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The chlorophylt (Chl) 2" and pheophytin (Pheo) a contents in photosynthetic organs have been reinvesti-
gated by means of silica HPLC. Previously reported data (Watanabe, T. et al. (1985) BBA 807, 110-117 and
FEBS Lett. 191, 252-256) were found to contain errors from two sowrces: slight epimerization and
pheophyﬁnizanonolCH-dunngplgmemexmmonandPSlpamdeprepnm and an sccidental
overlap of a Chl a al { i d Chl a) with Chl a’ on the HPLC trace. The
pigmentmolarntlosdetemﬂnedmthﬂle P d ion / HPLC n dure were Chl a /Chl a” = 460
aMOﬂa/Pheoa-lZOmmoreﬂmnlMsmplsfmml3d|ﬁerentlﬁgberplants,amICIﬂa/CH
a’+125 and Chl «/Pheo a =100 in three cyancbacteria. These values, when combined with the PS I
particle composition (Chl a’/P-700 = 1) and the widely accepted molar ratio Pheo /P-680 of 2, yield
P-6W/P7M-l.9i0.5-nd0651:020as center stoichis ies in higher plants and cyanobac-
teria, respectivel results pond well with the ly published Cid a/ ion center
stoichiometry dauacqulredby(pho(o—)redox titrations of key components.

Introduction epimer of Chl a (see Ref. 3 for carbon numbering),

was first described in 1942 {4}, but since then most

The presence of metal-free chlorophyll (Chl) a,
or pheophytin (Pheo) a, in photosynthetic ap-
paratus had been questioned for a long time, until
Klimov et al. {1,2] demonstrated indirectly that it
might function as the primary acceptor in photo-
system (PS) II reactior. center. Chl a’, or the C-10

A iati cm, Pheo, pheophytin, PS, Photo-
Swatem; HPLT, high-pt liquid ch Q
quincne acceptor.

Comespondence: T. Watanabe, Institute of Industriz! Science,
University of Tokyo, i, M ku, Tokyo 106, Japan.

workers have regarded it as merely an extraction
artifact. Only a few investigators [5,6] have claimed
that it may be possible that Chl &’ is an ingredi-
ent in vivo.

We have attempted to quantitate minor pig-
ments in photosynthetic organs by means of
HPLC. Previous work [7] suggested the presence
of one molecule of Chl @’ and one molecule of
Pheo a per approx. 300 aud 60 molecules of Chl
a, res:ectively, in higher plant leaves. Subsequent
analysis of a series of PS 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 Pheo a
and Chl o’ were variable, albeit stightly , 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
Pheo a contents in higher plants, PS I particles
and cyanobacteria.

Briefly, two matters have been identified as the
principal sources of the data scatter: alteration of
Chl @ through contact with tissue-derived sub-
stances on disruption of cells and chloroplasts,
and an accidental overlap of one of the Chl a
alteration products with Ch! 2’ on the HPLC
trace. By carefully examining and improving the
extraction/HPLC conditions, we were able to
suppress these artifact-producing phenomena
satisfactorily. The newly established analytical
data are in line with the stoichiometries Chl a’/P-
700=1 and Pheo a/P-680=2 for every plant
species examined here, and the P-680/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, Chr h maximum, Erigeron

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 particics, based
on a common absorption coefficient of 64 mM ™’ -
cm™ ! for P-700 [15]. The Chl a/P-700 molar ratio
in these PS I 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 1 min with
approx. 60 g of anhydrous Na,HPO, (~20°C) as
a desiccant. The leaf tissue/desiccant weight ratio
proved to be one of the crucial factors in ensuring
the molecular integrity of Chl-type pigments in
the course of extraction, as will be detailed later.
The ground miaterial was transferred into a glass
beaker, to which 30 ml of chloroform (—20°C)
was added, and the mixture was sonicated for 30
s. It was then filtered through a glass filter (What-
man GF/C, prewashed with chloroform) under

ion, and the residue was washed twice with 5
ml of cooled chloroform for exhaustive extraction.
The filtrate was immediately dried in a rotary
evaporator under 0.01 atm.

The same practice was follow.:' in pigment
extraction from ¢ b ia (after separating
the cul dium by centrifugation at 10000 X g
at —10°C for 1 min) and PS I particles.

HPLC analysis. The green solid material ob-
tained by the above p: dure was i diately

dissolved in approx. 10 gl of chloroform, and an
aliquot of 0.4-3.0 pl was injected to a silica HPLC
column (Senshupak 1151-N, 4.6 mm (diameter) X
150 mm, cooled to approx. 4°C in an ice-water
bath). The sample was eluted isocratically with

de Fragaria chiloensis, Angelica keiskei,
Brassica rapa, Crp 7 densi '
lonifera, Salpichroa rhomboides, Lycopersi
I and Rhododendron pulchrum) grown

under sunlight. Three species of cyanobacteria,
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 NaCl and the latter
in SOT [11}, al} under white fluorescent tubes
(approx. 40 pE-m~2.57") at 30+1°C for 7-8
days.

PS I particles. P-700-enriched particles were
prepared by digitonin solubilization of spinach
chloroplasts followed either by centrifugation [12]

h / 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-
Bunko-Kiki visible absorbance detector UVI-
LOG-7 (425 nm) and a JASCO fluorescence de-
tector FP-110 (A, 365 nm, A_,, 670 nm) placed in
series.

Sufficiently pure Chl a (epimeric purity 99.97%,
sec below), Chi 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.



Results

Impr in HPLC resoluti

Under previously employed HPLC conditions
in which the eluent had been a binary mixed
solvent (hexane/2-propanol, 100:0.8-1.5) [7,8],
we later noticed that the Chl a” peak was some-
times contaminated with a weakly fluorescent
component, by ccmparing the absorbance,
fluorescence intensity ratio on the HPLC trace
between the plant extract and the standard Chl o’
sample. In addition, the Chl @’ peak occasionally
appeared to be a closely spaced doublet (Chl a”
and X). In view of this, we first looked for a better
eluent capable of separating this doubiet into two
isolated peaks, to reach a hexane/2-propanol/
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 a2’ 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-
ples 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
cowaparable to that of Chl 2’. 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 4, in
which the §-methine carbon has undergone chlo-
rination [17,18] possibly by an attack of electro-
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Fig. 1. HPLC trace for a chloroform extract of Spinacia
oleracea leaf vissue. Detecuon wavelength, 425 nm.
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philic chlorine species (Cl-, CI* and/or Cl,)
[19,20] formed from cytoplasm- or vacuole-derived
chloride ton during tissue grinding. The accidental
overlap of the Chl a” peak with the 8-chlorinated
Chl e peak was one of the factors causing ob-
servation of higher Chl a” contents in our previ-
ous measurements [7,8).

Improvement in extraction procedure

Even with the use of the novel cluent, the
amounts of Chl a” and Pheo a relative to Chl z,
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
Chl a molecules had undergone alterations (epi-
merization 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
pheophytinized by acids [21], epimerized by bases
[22}, and chlorinated by an electrophilic attack of
chlorine species [16,19.20]. On grinding the leaf
tissue, Chl a molecules liberated 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 suppressing
pigment alterations. The use of a fairly large
amount of desiccant (anhydrous Na,HPO,) in
our tissue grinding practice, is based on these
considerations.

The effici of tissue d or inhibi-
tion of pigment alteration, should be a function of
the leaf tissue/desiccant weight ratio during
grinding. A higier weight ratio would lead to a
higher degree of pigment alteration. since Chl «
molecules should locally encounter the wet en-
vironment more frequently. By choosing a com-
mon weight (60 g) of anhydrous Na,HPO,, we
examined how the weight of co-ground H. macro-
Dphylla leaf tissue affects the apparent contents of
Chl 2’ and Phec a relative to Chl a in extracts.
The results are summarized in Fig. 2. As expected,
the apparent Chl a’ and Pheo a contents in<
creased with increasing leaf tissue weight. The
analytical concentrations of Chl a” and Pheo a,
however, appear to i with the ordi at
characteristic non-zero values, 0.21 £+0.01)% and
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Fig. 2. Apparent Chl a” and Pheo a contents relative 1o Chl 2
in chloroform extracts prepared after grinding H. macrophylia
leaf tissue of various weights with 60 g of anhydrons Na, HPO,
(-20°C).

0.83 {+0.05)% of Chl g, respectively, when the
weight of leaf tissue kneaded with 60 g desiccant
is small enough, i.e., below approx. 600 mg. 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 Pheo a
contents, approx. 0.33% 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 Na,SO,, 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 0.3%, as long as the
desiccating power is similar for Na,HPO, and
Na,S0,. The previously observed Pheo a content
(1.7%) is, however, slightly higher than the maxi-
mum value (approx. 1.2%) noted in Fig. 2: this
suggests the occurrence of faster pheophytiniza-
tion i crushed tissues in contaci wiih Na,SU;,
probably because of its lower activity as compared
to Na,HPO, in scavenging tissue-derived acidic
substances.

When leaf tissues were ground in the abserce
of a desiccant and then extracted with chloroform,
the relative contents of Chl a’, Pheo a and $§-
chlorinated Chl a assayed from HPLC traces
showed a significant scatter and were generally
higher, in the ranges 0.3-0.5%, 1.5-3.0%, and
0.5-15% 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 isuegrity in the entire course of extraction /
HPLC

In order to examine whether the 0.2% level of
Chl a’ and the 0.8% level of Phee o (Fig. 2)
derive from in vivo or are Chl ¢ alteraticn prod-
ucts formed during extraction/HPLC, the foliow-
ing experiments were conducted. First an extra
pure Chl a sample, containing 0.03% Chl a’ as
the sole impurity (Fig. 3), was prepared. 99.97%
pure Chl a of various weights was then kneaded
with H. macrophylic leaf tissue, and the pigments
were extracted from the mixture and analyzed by
HPLC as described above. If the molecular inte-
grity of the 99.97% pure Chl a4 is preserved
throughont the entire course of extraction/HPLC,
both the Chl a’/Chl a and Pheo a/Chl a molar
ratios in the resulting extracts would decrease as
the amount of admixed pure Chl ¢ increases. In
this experiment, the Chl 4/Chl b molar ratio in
the extract is a measure for the degree of pure Chl
a admixing.

In Fig. 4 the typica! HPLC traces for H. macro-
phylla leaf tissue alone (A, Chl a/Chl b=21%
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 scen. As is seen, the relative contents
of Pheo a and Chl a4’ are lowered systematically
by the admixing. Fig. 5 summatizes quantitatively
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Fig. 3. HPLC wrace for 99.97% pure Chl a, containing Chl a”
as the sole impurity.
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Fig. 4. HPLC traces for chloroform extracts of H. macrophyila

leaf tissue atone (A} and of (99.97% Chl a plus H. macrophyila

Ieaf tissue) mixtures (B, C). The Chl a peaks are normalized to
a common intensity,

the courses of Chl @’ and Pheo ¢ molar abun-
dance lowering with the progress of pure Chl a
admixing. Most of the data points fall on the
working curves (b) and (d), which denote the cases
in which the extrancous 99.97% Chl ¢ remains
mtact during extracnon/HPLC Hence, if both

and ext have experi-
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enced a similar chemical environment, the low
levels of Pheo « and Chl a’ found in extracts are
not artificts, but were present in plant tissues just
before extraction. A further discussion on these
results will be given later.

Chl a’ and Pheo a contents in higher plants
The analytical valuees of Ch! 2" end Pheo a
imental whers
molecular alterations were negligible, were signifi-
cantly uniform among more than 10) leaf tissue
samples from the 13 different higher plants listed
above. When expressed as the numter of Chl «
molecules per molecule of the minor pigments, the
results are summarized as follows:

conienis, undes <X

Chi a/Chl &’ = 460+90 1)
Chl 2/Pheo a=1204+20 @

Essentially the same values weic obtained fur
chloroplasts.

Chl a’ and Pheo a contents in cyanobacteria

The Chl @’ and Pheo a contents in cyanobac-
teria, averaged over the three species mentioned
abuve. were found to be slighdy different from
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Fig. 5. Decrease in the refative conients in chioroform extracts, of Chl o* and Pheo a by the adniixing of increasing amounts of
99.97% pure Chl a to H. macrophylla leaf tissue before extraction, The solid curves (b) and (d) represent pure Chl @ remaining intact
during the entire course of extiucion/HPLC.
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TABLE I

COMPARISON OF Chl a/P-700, Chl ~/P-680 AND P-680/P-700 STOICHIOMETRIES IN HIGHER PLANTS AND
CYANOBACTERIA DETERMINED BY HPLC ANALYSES AND OTHER METHODS

Index for P-680 content: Q,, light-induced absorbance change at 325 nm in the presence of ferricyanide {+ FeCy) or in its absence
(—FeCy): O, or H", oxygen or proten yield per flash; atrazine, amount of atrazine bouad.

Species Chia Chl a P-680 Index for Ref.
F-700 P-680 P700 P-680 content
Higher plants, 13 species 460 240 190 Pheo a Present
(see Materials and Methods) {(+90) (+40) (+0.50) study
Spinacia oleracea 478 2712 1.76 Q, (+FeCy) 25
433 209* 207 Q4 (+FeCy) 26
(130 {(+0.13)
- 220 - Fheo a 23
(£19)
435 405 1.07 Q, (- FeCy) 27
397° 3w7° 1.02 0, H* 28
(£10) (£0.10)
Pisum sativum 380 220 170 atrazine 29
(£20) (160 (£0.50)
405 - - - 30
(£1%)
00 265* 225 atrazine 3
600" 256 2.32 Qa (+FeCy) an
600" 431° 138 Q4 (—FeCy) 31
600 * 470* 127 0, N
Nicotiana tabacum 90 230 1.70 Q, (+FeCy) 12
Glycine max 500 270 185 Q, (+FeCy) 33
Hordeum vulgare 4% 260 188 Qa (+FeCy) 3
Lycopersicon 370 448° 083 H* 30,34
esculentum
Cyanobacteria
Synechococcus sp. 136 218 0.62 FPheo a Present
( Anacystis {(x4) (+3) (£0.02) study
nidulans) 109 - - - 35
- 220 - Pheo a 23
(x18)
- 211 - o, 36
{(215)
158 370 042 0, 37
(19) (34 (£0.04)
Anabaena sp. 127 208 0.61 Pheo a Present
(&3] (£30) (1007 study
147 285 049 0O, 37
(£11) (£13) (£0.04)
128 - - - 35
130 - - - 38
Spirulina 113 154 0.73 Pheo a Present
platensis 43 (46) (+0.05) study
a Iculated from the published data Cid a/Chl b=26.



those in higher plants, and are summarized as
follows:

Chl 2 /Cht @’ =125+15 (3)

Chl a/Pheo a=100+25 (4

These values, however, appear to be soraewhat
characteristic of the species, as will be detaile;
later.

Chl a’ contents in PS I particles

In view of the possibility that we had over-
estimated the Chl 2’ content in a previcus study
[7), the pigment composition of PS 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 &)

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

In our previous work [8], where the Chl a’/P-
700 molar ratio was cvaluated to be around 2, the
PS 1 particles had been prepared through heavier

of spinach chiorop s Triton X-100
fractionation, SDS-polyacrylamide gel electro-
pk is, sucrose-gradi centrifugati and
DEAE-Sepharosz col chre graphy. Epi-

merization and/or 8-chlorination of Chl a during
these t were ly the causes for
observation of higher Chl a’/P-700 molar ratios.

P.680/P-700 stoichiometry in ph hetic ap-
paratus

The presence nf two Pheo @ molecules as the
primary electron acceptor of PS II reaction center
(P-680) has been well established by recent studies
{23,24). Combining Pheo a/P-680 =2 with Eqns.
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Fig. 6. Relationship between the Chl a/Chl a* molar ratio
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1-5, one obtains the following pi / reaction

center stoichiometries

Chl a /P-700 = 46090 (]

Chl a/P-680 = 240+ 40 (U]

P-630/P-700 =1.9+0.5 @

for the 13 higher plants, and

Chl a/P-700 =125+15 (]

Chl a /P-680 = 200 +:0 (10)

P-680/P-700 = 0.65+£0.20 an

for the three cyanobacteria examined ia the pre-
sent investigation, In Table I, these vaiues, ob-
tained by simple yet absolute HPLC determina-
tion of Chl-type pigments, are compared with
recently published stoichiometry data accu-
mulated through (photo-jredox iitrations of reac-
tion center key components.

Discussion

For a series of higher plants, a good agréemcnt
is seen in Table I among the Chi a/P-700 ratios
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assayed by different workers. Obviously, this is a
consequence of the use of a common method for

P-700; oxidized-minus-reduced ab-
sorbance measurement with a P-700 absorption
coefficient of 64 mM ™" -cm ™! [15]

Based on these findings, the result of the dilu-
tion experiments (Fig. 5) could be regarded as
strong evidence that the low leval of Chl o’ found
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 molecuie 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 kJ/mol {22}, and as long as the
epimerization proceeds as a normal chemical reac-
tien, the maximum fraction of Chl 4’ in the
resulting epimer mixture should be 25%, 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 1-min tissue crush-
ing period, we have to assume the presence of four
special Chl a-type pigments in the vicinity of
P-700. If the epimerization has proceeded only
slightly within 1 min (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
crushing/ 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 @, with 100% efficiency. Whether
such a process takes place is, however, beyond the
scope of the present work.

The Chl a/P-680 molar ratio determined here
by simple HPLC quantitation of Chl a and Pheo
a (240 + 40) more than adequately covers the
range of literature value obtained by quantitating
Pheo a, atrazine bound, or Q, in the presence of
ferricyanide (200-270). We note, however, that
the Thl 2/P-680 ratio evaluated by g 2

(38'7—480) is roughly twice the value mentioned
above. This may reflect the presence of two differ-
ent electron acceptors, Q, and Q40 [31,39-41}, of
which only Q, can be detected in the latter mode
of measurement. Qjy was recently suggested to be
Fe(Ill), the oxidized form of Fe(il) associated
with quinone acceptors Q, and Qg [42,43]. Since
Qo0 can 2ccept electrons only in its oxidized state,
both Q, and Qg are deteciabic in the presence
of ferricyanide.

Based on our HPLC analyses with the sole
assumption that Pheo a/P-680 = 2, the P-680,/P-
700 molar ratio is evaluated to be 1.9 + 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 I. The P-680/P-700
stoichiometry assayed from Q, quantitation in the
absence of ferricyanide or from oxygen or proton
vield measurements is, for reasons mentioned
above, significantly lower than this (0.83-1.4),

The Chl a/P-700, Chl a/P-680 and P-680/P-
700 3toichiometries 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-
vides strong evidence that simple HPLC quantita-
tion of Chl-type pigments is, as long 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 II subunit cytochrome b-559 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/cytochrome -559 molar ratio in
higher plants has been established at about 200
[47,49]. In view of such uncertainty, a reliable
technique to quantitate P-680 should be devised in
future investigations.

Acknowledgments
The authors are giateful to professor H. Scheer,

Botanical Institute, Universitv of Munich, for val-
uable discussions. This wu. . was supported partly

Q, in the absence of ferricyanide or by gaeasure-
ment of oxygen or proton yield by flash excitation

by Twatani Nagji Found and a Grant-in-Aid
{No. 62602508) from the Miinistry of Education,
Science and Culture to T.W.



References

1 Klimov, V.V,, Klevanik, A.V., Shuvaiov, V.A. and Kras-
novsky, A.A. (1977) FEBS Let. 82, 183-186.
2 Klimov, V.V. and Krasnovsky, A.A. (1981) Ph: h

89

26 Whitmarsh, J. and Ort, D.R. (1984) Arch. Biochem. Bio-
phys. 231, 378-389.

27 Andersson, B. and Haenel, W. (1982) FEBS Lett. 146,
13-17.

15, 592-609.

3 Watanabe, T., Hongu, A., Honda, K., Nakazato, M., Konno,
M. and Saitoh, S. (1984) Anal. Chem. 56, 251-256.

4 Strain. H.H. and Manning. W.M. (1942) 1. Biol. Chem. 146,
275276,

5 Michel-Wolwertz, M.-R. and Sironval, C. (1965) Biochim.
Biophys. Acta 94, 330-343.

6 Lotjdnen. S. and Hynninen, P.H. (1983) Org. Magn. Reson.
21, 757-765.

7 Watanabe, T. Nakazato, M., Mazaki, H.. Hongu, A.
Konno, M., Saitoh, §. and Honda, K. (1985) Biochim.
Biophys. Acta 807, 110-117.

8 Watanabe, T., Kobayashi, M., Hongu, A., Nakazato, M.,
Hiyama, T. and Murata, N. (1985) FEBS Lett. 191, 252-256.

28 Whi J. and Lee, W.-J. (1986) in The Regulation of
Chloroplast Differentiation, Plant Biology (Akoyunoglou,
G. and Senger, H., eds.), Vol. 2, pp. 643652, Alan R. Liss,
New York.

Progress in Photosynthesis Research (Biggins, I., ed.), Vol.
2, pp. 233-236, Martinus Nijhoff, Dordrecht.

31 Dennenberg, R.J. and Jursinic, P.A. {1985) Biochim. Bio-
phys. Acta 808, 192--200.

32 Thielen, A.P.G.M. and Van Gorkom, H.J. (1981} Biochim.
Biophys. Acta 635, 111-120.

33 Ghirardi, M.L. and Melis, A. (1987) in Progress in Photo-
synthesis Research (Biggins, J., ed.), Vol. 2, pp. 261-264,

9 Hiyama, T., Wi be, T., Kob hi, M. and
M. (1987) FEBS Lett. 214, 97-100.

10 Allen, M-M. (1968) J. Phycol. 4, 1-4.

11 Ogawa, T. and Terui, G. (1970) J. Fenuent. Technol. 48,
361-367.

12 Anderson, J.M. and Boardman, N.K. (1966) Biochim. Bio-
piiys. Acta 112, 403-421.

13 Ikegami, 1. and Katoh, S. (1975) Biochim. Biophys. Acta
376, 538-592.

14 Ikegami, 1. (1976) Biochim, Biophys. Acta 449, 245-258.

15 Hiyama, T. and Ke, B. (1972) Biochim. Biophys. Acta 267,
160-171.

16 Kobayashi, M., Watanabe, T., Struck, A. ard Scheer, H.
(1988) FEBS Lett. 235, 293-297,

17 Dmemann, D. and Senger, H. (1986) Photochem. Photo-
biol. 42, 573-581.

18 Scheer, H., Gross, E., Nitsche. B. Cmiel, E., Schneider, S.,
Schifer W S.idebel, H-M. and Schulten, H-R. (1986)
Photochem. Photobiol. 43, 559-571.

19 Woodward, R.B. and Skaric, V. (1961) J. Am. Chem. Soc.
83, 4676-4677.

20 Hynninen, P.H. and Litjouen, S. (1981) Tetrahedron Lett.
22, 1845-1846.

21 Mazaki, H. and Watanabe, T. (19%3) Bull. Chem. Ssc. Jpn,
61, in press.

22 Watanabe, T., Mazaki, H. aud Makazato, M. (1987) Bio-
chim. Biophys. Acta 832, 197-206.

23 Murata, N., Araki, 5., Fujita, Y., Suzuki, K., Kuwabara, T.
and Mathis, P. (1986) Photosynth. Res. 9, 63-70.

24 Nanba, O. and Satoh, K. (1987 Proc. Natl. Acad. Sci. USA
84, 109-112.

25 Gueather, J.E. and Melis, A. (1987) in Progress in Photo-
synthesis Research (Biggins, J., «d.), Vol. 4, pp. 189-192,
Martinus Nijhoff, Dordrecht.

Nijhoff, Dy

34 Martin, B. and Ort, D.R. (1982) Piant Physiol. 70, 689-694.

35 Katoh, T. and Yasuda. K. (1987) Plant Cell Physiol. 28,
1529-1536.

36 Okamura, M.Y., Isaacson, R.A. and Feher, G. (1975) Proc.
Natl. Acad. Sci. USA 72, 3491-3485.

37 Kawamura, M., Mimuro, M. and Fujita, Y. (1979) Plant
Cell Physiol. 20, 6§97-705.

38 Tsukamoto, Y., Ueki, T. Kataoka, M. and Mitsui, T.
(1984) J. Biochem. 95, 575-579.

39 Tkegami, L and Katoh, S. (1973) Plant Celi Physiol. 14,
829-936.

40 Bowss, JM., Crofts, AR. and Itoh, S. (1979) Biochim.
Biophys. Acta 547, 320-335.

41 Jursinic, P, (1981) Biochim. Biophys. Acta 635, 38-52.

42 Pewouleas, V. and Diner, B.A. (1986) Biochim. Biophys.
Acta 849, 264-275,

43 Zimmermann, J.-L. and Rutherford, A.V. (1986) Bicchim.
Biophys. Acta 851, 416-423.

44 Fujita, Y. and Murakami, A. (1987) Plant Cell Physiol. 28,
1547-1553.

45 Murakami, A. and Fujita, Y. (1988) Plant Cell Physiol. 29,
305-311,

46 Ikeuchi, M. and Inoue, Y. (1986) Arch. Biochem. Biophys.
247, 97-107.

47 Ford, R.C,, Gallagher, IM. and Evans, M.C.W. (1986)
Biochem. Soc. Trans. 14, 54.

48 Ohno, T., Satoh, K. and Katoh, S. (1985) Biachim. Bio-
phys. Acta 852, 1-8.

49 Shmeleva, V.L. and Ivanov, B.N. {1985} Photosynthetica
19, 402-410.



