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SUMMARY = .

_A‘low-temperature'elecfron paramagnetic resonance -
(EPR) signal in spinach chloropl%sts has been identified
as ofiginating from oxidized bopnd plastocyanin. The EPR
parameters of the bound plasfocyanin, which are the‘same

as those of soluble‘plastocyanin, are: g, = 2.0k,

By =2.23, and Ay = .006 cm-.l. An estimation of the

amount of Bound plastocyanin based on the in situ EPR
.Asignal indicates a conceﬁtration of apbroximately 3 nmoles-
éer~mg chlorophyll, a value which agrees with the amount
of plastocyanin determined by chemical assay after release
from the chloroplast lémellae'by sonication. | |

Light-induced changes of plastocyanin iﬂ'siﬁu have

ﬁeed examined after illumination with monochromatic light
at physiological‘temperatures. The<b6und plastocyanin
undergoes a.photoreduction in Photosystem II light which
1§ sensitive to inhibitors of noncyclic electron trénsport,
The preseﬁce of the NADP accepto; system in Photosystem II
light causes a ;hift in the steady-stéte le;el of
plastodyanin p;ovidingldirect evidence for the role of
plastocyanin in néncyclic eléction transport from water
Ato NADP. Phosphorylation cofactors and the uncogpler,
 NH,C1, also céu;e shifts in the plastocyanin steady-state
_lével in-red light,

. Photosystem I light is gble to photooxid%zé reduced
élas;ocyadid, while Photosystem II. light ié'énly cabable
‘of‘photooxidationAin the pre#ence of inhigito:s of the’

photoreduction. These results of studies on plastocyanin
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photoreactions in situ are discussed in terms of different

proposed'roles for pla#tocyanin in the chloroplast noncyclic .
" electron transport chain.._‘ |
INTRODUCTION

lPlaquFyanin, a copper-containing protein, was
discovered and cﬁaracterized by Katoh and co-yorkersl-B.'
The protein was shown to be localized in chloroplastsh, a
finding which suggested an iﬁvolvement in the photosynthetic-
érocess of the green.pianc,

The role of plastocfanin in‘photogynthetic electron
-transport has been sﬁudied'exteﬁsively and there is
widespfead agreement that plastocyénin is requiredvéor
noncyclic electron transport from véter to NAﬁP (ref. 5-9)
but the site of action of ;his carrier in the chain and
its relation to photochemical reactions associated‘with
- Photosystem I are still n§t fully understood (;ee.ref. 8,9). .
Although most investigators maintaiﬁ that plastocyanin
functions in theﬁgléqtron.tfqnqurt chain between a.
Phofosysteﬁ 1 light reéction and a'Photosysfemlll light

8,9 12

reaction ,. & recent'proéosallo- vsuggests fhat

: plaétécyanin functions sqiely between two Photosysteﬁ II
-‘lighc~reaction§ in'noncyclic electron transport and is
not 1hv01ved in the,qyclic photophosphorylatioﬁ.pathway
associated Qith Photoéysteh I. This newef, thiee-light-reaction
séheme also plgcés pléstocyanin inAa diffe:é;t electron
tr&ﬂsfer chain ffom cytochrome £ and P700 (fef.>10-12),

which are confined solely to the Photosystem I electron

transport chain.



Most of theAévidence for fhe role §f plastocyanin
in chloroplast photosyntheéis has been obtained from |
| éfuﬂies of the effect of édded soluble plagtbcyanin‘on
pﬁbtochemical re#dtions in plastocyaﬁin-depleted

chloroplast fragmentss-7’13-19.

Tpese fragments are
. usuallyAprepated:by sonicafion, althougﬁ Levine and
co-workersAhave studied photochemical feactions in
chloroplast fragments prepared from an algal mutant
deficient in plastocyaningo. The only studies of chénges
‘attributed to plastocyanin in situ have been those of
fdik'and c0fwofker321’22 on a Iight-inducéd absorbance>
change in the €00-nm region in whole cells of a marine‘
alga.“ Because.itvhas been imposgible to detect absorbance
Achaﬁgeé of.plastoéyaﬁin in chloroplasts by optical |
methods,llight-induéed changes of piaétocyanin in situ
.have not been reported fbr chloroplasts.

In thiS'cbmmunication we report the identification
in isolated spiqachlchlorop}asts of a lov-ggmperature
electron paramégnetic resonance (EPR) signal which is
associated with thé Cuef ion of oxidized-plasfocyadin A
'ﬁound to the chloroplast lamellae. Results of studies
on light-induced changes in chloroplasts aftef illu@ination
"ﬁt ph&siologicél temperature also indicate that‘this : |
EPR-detectable componen;’is involved .in nongyélic electron
transport from water to NADP, a finding ch;iétent with
 the assignment of this EPR component to pléstocyaﬁin;

. in

The role of plastocyanin/the photosynthetic electron

chain has been studied through examination of
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light-idduced‘changes, and the resﬁlts are considered in
the context of the different models for noncyclic electron
tran#port cited above. | |
METHODS AND MATERIALS‘

23

Whoiéhspinach chloroplasts 'wére resuspended in 50 mM
Tricidel(pH 8.2) + 10 mM NaCl and centrifuged at 35 000 x g
fpr S5 min. Thg pellet;-which was resuspended in 50 mM
Tricine (pH 8.2) + 10 mM NaCl, was used for light-induced
'studies; In some experiments 1 mM EDTA (pH 8.0) was

' ad&ed_to the final'chloroplast suspension. Chlorophyll'
concentrations were determined as described by Arnonzh.

For reﬁﬁval qf‘plastocyanin, chloroplasts Qg?e
sonicated at 4° (chlorophyll concentration, 0.5 mg/ml) for
2 min aglpower setting 3 (2.5-3 ampé) with a Branson
 sonifier (Model S125) and then centrifuged ;t 144 000 x g

for 1 hr to.reiéolate the.fragments. The plastocyaqiﬁ~‘
-réleésed:by sonication was assayed by determining the
6xidizea minus'reduceé (ferric&anide minuslascofbate)
difference spectrum of the 14k 000 x g supernatant solution
‘on a Cary Model 14° spec*rophotometer after concentration
on a small DEAE-cellulose column. The‘amount of

" plastocyanin reléased wgs calculated per 1 mg chlorophyll
in the §tarting material using a aifferencial_extinction
c.oeff.ici'ent' at 59yg?nus 500 nm (Gox - red) = 7.2 oM -1, -1
(ref. 2). Soluble plastocyanin, isolated from spinach
leaves, was a gift of Mr. R. K. Chain. The absorbance

ratio (A280/A597 of the sample was 1.2, and the proteln

was homogeneous on polyacrylamide gel electrophoreSLS
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Plastocyanin eoncentrations'were calculated on the basis.
_of’aﬁ extinction coefficient of 9.8'mM-1-cm-1 at 597 nm -
(zef. 2). o |
. ADP, NADP, and Tricine were purchased from the Sigme
Chemical Campany;

EPR techniques .

EPR spectra were recorded at X-band in a Jeol ME-1X

spectrometer with a TE012 cylindrical cavity operating at

a ftequency of 9.26 GHz. First-derivative EPR‘spectra
were obtained with modulation of the magnetic fleld and
:phase detection at 100 KHz. Spectra were recorded at
25°K with a power to the cavity of.10 mﬁ ane a modulation
amplitude'of 10 gauss, ‘Signel averaging on all samples
was by an "on-line" PDP 8/L digital eomputer and a program

~written by Mr. H. Holmes Flve to 10 spectra were

averaged on a sample prior to the plotting of the spectrum

25, 26

on an X-Y recorder

* Light-induced studies
Since the EPR sigdel of plastocyanin could only .be.
observed at a temperature lower than TTOK the following
procedures were used to study llght -induced changes In
the initial experlments, samples were placed in quartz
EPR tubes (3-mm inner diemeter) and illpminated at room
tempe:ature.' These samples were then frezen ievliquid

nitrogen in an unsilvered dewar flask which was placed in
the illumination beam. This procedure required an
"illumination time of approximately 10 sec. In later

experiments a different freezing procedure was used which

N o V", 0 mam m a e
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.

 allowed for a more rapid freezing of the samples andvhence'
a shorter illumination time. _Samples in EPR tubes were ;
' cboledlto #o in tﬁe dark and thén illuminated for l-éléec.
Thé tube was next immersed in a cold isopentane solution
A(aéproxim&tély 110°K)jé1aced édjacgnt to the light,soﬁrce!
With tbis procedure, samples‘could.be frozenAin‘approximately
1 sec without tube breakage.‘ The two freezing procedures
gave similar results with regard to light-inducgd changes.
Because of the fhorter illumination.time pbssible‘with the
‘isopentane freezing tecﬁnique, tﬁis method was used in
most expefiments; |

ﬁeca;se éf the requirement for the low-temperature
. determination of the ﬁlgstocyanin EPR sigﬁal,_each EPR
tube represented a differént experiqent‘and each sample .
vas used only once. Thus it was not possible to make
. additions of feagents~in tﬁe»light; r#ther, a comparison
- between different‘sgmples had t§ be made; Calibrated EPR
tﬁbes were used co»ﬁiﬁimize_ény differenqe§'afising from'.
the use of different sémplés. Duplicate.estimations-
agrged to within 10%. 1In addition, kineti§ studies of
the light-indu;ed changes were not madé, élthougﬁ it was
found that the illumination time used (i;e,sec) was -
suffic;en;-for-reac;ions to go to compietibn.

The light sbﬁrce was a Genefal Electxic éuartziine 
iamp:(type EJL:_ 200 watts; 24 volts). Th; {igH£>beam
passed.thréugh a heat-absorbing filter and then a
Baifd;Atomic-interference.filter'(fls orIGhS"nm) of

half-band width 10 nm. The incident light intensity



T
on theISample was 16;1 nEin;teins-cm-e-seq-l with 645-nm
light aﬁd 6.0 nEiustéin;-cm-??sec-l with 715-nm light,.
RESULTS |

» Identification of a plastocyanin EPR signal in chlo;oplasts.‘

We. previously reported an EPR signal .in washed,
broken chloroplast fragments which'was attributed to the

25

C92+ ion on the basis of its g-value and line shape™.
Sincé'the EPR'spectfa;‘of‘Cu2+ comﬁlexes are commonly
characterized b)"l two differAent g-values (g” and gi )

and a hyperfine splitting copstantA(A;y ) (see ref. 27 for
a more detailed-discussion of the EPR properties of cu2’
complexes in biological systemg), it was of iﬁteresé to

' compare the EPR'paramefers of spinach plastocyanin with

those of the chloroplast copper component.

-

‘ As shown in Fig. 1A and 1B, the EPR spectra in the .- F:\q',.l
high-field region (g j ) for spinach plastoéyanin and the
chloropiast componeht are the same,,aithodgh freé-raditai.
gignals in chloropi;s;slgt‘g = 2.CQ overlapigcme of the'
chloroplast cu2? signal. A more positive identification
of this chloroplast componenf:as a typical ;blﬁé" copéer

27

.protein come;Afrom a compafison.of the low-field

region (g.// ) of the.two EPR spectra; The EPRAspectrum of
all topper complexés has fouf equally spaced 1ine$ in this
field region. The distance'be;weén the line;.is the .
..hyperfine splitting constant, é/,.v'Plast6c§anin; in
common with othér members of the class of "blue" coéger

‘proteins, is characterized by an unusually small hyperfine

' ' ot
. splitting constant when compared with other Cu®  complexes



(see ref.‘27), 'As shown in«Fig. 1C‘and~1D, the low-field
portionS of the EPR spectra of solublé plastocyanin and
the chloroplast componeﬁt aré simiiar, although there is
some line - harroying in the chloroplast spectrum. This
ab;orption is muchlleSS'tﬁan in the high-field portion
of the spectrum, so thét the hyperfine splitting in the
chioroplast‘sample-éould be measured only at high power
.and g#in and with signal-averaging techniques,

The EPR properties of the soluble spinach plastocyanin
and the chloroplast‘componenﬁ and previously reported

data for.soluble Chenopodium album plastocyanin28 are

summarized in Table.I. The #gréemént between the EPR

- parameters of the bouﬁd'component,and those éf the
_soluble plastocyanins. is a first indication that the
g:¥'2.05 signal wmay be due to plastocyanin bound t§ the
“chloroplast lamellae. However, since.&ther "blue"
copper proteins, such as ascorbate oxidase, have similar
3EPR parameters27; a’conclusion based ;olely on the EPR
sﬁectrum m&yAbe premature. Evidence based on the
quantitative e;timétion of this'component, and on the
light;induced.changeé to be discussed below, strongly
suppof;s our cpntention that this EPR'component is
plastocyani&.

éhé chloroplast éompoﬁent.is bouﬁd to the
~chloroplast iaméllaé, as evidenced by the observation
that rebeated washing of the chloroplast fragments Had.

no effect on the intensity of the EPR sighal at g = 2.05.

In addition, repeated washing with EDTA (1 mM) did not

I >

ble



affect the g % 2.05 signal, indicating that the éignal
- did not arise from loosely.bound:Cu2+ ions.l'
The effect of soniéation, a fechniqué kﬁown to
solubilize chloroplast p1astocyanin5’7, on the component
with the g = 2.05 signal is showﬁlin Fig. 2. After the F:{i' A
addition of ferricyanide sonicated chloroplasts show |
- only a small residual signal in the high-field region
of the EPR spectrum (Fig. 2B) as compared with untreated
chloroplésté (Fig. 2A). 1If one assumes this smai}
signal is a residual of the original g = 2.05 component,
a 95%vrem§va1 has been achieyed_by mild_soniqétion._
The amounf of-the bound chloroplast component'i;\
unfractidnated chléroplésts has been éstimated by
comparing the amplitude of the highéfieid (gﬂL_) abso:ption‘
in the présencé of ferricyanide with ghat of soluble
plastocyanin. The two s&hplés were run ﬁndef the same
EPR instrumental conditions (microwave powef, modulation
ambiitude, and teméératgre) in order to minimiée posSiblg:
. errors in the ééangitatién.— fﬁé sdlubleApiastocyanin
concgntrationAwas determined on the ‘basis of_tﬁé
absorbance at 597 nm. With the data pfesented in Fig. 1,
5.6 natoms of éo?pér per mg of chlorophyll were found by
this method (equivalent to 2.8 nmoles of plastocyanin
‘per wg chlorophyll). The plastocyanin content of
anotﬁér,aliquot of the same chldroplaét éamplg was also
determined.by the chemical méthod describéd in Materials

- and Methods after the. plastocyanin was released by

~sonication; a value of 6.0 natoms of copper per mg of
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‘chlorophyll (equivslent to 3. Olnmoles»of plastocyanin
per mg chlorophyll) was determlned The values determined
A by these two 1ndependent methods are similar to those |
reported by other investlgators for the plastocyanlnl
' content of spinach chl—oroplastsh,19 29. The finding that
the chloroplast plastocyanin content can be accurately
estimated from the g = 2. 05 signal strongly supports
the contention that the observed EPR signal is caused
by bound plastocyanin. |

fhe.oxidation-reduction4properties of chloroplast-bound

plastooyanin'are similar to thoselof the soiuble protein. |
In washgd; broken chloroplast fragments, plastocyanih:
t has been found to be predominautly in the oxidized fornm, ) ' .
"although the addition of‘ferricyanide usually prodoces
a somewhat larger signal. The addition of ascorbate or-:
hydroquinone eliminates the chloroplast EPR sigoai;
indicating the reduction of bound plastocyanin, but the
reaction 'is slower than with.the solubie protein. - The
addition’of a catalytic amount of 2;6fdi;hiorophenol
indophenol grestly iocréases the rate of chemical
reduction of the bound plastocyanin b} ascoroate.

Photoreduction of plastocyanin in situ

As previousl& stated} in washed, broken chloroplast
'fragments bound plastocyanin is predOminaotlyin the
oxidized (paramagnetic) form: The .amount of_OXidizedA
"plastocyanin in such preparations is usoail; 75-100%'of.
-~ the aoount deteoted in the presence of anAadded oxidant

(1 mM ferricyanide or persulfate). Thus, the photoreduction A i



11
of the bound plastocyanin may be studied in untreated

chloroplasts without the addition of reagents.

As shown in Fig. 3, bound plastocyanin in chloroplasts

-undergoes a change after illumination with red 1light
(645 nm). The dieappearance of the signal at

& = 2.05 (compare Fig. 3A and 3B) indicates that a
photoreduction has oceurred since the signal is only
observed when plastocyanin is in the oxidieed form (Cu2+
ion is'paramagnetic). The small signals appearing after
111uminat10n with red light (g = 2.05 and 1.94) are due
to the pbotoreduction of the bound ferredoxin of
chloroplasts, a newly discovered electron transfer
component25 26. ﬁo reduction of plastocyanin occuré
after illumination with far-red light (715 nm) (Fig. 3C);
“some ‘photooxidation was actually observed in this
particular éample, as indicated bf’the increase in
amplitude. of the g = 2.05 signal in Fig. 3C as compared
with the dark signal (Fig. 3A). ’ '

The effect-of inhibitors of noncyclic'electron
'transport on the photoreduction of plastocyanin in red
light was exanined next. As shown in Fig. &, .
3-(3',h'-dichlerophenyl)-l,l-dimethyl urea (DCMU) at a
concentration of 10 uM (Fié. Lkc) inhibits the

photoreduction of piastocyanin. ‘In addition, the

S

Fiq.3

F\({_,- i

plastoquinone an;agoniS;'2;5-dibrqmo—3-me;hy1-6-isqpropyl-grbenioquinone

(DBMIB) which.hés been introduced by Trebst and co-workersao’31

also inhibits the plastocyanin photoreduction (Fig. LD), -

although complete inhibition with this reagent requires
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a slightly higher concentration (35 uM) than is required
with Dcﬁﬁ..'lt should be noted that the concentrations
of inhibitor in these-measurements>are much "higher than‘

-thbse commonly used--because of the high chlorophyll

concentrdtion (0.5 mg/ml) required in the EPR experiments.

The rétio of.inhibitor to‘chldrophyll in these studies
is apérokimately the same as that uséd by other
investigators (see ref. 16,30-35).

The‘resuits presented in Figs. 3 and 4 indicate
fhat’wéter serves as,the.sourée of electtons in the
photoreduction of boundvplasfoéyanin. in order to study
the relation of plastocyanin t§ noncyélic electron
transport, the effecf of‘the-physiological noncyclié ‘
elect:on‘acceptor NAD? (iq the presence of soluble
'_ferreddxin) on the steady-state levél of plastocyanin in
._.red light was examined;ithe’results are shown in Fig. §.
As previoﬁsly'obse;yed (Fig. .S5B), plastocyénin:is fully
. reduced iﬁ,red ligﬁf iﬁ the ﬁbsence‘of an'aéceptor but
in the ﬁ}esencé of ferredoxin-NADP (Fig. 5C) the

Stegdy-state level is shifted to a more oxidized level,

~although the final steady-state level is still predominantly

reduced. . The steady-étate levei.in ﬁhe presence of
'ferredoxin-NAPP was approximately 50% reduced, as shown
_in Figﬂ SC'as éompared with'Fig. 54. Ihe agdition of
meth§1 vioioged‘(o.l mM) in place of.ferregéxin-NADP as
Vthé electron ac;eptor had a siﬁilar effect on the
s?eaay-statezlevel of -the bound plastocyanin in red

light,
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The relationship of the béund Plastocyanin to
photosynthetic phosphérylafion was also examined. As
>sﬁown in Fig. 6B, the additién of ADP to a reaction
mixtﬁre;(in the ﬁresehce oprotassium'phosphate and
Mg2+)‘cau§éé‘a shift in the.steady-state lgvei of
>plastoc§anin to # more'teduced‘leQél (compare with Fig.
' 6A). This shift was dependent on the cofactors-of
'phOSphorylatioﬁ»and the light-induced change was sensitive
to DCHU. The addition of én uncoupler of
phosphorylation, NH;CI, also produced a chaﬁgé in the
éteady-staﬁe level fo a more.reduqedetaté, as shown in
Fig. 6C.. These result; indicate that under»conditiops
 _of maximﬁm noncyclic electron flow (pﬁosphorylating or
uncoupled state) the steady-state ievél of plasﬁocyanin

is predominantly reduced.

Piastocyanin photooxidation in situ

For study of the photooxidation of plastocyanin,
ascorbate was addedtt§ the chloropla;ts priér;to
illﬁmihation. “As showa in Fig. TA, after incubation with
;scérbate (s mM)‘for éppro%imately'S min, the bound
plést§cyanin was fully_readced in the‘éark. Illumination
-wiéh red light (645 ﬁm)'(Fig. Tﬁ)vproducéd no change,
ﬁhile far-red illumination (715 nm) (Fig,;7C)_resdltgd
1n'a'large phétooxidation of pléstocyanin, as measured
- by the increase of the g = 2;05 signal. igé amodnt,pf'
plastoéyaéiﬁ photooxidiéed in far-réd light was

70-100? of the amount detected in-the’prgsence of a

chemical oxidant.

Fug. b



| . lu,

The effect of DCMUAand DBMIB on plastoc&anin
' photooxidation was exemined uext.t-Since both of fhese
reagents were found. to inhibit the photqreduction of
plasfocyanin, it 'was anticipated that ;hey would have
no.effectwvﬁ plaetocyanin photooxidation. DCMU, at a
concentratlon of 20 uM, did notvaf;ect the
far-red-light photoox1dat10n of plastocyanln (comuare
Fig. 7C and 8C). In red light (645 nm), plastocyanln
can also be photoox1dlzed in the presence of DCMU since
'red llght can activate Photosystem I as well as
Photosystem II (Fig. 8B)f‘,It is important‘to nofeethat
‘the amount ef plastocyenin'phdtooxidized in theipresence'
4of DCMU is the same in eieher red or far-red fight
(compare Fig. 8B and 8c).

DBMIB showed results similar to those obServed
with DCﬁU as shown in Fig. 9. Both red and far-red
light photoox1d12ed plastocyanin in the presence of a
DBMIB concentratlon whlch 1nhib1ted photoreductlon
(35 uM) (Fig. 9B and 9C). In contrast to the result in
the presence of DCMU, in the presence of DBMIB a large
amount of reduced bound ferredoxin accumulated (s1gnal
at' g = 1.94), a flndlng which may be related to the
observatlon that DBMIB, in.addition to inhibi;ing noncyclic

‘electron transport in chlo;oplests, inhibits the cyclic

L

-

"~ electron transport pathwayBI.
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DISCUSSION

Studies of the role of plastocyanin in photosynthetic

~ electron transport have beenvconfioed primarily to effects

~of externally added plastocyanin on reactions in

plastocyaqin-depleted chloroplast fragments. There have
been no reports of light-induced thanges attributable to

plastocyanin in spinach chloroplasts, and the only in situ

‘studies of plastocyanin are in whole algal ce11321’22§

In this work we have identified a low-temperature EPR

sxgnal in spinach chloroplasts which we a351gn to the

bound form of plastocyanln ve have then studied

light-induced changes at phy51olog1cal temperatures
of this EPR-detectable component in order to evaluate the
role of plastocyanin in the noncyclic photosynthetic
electron transfer chain.

. The low-temperature EPR signal detected in chloroplasts
has EPR parameters and oxidation- -reduction characteristics

similar to those of soluble plastocyanin isolated from

'spinach. A more definitive assignment of this component

as the bound plastooyanin comes from quantitative

‘estimation of its concentration. Approximately 3 nmoles

of bound plastocyanln per mg chlorophyll were calculated

on the baS1s of the gy region of the EPR spectrum, in

- excellent agreement with the amount of plastocyanin

assayed by a chemical method after release from the

s

chloroplast lamellae by sonication.. The agreement

between these two values makes it uniikely that the EPR .

'component having a g = 2.05 signal represents
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non-specifiéélly,bound Cuz+ ions or a diffe:ent
chloroplast cépper protein. In addition, the g = 2.05
‘signal is absent from fragments aftef sonication, a
treatment known to reieése plastocyanin from the
lamellae of the chloroplasts. | |

The conclusion that the g = é;OS component behaves
as a carrier in the photosynthetic electron tranéport.
chain is based on loﬁ-temperatgré.EPR studies of
light-induced change; produced at éhysiological
temperatures. The component responsible for the
'_g = 2.05 signal undergoes photdreduction and
' ﬁhotooxidation in monoéhromatic light of different
'A'yavelengths and,.in addition, undergoes a shift in its
steady-state ievel in the presence of ferrédoxin-NADP,
tﬁe pﬁysiological acceptbr system of the noncyclic
electron transport chéin,.after illumination with red
A light. These results, which will be discussed in wore
detail below; indicate that the bouﬁd compénént with a
Ag = 2.05 EPR éignal is involved in the electgon transfer
ch§in‘from waﬁer to NADP,la photochemical system known

. 5-T

to require plastocyanin ..

Plastocyanin as an electron carrier in the noncyelic

electron transport-chainA

There 1is widespread'agfeement that in thoroplasts
nonc&clic electron transpoft involves twojé;ffereqt
photoreactions. ‘Most investigators maintain }hat,onei

Photosystem I and one Photosystem II reaction cooperate

in the transfer of electrons from water to NADP
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(ref. 8,9;56,37) while a more recent proposal suggests
that two Photosystem II light reections cooperate in
uoncycllc electron transportlo 12. 'fhis newer proposal
was based on spectroscoplc studies of electron carriers
‘ . in Spinaéﬁ chloroplastsfand en results derived from

A studies with sqbcﬁloroplast,fragmenfs enriched\in_
'Photosysﬁem IT (ref. 10-12,38,23). In both.of'these
e’medels, plastoeyanin functions as an electron carrier in
the dark electrqu transport chain after Photosystem II
and would therefore be expecﬁed to be photoredueed in
red light which activates Phetosystem I1I. Both .
proposels also suggest that there is a phosphorylation
site in the dark chaln on the Photosystem I1 side of
plastocyanin, although exper1menta1 evidence on this
' point is lacking.

The findings presented in this work, that
plastpcyénin ﬁhoto?eduction pteceeds in red light and is
sensitive tovnoncfelic’electfon trahsport"fnhibitors,
indicate thatfwater is the source of electrons in. this
phptofeductien. Noncyclic electron acceptors such as
NADP or methyi viologen shift the';teady-state‘level.of
" plastocyanin to a mofe oxidizedAlevel in red light,

4

providing evidence'based on in situ meaSurements for the

) role of plastocyanln in the electron tran5port chain
from water to hADP A similar conclusion had previously
been reached based on the requirement of plastocyanin

for NADP'photoreduction from water in chloropiast,

fragments which had been sonicated5-7.



18
’sin the presence of phosphorylésion cofactors and
- under conditions.of noncyclic electron flow (red light,
'feftedoxin-NAD? présent),-a shift in the plastocyanin
steady-state was observed. In this case, plastocyanin
was fully reduced as csmpared to 50% reduction in the
absesce of ADP. The addition of éhe uacoupler ammonium
chlorideAproduéed a steadf-state:shift which was similar
to that observed with ADP. nThis type of shift in the
steady-state level of a carrier in'éhlorOplasts under
phOSphorylatlng condltlons or in the presence of an
uncoupler was flrst reported by Avron and Chance33 3h
for cytochrome £ and has wost commonly been interpreted
in terms of the écrossover" expériments discussed by
Chance and Williams39. According so this interpretation,
the addicion of agents affectlng phosphorylation will
" alter the steady-state level of electron carriers on the"
' ox;d121ng and reduplng side of the phosphorylation'site.
In the case of a linéar electron tr;nsfer ﬁafhway which
is noncoupled;(limiteé by the absence of ADP), the
addition of ADP would be expected,so sause carriers on
the oxidizing side of the phosphorylation site to become
more reduced relative to the steédy—state in the absence
of ADP. Uncouplersvwsuid be expected to‘have a similar
effect.according to this-intérbretacion. Applying this
type of- reasoning to our results with plastocyanln suggests
there is a phosphorylation site on the reducing
side of plastocyanin in the‘nonéyclic electron.transporb

chain.
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The f;naiﬁgs éoncerning'plastocyanin phbtoféduction’ S . l
are consisteﬁt with eitﬁer-of the two models of noncyclic
.élecﬁron transpoft previously discﬁssed. The wmodels
- differ, however,-in their predictions cohéerﬁing
plastocyanin photooxidatioh, one'pfedicting plasﬁoéyanin
photooxidatioﬁ by Photosystem I (thé widely accepted series
hypothesiésfg) while the newer, parallel hypothesis predicts
plastocyénin photooxidation by Photosystem II (1light
reaction IIa in the terminology of Knaff and Arﬁon)}add
'ﬁo interaction of plastocyanin with fhotosystem 1.
" The studies of plastocyanin photooxidation indicate
that far-red light, assoéiated with Photosystem-I,.één
photoéxidize reduced plas;ocyanin. Red lighi;.whicﬁ
aciibaﬁes Photosystéms,l and II, is able to photooxidize
: plastocyanin only after the addition of inhibitoré of
electron flow from water (DCMU and DBMIB). In the
~ presence of thesé inhibitors-tbe amount of plastocyanin
phoéooxidized in fa;-red light was tﬁe same as the amount
~ photooxidized, in red light, a finding which(indicates
that piastoc}anin is not solely aésociated with Photosystem II.
These results are not consistent with the parallel |
hypothesis in whicﬂ the photooxidaﬁibn of plastocyanin
. was as;igneé only to Photosysﬁem 11,
. The ahtggohistiC‘éffect.of red and.far-red light on
piastocyanin in giig is siQilar to the effect observed
fof other electron carriers.iu igolated ;pinach

chloroplasts: .cytochfomé £ (ref. 33,34,k0,41), PT00
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(ref. 3h,h2);'and plastoquinone (ref. 42,43). The
oxidation-reduction beheviot of these carriers after
wonochromatic illumination can be.explained by the |
~series hypothesis of nohcyclic electron transport in
which a Photosystem II light reaceion interacts with a
Photosystem I light react10n8’9 56537 but has not yet
been explained by the parallel hypothe51s in which two
Photosystem II light reactions interact in noncyclic

electron transportlo-le.
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TABLE I

EPR PROPERTIES OF SOLUBLE PLASTOCYANINS AND BOUND CHLOROPLAST

PLASTOCYANIN
- /4
&y Ey (c.m-l’)
Soluble spinach plastocyanin - 2.05 2.23 0.006
Bound chloroplast plastocyanin 2.04 2.23 0.006

Soluble Chenopodium plastocyanin 2.053 2.226  0.006
(ref. 28)
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LEGENDS TO FIGURES
FIG. 1. EPR spectfa of soluble plastocyanin and bound’
chloroplasﬁ plastocyanin. High-field region of the EPR
_spectra of spinach plas;ocyanin (A) (12 nmoles/ml) and
w&shed, broken chioroplasts.(B) (1.5 mg chlorophyll/ml).
In (B), 1 QM ferricyanide was added to the sample prior
to freezing. The low-field region of. the speétra are
. showm in (C) and (D). 'Condit;oné of EPR spectroscopy:
Frequency, 9.30 GHz; power, 10 mW; modulation, 10 gauss,
| except in (D) wheré 18 gauss was used; temperature,A25°K;A
' fime constant, 0.1 sec; scan rate, 20 gauss/sec.
Amplifier gain settings were 160 in (A), 450 in (B)

1200 in (c), and 3600 in (D).

FIG. 2. Effect of sonication on tﬁe EPR signal of bound
4chloroplast plastocyanin. Spectra of untreated |
chloroplasts (A) or sonicated chloroplasts (B) (1.5 ng
chlorophyll/ml in each case) were recorded at 25°%K in
the presence of 1 mM ferricyanide. .EER»settings-as in
Fig. 1 éxcept for amplifier gain settipgs; these were

- 1200 in (A) and 2200 in (B).

" FIG. 3. Photofeductidn of bound plastocfanin iﬁ
monochromatic light. The reaction.mixtu;e contained

. 50 mM Tricine, pH 8.2, 10 mM NaCl, and chloroélasts at a
chlérophyllvEoncentrationAof’O.S mg/ml. C§nditions for
~ illumination ané freezing éf samples Qere ﬁs descriﬁe@

 in Methods.  Conditions of EPR spectroscopy: microwave
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frequency, 9;26 GHz; microwave power, 10 mW; modulation
frequéncy, 100 KHz and gmplitude, 10 gauss; time cohstant,.
0;1 sec;,scanning rate,41000 gauss/min; temperature,

25°K. . (A).Dark sample prior to illumination. (B) sample
illuminated with light of wavelengtﬁ éhS nm. (C) Sample

illuminated with light of wavelength 715 na. .

FIG. k. Effect of inhibitors on the photoreduction of
plasfocyanin in red light. The reaction mixture cpntained'
50 wM Tricine, pH 8.2, iO wM NaCl, chloroplasts at a
chlorophyll concen;iation of O.SAmg/ml, and, where present,
10 uM DCMU or 35 uM DBMIB. Samples were illuminateé with
monochromatic ligﬁt owaavelength 645 nm as described in
Methods. Conditioﬁs of EPR spectroscopy were as in

Fig.j}. (A) Dark sample prior to illumination. (8)
Sample illuminated with light of wavelength 645 am. (C)
Sample 111uminated with 645-nm light in the presence of |

DCHU. (D) Sample illuminated with GhS-nm light in the

presence of DBMIB.

FIG. 5. Effect of an electron a§ceptor on the
photoreduction'of plastocyanin in red light.: The reaction
mixture'contéingd 50 mM Tricine, pH 7.8, iO mM NaCl,
chloroplasts at a chlorophyll concenftation of 0.5 mg/ml;
and, whére present! 0.01 oM spinach ferredogiﬁ and 2 mM
'NADf; Samples were illuminated with monogkromatic light
of waQele;gth 645 nm as.desciibed in Hethads.' Conditions

of EPR spectroscopy were as ia Fig. 3. (A) Dark samplé
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prior to illumination. (B) Sample illuminated with
645-nm 1ight. (C) Sample flluminated with 645-nm 1ight

in the presence of ferredoxin plus NADP.

FIG. 6. Effect of phosphorylating conditions and .
uncoupléf on photoreduction of pléstocyanin in red light.
The reaction‘mixture contaihed,Sé wH Tricine, pH 7.8,

10 mM NaCl, chloroplasts at a chlorophyll concentration
of 0. 5 mg/ml, 0.01 mM splnach ferredoxin, 2 mM NADP

S5 mM MgCls, 5 mM KoHPO,, and, where present, 5 mM ADP

or SO oM NH461. .Samplés were illuminated with 645-nm
light as described in- Methods. Conditions of EPR
spectroscopy were as in Fig. 3. (A) Sample illuminated
in the presence nf ferredoxin/NADP,‘HgClz,‘and KoHPO,.
(B) Sample illuminated‘in the presence of'ferreqoxin/NADP,

MgClo, KoHPO4, and ADP. (C) Sample illuminated in the

presence of ferredoxin/NADP, MgClz, KoHPO,, and NH,CI.

FIG. T. Photoox1dat1on of plastocyanln 1n monochromatlc_
"Iight. The renntlon mixture contained 50 mM Tr1c1ne,.
pH.8ﬂ2, 10 mM NaCl, 5 oM sodium ascorbate, and

f chlo;oplasts at a cnlorophyll concentration of 0.5 mg/ml.
Samples were iiluminated as described in Methods.

: Condltlons of EPR specttoscopy were as in Fig. 3.” (a)
sample prior to 111um1nat1on. (B, Sample 111um1nated with

645-nin light. (C) Sample illuminated with-715-nm light.



| | 29
FIG. 8. Effect of DCMU on plastocyanin photooxidation

in ﬁonochromatic light. The reaction mxxture and
111um1natlon conditions were as in Pig. 7T except that

‘10 uM DCMU was present. (A) Sample prior to 111um1nat10n.
(B) Sample 111uminated with 6#5-nm light in the presence
“of DCMU.  (C) Sample 11luminated wich “T15-na light in the

_presence of DCMU.

FIG. 9. Effect of DBMiB on plastocyanin photooxiaation

ip m§ﬁochromatic'light. The reaction mixture and
11lumination conditioﬁs'éere;as in'Fig. T exéept that

35 uM DBMIB was presenf' (A) Sample prlor to 1llum1natlon.
(B) ‘Sample 111um1nated with 645-nm light in the presence
of DBMIB. (C) Sample illuminated with 715-nm light in-

" the presence of DBMIB,
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