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Sum;inary. Light-induced absorbance changes were investigated in chloroplast
fragments of wild type Chlamiiydomitonas reinhardi and 5 different mutant strains having
impaired photosynthesis. Two absorbance changes were detected, 1 hftving a maximtum
at 553 nm and the other at 559 nm. The component exhibiting the 553 nm change is
a cytochrome similar to cytochrome f from higher plant chloroplasts. The component
exhibiting the 559 nm change has the properties of a cytochrome similar to cytochrome
b,. Two of the mutant strains (aic-115 and ac-141) were foutnd to lack the 559 cyto-
chrome and light induced only the oxidation of the 553 cytochrome. A third mutant
strain (ac-206), previously shown to lack the 553 cytochrome, exhibited only the light-
indtuced reduction of the 559 cytochrome. A fourth mutant strain (ac-208), shown to
lack plastocyanin, exhibited absorbance changes attributable to both cytochromes.
However, light was capable of inducing the reduiction of the 559 cytochrome btut not
its oxidation. On the other hand, light induiced the oxidation of the 553 cytochrome
btut not its reduction.

These observations are disctussed in terms of the series formulation for photosyn-
thetic electron transport in which the 559 cytochrome is reduced by system II and
transfers electrons via the component affected in aic-21 to the 553 cytochrome. Accord-
ingly, system I sensitizes the oxidation of the 3 components of the electron transport
chain.

Reactions of the photosynthetic electron trans-
port chain of the.unicellular green alga Chlantydo-
mionas rcinzardi have been investigated using the
wild type strain and mutant strains that are incap-
able of carrying ouit normal photosynthesis (4,8,
9, 12). The pturpose of the investigations with the
mutant strains is to determine the nature of the
componenits of the photosynthetic electron transport
chain and the sequience in which they act (8). For
example, recent investigations of NADP photore-
duiction and photosynthetic phosphorylation with 2
different mutant strains (4), one lacking a c-type
cytochrome, the other plastocyanin, stuggested that
these 2 chloroplast components function in series
in the photosynthetic electron transport chain and
that their sequtence is system II -) cvtochrome 553
e plastocyaniin - system I, where system I anl
system II refer to 2 different photochemical reaction
centers (3).

1 This iwvestigation\vas supported by grants GB-2955
frcm the National Science Foundation and GM-12336
from the Nationial Institutes of Healtlh.

2 Present Address: Charles F. Ketterinl Researcl
Laboratorv. Yellow Springs, O.-io.

A series of experiments concerned with both in
vivo and in vitro light-induced absorbance changes
in the wild type and certain mutant strains has
been initiated. Chloroplast fragments were tised
in the experiments described here, for in contrast
to intact cells, the fragments lack the relatively
large light-induiced absorbance change at 515 nm
that tends to obscure absorbance changes in the
region from 550 to 560 nm. The results obtained
with chloroplast fragments provide evidence for the
participation of 2 different cytochromes in the
photosynthetic electron transport chain of C. rein-
hardi as well as for plastocyanin and a component
whose chemical nature is unknown. The evidence
will be discussed in terms of the series formulation
for photosynthetic electron transport posttllated
originally by Hill and Bendall (5).

Materials and Methods

Organisms and Conditions of Growth. The wild
type strain (137c) of C. reinihairdi and 5 different
mtutant strains derived from it (ac-21, ac-115, ac-
141, ac-206, and ac-208) were used. Some of the pho-
tosynthetic properties of these strains have already
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been described (4, 8, 9, 12). \Vhole cells of each
strain are uinalble to fix carbon dioxide by photosyn-
thesis becauise photosynthetic electron transport is
blocked. This block is detected by the observation
that chloroplast fragmenits of each strain fail to
photoreduice NADP when the souirce of electrons
is from water. \Vith the exception of atc-208, the
block in each of the other muitant strains can be
by-passed when re(luce(l DPIP is provided as the
souirce of electrons for the phDtoreduction of NADP
(4, 8, 9).

Chloroplast fragments were prepared from cells
of logarithmic phase cuiltuires growxn in Tris-acetate-
phosphate mediuim (4) at 250. Light xvas provided
by dlaylight fluorescent lamps at an intensity of
4000 luix for cultures of vild type, (ac-il1, (c-141,
and (1c-206 and( at 2000 luix for cuiltulres of (Ic-21
and ac-208.

Prcep(araitioni of Ch 'oropltist Fragyents for Spec-
troscopic ceasuremncets. Cells were harvested by
centrifugatioin at 4000 X y for 2 minuz1tes at 00.
They were washedI once and resuispended in ; ml
of a 0.01 M phosphate buffer, p1I1 7.0, containinig
0.02 Mt KCl and 0.0025 Mi \IgC].,. The cells xvere
(lisrtlpted by sonic (lisintegratioin for 30 second's at
0° isiig a 'Mullard uiltrasonic (lisiintegrator. The
preparationi was theln ceiltrifulge(d at 48() X .J for
6 minuites at -50 to sedlimeint xvhole cells. The
suiperncate, containiing the chloroplast fragmelnts,
xxas centrifulged at 20,000 X y for 20 min ites at
-50 The sediment from this centrifugation con-
taimled the chloroplast fragimieints, and(I they wxere
resuispended in 2 to 5 ml of the phosphate-KCI-
MgCl, buiffer. This suispensioin, containiing large
aggregates of chloroplast fragments, xvas dispersed
in a Ten-Broeck homogenizer.

The chlorophyll contenit of the chloroplast frag-
ment preparaitions xvas determine(d by a modlification
(1) of the procedulre of Mlackinney (10)

Absorbanice Chanitges. The measuiremeints of ab-
sorbance changes were made xvith an Aminco-Chance
double beam spectrophotometer fitte(d xvith a side
illtumination attachment for the actinic l ght. The
actinic light, pro-vided by an incan(lescent lamp
(GE-CPR, 6v, 18 amp), wxas passedI through either
a 650 rnm or a 720 lm interferenice filter, each
having a 10 nm band xvidth. The energy from the
actinic light at the positioin of the sample was
measuired with a Yelloxv Springs InstrulmeInt Com-
pany, Radiometer AMlodel 65. It -\\as 2.2 X 1I
ergs/cm2sec for the light transnitte(d throuigh the
720 nm filter and 2.3 X' 10n ergs/cm2 sec for the
light transmitted throiugh the 650 inm filter. The
photomulltiplier tube of the spectrophotometer (RCA
6903) was protected from 1)oth the red and far-re(d
actinic light by a Corniing glass filter (4076) in
combination with a \Wrattan filter (Ino. 577). The
temperatuire dturing the measurements xxas main-
tainedl at 25°.

Measurements wxere madle oni 1.6 ml samples of
chloroplast fragments (equivalent to 0).1; to 0.16
mg chlorophyll) suspenllded in the phosphate-KCl-

AJgCL. buiffer anid contained in a s(quare cui ette
having a 1 cm light path.

The (leterminiatioln of al)sorl)ance changes was
carrie(l otut at a sensitivity of either .J0086 or 0.0043)
al)sorl)ance uinits for full scale of the recorder chart
(Varian G-14). The eintrance and(I exit slit N idths
of the monochrometer were 0.3 mm.

For all of the measulremenits reported here XI
refers to the w\vavelength of the measuirinig bearm.
The wavelength of the referenice beam (A .) vvas
in all inistances 542 rnm.

Chemical oxidationi of the chloroplast fragments
was obtained Vy adding 1 ptmole of potassiunm ferri-
cvani(le to the sample andil chemical re(duictioni xvas
obtained by adding I umole of ascorhate. Differ-
enice spectra comparinig chemically oxidize(d v-ersuis
chemically reduiced preparations were obtained from
the differenice in absorbance between a reduced
sample and(I aln oxidize(d sample, both of w-hich
hadl i(lentical absorbances over the spectral ranige
uinder colnsiderationi prior to the addition of either
ferricv-ani(le or ascorbate.

The effects of \DCI\U3 were studiedI at a final
conicentration of 10 ,lmolar.

Results
When clhloroplast fragments of the Nx ild tylpe

strain xvere illtuminated Nwith 720 nm light a (lecrease
in absorhance was (letecte(l at X, = 553 nm anld
Xl = n559 nm x-hereas illuimination with 650 nm
light restlited in an iincrease in absorbance at these
Nvavelengths (fig 1). \Vhen DC'MU was added,

i
LA=IxlO 3

A

I
LA=IxIO3
T

B

720

t ,

650
xI =553

720

650 XI=559
MIN -

FI(;. 1. Lig-lt-iniduiced absorhance chalnges it 553 1nm
(part A) and 559 nim (part B), in chloroplast fragmienits
of xvild type C. r(inhliardi. In this figure an(d in figlures 2,
3,4,6,7, an(d 9 through 12, X, refers to the x-wavelength
of the measuring liglht and 720 and( 650 refer to tlle
far-red an,d red actinic illuminiation respectivel,. Arrows
pointing upw ar(d indi -ate actillc illumiinationl 0on. and
arroxxws pointing downuward ind(licate actilliC illuilm:nation
off.
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illumination with either 650 nm or 720 nm light
resulted in a decrease in absorbance at 553 and
559 nm (fig 2, 3). The absorbance changes de-
tected in the wild type strain can be ascribed to 2
components; one showing a maximum absorbance
change at 559 nm and the other showing a maximum

~4 absorbance change at 553 nm. This resoltution into
>1= 553 2 components was achieved by studying the absorb-

ance changes in chloroplast fragments of 3 different
mutant strains; ac-11S, ac-141, and ac-206.

The mutant strain ac-206 lacks cytochrome 553
(4) present in the wild type strain and has a re-

I DCMUIVI
AA=IXl0-3 t
T 650 720

,= 553
A

-- I MIN k-

FIG. 2. The effect of DCMU on light-induced ab-
sorbance changes at 553 nm in chloroplast fragments of
wild type C. reinhardi. Before the addition of the DCMU
the preparations were illuminated with 650 actinic light.
The light was turned off and DCMU was added before
the actinic illumination was given again.

B
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FIG. 4. Light-induced absorbance changes at 553 and
559 nm in chloroplast fragments of ac-206.
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FIG. 3. The effect of DCMU on light-induced ab-
sorbance changes at 559 nm in chloroplast fragments of
wild type C. reinhardi. The conditions for assay were

the same as those given under figure 2.

WAVELENGTH (nm)

FIG. 5. Light-minus-dark difference spectrum for
chloroplast fragments of ac-206. Red actinic light was

used and sufficient dark time was allowed between each
measurement to permit complete autoxidation.

I
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(ltced a l)and at 553 nm. This cytochrome resem-
bles cytochrome f of higher plants (2, 12). Chloro-
plast fragmeints of ac-206 failed to show any marked
light-induticed absorbance changes at 5153 nm (fig
4A). As expected, no marked chaniges were le-
tected at this wavelength after the chloroplast
fragments wvere either chemically oxidize(I w\ith
ferricyaniide or reduiced with ascorbate. Oni the
other hand, a light-induced absorbance change was

I
AA Ix10-3

T
A

I
AA = Ix10-3

B

1 X,=559

T 720
650

2 6

720 650 '=59

MIN 1-

FIG. 6. Ligh1t-induced absorbance chau-e' at 559 n1111
in chiloroplast fragments of aci-141. In lart B the prep-
arationi containied 1 ,nmole of ascorbatc.

I
AA = Ixl0-3

A '

I
AA = Ix10-3

B

'I 1'

650 720 \=553

(letecte(l at 5159) nn. This chalnge xwas ind(uiced( by
650 nm light buit niot liy 720 nim light (fig 4B). The
light-minus-dark differeince spectrtim for chloroplast
fragments of ac-206 is showin in figlure 5. Whereas
a peak at 559 lnm is evident, the peak at 553 nm
for the reduiced a band of cvtochrome 553 is absent.
The peak at 559 nnm may be attributed to the a
band of a cv-tochrome similar to cvtochrome b.
from higher plants (6').

In contrast to clhloroplast fragmeints of 1)oth
wxTild type and c- 206, the mutant strainis (c-115 and
(c-111 failecl to exhibit any light-ind(u11ced absorl)ance
changes at 559 1nn. Figure 6 shows the resLults
obtained with oc-1-l. I ildeintical resuilts \vere o0-
taimie(d throuigholut with (Ic-115. Neither mutant
straiin showeed any- marke(d light-inldutcecl absorbance
chainge at 553 ulm iunitil the preparations of chlloro-
plast fragments had been recIuiced with ascorbate
(fig 7'). It will be nioted from figuire 7B that in
the presenice of ascorbate either 650 nim or 720 urn
light wvas capable of bringing abouit a decrease in
absorbance at 553 inm. In this respect, 1)oth (7c-115
anid ac-141 respondcled in the same fashion as DCM\lU-
treated vild type (fig 2). Thuis, in 1)oth mutant

2

0
x

LLI

z

cr
0
(I)

'I

0.

-o.

x,=553

650
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FIG. 7. LighIt-induced absorbance chanoges at 553 n1i
in chloroplast fragmetnts of acr-141. In part B the prep-
arationi containied 1 unole of ascorbate.

-2 0
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WAVELENGTH (nm)

FIG. 8. Light-minuls-dark differenice spectrum (solid(
circles) and chenically redluced-minuis-oxi lizecl cli f ference
spectrlum (openi circles) for chloroplast fragmients of
ac-141. For the formler, far-re(d actinic li-hlt was uised
an-id the preparationls conltained 1 A.tiole of ascorl)ate.
The ordinate for this curve is on tile right. For the
latter, 2 samples Nvxere cci-paredl. Onie sample contaiilne(
1 Auiimole of ascorlbate and tile otller sample containie(l I
mole of ferricnaai le. The ordlinate for tllis ctire is
on the left.
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strains light is uinable to sensitize an) significant
reduiction of cytochrome 553, buLt it canl senisitize its
oxidation. The light-minuis-dark difference spec-
trum sensitized by 720 nm light in preparations
chemically reduiced wi;th astc6rbate (fig 8) failed to
reveal any absorbance change having a maximuim at
559 nm in either aic-115 or aic-141 where-as a change
having a maximLm at 553 unm was revealed for the
oxidation of cytochrome 553. This spectrutm is to
be contrasted with that of ac-206 which lacks cvto-
chrome 553 (fig 5).

The absence of any marked absorbanice chaniges
at 559 nm canl be attributed to the absence of a
cytochrome as revealed by the difference spectrtum
obtained with chemically oxidized anid reduiced
chloroplast fragments of either ac-115 or tac-141.
The reduiced-minuiis-oxidized difference spectrutm for
ac-141 and for (ic-l5 revealed a single peak at
553 nm represeniting the reduiced a band of cvto-
chrome 553 (fig 8).

nA=IxI0-3

I' 1 X, = 553
A 720 650

I

A

I
AA = ix 10-3

T
X1=559

650

i
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X, - 559

I_
AA= IxI103

C
T

650 xi =559720

I I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
I

I 650
720

1 I MIN K-

Fic.. 10. Light-induced absorbance changes at 559 nm
in chloroplast fragments of ac-21. In Part B, the prep-Xi= 553 aration was reduced with 650 nm light, then illuminated
with 720 nm light. Note that 720 urn light did not stim-
ulate the rate of oxidation. In part C, the preparation
contained 1 ,umole of ascorbate.

1 I MIN k-

FIG. 9. Light-induced absorbance cliang-es at 553 nm
in chloroplast fragments of ac-21. In Part B, the prepara-
ration contained 1 ,umole of ascorbate.

Investigations of a fourth muitant strain, ac-21,
have shown that the oxidation and redutction of the
2 cytochromes exhibiting absorbance changes at 553
and 559 nm respectively are couipled via a component
missing from this mutant strain. \Vhen chloroplast
fragments of ac-21 were illuminated with either
720 nm or 650 rnm light, the oxidation of cytochrome
553 was detected (fig 9). In this regard ac-21
resembled both aic-115 and ac-141. However, tin-
like these mtutaint strains, ac-21 was found to ex-
hibit the light-indtuced absorbance change at 559 nm
(fig 10). The 650 nm light induced an increase in
absorbance indicative of the redLuction of cyto-
chrome 559, but unlike the wild type strain the
cytochrome 559 was not oxidized by' 720 nm light.

I
AA= Ix10-3

A T

I1 I
-

720 t ,= 553
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B T T X=559
720 5
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FIG. 11. Light-induced absorbance changes at 553 and
559 nm in chloroplast fragments of ac-208.
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The fifth mutant strain considered here, ac-208,
lacks the copper protein, plastocyanin (4). No
marked light-induced absorbance changes were de-
tected with chloroplast fragments of ac-208 uinless
ferricyanide was added (fig 11, 12). In the pres-

xi 553 ence of ferricyanide (fig 12A, 12B) an increase of
absorbance was detected at both 553 and 559 nm.

In other words, when the preparations were oxidized
chemically, light was capable of inducing a reduction
of both cytochrome 559 and cytochrome 553. How-
ever, if the preparations were reduced chemically
with ascorbate (fig 12C, 12D), there was no light-
induced oxidation of either cytochrome.

\ \ ~\ \

> = 559 H20VlIo559X- 553 PC- NADP
1/2 02 ac-141 ac-21 ac-206 oc- 208

ac-115

FIG. 13. A series of formulation for the photosyn-
thetic electron transport chain of C. rcinhardi. The dashed
lines refer to the components missing in the different
mutant strains. Further explanation in the text.

720

I

AA= Ix10-3

D T
720

I MIN
FIG. 12. Light-induced absorbance changes

559 nm in chloroplast fragments of ac-208. I
B contained 1 jtmole of ferricyanide and parn
contained 1 jumole of ascorbate.

In fact, light-induced oxidation was nc

even after the preparations had been rec

ascorbate in the dark. In contrast, pr
that had been oxidized in the dark with fc
exhibited the light-induced reduction of c
559 but not that of cytochrome 553.

Discussion
Xi = 553

The results obtained with the wvild type and
mutant strains are summarized in table 1. They
can be accommodated most simply by the hypo-
thesis of the series formulation for photosynthetic
electron transport proposed originally by Hill and
Bendall (5) and extended by other investigators
(13). According to the series formulation and the

Xi 559 results presented here, a partial sequlence of the
photosynthetic electron transport chain of C. reint-
hardi can be diagrammed as shown in figulre 13.
The formtulation is not meant to convey that only
4 components lie between systems I and II, btit

3 at 553 and rather that there are at least 4 components as de-
Zarts A and duiced from the behavior of the mutant strains.
ts C and D The 553 nm component, either missing from or

inactive in ac-206, appears to be a c-type cytochrome
having a reduced-minus-oxidized difference spec-

t detected trum (4) similar to cytochrome f, the c-type cvto-
luced with chrome obtained from chloroplasts of higher plants
reparations (2). The oxidation-reduction potential for the
erricyanide c-type cytochrome from C. reinhardi is +0.37 volt
sytochrome (Gorman and Levine, unpublished results), a value

similar to that reported for the c-type cytochrome

Table I. Light-induced Absorbance Changes at 553 and 559 nm Exhibited by Wild TATe and lltant Strains of
C. reinhardi

Wave length of measuring light 553 nm 559 nm
Wave length of actinic light 650 urn 720 nm 650 nm 720 nm

wild type reduction oxidation reduction oxidation
ac-206 no change no change reduction no change
ac-141 (or ac-115) oxidation oxidation no change no change
ac-21 oxidation oxidation reductionr no change
ac-208 reduction no change reduction no change
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from the chloroplasts of other plants (2, 7, 11, 14).
The component exhibiting an absorbance change

at 559 nm may be a b-type cytochrome. A b-type
cytochrome from plants, having a reduced a band
at 559.7 nm, and called cytochrome b3 has been de-
scribed by Hill and Scarisbrick (6). It was found
in both the green and non-green tisstue of higher
plants, and it was autoxidizable and could be re-
duced with ascorbate. In addition, it was reported
that cytochrome b, was denatured by acetone ex-
traction of plant tissue whereas cytochrome f and
cytochrome b6 were found to be more resistant to
extraction.

The component in C. reinhardi exhibiting an
absorbance change at 559 nm and either missing
from or inactive in ac-1ll and ac-115 shares some
of the properties of cytochrome b3, for its reduced
absorbance maximum is the same as that given for
cytochrome b3 (fig 5), it is autoxidizable (fig 10B,
12B), and it is reduced with ascorbate. In addition,
it has not been detected in acetone extracted cells
of C. reinhardi whereas a b-type cytochrome having
the properties of cytochrome b6 has (12). Ac-
cordingly, this component of the photosynthetic elec-
tron transport chain of C. reinhardi is tentatively
identified as a b-type cytochrome.

It has been demonstrated (4) that the mutant
straini ac-208 lacks the copper protein plastocyanin.
No marked light-induced absorbance changes were
detected with chloroplast fragments of this strain
until the preparations were oxidized with ferricya-
nide (fig 12). Following the addition of ferri-
cyanide, 650 nm light was capable of indtucing the
reduction of the 553 and 559 cytochromes. How-
ever, when ascorbate was added to the preparations,
lght was iincapable of indtucing the oxidation of
either cytochrome.

The final muitant strain under consideration here
is ac-21. Neither cvtochrome 559 nor cytochrome
553 are missing from this mtutant strain. However,
light wvill indtuce the reduction of cytochrome 559
buit not its oxidation, and light will induce the
oxidation of cvtochrome 553 but not its reduction.
A componeint may be missing that is required to
couiple the oxidation and reduction of the 2 cyto-
chromes. Alternati-vely, the component may be
present bhtt in altered form that is less effective
than the wild type form. Some dark reduction of
cytochrome 553 was detected in the mutant strain
following illuimination with 650 nm light (fig 9A).
This observation stuggests that some reducing equiv-
alents, prodtuced by 650 nm light, may be trans-
ferred more slowly to cytochrome 553 in the muitant
strain than they are in the wild type strain. The
relatively rapid oxidation of cytochrome 553 witlh
650 nm light in the mutant strain would then prevail
over the slower reduction.

In the photosynthetic electron transport chain
of C. reinihardi 650 nm light induces the reduction
of 2 cytochromes and 720 nm light induces their
oxidation. XVrhei cytochrome 539 is absent, as in

ac-115 and ac-141, light can induce only the oxidation
of cytochrome 553. WVhen cytochrome 553 is ab-
sent, as in ac-206, light can induce only the reduction
of cytochrome 559. That both cytochromes are in
series is deduced from the observations with ac-21
in which light induces only the reduction of cyto-
chrome 559 and the oxidation of cytochrome 553.
The mutant strain ac-21 must, therefore, lack (or
possess in inactive form) a third component that
lies between the 2 cytochromes in the chain. Fi-
nally, when plastocyanin is absent, as in ac-208,
light can induce only the reduction of the 2 cyto-
chromes. Therefore, plastocyanin is required for
their light-induced oxidation. If plastocyanin, iso-
lated and purified from the wild type strain, is
added to chloroplast fragments of ac-208 the light-
induced oxidation of both cytochromes is observed
(Gorman and Levine, unpublished observation). It
has been shown elsewhere (4) that plastocyanin is
requiired in C. reinhardi for NADP photoreduction
when the source of electrons is reduced 2, 6-dichloro-
phenol-indophenol. However, neither cytochrome
559 nor cytochrome 553 are required, for this reac-
tion occurs in ac-115, ac-141, and ac-206 (4, 8,9).

It will be noted from the light-mintus-dark dif-
ference spectra (fig 5, 8) that there is no evidence
for a light-indtuced absorbance change having a
peak at 563 nm, the reported peak ( 12) for the
reduced a band of a b-type cytochrome of C. rein-
hardi resembling cytochrome b6. Though the ex-
periments reveal no evidence for this cytochrome
in preparations of chloroplast fragments, a light-
indutced absorbance change having a peak at 564
nm has been detected in whole cells (Levine, un-
published observation). It would appear, therefore,
that there are 2 b-type cytochromes in C. rein-
hardi and that they have different sensitivities to
extraction and to cell breakage, for one, cytochrome
559, is denatured by acetone extraction and has not
been detected chemically and the other, cytochrome
563 is denatured by cell breakage and has not been
detected in chloroplast fragments.
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