC analysis. The green solid material ob- 
tained by the above procedure was immediately 
redissolved in approx. 10/zl of chloroform, and an 
aliquot of 0.4-3.0/d was injected to a silica HPLC 
column (Senshupak 1151-N, 4.6 nun (diameter)× 
150 ram, cooled to approx. 4 ° C  in an ice-water 
hath). The sample was aluted isocratically with 
bexane/2-propanol/methanol (100: 0.8: 0.4, v / v )  
at a flow rate of 0.5-0.8 ml/min.  Pigment compo- 
nents were monitored by means of an Oyo- 
Banko-Kild visible absorbance detector UVI- 
LOGo7 (425 nm) and a JASCO fluorescence de- 
tector FP-U0 (Ae~ 365 nm, A ~  670 nm) placed in 
series. 

Sufficiently pure Chl a (epimeric purity 99.97~, 
see below), Chl a '  (99.9~ or higher), Pheo a 
(99.9%) and Chl b (99.9%) were prepared by means 
of preparative-scale HPLC [3], and were used as 
internal or external standards in pigment identifi- 
cation and quantitation. 



Resul~ 

Improvement in HPLC resolution 
Under previously employed HPLC conditions 

in which the eiuent had beert a binary mixed 
solvent (hexane/2-prupanol, 100:0.8-1.5) [7,8], 
we later noticed that the Chi a '  peak was some- 
times contaminated with a weakly fluorescent 
component, by comparing the absorbance/ 
fluorescence intensity ratio on the HPLC trace 
between the plant extract and the ~tandard Chl a" 
sample. In addition, the Chi a" peak occasionally 
appeared to be a closely spaced doublet (Chl a" 
and X). In view of this, we first looked for a better 
duent capable of separating this doublet imo two 
isolated peaks, to reach a hexane/2-propenol/ 
methanol (100 : 0.8 : 0.4) ternary solvent system. 

As a typical example, the HPLC trace for a 
chloroform extract of Spinacia oleracea leaf tissue, 
recorded using the novel eluent, is shown in Fig. 1. 
The Chl a '  and component X peaks are now 
completely separated. The relative height of the 
component X peak showed a significant scatter 
from one measurement to another, even in sam- 
pies from a common plant species. (The HPLC 
trace in Fig. 1 represents a case in which the 
relative amount of X is exceptionally high, being 
cow, parable to that of Chi a ' .  In many runs, 
under an improved extraction procedure described 
later, the content of X was much lower, frequently 
below the detection limit.) Based on this and other 
pieces of evidence, we were able to verify [16] that 
component X is an alteration product of Chl a, in 
which the 8-methine carbon has undergone chlo- 
rination [17,18] possibly by an attack of electro- 

• I .° =h o Eiuent: _ =  
Hex.I Z-Pr OH I Me~'l f l  ~. ~ I I  .oo,o . . ,o~)  II 

o I o ~  t o , i Flow ra ~ : O.t~ mr/mtn 

0 i0 2o 3o 4o so  60 70 
Retention lime I rnin 

Fi 8. 1. HPLC trace for a dfloroform extract of Spinacia 
oteracea leaf tissue. Dcl~on wavckngth, 425 am. 
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philic chlorine species (CI-, Cl + and/or C12) 
[19,20] formed from cytoplasm- c,r vacuole-derived 
chloride ion during tissue grinding. The accidental 
overlap of the Chl a '  peak with the &chlorinated 
Chl a peak was one of the factors causing ob- 
servation of higher Chi a" contents in our previ- 
ous measurements ['/,8]. 

Improvement in extraction procedare 
Even with the use of the novel eluent, the 

amounts of Chl a" and Pheo a relative to Chl a, 
evaluated from HPLC peak areas, still exhibited a 
scatter, in the ranges 0.19-0.5~ and 0.75-1.5%, 
respectively, in higher plants. This suggested that 
Chi a molecules had undergone alterations (epi- 
metization and/or  pheophytinization) at some 
stage(s) of extraction. 

The plant cytoplasm and vacuole contain a 
variety of acids, bases and inorganic ions. Chl a is 
pheophytinJzed by acids [21], epimerized by bases 
[22], and ~hlorinated by an electrophilic attack of 
chlorine species [16,19.20]. On grinding the leaf 
tissue, Chl a molecules fiberated from structural 
proteins come into contact with cytoplasm- or 
vacuole-derived substances. Such substances 
should be active only in an aqueous or wet en- 
vironment. Rapid desiccation of plant tissues 
would then be an effective means for suppre~ng 
pigment alterations. The use of a fairly large 
amount of desiccant (anhydrous Na2HPO4) in 
our tissue grinding practice, is based on these 
considerations. 

The efficiency of tissue desiccation, or inhibi- 
tion of pigment ahera,.iun, should ha a function of 
the leaf tissue/desiccent weight ratio during 
grinding. A higher weight ratio would lead to a 
higher degree of pigment alteration, since Chl a 
molecules should locally encounter the wet en- 
vironment mo~e frequently. By choosing a com- 
mon weight (60 g) of anhydrous Na2HPO4, we 
examined how the weight of co-ground H. macro- 
phylla leaf tissue Mfects the apparent contents of 
Chi a '  and Pbeo a relative to Chl a in extracts. 
The results ale summarized in Fig. 2. As expected, 
the apparent Chl a' and Phco a contents i n :  

creased with increasing leaf tissue weight. The 
analytical concentrations of Chl a" and Pheo a, 
however, appear to intersect with the ordinate at 
characteristic non-zero ~.hies, 0~21 (±0.01)% and 
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Fig, 2. Apparent Otl a' and Pheo a contents relative Io Chl a 
in chloroform extracts prepared after grinding H. macrophylta 
leaf tissue of various weights with 60 g of anhydrous Na2HPO 4 

( - 20 °C) .  

0.83 (+0.0~)5 of Chl a, respectively, when the 
weight of leaf tissue kneaded with 60 g desiccant 
is small enough, i.e., below approx. 600 rag. These 
values could thus be regarded as reflecting the 
pigment composition in vivo. 

In light of these findings, it is now clear why we 
observed apparently higher Chl a '  and Phco a 
contents, approx. 0.335 and 1.7% of Chl a, re- 
spectively, in previous measurements [7]. In those 
experiments we ground 1-5 g leaf tissue with 
10-30 g anhydrous Na2SO4, or at least 2 g of the 
former per 60 g of the latter. Referring to Fig. 2, 
under such ill-controlled conditions the apparent 
Chl a" content easily exceeds 0.35, as long as the 
desiccating power is similar for Na2HPO4 and 
Na2SO 4. The previously observed Pheo a content 
(1.7%) is, however, slightly higher than the maxi- 
mum value (approx. 1.25) noted in Fig. 2: this 
suggests the occurrence of faster pheophytiniza- 
~On hl crushed t i ~ u , ~  ~ c~fiL&~L w~.Lh ~'~tt2~;O4, 
probably because of its lower activity as compared 
to Na2HPO 4 in scavenging tissue-derived acidic 
substances. 

When leaf tissues were 8sound in the abset.ce 
of a desiccant and then extracted with chloroform, 
the relative contents of Chl a ' ,  Pheo a and 8- 
chlorinated Chl a assayed from HPLC traces 
showed a significant scatter and were generally 
higher, in the ranges 0.3-0.55, 1.5-3.0%, and 
0.5-1.55 of Chl a, respectively. Based on the 

observations mentioned above, these values evi- 
dently contain contribution from Chl a alter- 
ations in the course of grinding/extraction. 

Pigment i;ztegrity in the entire course of extraction / 
HP.LC 

In order to examine whether the 0.25 level of 
Chl a '  and the 0.85 level of Pheo ~ (Fig. 2) 
derive from in vivo or are Chl a alteration prod- 
ucts formed during extraction/HPLC, the follow- 
ing experiments were conducted. First an extra 
pure Chl a sample, containing 0.035 Chl a '  as 
the sole impurity (Fig. 3), was prepared. 99.97% 
pure Chl a of various weights was then kneaded 
with H. macrophyllc leaf tissue, and the pigments 
were extracted from the mixture and analyzed by 
HPLC as described above. If the molecular in~- 
grity of the 99.975 pure Chl a is preserved 
throughout the entire course of extraction/HPLC, 
both the Chl a' /CId a and Pheo a/CId a molar 
ratios in the resulting extracts would decrease as 
the amount of admixed pure CId o increases. In 
this experiment, the Chl a/Chl b molar ratio in 
the extract is a measure for the degree of pure Chl 
a admixing. 

In Fig. 4 the typical HPLC traces for H. macro- 
phylla leaf tissue alone (A, Chl a/Ch] b = 2.1-4- 
0.1) and for the leaf tissues with higher Chl a/Chl 
b molar ratios due to admixing of the pure Chl a 
(B, C) can be seen. As is seen, the relative contents 
of Pheo a and Chl a '  are lowered systematically 
by the admixing. Fig. 5 summarizes quantitatively 

2561 

Retenti~ time I m~n 

Fig, 3. HPLC trace for 99.97% pure Chl a, conlainin 8 Chl a" 
as Ihe sole impurity. 
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Fig. 4. HPLC traces for chloroform extracts of H. macrophylla 
leaf tissue alone (A) and of (99.97% Chl a plus H. macrophylta 
leaf tissue) mixtures (B, C). The Ch] a peaks ate normalized to 

a common intensity. 

the courses of Chl  a '  and Pheo a molar  abun-  
dance lowering with the progress of  pure  Chl  a 
admixing, Most  of  the da ta  points fall on the 
working curves (b) and (d), which denote the cares 
in which the extraneous 99.97% Chi  a remains 
intact  dur ing ex t r ac t ion /HPLC.  Hance,  if  both  
endogenous and  extraneous pigments  have experi- 
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enced a ~imilar chemical environment,  the low 
levels of Pheo a and Chl a '  found in extracts axe 
not =rtif .cts,  bu t  were present in plant  tissueS jus t  
before extracfian. A further discussion on these 
results will be  given later. 

(?hi a" and Pheo a contents in higher plants 
The analytical values of  Chl a '  ~nd Pheo a 

cootent~, u~a,.Ic~ ~.~p,zr[t~.aqlzd c,c, i i~' ; ; ion, s whet.7, 
molecular alterations ,:,'ere negligible, were  signifi- 
cantly uniform among more than 10)  leaf tissue 
samples from the 13 different higher plants listed 
above. When expressed as the numl:er  of  Cbl  a 
molecules per  molecule of  the minor  pigments, the 
results are summarized as foflows: 

Chl a /Ch l  ~" - 460+90 ( l )  

Chl a / Pheo a -120:1:20 (2) 

Essentially the same values ~e t¢  ~btalned fuc 
chloroplasts. 

Chl a" and Pheo a contents in cyunohacteria 
The  Chl a" and Pheo a contentz in cyanobac- 

teria, averaged over  the three species mentioned 
above, were fo~ad to be slightly different from 
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TABLE I 

COMPARISON OF Ch] a/P-700, 011 o/P-680 AND P-680/P-700 STOICHIOMETRIES IN HIGHER PLANTS AND 
CYANOBACTER]A DETERMINED BY HPLC ANALYSES AND OTHER IV~ETHODS 

Index for P-680 content: Q^, llght-induced absorb~ce change at 325 nm in the p.*esence of ferricyanlde (+FeCy) or in its absence 
( - FeCy): O 2 or H +, oxygen or proton yield per flash: atrazine, amount of atrazine bound. 

Sp¢=ies Chl a O d  a P-680 Index for ReL 
P-700 P-6S0 P'/00 P-6gO content 

Higher plants, 13 species 
(see Materials and Methods) 

Spinaeia oleracea 

Pisum sativum 

Nicotiana tabacum 
Glycfne max 
Hordeum vulgate 

Lycopersicon 
es~lentum 

Cyan0bacteria 
Synechococcus sp. 
( Anacy~tis 

nidulans) 

Anabaena sp, 

Spirulina 
platensi$ 

460 24O 1.90 Pheo a Present 
( ± 90) ( ± 40) ( :t: 0.50) study 

478 272 1.76 QA ( + FeCy) 25 
433 a 209 a 2.07 QA ( + FeCy) 26 

(:k30) (±0.13) 
220 Pheo a 23 

( ± 1 4 )  

435 405 1.07 Q^ ( -  FeCy) 27 
397 ~ 387 a 1.02 02, H ÷ 28 

(±1o) (±O.lO) 

380 220 1.70 atrazine 29 
(+20) (±6o) (±o.so) 

40 ~; - - 30 
(+10) 

600 ~ 265 ~ 2.25 atrazine 31 
600" 256 a 2.32 QA ( + FeCy) 31 

600 a 431 a 1.38 QA ( - FeL-'y) 31 
600 = 470 = 1.27 02 31 

3~O 230 1.70 QA ( + FeC-'y) 32 
500 270 1.85 Q^ ( + FeCy) 33 
490 260 1.88 QA ( + FcCy) 33 

370 448 * 0.83 H ~ 30, 34 

136 218 0.62 Pheo a Plesent 
( ± 4) ( ± 3) ( ± 0,02) study 
109 - - 35 

- 220 Ph¢o a 23 
(±18) 

- 211 02 36 
(±15) 

1S8 370 0.42 O2 37 
(+9) (+34) (:t:0.04) 

127 208 0.61 Pheo a Present 
(+7)  (+30) (±0.07) study 
147 285 0.49 02 37 

(±1 i )  (+13) (±0.04) 
128 35 
130 38 

113 154 0.73 Pheo a Present 
(±3) (±6) (±0.05) study 

a Recalculated from the published data assuming Cid a / C h l  b ~ 2,6. 



those in higher plants, and are summarized as 
follows: 

CId a/Chl a'= 1254-15 (3) 

Chl a/Pheo a =100___25 (4) 

These values, however, appear to be sor.aewhat 
characteristic of the spe~es, as ~',51] be detailed 
later. 

Chl a'  contents in PS  l particles 
In view of the possibility that we had over- 

estimated the Chl a' content in a previous study 
[71, the pigment composition of P S I  particles was 
re-investigated by the improved extraction/HPLC 
procedure. The result given in Fig. 6 corresponds 
well with the stoichiometry 

Chl a "/P-700 = 1 {51 

for a wide range of PSI  particles with Chl alP-700 
molar ratios from 1000 down to about 8. (The 
particle of Chl alP-700 = 1 000 alone is actually a 
PS II particle.) This indicates that Chl a '  is one of 
the eight Chl molecules constituting the P S I  
reaction center, including P-700, though we are 
not yet sure about the exact role or function of 
Chl a '  in driving P S I  photochemistry. In PS 1 
particles, Pheo a and Chi b were detected in trace 
amounts only, so that these pigments cannot be 
essential components of PS I, 

In our previous work [8], where the Chl a ' /P-  
700 molar ratio was evaluated to be around 2, the 
PS 1 particles had been prepared through hea~e~ 
treatm~ats of spinach chloroplasts; Triton X-100 
fraefionation, SDS-polyaerylamlde gel electro- 
phoresis, sucre3e-gradiant centrifugalion, and 
DEAE-S~pharos~ column chromatography. Epl- 
merization and/or  8-chlorination of Chl a during 
these treatments were evidently the causes for 
observation of higher Chi a ' /P-700 molar ratios. 

P.680/P.700 stoichiometry in photosynthetic ap- 
paratus 

The presence of two Pheo a mo!~nle~ as the 
primary eleetxon acceptor of PS II reaction canter 
(1'-680) has been well established by recent studies 
[23,24]. Combining Pheo a/P-68ll ~ 2 with Eqns. 

tO tO0 lOGO 

Chl  a I P700 Molar Rat io  

Fi 8. 6. Relauonship b~lwecn ~ Chl a/Chl a" toO|at r~ao 
mad the Chl a/P.700 molar ratio for a selie~ of PS l-enriched 
particles. (I), digitonln-sola~dized then centrifuged: o, dig- 
itonin-solul~tliznd and subsequemly, ether.washed; 0, PS II 

particle. 

I-5, one obtains the following pigment/reaction 
center stoiehiometrles 

c~  a/v-700 = ~0±90 (6) 

Chl a/P-680 = 2404-40 (7) 

P-eSO/P-700 -- 1.9 ±0-~ (8) 

for the 13 higher plants, and 

Chl a/P-700 - 1.9.5± 15 (9) 

Cm a /P.680 = 200:1::0 (10) 

P-680/po700 = 0.65 ±0.20 (It) 

for the three ~j~,obactcria ez'~mined in the pre- 
sent investigation. In Table I, these values, ob- 
tained by simple yet absolute HPLC determina- 
tion of Chl-type pigments, are compared with 
r~.ently published stoichiometry data accu- 
mulated through (photo-)redox titratians of reac- 
tion center key componants. 

Diseusslon 

For a series of higher plants, a good a g ~ . s n ~ t  
is seen in Table I among the Chl a/P-700 ratios 



assayed by different workers. Obviously, this is a 
consequence of the use of a common method for 
quantitating P-700; oxidized-minus-reduced ab- 
sorbance measurement with a P-700 absorption 
coefficient of 64 mM -1 - cm -1 [15]. 

Based on these findings, the resuR of the dilu- 
tion experiments (Fig. 5) could be regarded as 
strong cvi~.-~.ce '&.a', ~.he low leve! cf  Chl a '  fo,.md 
in extracts of 'undiluted' plant tissues is not an 
experimental artifact. An argument against this 
would be to invoke a possibility that a single Chl 
a molecule or its derivative, present in a special 
environment very close to P-700, has been selec- 
tively epimerized to Chl a '  on disintegration of 
the protein network by tissue crushing. However, 
since Chl a '  is higher in Gibbs free energy than 
Chl a by about 2.7 Ll /mol  [22], and as long as the 
epimerization proceeds as a normal chemical reac- 
tion, the maximum fraction of Chl a" in the 
resulting epimer mixture should be 25c$, irrespec- 
tive of the nature of the starting species (Chl a, 
Chl a ' ,  or an enol). Therefore, even when epimeri- 
zation is completed during our l-rain tissue crush- 
ing period, we have to assume the presence of four 
special Chl a-type pigments in the vicinity of 
P-700. I f  the epimerization has proceeded only 
slightly within 1 rain (and this is perhaps more 
probable) much more special Chl a molecules 
(out of only eight Chl a molecules, see Fig. 6) are 
needed to yield one molecule of Chl a '  during 
crashing/extraction. 

The sole argument against endogenous pig- 
ments being intact during crushing may be to 
suppose the presence of a special enzyme which 
catalyzes the energetically uphill process Chl a --* 
Chl a '  or the enol -~ Chl a' conversion, which are 
both reversible reactions and can normally yield at 
most 25~ Chl a ' ,  with 100% ©fficiency. Whether 
such a process takes place is, however, beyond the 
scope of the present work. 

The Chl a/P-680 molar ratio delerm~ed here 
by simple HPLC quantitatlou of Chl a and Pheo 
a (240+ 40) more than adequately covers the 
range of literature value obtained by quantitathlg 
Pheo a, atrazine bound, or QA in the presence of 
ferrlcyanide (200-270). We note, however, that 
~.~.~e -r'hl a/P-680 ratio evaluated by quantitating 
Q^ in the absence of ferrieyanlde or by measure- 
ment of oxygen or proton yield by flash excitation 

(38~-480) is roughly twice the value mentioned 
above. This may reflect the presence of two differ- 
ent electron accepters, QA and Q,go [31,39-41], of 
WhiCh only QA can be detected in the latter mode 
of measurement. Q~0 was recently suggested to be 
Fe(lIl), the oxidized form of Fe(iI) associated 
with quinone accepters Q^ and QB [42,43]. Since 
Q,~.~, ca.,,. 2ccept electrons only i~ i!s oxidized state, 
both QA and Q400 are detectabi¢ ~;n :he presence 
of ferrieyanlde. 

Based on our HPLC analyses with the sole 
assumption that Phco a/P-680 = 2, the P-680/P- 
700 molar ratio is evaluated to be 1.9 4- 0.5 for the 
13 higher plants examined. This value is again in 
the range of many recently reported values 
(1.70-2.30) listed in Table L The P-680/P-700 
stnlchiometry assayed from Q^ quantitation in the 
absence of ferricyanide or from oxygen or proton 
yield measurements is, for reasons mentioned 
above, significantly lower than this (0.83-1.4). 

The Chl alP-700, Chl alP-680 and P-680/P- 
700~toichiometrias evaluated from HPLC analyses 
of pigment composition in cyanobacteria are also 
fairly close to those obtained by other methods 
[23,35-38,44,45]. Thus, the body of Table 1 pro- 
vidas strong evidance that simple HPLC quantita- 
tion of Chl-type pigments is, as !ong as it is 
carried out under conditions where even minute 
alterations of these labile pigments are negligible, 
an effective means for evaluating reaction center 
concentrations in photosynthetic apparatus. 

Currently, a controversy prevails as to the molar 
ratio of a PS 1I subanit cytcehrome b-$59 to 
P-680, namely between 1 [46] and 2 [44,47,48]. The 
former value is in line with our analytical results, 
since the Chl a / cy toc~ome b-559 molar ratio in 
higher plants has been established at about 200 
[47,49]. In view of such uncertainty, a reliable 
technique to quanfitat~ P-680 should be devised in 
future investigetiovs. 
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