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Photosynthetic Electron Transport Chain of Chlamydomonas reinhardi.
IV. Purification and Properties of Plastocyanin'
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Sumtmary. The copper protein plastocyanin has been found to be an essential
component of the photosynthetic electron transport chain of Chlaiaydomonas reinhairdi,
and in this paper we describe a method for its isolation and purification from the
wild-type strain. In addition, we describe some of its properties and compare them
with those reported for spinach plastocyanin.

The plastocyanini was extracted from acetone powders prepared from intact cells,
and it was puirified by ion exchange chromatography on DEAE cellulose and gel
filtration on Sephadex G-75. The yield of the purified protein ranged from plasto-
cyanin equivalent to 2.0 to 2.5 jLyg atoms copper per 1000 *moles chlorophyll. In
general the absorption spectrtum of plastocyanin from C. reinhardi resembled that
of the plastocyanin from spinach. Some spectral differences were found in the
ultraviolet region where, in contrast to spinach plastocyanin, that of C. reinhardi had
a greater absorbance (relative to peaks in the visible) and less evidence for phenyl-
alanine fine structure. The normal oxidation-redtuction potential of C. reinhardi
plastocyanin was fouind to be + 0.37 volts, the same as reported for spinach plasto-
cyanin. The molecular weight of C. reinhardi plastocyanin has been estimated to
be 13,000 -+- 2000. In contrast, the valuie for spinach plastocyanin has been fouind
to be 21,000.

Experiments with muitant strains of Chl(iamy-
domtonas reinhardi have revealed that plastocyanin
and cytochrome 553 are essential components in
the photosynthetic electron transport chain (6, 8,
12). It became important, therefore, to isolate and
identify some of the properties of these proteins as
derived from the wild-type strain. Ferredoxin is
known to be essential in the photosynthetic electron
transport chain for the photoredtuction of NADP
(16). Thotugh at present there are no muitant
strains of C. reinhardi that lack ferredoxin, suich
strains may be found and, therefore, the isolation
and characterization of this protein from the wild-
type strain is of some interest. In this paper we
describe a procedure for isolating and purifying
plastocyanin from the wild-type strain of C. rein-
hlardi, and we describe some of its properties. A
stubsequent paper (7) describes the isolation, pturi-
fication, and some of the properties of cytochrome
553 and ferredoxin from wild-type C. reinhardi,
and another paper (8) describes photosynthetic
electron transport in 2 muitant strains of C. rein-
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hardi, one lacking plastocyanin and the other
cytochrome 553.

Materials and Methods

Organism;ts and Coniditions of Growth. The
wild-type strain (137C) of C. reinhardi was growni
with vigorous aeration in 20 liter carboys each
containing 12 liters of Tris-acetate-phosphate me-
ditum (6). The temperature dturing growth was 250
and the light intensity, from daylight fluorescent
lamps, was 10,000 luix at the ouitside of each carboy.
Two, 12-liter ctultulres were harvested before they
had reached maximum cell density. Cells were
harvested at room temperatture by contintuous-flow
ceintrifugation, and they were resuspended in 0.00(2 M
phosphate buiffer, pH 7.0, at a density eqtuivalent
to about 2.0 mg chlorophyll per ml. The chloro-
phyll content was determined by a modification (2)
of the proceduire of Mlackinney (13).

The Preparation of DEAE Cellulose aind Sepha-
dex G-75 for Colutmtn Chromatography. DEAE
cellutlose of fine mesh size (obtained from Schleicher
and Schuell) was washed by a modification of the
procedure described by Peterson and Sober (14).
Abotut 10 grams dry weight were washed in sequaence
with 2 liter quiantities of 1.0 N KOH, 0.1 N HCI,
distilled water, and 0.01 M phosphate buiffer, pH
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7.0. The final washing with the buffer was re-
peated at least 3 times.

The cellulose was allowed to come to room tem-
perature and was washed 3 times with the starting
buffer before it was poured into columns. The
columns were chilled in the cold room (40) prior
to uise. They were not reused because the DEAE
cellulose could not be washed free of impurities
after use.

Sephadex G-75, in bead form, was suspended in
4 liters of 0.01 m phosphate buffer, pH 7.0, con-
taining 0.1 M KCl. The suspension was stirred for
30 minutes to allow the beads to become fully
swollen and dispersed. The beads were then washed
several times in the KCl-buffer solution. A column
was prepared in a 2.6 cm (I.D.) X 55 cm tube
fitted with a Teflon metering valve at the bottom.
The packing process was carried out as described in
the brochure, Sepladex in Gel Filtration (distrib-
tuted by Pharmacia Fine Chemicals, Inc.) using the
KCI-phosphate buffer. After the packing process
was completed, a single layer of Kimwipe, cut to
fit, was placed on top of the gel bed to protect it
from minor disturbances. It was found that use
of a filter paper disc, as recommended in the bro-
chure, seriously disturbed the flow of liquid into
the column. After packing, at room temperature,
the column was kept in the cold room at 40. It
was reused in several separate experiments, being
washed after each use with about 500 ml of the
KCl-phosphate buffer solution.

Gradient Elution from DEAE Cellulose. Gra-
dients of increasing salt concentration were gener-
ated with a 2-stage, constant-volume system (14).
Elution was carried out at constant pH. The
reservoir contained 0.6 M KCI in either 0.02 M
phosphate buffer, pH 7.0, or 0.05 M acetate buffer,
pH 5.2. Initially the first mixing chamber con-
tained 0.2 M KCl in either the phosphate or acetate
buffer, and the second mixing chamber contained
either the phosphate or the acetate buffer. The
total volume of liquid in each of the 2 mixing
chambers was 200 ml. The conditions listed above
gave a very nearly linear gradient of KCl con-
centration from 0 to 0.3 M over a 265 ml volume
of flow. Gradient elution was carried otut at 4°.
Purification and Properties of Plastocyanin

The procedure described here has been modified
after the methods of Katoh (9) and Katoh, Shira-
tori, and Takimiya (10). The modifications
achieved a rapid and economical method for ob-
taining plastocyanin of high purity from cells of
C. reinhardi.

The Quantitative Determination of Plastocyanin.
The plastocyanin content of protein samples was
obtained by measuring their absorbance at 597 nm
after oxidation with potassium ferricyanide. This
value was corrected for the absorbance by con-
taminating pigment after reduction with sodium
ascorbate. For crude extracts, containing relatively

large amounts of contaminating pigments, complete
oxidized and reduced spectra were made. In all
cases, the amount of plastocyanin was calculated
by use of the extinction coefficient of oxidized
plastocyanin, 4.9 cm2//Ag atom Cu (10).

The U-V absorbance of each sample was meas-
ured at 278 nm, and the ratio A47,/A597 was taken
as the absorption index (10). Since the absorbance
at 278 nm is an approximate measure of total
protein and the absorbance at 597 nm (oxidized-
minus-reduced) is a measure of the amount of
plastocyanin, the absorption index is inversely re-
lated to the purity of the plastocyanin.

Preparation of the Crude Extract. After the
cells had been harvested and suspended in 0.002 M
phosphate buffer, pH 7.0, all subsequent operations
were carried otit in a cold room at 4°. The cell
suspension was added quickly, with stirring, to 4
volumes of acetone chilled to -200. The cells were
then collected by filtration under suction through a
double layer of Whatman No. 1 filter paper. The
filter cake was sucked free of excess acetone and
immediately thereafter it was resuspended in 0.01 M
phosphate buffer, pH 7.0, at a cell concentration
equivalent to 1 mg chlorophyll per ml. The sus-
pension was then left at 00 for at least 6 hours.
The cell debris was centrifuged out at 25,000 X g
for 10 minutes and the clear supernatant collected.

Purification Step 1. The crude extract was
applied to a column (1.3 X 10 cm) of DEAE
cellulose equilibrated with 0.01 M phosphate buffer,
pH 7.0, at a flow rate of 50 to 100 ml per hour.
The coltumn was then eluted with 20 ml of 0.05 M
phosphate buffer, pH 7.0, followed by 30 ml of
0.05 M phosphate buffer containing 0.15 M KCl,
and finally by 30 ml of 0.05 M phosphate buffer
containing 0.40 M KCl. The effluent was collected
in 5.7 ml fractions, and these were analyzed for
their plastocyanin content and absorbance at 278 nm.
The plastocyanin, in the reduced state, was fouind
in the fractions eluted by the buffer containing
0.15 M KCl. Ferredoxin was found in the fractions
eluted by the buffer containing 0.40 M KCl (7).

Purification Step 2. The fractions from step 1
that contained plastocyanin were combined and
dialyzed for 12 hours against 2 liters of 0.01 M
phosphate buffer, pH 7.0. The plastocyanin, which
had been oxidized in the course of spectrophoto-
metric analysis, became fully reduced during the
dialysis. This auitoreduction has been described by
Katoh (9).

After dialysis the plastocyanin was adsorbed
onto a column (1.3 X 14 cm) of DEAE cellulose
equilibrated with 0.01 M phosphate buffer, pH 7.0.
The column was then washed with 20 ml of 0.02 M
phosphate buffer, pH 7.0 before elution was started
with the gradient of KCl in 0.02 M phosphate
buffer, pH 7.0. The effluent was collected in
fractions of 5.7 ml, and these were analyzed for
their plastocyanin content and absorbance at 278 nm.
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The 5 fractions of lowest absorption index, con-
taining about 85 % of the total plastocyanin, were
combined and saved for the next purification step.

Purification Step 3. The plastocyanin obtained
from the previous step was reduiced by adding 1
drop of 0.1 M sodiuim ascorbate. It was dial -zed
for 12 hours against 2 liters of 0.005 M phosphate
buiffer, pH 6.5 and then for 3 hours against 2 liters
of 0.02 M acetate buffer, pH 5.2. There was some
precipitation of contaminating proteins d(uring the
second dialysis. The prec:pitate was removed by
centrifugation at 25,000 X g for 10 minutes. The
clear solution was adsorbed onto a column (1.3 X
14 cm) of DEAE cellulose equilibrated with 0.02 M
acetate bluffer, pH 5.2. The column was then
washed with 20 ml of 0.05 M acetate buffer, pH
5.2, and the plastocyanin was eluted with the
gradient of KCI in 0.05 M acetate buffer, pH 5.2.
The effluent was collected in 5.7 ml fractions and
each fraction was analyzed for its plastocyanin and
absorbance at 278 nm. The 5 fractions of lowest
absorbance index, containing abotut 95 % of the
total plastocyanin vere combined and immediately
dialyzed for 12 hours against 2 liters of 0.01 M
pho-phate buffer, pH 7.0.

Purifictation Step 4. The dialyzed plastocyanin
from step 3 was concentrated by adsorbing it on a
small column (0.6 X 5 cm) of DEAE cellulose in
0.01 M phosphate buffer, pH 7.0. It was eluted in
ablout 4 ml with 0.20 M KCI in 0.05 M phoqphate
buffer, pH 7.0, and it was used directly withotit
dialysis for gel filtration.

Gel filtration on Sephadex G-75 was carried
otut as described by Porath (15). The column,
prepared as described earlier, was washed with 300
ml of 0.1 mI KCl in 0.01 M phosphate btuffer, pH 7.0
before the sample was applied. The flow rate was
2 ml per minute. The effluenit was collected in
5./ ml fractions, and it Avas analyzed for plasto-
cyanin content and absorbance at 278 nm. The
fractions having absorption indices less than 2.1
were combined and saved. They represented about
98 % of the total plastocyanin.

The Storage of Puirified Plastocyanin. In order
to concentrate the purified plastocyanin it was first
dialyzed against 0.01 M phosphate buffer, pH 7.0.
It was then adsorbed on a small column (0.6 X
5) cm) of DEAE cellulose and eluted with a mini-
mulm volume of 0.20 M KCI in 0.05 M phosphate
buffer, pH 7.0. The plastocyanin, in a voluLme of

about 2.5 ml, was dialyzed against 0.005 M phosphate
buffer, pH 7.0 and then stored as a frozen soluition
at -150.

Results
and Discussion

The Yield of Plastocyanini antd the Plastocyalnilln
Content of Cells. A ctultuire of wild-type C. reint-
hardi equiivalent to 433 mg chlorophyll yielded crude
plastocyanin eqtuivalent to 1.12 Ag atoms copper as
determined after puirif;cation throtugh step 1. If
it is asstumed that all of the plastocyanin content of
wild-type cells was extracted as the soltuble protein,
it can be calculated that the plastocyanin content
of the cells was 2.3 jg copper per 1000 zmoles
chlorophyll. In other experiments with wild-type
cells this value ranged from 2.0 to 2.5 Ag atoms
copper per 1000 umoles chlorophyll. By comparison,
Katoh, Stuga, Shiratori, and Takamiya (11) re
ported yields of plastocyanin from spinach chloro-
plasts in the range of 2.5 to 3.3 ,Ag atoms copper
per 1000 kmoles chlorophvll.

The Results of Purification of the Plastocyanin.
The couirse of pturification of the plastocyanin is
shown in table I. The amount of plastocyanin in
the cruide extract cotuld not be determined acctu-
rately becatuse the high concentration of light-
scattering impurities catused erratic fluctuations of
the apparent absorbance at 597 nm. However, once
the plastocyanin had been puirified throuigh step 1
it was readily visible and cotuld be determined easily
and accurately. Also, its absorption index decreased
sharply during the pturification reaching a limiting
valtue at about 2.0 (table I). This limiting valtue
is considered to correspond to very nearlv puire
plastocyanin from C. reinhardi. An absorption
index of 1.9 was attainable, but when the index
fell below 2.0, the plastDcyanin preparations were
fotund to be unstable, and they retturned to a higher
index tupon storage or uipon fuirther attempts to
achieve higher purification. A similar observation
(10) has been made for spinach plastocyanin.

Figure 1 shows the eluition diagram of the
chromatography carried otut at step 2. Chroma-
tography at steps 3 and 4 gave an increasing ho-
mogeneity of the plastocyanin as seen by an in-
creasingly close correlation between the ctrves for-
total protein and for plastocyanin.

Table I. The Course of Purification of Plastocyanin from Wild-TAype C. reinhardi

Plastocyanin
(,g, atoms Cu)Sta-e of purification

Crude extract
Step 1 (stepwise elution, pH 7.0)
Step 2 (gradient elution, pH 7.0)
Step 3 (gradient elution, pH 5.2)
Step 4 (gel filtrationi, pH 7.0)

ca 1.0
1.12
0.91
0.70
0.60

Absorption index
(A.,78/.A597)

1400
47
5.6
2.3
2.0
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EtI(.. 1. The elution pattern of total protein (solid
line) and plastocyanin (broken linle) from DEAE cellu-
lose in step 2 of the purification procedure described in
the text. The total protein was measuired as the ab-
sorbance at 278 nm, and the plastocyanin Nvas measured
as the oxidized-minuis-reduced absorbanice difference at
597 nm. The oxidation xx-as l) lpotassium ferricyanide
and( the reduction b- sodiumil ascorbate. The ordinant
scales Nvere chosen so that the or(diniant of A., and A,97
would coincide wx ith the ratio A ,,A/A597 equal to 2.0,
the absorbance ratio characteristic of pure plastocyanin
of C. reinlhardi (see text). The spectra showxn here and
in succeedinig figures xx-ere obtained with a CGar model
14 recordinig spectrophotometer.

Other Putrificaition Techniques. Several tech-
niquies, in addition to that described above were
tried in preliminary attempts to puirify plastocyanin
from C. reinhh(rdi. Ammonitim sil fate precipitation
(10) was fouindl to be uinsatisfactory, for the
plastocyacnin was not precipitated at either pH 7.0
or 5.2 uintil at least 80 % satuirationi was reached
an(l only about one-half of the plastocyanin wxas

I

f .

t, '' '

FII. 2. The oxidized spectrum ( solid line) and the
reduce(d spectrum (brokeni line) of the plastocanin puri-
fie l froml wild-type C. rcinhardi. The protein was oxi-

(lize(i by potassium ferricyanide andcl theni dialxyzed to
remove the ferri- and ferro-cxanii(les. The reduced spec-
tr-uiml wvas obtained by addition of sodiiumll ascorbate. The
sligrht dip in the spectrum at 970 nm is helieved to be
anl artifact due to tlhe strong wx ater absorption hand at
that vx avelength.
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recovere(d in the precipitation at 100) % saturation
with ammoniuim sullfate. Thoulgh muich of the

-°75 plastocyanin couil(l he detecte(l in the supernatant
it was not readily recovered.

Chromatography on hydroxNapatite gel by the
'o 5C techniquie of Tiseliuis, Hjerten, and Levin (17) xws

0 foulnid to be effecti've, hut the techniulle di(d Inot
° achieve aInv fulrther puirification wvhen applie(d to

plastocyanini having an absorptioin ind(lex of 2.0.
o 2t However, this techinique should be consi(lere(d as at

potential fifth step tunder circuimstainces where the
4-step proce(duire is inadequlate.

Ssc Absorption .Spectra. Figulre 2 showx-s the ab-
sorption spectra of the oxidize(d and(l re(ldlce(d formsT

240 250 260 270 28' 290

Wavelength (nm)

FI.; 3. Detatil of the ultrax iolet absorl)tion hand of
the plastocyanni purified froii wxild-tvpe C(. r('inlhordi.
The plastocyanin conicentration in this fgture wx as not
the samile as in the previous figure.

of ptirifie(d plastocyanin from xv ild t>pe C. rcinhordi.
The oxidizedI plastocyanin xvas foulnd( to have 3,
broad, overlapping peaks in the v'isible region of
the spectrulm. The major peak xvas located at
597 nm and( 2 minor peaks Nvere locate(d at 760)
an(I 460 nm. The minor peak at 760 umin las
extremely broad an(d extende(d beyond 100() nni
into the near inifrared. The 3 visible peaks (lis-
appearedl when the plastocyanin uwas rehiiced, and
the fuliv re(duice(d protein was colorless. The lU-V
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peak of plastocyanin is shown in more detail in
figure 3. The absorbance maximum was at about
278 nm and indications of a fine structure attrib-
utable to phenylalanine residues can be seen.

From its absorption spectrum, the plastocyanin
of C. reinhardi resembles the plastocyanin of spin-
ach (10). The 3 visible peaks of the 2 proteins
have maxima at very nearly the same wavelengths
and have the same relative heights and widths.
The chief spectral differences lie in the ultraviolet
region where in contrast to spinach plastocyanin,
that of C. reinhardi has a greater absorbance rela-
tive to the visible peaks and a less pronounced
phenylalanine fine structure.

Oxidation-Reduction Properties. The plastocy-
anin of C. reinhardi was readily oxidized by
potassium ferricyanide and reduced by sodium
ascorbate, cysteine, or hydroquinone. The reduced
plastocyanin showed no detectable tendency to au-
toxidize even after thorough dialysis to remove
any excess reductant. However, the oxidized
plastocyanin in partially purified preparations
showed a marked tendency to autoreduce during the
coturse of dialysis. This tendency decreased with
further purification and when fully purified the
plastocyanin remained at least 90 % oxidized.
However, even the purest preparation would not
remain completely oxidized in the absence of excess
oxidant. These preparations underwent partial au-
toreduction to the 96 to 97 % oxidized level when
dialyzed to remove excess oxidant.

The normal oxidation-reduction potential of the
plastocyanin was determined according to the method
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FIG. 4. The plot of log (oxidized plastocyanin/reduced
plastocvanin) versus log (ferric-yanide/ferrocyanide).
The plastocyanin was equilibrated with mixtures of po-
tassium ferri- and ferrocyanide, and its percentage oxi-
dation determined spectrophotometrically at 597 nm.

of Davenport and Hill (4). The plot of log
(oxidized plastocyanin/reduced plastocyanin) versuts
log (ferricyanide/ferrocyanide) is shown in figure
4. The slope of the line in figure 4 indicates that
the oxidation and reduction of the plastocyanin is
by a single electron transfer. From the slope of
the line and using + 0.43 volts as the normal
potential of the ferricyanide-ferrocyanide couple (3)
at neutral pH, the normal oxidation-reduction po-
tential for the plastocyanin was calculated to be
+ 0.37 volts at pH 7.0. This value is the same as
that obtained for spinach plastocyanin (10).

Molecular Size. Since gel filtration of Sephadex
can separate solutes on the basis of their molecular
size (15), it was used to estimate the molecuilar
size of plastocyanin. The calculations for the esti-
mate were according to the equation (5):

VO = V. + KD Vi
where the distribution coefficient, KD, is character-
istic for the solute. and the void volume, V., and
inner volume, Vi., are characteristic of the column.
It has been shown (1) that for a series of globtular
proteins the distribution coefficient on Sephadex
G-75 is approximately related to molecular weight.

The distribution coefficient, KD, of the plasto-
cyanin was calculated to be 0.48, as determined
after elution of a partially purified preparation of
the protein from Sephadex G-75. Comparison with
the results of Andrews (1) indicated that plasto-
cyanin had a molecular size comparable to that of
a globular protein having a molecular weight of
13,000 + 2000. In contrast, the molecular weight
of spinach plastocyanin was found to be 21,000 (10).
The value for the molecular weight of C. reinhardi
plastocyanin will be somewhat in error, however,
if the plastocyanin has an unusually high degree of
asymmetry or hydration.

Plastocyanin and Photosyntthetic Electront Trans-
port. Plastocyanin has been shown to be an essen-
tial component of the photosynthetic electron trans-
port chain of C. reinhardi (6, 8, 12). The isolation
and purification from the wild-type strain was done
in conjunction with a mutant strain in which photo-
synthetic electron transport is blocked (6, 12) and
as a subsequent paper will show (8), plastocyanin
is either missing or inactive in the muitant strain.
Accordingly, the procedures described here were
essential for demonstration that plastocyanin was
affected in the muitant strain. In addition, the
puirified plastocyanin from the wild-type strain was
used in reconstittution experiments with the multant
strain in which it was shown that the addition of
plastocyanin restored photosynthetic electron trans-
port (8).
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