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1. Introduction

The function of the five different subunits [1] of
chloroplast coupling factor 1 (CF;) has been under
active investigation. The modification of isolated CF,
by 7-chloro4-nitrobenzo-2-oxa-1,3-diazole [2] sug-
gests the involvement of tyrosyl residues in the active
sites on the B-subunits. The modifications by butane-
2.3-dione [3,4] and fluorescamine [5] suggest the
presence of essential arginyl and lysyl residue, respec-
tively.

Recently, pyridoxal phosphate (PLP) was used to
detect active site lysyl residues in various proteins
[6—8] which interact with phosphate-containing
ligands. In this paper, we report that the modifica-
tion of membrane-bound CF, by PLP inhibits phos-
phorylation without damaging electron transport,
suggesting the participation of lysyl residue(s) in the
activity of CF,.

2. Materials and methods

Chloroplasts were prepared from market spinach
leaves in a choline medium by a method described
[9] . Chlorophyll was determined by the method [10] .
Chloroplasts equivalent to 400 ug chlorophyll/ml in
0.1 M sucrose, 10 mM tricine—NaOH (pH 8.3), and
5 mM MgCl, were incubated with PLP at 15°C for a
given time in the dark. Reactions were stopped by
adding NaBH, ([11] ; 5—10 times in excess of the PLP

Abbreviations: CF,, chloroplast coupling factor 1; PLP
pyridoxal phosphate; Fecy, ferricyanide; DTT, dithiothreitol
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concentration used). The modified chloroplasts were
centrifuged at 4000 X g for 10 min then resuspended
in the sucrose medium.

3H-Labeled PLP was prepared according to the
method in [12] withh slight modification. Specific
radioactivity of [*H]PLP was 5.1 X 107 cpm/umol.
Crude CF, was isolated by the chloroform extraction
method [13] except that the Sephadex G-200 step
was omitted. The subunits of CF, were separated on
polyacrylamide (10%) disc gels in the presence of
sodium dodecyl sulfate [14]. Gels were stained with
Coomassie blue, destained in a mixture of methanol,
acetic acid and water (2:3:20) and sliced. Each slice
(1 mm thick) was put into a vial, digested by 0.5 ml
H,0, (30%), followed by the addition of 10 ml modi-
fied (10% Triton X-100 added) Bray’s cocktail [15]
and the radioactivity measured.

Electron transport (ferricyanide reduction) and
phosphorylation were assayed by the methods
described [9] . Light and dithiothreitol (DTT)-acti-
vated Mg?*-ATPase and trypsin-activated Ca®*-ATPase
were assayed according to the method [16] . Protein
was determined according to [17] with bovine serum
albumin as standard.

3. Results and discussion

Figure 1 shows that incubation of chloroplasts
with PLP for 10 min in the dark had negligible effect
on electron transport in the presence of ATP and P;
but decreased it under phosphorylation conditions
(ADP + P) in parallel with a decrease in phosphoryl-
ation. Similar results were reported for butanedione
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Fig.1. Effect of LPL modification on the activities of Fecy
reduction and phosphorylation. Spinach chloroplasts were
incubated with the indicated concentrations of PLP for

10 min in the dark, and the Schiff base of PLP was fixed by
reduction with NaBH, as described in section 2. Fecy reduc-
tion was measured in the presence of 100 uM ATP and 1 mM
P; (e), or 500 uM ADP and 1 mM P; (o). Phosphorylation
coupled with Fecy reduction was measured in the presence
of 500 uM ADP and 1 mM [**P]P; (2).

modification [4] . The ratio of the phosphorylation
to coupled electron transport (i.e., electron transport
(ADP + P;) minus basal electron transport (ATP + P;)
[18] is constant in agreement with the results
obtained with phlorizin [19] and dicyclohexylcarbo-
diimide [20] . Light-induced proton uptake was
almost unchanged after PLP modification (data not
shown), implying again that electron transport (and
the resultant proton pump) were not damaged by
the modification. These results indicate that PLP
modification causes energy transfer inhibition. Addi-
tion of ADP and ATP to the incubation mixture
retarded the inactivation of phosphorylation by PLP.
When chloroplasts were incubated in light (5 X 10°
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Fig.2. Effect of PLP modification on the activities of trypsin-
activated Ca**-ATPase and light and DTT-activated Mg**-
ATPase. Preincubation of chloroplasts with PLP was carried
out as in fig.1. The rates of Ca?*-ATPase and Mg?*-ATPase of
the control (100%) were 303 and 481 umol P;/mg - chi-h,
respectively.

lux, white light), uncoupling also occurred with an
increase in basal electron transport activity [21].

Figure 2 shows that the light and DT T -activated
Mg?"-ATPase and the trypsin-activated Ca?*-ATPase
of membrane-bound CF, were inhibited after PLP
modification. The results of fig.1 and 2 indicate that
PLP modified the membrane-bound CF, itself in the
dark and consequently, ATP hydrolysis or phosphoryl-
ation and the coupled electron transport were inhib-
ited. In contrast with the modification of membrane-
bound CF; by N-ethylmaleimide [22] which requires
energization of the thylakoid membrane, the PLP
modification inactivated phosphorylation in the dark.
Thus, PLP can readily reach sites essential to phos-
phorylation without any energy-dependent change
[23] in CF, conformation.

Figure 3A gives semilogarithmic plots of the
remaining activity of phosphorylation versus incuba-
tion time showing that the process of phosphoryla-
tion inactivation followed pseudo-first order kinetics.
Figure 3B shows that a slope of about 1 obtained in
the log—log plot of the rate constant obtained from
fig.3A versus PLP concentration. This suggests that
the inactivation of phosphorylation by PLP is caused
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Fig.3. Analysis of the PLP modification kinetics of chloro-
plasts. (A) Semilogarithmic plots of the remaining activity of
phenazine methosulfate-mediated phosphorylation versus
incubation time of chloroplasts with PLP, The rate of phos-
phorylation of the control (100%) was 180 umol ATP/

mg - chl-h. (B) Log-log plots of the rate constants (k")
obtained from fig.3A versus PLP concentration. The slope

n indicates the reaction order.

by 1:1 interaction between the modifier and the

active site. The kinetics are similar to those of butane-

dione modification of isolated (CF,) ATPase [3].
Figure 4A shows the rate of Fecy reduction versus
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Fig.4. (A) Effect of PLP modification on the arsenylation-
coupled stimulation of Fecy reduction. Chloroplasts were
incubated for 10 min in the dark with 0.3, 0.6 or 1 mM PLP
and fixed with NaBH,. (B) Double reciprocal plots of
arsenylation-coupled electron transport activity =)
versus ADP concentration. V, is the activity of Fecy reduc-
tion in the presence of 100 uM ATP and 1 mM arsenate.
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ADP concentration under arsenylation conditions
(ADP + arsenate) in chloroplasts partially modified by
PLP (controlled by the PLP concentration). Double
reciprocal plots of the arsenylation-coupled electron
transport activity (v—v,, where v = the basal electron
transport level [18]) versus ADP concentration
(fig.4B) reveal that in PLP-modified chloroplasts the
K, value for ADP is the same as that of the control
but the V., value is lowered. The result is similar to
that reported for Ca*"-ATPase after butanedione
modification [3] but different from the non-specific
modification by 2,4,6-trinitrobenzenesulfonate [24]
in which changesinboth K, and ¥ .. were reported.
Figure 5 shows the distribution of radioactivity
among subunit proteins of CF, separated on poly-
acrylamide gel in the presence of sodium dodecyl-
sulfate by electrophoresis. CF, was isolated from
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Fig.5. Labeling of CF, subunits by [*H)PLP. CF, was iso-
lated from chloroplasts which were incubated with 2 mM
[*H]PLP for 10 min in the dark and fixed with NaBH,. A
CF, solution (40 ul) containing 40 ug protein was applied
to 10% polyacrylamide gel for electrophoresis. The densito-
metric trace of this crude CF, sample indicated contamina-
tion by proteins of low molecular weight. Subunits « and g
ran together and the distribution of radioactivity between
them could not be determined under this condition.
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chloroplasts after [*H]PLP modification which inhib-
ited about 50% of the phosphorylation activity.
About 3 mol PLP were bound/mol CF; in this experi-
ment. By extrapolation, 6 * 1 mol PLP bind to 1 mol
CF, when phosphorylation is completely inactivated.
The labeling pattern shows that the radioactivity was
distributed mostly among the ¢, § and -y subunits with
a ratio of (¢ + f) : y = 2:1 but apparently not the

§ or the € subunit. When the « and the 8 subunits
were separated with a 12% gel, radioactivity was
equally distributed among the « and the § subunits
(not shown).

The PLP modification is thought to be due to a
Schiff base formation with an e-amino group of lysine
{11]. When lysine was added at a final concentration
of 40 mM before the NaBH, fixation, CF; was not
modified by [*H]JPLP. The butanedione modification
[3.4] suggested the presence of one essential arginine/
active site. Our results sugggest the participation of
one essential lysine per a and/or § and/or 7y subunits.
When chloroplasts were modified by [*H]PLP after
incubation with butanedione (e.g., at 100 mM), the
number of labeled PLP on CF, decreased to almost
one-third of the control (not shown). Thus, butane-
dione and PLP modify the same sites, and PLP further
modifies non-essential sites which have not been iden-
tified.
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