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Smnmai r-y. A muttant strain of Chlamnydomonas reinhardi, (IC-206, lacks cvtochrome
553, at least in an active and detectable form. Chloroplast fragmeints of this mtutant
strain are inactive in the photoreduiction of NADP when the souirce of electrons is
water, buit they are active when the electron soturce is 2,6-dichlorophelnolindopheinol andl
ascorbate. The ad(litioin of either cytochrome 553 or plastocyanin, obtained from
the wild-type strain, has no effect UpoIn the photosynthetic activities of the muitant
strain. Cells of the muitant strain lack both the soluble and insoluble forms of cvto-
chrome 553, but they possess the mitochondlrial type cytochrome c. Thuis, the loss of
cytochrome 553 appears to be specific.

Another mutant strain, ac-208, lacks plastocyanin, or possesses it in an inactive and
undetectable form. Chloroplast fragments of ac-2o8 are inactive in the photoreduction
of NADP with either water or 2,6-dichlorophenolindophenol and ascorbate as electron
(lonors. However, these reactions are restored upon the addition of plastocyanin.
The addition of cytochrome 553 has no effect. The measturemenit of light-indilce(d
absorbance changes with aC-2o8 reveal that, in the absence of plastocyaninl, light fails
to sensitize the oxidatioin of cytochrome 553, buit it will sensitize its redtuction. How-
ever, the addition of plastocyanin restores the light-indutced cytochrome oxidation.

A third mutant strain, (c-208 (sup.) carries a suippressor miltatioin that partially
restores the wild phenotype. This mutant strain appears to possess a plastocvanin
that is less stable than that of the wild-type strain.

The observations with the mtutant strains are disciussed in terms of the sequience
of electron transport System TI -T cytochrome 5.53 -* plastocyanin -s System I.

\NVhole cells of certain muitant strains of Caliva-
domionas1reinthardi are uinable to fix carbon dioxide
at the wild-type rate (16), ain(l their chloroplast
fragments are inactive in the photoredulctioin of
NADP when the souirce of electrons is from water
(5, 15). In addition, certain of the light-induiced
absorbance changes characteristic of the wild-type
strain are absent in the muitant strains (14).

In a brief report ( 5 ) we (lescribed 2 muitant
strains in which the contenit of either cvtochrome
5i53 or plastocyanin was affectedl. The puirpose of
this paper is to dlescril)e the properties of these
muttant strains inl detail and to providle a(l(litional
evidence (14) that the 2 metallo-proteinis fuinctioin
in the photosynthetic electron transport chaiin in the
sequience System II cytochrome 55 - plasto-
cyanin -s System T.

1 This inivestigation xx as supported by grantts GB
2955 from the Nationial Science Foundation and GMI
12336 fromii tlle Nationial Institutes of Health.

2 Present Address: Chiarles F. Ketterinig Researclh
Laboratory, Yellowx Sprinigs, Ohlio.

Materials and Methods

Organismlls and GraowLth Conditions. The wikl-
type straiin ( 137c) of C. reiIlXt(ilrdi andcl 3 mtltant
strains ac-2o6, aC-208, anid (C-2o8 (suip.) Aere uised
in the experiments dlescribed here. The third straini,
referred to as (IC-208 (sulp.) is a douible muitant
straini that carries, in addition to the primary mtita-
tion (IC-208, a secon(lary suippressor mutationi that
partially restores the wild phenotype.

Cells wvere cuiltiired in Tris-acetate phosphate
mediuim (5) and( were harvested while in the ex-
ponential or early stationary phase of growth. The
strains wvere ciltured at 4000 lulx except for (IC-208
which was cuilture(d at 1000 lIux uintil the last 24
houirs of growth wheni the light intensity, was in-
creasedI to 4000 lulx. The lower light intensityv Nvas
fotund to be necessarx in or(ler to prevent the cells
from clumping dutrinig growth. Light was provided
l)y da)ylight fliuorescenit lamps andcl the temperatuire
was 25°.

Prepa rationl of Chilloroplast 1f,'ragmients. Chloro-
plast fragmenits for the measuiremeiit of D)PIP anl(l
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Table I. Plastocyanin Extracted from WFild Type and
from the Mutant Strains

The plastocyanin was extracted from acetone-treated
cells and purified through step one (6).

Plastocyanin
,ig atoms Cu/1000

Strain /Amoles chlorophyll

Wild type 2.3
ac-206 3.9
ac-208 < 0.05
ac-208 (sup.) <0.05

NADP photoreduction and for the measutrement of
light-induced absorbance changes were prepared by
uiltrasonic disruption of the cells as previously
described (14) except they were not washed. For
certain experiments, however, chloroplast fragments
were prepared from cells disrupted by grinding in
sand (5).

Assay Conditions. Chlorophyll was determined
by a modification (1) of the procedture of Mackin-
ney (17). The photoreduction of NADP and of
DPIP was measured in a Cary model 14 recording
spectrophotometer using the method described by
Smillie (18). Light-induced absorbance changes
were detected by the method previouisly described
(14).

Carbon dioxide fixation by whole cells was
measuired as the tuptake of acid by the uise of
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FIG. 1. The reduced spectrum (A) and oxidized
spectrum (B) of the plastocyanin of ac-206 after purifi-
cation through step 1 (6). The reduction was achieved
with sodium ascorbate and the oxidation --,as achieved
with potassium ferricyanide. These spectra and those
in subsequent figures were obtained with a Cary model

14 recording spectrophotometer.

a Radiometer titrimeter with a Radiometer TTA31
titration assembly.

Quantitative Determiiination of Cvtochromle 553
and Plastocyanin. The plastocyanin content was
determined in extracts that had been carried throuigh
step 1 of the puirification procedure (6), and the
cytochrome content was determined in cells that
had been either extracted with 80 % aqueous acetone
(6, 7) or on preparations that had been carried
throuigh step 1 of the purification proceduire (6).

Results

The Plastocyanin and Cytochrote 553 of the
Mlutant Strains. The plastocyanin of the wild-type
and the mutant strains as determined after purifica-
tion through step 1 (6) is shown in table I. The
oxidized and redtuced spectra of the partially pturi-
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FIG. 2. The reduced (RED) and oxidized (OX)
spectra of an extract of ac-208 purified through step
one (6). Reduction was with sodium ascorbate and oxi-
dation was with potassium ferricyanide. The 0 to 0.1
slide + ire of the spectrophotometer was used.
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fie(d plastocyanin from ac-2o6, shown in figuire 1,
were nearly identical with the correspon(ding spectra
for the wild-type strain (6). Both (IC-208 and
(1C-208 (stlp.) appeared to lack plastocyanini, for
none coii(I be detected when the sensitivity of the
metho(d was stuch that a plastocyanin content 2 %
of that of the wild-type strain couild have been dce-
tecte(l. Figuire 2 shows the oxidized and reduiced
spectra, at high sensitivity, of the partially puirified
fraction of (IC-208 corresponding to the fraction of
the wild-type that containied plastocyanin. The
spectra clearl) show the soluible form of cytochrome
553, buit there is no trace of plastocyanini. Essen-

tially idtentical spectra were obtained for (IC-208
(slup.).
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FIG. 3. Trhe redluced-rn i nns-oxidized di fferenlce spec-

tra of cells of wild type, 206, and ac-208, after ex-

traction witb 80 % acetonle at -15°. Tbe extracted cells

ere collectedl by centri fulgationl at 20,000 X q for 2

minlutes at -15°. Tbes ere resuspend1ed in 0.01tp
phosphate buffer,52 H 7.0 at a cblorophv concentration

of 1 rug per nil as determiled l )rior to acetonle extraction.

Tbe samples wnerereduced itb sodium ascorbate and

oxidized witb potassium ferric-aside. Tbrespectra were

obtainedl witbl model 14 Cary recording spectrophotome-

ter fittel s itb a scattere l light transaission2 accessory.
The 0 to 0.1 slide wire was used,anda1 the slit control

and dc llodet voltagev cerc set at their miniX values.

high in tensity lighet source was used, anld the s!it
pidthsh ere less tbanH 0.25mmit throughoult the region
of the spectrum that wasd scanened The oiticalpxath
legth of the cupoettes wrais 1 cyii. EacTh spectrum has

been0correted base line obtainedlt ith

prop°reriatteuneitreatedisamn i vleles.

As stated previously (6) a cuiltulre of wild-type-
C). reihardli equivalent to 433 mg chlorophyll y-ielde(d
crud(le plastocyanin eqlivalent to 1.12 ,xg atonms
copper as determined after pturification throuigh
step 1. This yield may not represent the total
plastocy-anin conteint of the cells, for a fractioil of
the plastocyanin maxinot be extracte(d by the
methods uise(l, and sonie of it might be clenatuire(d
by these methods. It was foulnd for spinach chloro-
plasts (8) that oily, oie half of their copper colntenIt
was extracted as plastocyaniin. However, the natuire
of the copper that remained couild not be (letermine(l.
UIntil a practical methocl has been foulnd(c for (leter-
minling the amouint of p'.astocyanin in situl it xwill he

necessary to assunme that in general the extracte(d
plastocyanin represceits the minimilm xvaluie, anid(
that the truie content of this proteini in the cells
is unknown.

Figure 3 shows thc reduced-minus-oxidized (lif-
ference spectra obtained from a(Iqueouis suispensioins
of acetone-extracte(d cells of wvild-type, OC-206, anId(
oc-208. \Vhereas the cells of the wild-type and(I
(c- 2o8 contained nearly the same amouint of cyto-
chrome 553, there was no detectable trace in cells
of UC-2o6. The aqucouis suispenisioin of acetone-ex-
tracte(l cells was also separate(l into an insoluble
fraction (fig 4) and(I a soluible fraction (fig 5).
The complete abseince of cytochrome 553 from cells
of (IC-2o6, at least in the insoluble form, is showni
in figure 4. The soluble fractions (fig 5) rexealed
the a-band of cvtochrome c (55() iun) in the xxild-

type and(I multant strainis, and plastocyanin in wild-

type anlle (1c-20o. Hoxvever, the solUble form of
cytochrome 553 couldl( not be detected in these ulIl-
puirified preparations (see belowx). The presenice
of cytochrome c in the soluble fraction from UC-206
is noteworthy, for it shows that the lack of cvto-
chrome 55 3 didl not extend to other c -type cvto-
chromes.

Aks noted previouisl- (7), the yield of the soluble
form of cytochrome 553 from the wild-type straill
wIas xariable, buit at least a trace of it wvas always
detecte(d in preparationis puirified throuigh step 1 (6).
Figuire 2 shows that the soluble form was readily
(letected in the partially, puirified extracts of (IC-208
xxhen the spectra were obtained at high sensitixity.
However, figu-re 6 show's that correspondiing prep-

arations of aC-2o6 recorded at high sensitivity gaxe

no trace of cy'tochrome 553. Thuis, 1)oth the soluible
and insoluible forms of cytochrome 553 wvere Inot
(letecte(d in (IC-206. This findling as important
because the 2 forms xvere not spectroscopically
i(leintical, the insoluble form had its a-band at 553.5

nm (fig 4) andl the soluble form hadl its a-band at
552.5 nm (7). The resullts with taC-2o6 providledl
the best evidence that the 2 forms wvere really the
same cytochrome, the insoluible form being prestnm-
ably' modified slightly by its binding to the Mbloro-
plast struictuire.
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FIG. 4. The reduced-minus-oxidized difference spec-
tra of aliquots of the same, acetone-extracted, preparation
shown in figure 3 but after washing with buffer to
remove the so!uble proteins. The spectra were recorded
under the same conditions as described in figure 3.

Table I1. Photosynthetic Carbon Dioxide Fixation by
[Whole Cells of Wild Tyte, ac-208, and ac-208 (sup.)

The cells were suspended in 2 ml of 0.0025 M KHCO3
in the titration vessel of a Radiometer titrimeter. The
chlorophyll concentration was 50 ug/ml. The tempera-
ture was controlled at 250 and saturating light intensity
(30,000 lux) was provided by a projection lamp having
a filter to cut out light of wavelengths less than 560 nm.
The filter was necessary to protect the glass electrode
which was sensitive to b'ue light. The titrimeter was
set to maintain a constant pH of 7.5 in the reaction
vessel and to record thle amount of 0.01 mr HCI added in
order to maintain a constant pH. A s!cw loss of CO.,
was observed in the dark, and the rate of photosynthetic
carbon dioxide fixation was calculated as the li-ht-minus-
dark differencc in the rate of CO., disappearance.

Strain

wild tvpe
ac-208
ac-208 (sup.)

,umoles CO., fixed/hr/m, Chl

140
<5
63

Photosynthetic Carbon Dioxide Fix(ation by
WVhole Cells. Table II shows a comparison of the
rates of photosynthetic carbon dioxide fixation by
whole cells of wild-type, ac-208 and OC-208 (suip.).
Whereas the rate exhibited by cells of ac-208 was
28-fold less than that of wild-type and typical of
muitant strains having impaired photosynthesis, the
suppressed mtutant strain had a rate that was;only
slightly less than that of the wild-type rate.

Photoreduictiont of NADP and DPIP by Chloro-
plaist Fragments of the Mutant Strains. As shown
in table III, chloroplast fragments of aC-2o6 and

Table III. Photoreduction of NADP and DPIP by
Chloroplast Fragments of W'ild Type and MIutant Strains

NADP-a is the photoreduction of NADP with water
as the electron donor, and NADP-b is the photoreduction
of NADP with reduced DPIP as the electron donor.

For NADP-a the reaction mixture (2.0 ml) contained
chloroplast fragments (20-25 ,g chlorophyll) anid the fol-
lowing in ,umoles: potassium phosphate buffer, pH 7.0,
20; KCI, 40; MgCI9, 5; ferredoxin purified from wild-
type C. reinhardi, 0.005; and NADP, 0.5. For NADP-b
the reaction mixture contained, in addition to the above,
the follow-ing in jumoles: DPIP, 0.1; sodium ascorbate,
10; and DCMU, 0.02. The reaction was run in a cuvette
placed in the sample compartment of the spectropho-
tometer. The cuvette in the reference compartment con-
tained a control reaction mixture from which ferredoxin
and NADP were omitted.

For the photoreduction of DPIP, the reaction mixture
(2.0 ml) contained chloroplast fragments (20, g chloro-
phyll) and the following in umoles: potassium phosphate
buffer, pH 7.0, 20; KC!, 40; MgCl.,, 5; and DPIP, 0.1.
The DPIP was omitted from the control reactioni mix-
ture.

The reactions Nvere run at 250.

«amoles of oxidant photoreduced/
hr/mg chlorophyll

Strain NADP-a NADP-b DPIP

Wild type
ac-206
ac-208
ac-208 (sup.)

169
<2
<2

5

81
43
4
9

269
18
29
44

aC-2o8 were incapable of photoreduicing _NADP at
a detectable rate when water was the electron donor
(NADP-a). When reduced DPIP was provided
as the electron donor (NADP-b) the chloroplast
fragments of aC-206 were able to photoreduce
NADP at rates comparable to that of wild-type, but
the chloroplast fragments of ac-2o8 showed only a
negligible rate. Cn the other hand, both aIC-206
and ac-2o8 gave Hill activity that was abouit 10 %
of that of wild-type with DPIP as the electron
acceptor.

The activity of chloroplast fragments of aC-20o8
(stup.) was dependent upon the method of prepara-
tion of the chloroplast fragments. WVhen the frag-
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menits wxere prepare(i by tultrasonic disintegration
(table III), the rate of NADP-a xvas qutite low.
However, when the chloroplast fragments were pre-
pared by griinding the cells in sand the rate of
NADP-a byv the suippresse(d strain xwas 35 jMmoles

500 510 520 530 540 550 560 570 580 590 600

\ ac - 206

0~ ~ ~ ~~~0 0o~~~~~~~~

ild type

500 510 520 530 540 550 560 570 580 590 600
Wavelength (nm)

FiG. 5. The reduced-minutis-oxidized difference spec-
tra of the xx-ater soluble components of the acetone-
extracted cell preparationi shoN n1 in figure 3. The cell
prep)arations xxere centriffuged for 10 minutes at 20,000
X gl ancd the supernates were collected. They were re-
duced w ith sodium ascorbate and(l oxi(lized xx ithl potas-
siutn ferricvanide. The 0 to 0.1 sli(le wire wxas u1se(d
oni the sjpectrophotometer.

NADPH/hr/mg chlorophyll, whereas that of the
tinsuippressed strain reniaine(d at less than 2. It
appears, therefore, that griin(iing with sandi is inI
some respects a more gelntle method for disruiptinlg
cells thani is uiltrasonic (lisinitegratioil. In addition,
the former method gave chloroplast fragmenits active
for photosynthetic phosphorvlation whereas the lat-
ter dlicl not (5).

Reoidditionz Lxperioients. \Vhein plastocyanin
from wxild-type C. reinhordi wx'as added to chloro-
plast fragmeilts of (1c-208 their photosynthetic ac-
tivity was at least partially restored. Table TV
gives the resuilts of readdition experimileints in x'\hich
NADP and( DPIP photoredtuction wxere measuire(l.
The restoratioin effect was more pronounce(l xx'ith
chloroplast fragmenits of the suippressed strain of
t1c-208 thain with the uinsuippresse(d strain. In a
conitrol experimenit wxith (Ic-206, the ad(litioni of
plastocyanin faile(d to restore the lost photosyinthetic
activity, and with the wxrild-type straiin the adde(d
plastocyanin had only a slight stimullating effect.

Figuire 7 shows the dependleince of the restore(d
activity, of chloroplast fragments of suippressed(
Iac-208 uipoIn the plastocvanin in the reaction mixtuire.
Ftull restoration requiired a plastocyanin concentra-
tion equivalent to 0.007 ,ug atoms copper per ml.
Table V shows that the restoration was completely
reversed simply, by washing the chloroplast frag-
menlts in buffer.

WN hen the chloroplast fragments of ac-208 and(I
OC-208 (siup.) were prepared by grind(ling the cells
in sand (table \VI) they- (lid not show as great an
effect of added plastocyanin as when chloroplast
fragments were preparedl by disrupting the cells by
ultrasonic disintegrationi (table I'V). This resuilt
suiggested that the restoration of NADP photore-
dluction may have depen(led ulpoin a certaini (legree
of struictuiral degradation or disruLption of the
chloroplasts possibly at a molecuilar level. Indeed,
as shown in table V-I, when chloroplast fragments
from (IC-208 (suip.) xvere mistreated either by uiltra-
sonic treatmenlt or by aging at 25°, the NADP'-a
activity with addle(d plastocyanin actuially iincrease(d
whereas the activity withoiut added plastocyanini dle-

Table IN". Eff-ct of Addcd Pl'astocyanin on tlht NAADP and DPIP Pho/oreduction
The reaction mixtuires and conditionis of assay were the samile as described in table I1l. \N'here indicated, p)lasto-

cyanin c(lnivalenlt to 0.02 g atomils Cu, putrifie(l from the x-id typl)e straini, \vas adl(!ed to the reactioII Imlixtures.

,umloles oxidanit photoreducedlhr/img chlorophyll
NADP-a NAADP-b) DPIP

4
22

9
69

16
36

44
180

40 126
60 147

strainl

( t -.208

o -208 ( sip.)

-206

\N'il(l type

Addition

none
plastocyanlln

none
l)lastoc!xali

niotne
plastocyanil

none
p)lastocyanin

<2
22

IC)
105

2
<2
94
102
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Table V. Reversal by Washing of the Restoration of
NADP Photoreduction in Suppressed ac-208

The reaction mixtures and conditions of assay were
the same as given in table III. However, where indi-
cated, plastocyanin was added to give a concentration
of 0.01 /Ag atoms Cu per ml. The chloroplast fragments
were washed with 0.01 M phosphate buffer, pH 7.0, con-
taining 0.02 M KCI, and 2.5 mm MgCl by centrifuging
at 10,000 X g for 10 minutes. They u-ere then re-
suspended in fresh medium.

NADP-a
Treatment ,Amoles NADPH/hr/

mg chlorophyll

Plastocyanin added and
fragments washed 7

Plastocyanin added,
fragments washed, and 73
plastocyanin added again

O<
O < \

500 550 600

Wavelength (nm)

110
o 100

E 90
80
70

a 60 -

z50-
± 40

30E 30

20

c]100

z 00 1 2 3 4 5 6 7 8 9 10 (x10-3)
Plastocyanin added (pig atoms Cu/mI)

FIG. 7. The NADP-a activity of chloroplast frag-
ments of ac-208 (sup.) as a function of the concentra-
tion of purified plastocyanin added to the reaction mix-
ture. The methods for assay were the same as described
in table III. Plastocyanin, purified from the wild-type
strain, was added to give the indicated final concentra-
tions.

creased. The effort to demonstrate a similar effect
with chloroplast fragments of unsuppressed ac-208
failed.

The light-induiced absorbance changes exhibited
by chloroplast fragments of ac-208 have already
been described (14). It was foutnd that cytochrome
559 and cytochrome 553 were reduced by red light
but that they were not oxidized by far-red light.
Figure 8 shows that tupon the addition of plasto-
cyanin to the chloroplast fragments of ac-208, far-
red light was capable of sensitizing the oxidation
of the 2 cytochromes.

The attempt to restore the photosynthetic ac-
tivity of chloroplast fragments of ac-206 by the
addition of cytochrome 553 obtained from the
wild-type strain failed (table VII). Addition of the
cytochrome also failed to duplicate the effect that
plastocyanin had in restoring the activity of chloro-
plast fragments of the suppressed ac-208. The small
restorative effect was probably due to a slight con-
tamination of the cvtochrome with plastocyanin. It
was estimated that the cytochrome used in this
experiment contained plastocyanin eqtuivalent to
about 0.3 ,ug atoms Ctu per ,tmoles of cytochrome
553. This estimate was based uipon the oxidized-
mintus-redtuced absorption difference at 597 nm of

FIG. 6. The reduced spectrum of an extract of ac-206
purified through step 1 (6). Reduction was achieved
with sodium ascorbate. The 0 to 0.1 slide wire was
used to record the spectrum.
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the cytochrome preparation assuming that the pure
cytochrome wotuld have no absorption difference at
this wavelength.

Discussion

The results presented above strongly sutggest
that ac-208 is unable to sinthcsize plastocyanin, at
least in an active and detectable form, and that the
lack of plastocyanin is the cause of the mutant
strain's inability to carry out normal photosynthesis.
Furthermore, the addition of plastocyanin from
wild type to the chloroplast fragments of ac-208
restored the mutant strain's missing photosynthetic
activities. The restoration of these activities had
a high degree of specificity with respect to both
the chloroplast fragments used and the protein added.

Plastocyanin failed to restore any photosynthetic
activity to chloroplast fragments of ac-206 (table
IV) and cytochrome 553 apparently could not sub-
stitute for plastocyanin in restoring activity to
chloroplast fragments of ac-208 though limitation
in the quantity and purity of the cytochrome 553
available prevented an adequate test of this point.
The specificity for plastocyanin verstus cytochrome

553 is of particular significance because these 2
proteins are idenitical in their normal oxidation-
reduction potential and s.milar in their molecular
size, as judged by chromatography on Sephadex
G-75 and electrostatic charge as judged by chro-
matography on DEAE cellulose (6,7).

The restoration of photosynthetic activity in
ac-208 by plastocyanin was found to he dependent
upon the concentration of plastocyanin added to the
reaction mixture. Full restoration of the NADP-a
reaction to chloroplast fragments of ac-208 (stup.)
was achieved with plastocyanin equivalent to 0.007
ug atoms Cu per ml (fig 8). Since the chlorophyll
concentration in the reaction mixture was 0.11
iumoles per ml, and asstuming a photosynthetic utnit
of 200 chlorophyll molectules (10), the full restora-
tion of activity evidently reqtuired plastocyanin
eqtuivalent to more than 100 copper atoms per
photosynthetic unit. It seemed probable, therefore,
that the added plastocyanin was not being botund to
the active centers of the chloroplast fragments btit
was interacting with them in a loose, reversible
fashion. This idea was confirmed by the results of
the experiment described in table V in which it
was found that the restoration effect was completely

Table VI. PhltoreduCtion of NADP, with and without the Addition of PlastocVaniin, bv Chloroplast Fragments
Prepared fromn ac-208 and Suppressed ac-208 by Sand Grinding

The methods and conditions of assay were the same as described in table III except that the cells were disrupted
by grinding in sand. The aging was done by allowing the chloroplast fragments to stand at 250 for t-he indicated period
of time. Where indicated, plastocyanin equivalent to 0.02 ,ug atoms Cu was added to the reaction mixture.

Treatment of
chloroplast
fragments Addition

NADP-a
,umo!es NADPH/hr/mg

chlorophyll
None

Aged, 15 minutes

None

Sonicated 30 sec.

Aged, 60 minutes

Table VII. Phohtwcduction of NADP by Chloroplast Fragments of ac-206 and ac-208 (sup.) with and without the
Addition of Cytochrcme 553 or Plastocyanin

The methods and conditions of assay were the same as described in table III except that the reaction mixtures had
a final volume of 08 ml rather than 2.0 ml. All components of the reaction mixture were scaled down proportion-
atelv. Where indicated, 0.002 ,umole of cytochrome 553 or plastocyanin equivalent to 0.008 /uA atoms Cu purified
from wild type C. reinhardi was added.

,moles NADPH/lhr/mg chlorophyll
Strain Addition NADP-a NADP-b

ac-206 None 4 44
Cvtochrome 553
None
Cvtochrome 553
Plastocvanin

4
0
9

63

44

Strain

ac-208

ac-208 (sup.)

None
Plastocyanin
None
Plastocyanin
None
Plastocyanin
None
Plastocyanin
None
Plastocyanin

1
6
0
4

35
59
16
66
4

76

ac-208 (sup.)

1654



GOP.MAIN AND LEVINE-MUTANTS OF C. REINHARDI LACKING A CYTOCHROME OR PLASrOCYANIN 1655
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FIG. 8. Light-induced absorbance changes at 553 nm

(A and B) and 559 nm (C anid D) in chloroplast frag-
ments of ac-208. The wavelength of the reference beam
was 542 rnm The actinic illumination was either 650
or 720 nm. Arrows poinllig upward inidicate actinic
illumination on, and arrows pointing downward indicate
actinic illumination off. The preparation of chloroplast
fragments in B and D contained plastocyanin equivalent
to 0.0028 /u- atoms Cu.

reversed when the preparation of chloroplast frag-
ments containing added plastocyanin was washed
with buffer.

Katoh and Takamiya (9) reported a restoration
effect by plastocyanin similar to that described
here. They observed that prolonged ultrasonic
treatment of Birassica chloroplasts caused a loss of
the NADP-a and NADP-b activities and that these
activities were restored upon the addition of plasto-
cyanin.

The results described here for the suppressed
strain of ac-208 are informative though they present
a somewhat more complicated situation than the
tunsuippressed ac-208. Cells of ac-208 (stup.) carried
ouit normal photosynthesis at a rate 50 % of that of
wild type when meastured as whole cell CO fixation
(table II). Since no plastocyanin was detected in
the extracts of OC-208 (suip.), an obvious con-

clusion wouldc be that the presence of plastocyanin

is not obligatory for photosynthesis. However,
there are reasons for believing that there is an
alternative explaniation for these results. Chloro-
plast fragments of ac-208 (sup.) prepared by the
relatively gentle method of grinding with sand
showed a stubstantial NADP-a reaction (table VI)
but litt!e or no reaction when prepared by the ultra-
sonic treatment of the cells (table IV). However,
the activity lost by virtue of the ultrasonic treat-
ment was ftully restored by the addition of plasto-
cyanin (table IVT). These results suggest that the
cells of ac-208 (stup.) may have contained a strtuc-
turally modified plastocyanin which was at least
partially active in photosynthesis but which was less
stable than the plastocyanin of wild type. This
hy-pothesis readily explains the failure to detect
plastocyanin in the extracts of ac-2908 (sup.) because
the extraction procedture involved treatment with
80 % aqtueous acetone which might be expected to
denature the unstable plastocyanin. An important,
but no doubt difficult, project for future investi-
gation would be to isolate and characterize the
unstable plastocyanin from ac-208 (sup.), if it exists.

Cells of ac-206 contained no detectable cyto-
chrome 553 in either the soluble or insoluble form.
Since the cytochrome in both forms was readily
detected in wild type and in the other mutant strains
used here, it can be concluded that the inability
of cells of ac-206 to carry ouit normal photosynthesis
was the result of either the lack of cytochrome 553
or the synthesis of the cytochrome in some inactive
form. The simulltaneous absence of both the soluble
and insoluble forms of cytochrome 553 from cells
of ac-206 provided evidence that these 2 forms
represent the same cytochrome. Since the cells of
ac-206 contained the mitochondrial-typC cytochrome
c, it was evident that the loss of cytochrome 553
was specific and did not extend to other c-type
cytochromes.

The attempt to restore the photosynthetic ac-
tivity of chloroplast fragments of ac-206 by addition
of cytochrome 553 from wild type failed, but the
failure probably means that the site of action of
the cytochrome in the chloroplast fragments was
not accessible to the soluble cytochrome from the
external medium.

The sequence of function of cytochrome f (or
cytochrome 553) and plastocyanin in the photosyn-
thetic electron transport chain has been the subject
of mtuch interest recently. Both cytochrome f and
plastocyanin have been observed to be oxidized by
system I and reduced by system II, indicating that
they act in the chain between the 2 photochemical
systems (3, 13). However, these observations did
not permit a definitive conclusion regarding the
position of these 2 components in the photosynthetic
electron transport chain. It has been proposed (11,
12) that they act in parallel to transfer electrons
from system II to system I, but this proposal is
incompatible with the results presented here. When
either plastocyanin or cytochrome 553 are absent
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there is Ino photoredtiction of N\ADP when the
electrons come from water. Therefore, it appears
that cytochrome 553 and plastocyaniin lie in series
rather than parallel in the photosynthetic electron
transport chain of C. reinhla(rdi.

Fork and Urbach (4) and .Avron (2) concltuded
from the effects of the copper chelatinig agenit,
salicylaldoxime, on light-indu1ced absorbance changes
of cvtochrome f that the cytochrome lies between
plastocyanin and system 1. This seqtience is incon-
sistenlt with the resilts obtainedwe-ith (Ic-206 and
ac-208. First, in the absence of plastocyanin chloro-
plast fragments of (Ic-208 exhibited only the light-
in(hice(l reduiction of cytochromes 553 aind 559 (14).
Second, the light-induice(d oxidation of cytochromes
553 and(l 559 returned when plastocyanin was added
to the chloroplast fragments (fig 8). Third, since
Oc-206, which lacks cytochrome 553, cotldd photo-
re(llce NADP when the souirce of electrons was
from re(lLced DPIP (table III) the site of the
entry of these electrons mtist be on the system I
si(le of cytochrome 553. hlowev er, with (Ic-208,
in wrhich the cytochrome is preseint, there was only
negligible photoreduiction of NAI)P when redticedl
l)PIP was the electroni lonor (table III). There-
fore, the site of entry of these electrons mulst be
either at plastocyaniin or on the system II side of
plastocyanin. Foturth, uipon addition of plastocvanin
to the chloroplast fragments of (ic 208 they were
able to carry out the photoredtiction of NADP
with redtice(l DPIP as the electron (loior (table
IV). Accordingly, the only sequtience compatible
with these resuilts is system II -s cytochrome 553

plastocyainin system 1.
There is no direct xway to rationalize the dif-

ferences between the restults presente(d here and
those obtained in the iinvestigations uisinlg salicylal-
(loxime except to point otit that (lifferent organisms
were uise(l by Fork and( Urbach (4) an(I by Avron
(2). In addition, San Pietro an(d Katoh (7a) have
shown for spinach chloroplasts that salicylaldoxime
(loes Inot act as a specific inhibitor of plastocyanin.
for the photoredtiction of NAI)P from DPIP and
ascorbate, a reaction that (lepen(ls tipon the presence
of plastocyanin, is insensitive to salicylaldoxime.
FnLrthermore, they have shown that even thouigh
salicylaldoxime can catise the almost instaintaineouis
inhibition of certain photosynthetic reactioiis, its
effect uipon the reduiction of the copper of plasto-
ccyanin takes several houlrs. Finally, preliminary
experimenits in this laboratory have revealed that
salicylaldoxime at a concentratioll of 1() -.\I inhibits
the light-induiced re(Itictioni of 11oth the cytochrome

atnd cvtochrome 559 in the wild-type strain and
in (ic-208 which is, of couirse, (lexoi(l of plastocvaniin.
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