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Various PS I preparations from higher plants and cyanobacteria are found to contain vitamin K ,, or phyllo-

quinone, in a stoichiometry of 2 vitamin K,/P700. Extractions of lyophilized PS I preparations with organic

solvents led to removal of one molecule of vitamin K, but conditions have not been established for the

removal of the second quinone. The quinone-depleted PS I complex (~ | vitamin K,/P700) was fully active

in transferring electrons at both physiological and cryogenic temperatures, indicating one vitamin K, mole-
cule was not required for these activities.

Phylloquinone

1. INTRODUCTION

The PS I primary electron acceptor complex is
known to contain multiple bound electron accep-
tors, the best studied of which are iron-sulfur
centers A, B and X [1,2]. In addition to these
centers, recent evidence has identified two early
electron acceptors, denoted Ao and A;, that
precede the iron-sulfur centers [3,5]. While spec-
tral evidence suggests Ay may be a monomeric
form of chiorophyll [6,7], the chemical identity of
A is less well defined. Several recent reports [8,9],
as well as earlier work [10,11], have identified
vitamin K; or phylloquinone in the PS I complex
and studies of absorbance changes in the
ultraviolet region have provided evidence that
vitamin K; can be photoreduced to the semi-
quinone state and that reduced vitamin K, par-
ticipates in a back-reaction with P700* that has
been previously shown to involve the A; acceptor
[12]. Thus, a rapidly growing body of work is
emerging that indicates a role for vitamin K, as an
early PS I electron acceptor.

Here, the stoichiometry of vitamin K, in various
PS 1 preparations is found to be 2 molecules of
vitamin K; per P700, in agreement with the recent
report of Schoeder and Lockau [9]. However, a
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heterogeneity of vitamin K, binding has been iden-
tified in experiments on the organic solvent extrac-
tion of the quinone from PS I. One quinone
molecule can be readily removed and its removal
does not affect PS I activity measured at either
physiological or cryogenic temperatures. Attempts
to remove the second quinone have not yet been
successful, indicating a tight association with the
PS I reaction center complex.

2. MATERIALS AND METHODS

A PS I complex, containing 200 Chl/P700, was
prepared from spinach thylakoid membranes as
described [13,14]. For the extraction of vitamin K;,
the PS 1-200 complex from the sucrose gradient
(~2-3 mg Chl) was diluted with distilled water to
a volume of 25 ml and centrifuged for 1 h at 60000
rpm in a Spinco Ti60 rotor. The pelleted PS I com-
plex was resuspended in a small amount of distilled
water and lyophilized to dryness for 20 h. The
dried material was suspended in the desired solvent
and homogenized with a Teflon homogenizer to in-
sure a uniform suspension. Extractions were car-
ried out for varying times at 25°C in the dark with
stirring. The solvent was removed by centrifuga-
tion at 40000 x g for 10 min, the pellet dried
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under N; and then resuspended in a solution con-
taining 0.3 M sucrose, 50 mM Tris-HCI (pH 7.8),
20 mM NacCl, 5 mM MgCl; and 0.1% Triton. For
successful extractions, it was essential that no
water contaminated the sample during the above-
described procedures.

P700 was assayed using a photochemical method
with steady-state actinic light in an Aminco DW-2
spectrophotometer [14]. Wavelengths used were
435-444 nm and concentrations based on an ex-
tinction coefficient of 44 mM™'-cm™! at these
wavelengths [15]. Vitamin K; was measured after
total extraction from the complex by the method
of Redfearn and Friend [16]. The final ethanol
solution was assayed using an LKB HPLC ap-
paratus with a Kratos detector. An LKB
Lichrosorb RB-18 (5 M) reversed-phase column
was used with a mobile phase of methanol/
isopropanol (80:20, v/v). The flow rate was 1.0
ml/min. A standard vitamin K; sample (Sigma)
showed a retention time of 12 min with this system.
Vitamin K; was monitored at 270 nm.

EPR spectra were recorded at 15-20 K asin [17].
Light minus dark spectra were obtained by com-
puter subtraction. Assays of PS I-dependent O
uptake were done with reduced DCPIP and plasto-
cyanin as electron donor and methyl viologen as
the electron acceptor using procedures similar to
those in [17].

3. RESULTS

3.1. Vitamin K, content of PS I
In agreement with recent results of Takahashi et
al. [8] and Schoeder and Lockau [9], analyses of
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several different spinach PS I preparations gave a
ratio of vitamin K;/P700 of approx. 2.0. The PS
[-200 preparation for most of the present studies
had a ratio of 1.9-2.2 for 5 different preparations
while an antenna-depleted PS I complex (PS I-100)
[18] had a ratio of 2.0. A highly enriched PS I com-
plex (Chl/P700 = 50) prepared with LDAO using
DEAE-cellulose chromatography [19] had a ratio
of vitamin K,/P700 = 1.8. Finally, a PS I prepara-
tion from a cyanobacterium containing 130
Chl/P700 [20] was found to have a ratio of vitamin
K;/P700 = 1.8. These values clearly indicate a
general stoichiometry of 2 molecules of vitamin K;
per P700 in a variety of PS I complexes isolated
from different organisms with different
detergents.

3.2. Effect of organic solvent extraction on
vitamin K, in PS I
The results shown in table 1 summarize a series
of experiments attempting to extract vitamin K,
with organic solvents from a lyophilized PS 1-200
complex. Initially, hexane or petroleum ether were
used as the solvent and while the native complex
contained 2 molecules of vitamin K; per P700,
complexes extracted with these solvents for up to
4 h at room temperature showed the loss of only
one molecule of vitamin K;. In an attempt to use
stronger extraction conditions, studies with hexane
plus 0.05% methanol were done, but these extrac-
tions only led to the removal of one molecule of
vitamin K; as well. Higher amounts of methanol
along with hexane led to solubilization of substan-
tial amounts of chlorophyll with the PS I prepara-
tions used in this work.

Table 1

Effect of organic solvent extraction on P700 and vitamin K; of PS I

Treatment

Control PS 1-200
Hexane-extracted PS 1-200
1h
2h
4h
Hexane + methanol (0.05%)
extracted PS 1-200
30 min
1h

P700 Vitamin K; Vitamin K,/P700
(nmol/mg Chl)
6.1 11.8 1.9
5.7 5.3 1.1
5.3 5.3 1.0
4.9 4.7 1.1
4.9 4.2 1.2
4.9 4.8 1.1
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3.3. Photochemical activities in vitamin K;-
deficient PS I preparations

Various photochemical assays were done with
the control PS 1-200 preparation, which contained
2 vitamin K; per P700, and the organic-solvent ex-
tracted preparation that contained 1 vitamin K, per
P700.

Both preparations showed P700 photooxidation
activity at physiological temperatures and, as
shown in fig.1A, both were able to catalyze a light-
dependent uptake of O, with reduced DCPIP and
plastocyanin as the electron donor. In this case,
comparable activities were observed as both
preparations had oxygen consumption activities of
approx. 500 xM O; consumed/mg Chl per h.

Photochemical activity of the PS 1 reaction
center was also determined at cryogenic
temperatures. In this case, the photoreduction of
iron-sulfur center A at 15 K was measured. The
photoreduction of this center is characterized by
EPR g values of 2.05, 1.94 and 1.86 (fig. 1B) and
both the control preparation (2 vitamin K;/P700)
and the organic-solvent extracted PS I complex (1
vitamin K;/P700) showed center A photoreduc-
tion; the extent of center A photoreduction per mg
chlorophyll was comparable. Thus, there was no
apparent difference in PS I activity at physiologial
and cryogenic temperatures between a control PS
I complex and a complex containing a single
vitamin K; molecule.

4. DISCUSSION

In many respects, the properties of vitamin K;,
or phylloquinone, in the PS I electron acceptor
complex are reminiscent of the quinones in
bacterial reaction centers and the PS II complex
[21]. In the latter two cases, two quinone
molecules, denoted Qa and Qg, are present per
reaction center and one of these is more tightly
bound than the second. It has been previously
shown that extraction with non-polar solvents led
to a removal of Qg but that the tighter binding of
Qa necessitated the inclusion of ~0.05% methanol
with the non-polar solvent for extraction of Qa
[22-24].

Here, a difference in binding between the two
PS I vitamin K; molecules has been observed in the
spinach PS I complex. One molecule appears more
loosely bound as it can be extracted by a short
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Fig.1. PS I reactions in control and organic-solvent ex-
tracted PS I complexes. The control PS I-200 complex
contained 1.9 vitamin K,/P700 and the organic-solvent
extracted complex contained 1.1 vitamin K/P700. (A)
Electron transfer from reduced DCPIP and plastocyanin
to methyl viologen measured as O, uptake. Reaction
mixtures of 2.0 ml contained 20 mM Hepes buffer (pH
7.5), 5§ mM MgCl, 15 mM NacCl, 5 mM ascorbate, 0.2
mM DCPIP, 2 4M spinach plastocyanin, 200 M methyl
viologen, and 12.5 xg chlorophyll. Samples were il-
luminated with saturating orange light. (B) Photoreduc-
tion of iron-sulfur center A at cryogenic temperature.
Control (0.85 mg Chl/ml) and organic-solvent extracted
PS 1-200 (0.60 mg Chl/ml) were incubated with 2 mM
ascorbate prior to freezing to 77 K. EPR spectra were
recorded in the dark at 15 K and then after illumination
for 30 s with red light. Light minus dark spectra were ob-
tained by subtraction of appropriate spectra. EPR con-
ditions: field, 3400 + 250 G; microwave power, 10 mW;
modulation amplitude, 12.5 G; temperature, 17 K.
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treatment with non-polar solvent, and, in this
regard, this extractability pattern resembles that of
Qg. However, the binding of the second vitamin K,
is more tenacious and conditions have not yet been
established for the reversible removal of this
quinone. Conditions comparable to those used for
Qa extraction from bacterial reaction centers [22]
and PS II [23,24} did not remove this molecule.
This behavior would be consistent with an ex-
tremely hydrophobic environment for this quinone
molecule that could be related to its presumed
function at low redox potentials.

While it is not yet possible to define a precise
role for the tightly bound quinone molecule on the
basis of this work, no requirement for the second
quinone in PS I electron transfer reactions at either
physiological or cryogenic temperatures was
observed. In this regard, the analogy with other
reaction centers breaks down as electron transfer
from Qa to Qg is known to occur in each system.
It is clear from these studies that electron transfer
between the vitamin K; molecules does not appear
to be required for center A photoreduction or for
electron transfer to methyl viologen. Therefore, a
role for one tightly bound quinone molecule as the
early electron acceptor, A;, in the PS I complex is
an attractive model, but the second quinone
molecule has no definable function in PS I func-
tion at this time.
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