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Abstract-Homogeneous plastocyanin was obtained from Cucurbitu pepo L. The MW was 11360 
daltons based on 0.56% copper. Values of S& = 1.69 S and D&v = 1.46 x 10e6 cm2 see-’ and 
v = 0.73 (amino acid analysis) or 0.74 (pycnometry) indicated 10300 to 10900 daltons. Gel chromat- 
ography on Sephadex G75 suggested 12200 daltons. Amino acid analyses of two cultivars indicated 
10928 to 11000 daltons for 102 residues and one atom of copper, excluding 1.0% protein-bound 
carbohydrate. The single thiol group reacted slowly with 2-chloromercuri-4-nitrophenol but rapidly 
with mercuric acetate. The redox potential was + 350 mV between pH 6.5 and 9.0 with a one-electron 
change and an ionizable group of pK 5.6. The isoelectric point was at pH 4.2. Light absorption 
maxima occurred at 253, 259, 264, 269, 278, 284, 460 (very weak), 597 and 775 nm. The best ratio 

Es~:&,s was 0.87. Extinction coefficient at 597 nm was 4.75 x lo3 1. mol- ’ cm-‘. Copper was rever- 
sibly removed and 83% restored to apoprotein during successive treatments with mercuric acetate, 
Sephadex G25 and glutathione. The oxidized protein was crystallized from 58 or 60x-saturated 
ammonium sulphate containing 2”/, dioxan at pH 4.0 to 4.5. Oxidized crystals in ammonium sulphate 
were reduced by ascorbic acid or photochemically with glycerol and then dissolved. Homogeneous 
ferredoxin from the same source had a MW of 11400 daltons based on 0.98% iron and 11045 by 
amino acid analysis. Two atoms each of iron and labile sulphide were recorded. Methionine was 
present. Aggregation occurred during sedimentation which indicated 20500 daltons from S& = 
244s; D&w = 1.0 x lop6 cm2 set- ’ and v = 0.71. Gel chromatography indicated 12000 to 16000 
daltons depending on media. Redox potential at 25” was -404 mV at pH 7.5. Light absorption 
maxima were at 277, 333, 422 and 462 nm. The best ratio E,2r:E2,, nm was 0.51. The extinction 
coefficient at 422nm was 9.8 x 10-j 1. mol-’ cm-‘. The protein crystallized as red needles from 
78% or 80x-saturated (NHJ2S04. 

INTRODt CTION tocyanins may be useful in investigations of 

Plastocyanins are blue copper-proteins present in metallo-protein structures, especially the type of 

chloroplasts of higher plants and algae. They have phylogenetic studies for which cytochrome c pro- 

characteristic light-absorption spectra. fairly high teins have frequently been chosen [ 1,2]. Plasto- 

redox potentials and are non-autoxidizable. Differ- cyanins first isolated from higher plants are from 

ences are in points of detail with respect to amino Spinucra okracea [-?I. Phaseohs vulgar%s [4], Triti- 

acid composition. critical spectral ratios. apparent LIIIJI culyurr [S, 63 and Chopodium alhrr~~ [7]. 

state of aggregation and copper content. The plas- Following its discovery in Clz/orella rl/iPsoiku 181, 
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Residue 

Asx 
Thr* 
Ser* 

Glx 
Pro 
GI> 
Ala 

c&s* 
Val? 
Met; 
Ile’r 
LCU 
Tyr 
Phe 
Hi5 
Lys 
Arg 
Trp 
Amide 
Total residues 
Total ,Y 

M. D. %AWI,N. E. J. HEWITT and D. M. JAMI s 

Table 1. Amino acid analyses ofplastocyanin from two cultivars of C‘rrr~~/r/~il~i /u’,“’ 
-.-___-- __-- 

Cultivar: Cultivar: lntqr.~l number\ 

(a) Suttons Green Bush (h) Asmers F, hybrid Green hubh F, hybrid 

Best Best (b (by (from 

24 hr 72 hr value 24hr 72 hr v&K analysis) anal~slbl zqucncc) 
___ ___._~_~ .___~__ -.-~-- -- 

lo.64 Il.96 11.30 13.71 33.16 1343 I I I 3 I7 
4.86 4.20 5.20 2.48 2.1 I 3TYJ 5 i 5 
754 5.79 Xa) 7.14 6.03 I,76 Y s 7 

I I .x0 I’~80 I2Yw I I.70 I I.75 I I.73 17 12 9 
5.40 559 5.4’) 5.20 5.36 5.28 5 i 

I@56 9.61 10~08 IO.45 1053 lo.49 IO I;:, I .3 
X.53 7.90 x,21 7.36 7.72 7.51 X s s 

0x1 061 
IO.37 IO.93 

I ,93 19x 
3.3.3 3.69 
1.34 7.35 
3.08 2.98 
659 6.44 
3.12 2.24 
481 5.80 
0 0 
0 0 

I ,23 
IO.93 I 

I ,95 
3.6Y 
7.35 
3.03 
6.51 
2. I x 
5.31 
0 
0 

0.93 0.74 I-05 
‘0.31 I I.30 I I ..30 
1.16 1.91 203 
4.94 5.34 5.34 
6.52 6.75 h-63 
2.99 3.79 3.14 
6.78 6-96 6.87 
7.16 2.24 2.70 
502 4.78 490 
0 0 0 
i) 0 0 

&IX 

149”,, 

* Corrected for losses assuming first order kinetics [64]. 
t Maximum recovery adopted. 
+ Includes methionine sulphodixes. + 
Protein was “washed” on a Diablo membrane and dialysed in I mM-ammonium carbonate: freeze-dried duplicate samples (50 ,cg 

approx.) of marrow protein were hydrolysed for 24 and 72 hr in 6 M-HCI at I IO (‘ [hJ] as described m Methods. Values ah resi- 
dues/m01 assuming MW of 10000 daltons. The integral numbers shown for sequence studies of Fi h!hrid arc by M. D. Scnwen 
and D. Boulter (unpublished work). 

Fcrredoxins are widely distributed and wcll- 
characterked [12~15]. In plants. in addition to 
reduction of NADP [ 16, 171 and methaemoglobin 
[18,19] the same protein mediates clectron- 
transfer in chloroplasts to nitrite reductase [lo 
221. to sulphite reductase [23] and for hjdroxyla- 
tnine reduction [24.25]. 

Vegctabic marrow was found to yield prcp- 
arations of plastocyanin and ferredoxin of good 
quality by sitnple procedures [25]. This paper des- 
cribcs the isolation, crystallization and some 
propertics of hotnogeneous plastocyanin and ferrc- 
doxin frotn field or greenhouse plants by a potcn- 
tially large-scale method. A preliminary account 
relating to plastocyanin has been presented [26]. 

Preparations obtained after the final Scphadcx 
G IO0 chroma tograph> (SCX Experimental) 
appcarcd homogeneous after clcctt-ophoresis on 
ccllulosc acetate (100 pg protein) at pH 3.5. 6.5. 7.7 
and 8.6 and on acrqlamidc gel (200 pg protcin I at 
pH 6.6 and 9.6. Impurities in the protein on ncrkla- 
midc gel were less than 3”,, in terms of detectable 
protein stained \vith coom;tssie blue [?7]. 

The protcin scdimcnted as ;I single symmctrical 
component and showed no c\idenco for rcversiblc 
aggregation or dimcric structure suggcstcd for 
spinach [2X]. Values of S?,,,, = I69 S and 

D;OM = 1.46 x 10. ” cm’ set ’ w’ere obtained. 
The value of r was 0.73 ml, g from amino acid 
analysis and 07-I mt#g bk plcnotnctrg from which 
MWs of 10300 and 10900 ditltons were calculated. 

The isoclcctric point in a polyacr~l~ttnidc gel was 
at pH 4.2. When the L.K.B. pH-focusing apparatus 
was used there was considerahlc precipitation and 
dcnaturation after 36 hr and the apparent isoelec- 
tric point was bctwccn pH 3.7 and 3.9. 

Srphfrclc~.~ qc1 c~h/~o/lrrrto~~/.r4~~/1 I’. E‘oi- M W estima- 
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tions Sephadex G75 was preferred to GlOO which 
was used in the purification. In gels equilibrated 
with 0.1 M KC1 in 0.05 M Tris-HCl (pH 7.6) a 
MW of 12200 + 400 daltons was found. The elution 
profiles were symmetrical and there was no evi- 
dence of any higher-MW component. The higher 
value was possibly the result of hydration and 
occurred also with ferredoxin. The use of an ace- 
tate buffer system might have given lower values 
[28]. The value obtained by the same procedure 
for wheat plastocyanin (15000 daltons) [6] was 
notably high by comparison with our calculation 
from their amino acid analysis ( 10 870 daltons). 

Copper anulysis. The copper content of the best 
preparations from F, hybrid material was 
0.56 + 006. Results were similar with either the 
acetic acid or nitric/perchloric acids methods. The 
MW based on one g atom copper/m01 was about 
13 600 daltons. This was not significantly different 
(t test) from the value by gel chromatography. 

AIJI~HO mid urld Thiol-group anulpses. The amino 
acid analyses for the two cultivars used are shown 
in Table 1. There were 102 integral residues in each 
and six amide groups corresponding to 10928 dal- 
tons (green bush) or 11000 daltons (F, hybrid) 
without the carbohydrate moiety. 

Apparent differences between the two cultivars 
with respect to the proportions of some residues 
may not be real, although the substitution of lysine 
and serine at one position is established (M. D. 
Scawen and D. Boulter. unpublished work). Other 
homogeneous plant plastocyanins were reported 
to lack arginine and tryptophan [3,6,28]. The C- 
terminal group of the F, hybrid protein was iso- 
leucine and the N-terminal asparagine [29]. Ara- 
binose, glucose and a hexosamine are present up 
to 5’%; in spinach [3] and also in wheat [6]. The 
marrow protein contained only 1X0; anthrone- 
reactive carbohydrate, equivalent to one residue 
(approx.) per mol and no detectable hexosamine. 

The reaction of the single thiol-group with 2- 
chloromercuri-4-nitrophenol (Fig. 1) was slow 
with native protein but rapid after denaturation by 
TCA or in 6 M urea [3], whereas stellacyanin 
remained inert in 6 M guanidinium chloride [30]. 
The equivalence point was obvious when TCA had 
been used but was less clear with guanidinium 
chloride (Fig. la). Equivalence was just detectable 
at pH 7.4 or above. The slow reaction between 
native plastocyanin and 2-chloromercuri-4-nitro- 
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Fig. 1. Titration of free thiol group in marrow plastocyanin 
with 2-chloromercuri-4-nitrophenol. Plastocyanin (65 
88pm-as determined by E597 or by copper analysis) in 
23 ml 0.1 M Tris-HC1 buffer pH 7.4 and 01 mM EDTA was 
titrated with 2.88 mM mercurial in 0.1 M NaOH and changes 
in light absorption were recorded at wavelengths shown, using 
a Unicam SPY30 spectrophotometer. Protein denatured by 
trichloroacetic acid or in the presence of 4 M guanidinium 
hydrochloride reacted immediately (la), but native plasto- 
cyanin (lb) required an interval of several hours between each 
point for completion of the reaction. Equivalence points and 
estimated molar ratios (-SH/mol) are indicated by the vertical 
arrows. -A-, Guanidine-denatured plastocyanin (169 nmol); 
--C-, TCA-denatured plastocyanin (220 nmol); a-, 
native plastocyanin (162 nmol); --t, native plastocyanin 

(162 nmol). 

phenol at pH 7.6, followed at 410 nm, was closely 
related to the change in extinction at 597 nm due to 
loss of copper (Fig. 1 b). The denatured protein was 
bleached rapidly by mercuric acetate at pH 7.6 in 
0.1 M Tris-HCl by reaction of the partially-pro- 
tected thiol with this smaller mercurial reagent 
with loss of copper. The lower recoveries obtained 
with guanidinium chloride or TCA (a79 to 
0.8~SH/mol) compared with the native protein 
(096_SH/mol) probably reflects the formation of 
disulphide bonds by dimerization after denatu- 
ration. 

Redox potential. This was estimated with F,- 
hybrid plastocyanin to be +350 mV with unit 
slope for a single-electron reaction and, depending 
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on E,, adopted for the ferri-ifcrrocyanide couple. 
was probably lower than + 370 mV recorded fat 
spinach [3] and Chlu,ll?‘rlor~7orlcl.s wi/llwdii [9] ot 
+ 390 mV for Clzlordla f~llipsoir/cu [X]J but well 
above that of umecyanin (+ 280 mV) from horse- 
radish root [3 11. The value was constant between 

pH 6.X and 9.5. and increased progressively 
between pH 6.5 and 4.X with a slope approaching 
58 mV/pH unit and an intercept which indicated ;I 
single ionising-group of pK 5.6. compared with 
pK 5.4 in spinach [3]. 

A~.sor~/~rior~ .spec~tr~7~. Light absorption maxima 
(above 220 nm) occurred at 775, 597. 460. 2X4. 27X, 
269. 259 and 253 nm. The fine structure in the LJV 
is characteristic for other plant plastoqanins 
13, 5. 2X] and for PIzo,~idi~r~~ IWUJII [IO]. It is 
masked or weak below 27X nm in C’h/or~~//~. C/J/LI- 

~~~~do~~~orzrrs and ,~r?trhac~~~r~ [8, 9. 1 i 1. The maxi- 
mum at 460 nm was very weak: it is pronounced 
in spinach, beans and C/JILIIIJ?‘(~~~~~~/~L(,S but weak in 
the blue-green algae and in C’hlowlltr. The far-red 
maximum at 775 nm was also weak in marrow 
compared with spinach, French bean. wheat and 
Chc~t~oporli~~~ ~lhtrr~. The best ratio I?;‘)~: Eli, was 
0.X7 in homogeneous protein. This was similar to 
that for beans (0.93). which also has three tyrosinc 
residues [3X] but notably less than that for spinach 
(1.12) which has only two tyrosine rcsiducs per 
10000 daltons 131. The algal proteins cited above 
all appear to have notably lower E,,,?: ELTH ratios 
between 0.5 and 0.7, which could result from one 

tryptophan residue which has four times the molar 
extinction of tyrosinc [32]. The molar extinction 
coefficient at 597 nm was 4.75 (iO.31) x 
IO” 1. in01 ’ cm- ’ per g atom copper for the mar- 

row protein and was similar to other plant plasto- 
cyanins summarized elsewhere 1291. except for the 
unusual finding of two copper atoms per mol 
(1 1 500 daltons) from Chenopot/iu,n rr/hrm [7] giv- 

ing a nominal value of 2.35 x 10’ 1. mol ’ cm ’ 
per g atom copper. Ejl), was also higher than for 
other single-copper plant proteins, namely umc- 

cyanin (3.4 x I 03) [3 I] or stellacyanin (4.08 x 10”) 
which also has a marked maximum at 450 nm 
1301. The bands between 269 and 253 nm due to 
phenylalanine and that at 2X4 due to tyrosine were 
lost in the presence of 5 M guanidinium chloride 
which bleached the protein at 597 nm with loss of 
copper. Bleaching by reduction with ascorbate did 
not have this effect. Bleaching with mercuric acc- 

tate. which removed copper. was associated with 

large changes around 250 nm. but the fine struc- 
ture due to aromatic rcsiducs was still disccrniblc. 

Reduction of copper hi hydrogen and palln- 
dized asbestos (used to a\,oid introduction of sol- 

uble reagents) or by potassium borohydride. ascor- 
hate or granular Line induced onl! slight changes 
in the fine-structure absorption in the I’V. This 
appeared to be less pronounced, notably for the 
region around 2S4 nm kind incrcascd the extinction 
I5 ?O”,, bctueen 3X0 and 253 iim. Kc-oxidation, 
immediately by ferriqunide 01’ slo~vly 1~) hydrogen 
peroxide. mainly restored the original spectrum in 
this region as well as in the \ isiblc. All of these cx- 
periments wcrc complicated b> interfcrencc in the 
accurate recording of changes in extinction 
between 353 nin and 385 ~irn in spite of various 
control proccdurcs. Palladi~ed asbestos washed 
before and after reduction M.;~s possibly the most 
satifactory for the purpose (7. A. E>r:lnslicld and E. 
J. Hewitt. unpublished work). Reduction of LIIIW 

cyanin induced significant rcvcrsiblc changes in 
circular dichroism in the same I IV region. indicat- 
ing that the aromatic rcsiducs probahlj participate 
in the ligand field of the copper atom [I33]. (‘arbon 
monoxide produced m spectral change hctwcen 
200 and XOOnm with cithcr o\tidi;led or roduccd 
plastocyanin. The ahsencc of tr! ptophan from 
plant plastocyanins contradicts the hypothesis 
[iO] that tryptophan chelation of the copper atom 
is an essential feature of the blue copper-proteins. 

E/N~UNI ~wr.lrrllrr!l,rr,tic. ~‘~‘.voH~I~J~~o. This was 
observed with :I Varian ET.3 spectrometer at 77 K 
in a 1 mM solution of osidilcd protein free of fcrri- 

cyanide. The spectrum was axial \\ith only weak 
hyperfine coupling typical of type- I (_‘u’ ’ proteins 
[i4]. Parameters obtained ~erc q, 2.05: q, l 3.23; 
:4, 1 60 &aliss. 0~0059 cm ‘_ ‘Phesc wcrc identical 
with WILKS for spinach plustocyanin [35] and 
similar to those for tho ii\;ial spectrum of ume- 
cyanin (cq, 2.05: q, , 7.i 17: 4 , , 35 gauss, 

04035 cl11 1 I r.u>j. 

KPWSihk W/l?OU/l d/Id I’~~~tO/Y/fk~lJ (!i’ c’O[‘]W. 

Plastocyanin (940 nmol by copper analysis) \v;is 
treated with 3 Llrnol mercuric acetate at pH 7.6 in 
0.1 M Tris H(‘1 bufyer. resulting in bleaching. The 
mixture was passccl through a Scphadcx G25 
column (12 cm x I.5 cm). cqilibratcd with 0.1 M 
Tris- HCl (pH 7.6). and collcctcd in 4 ml fractions. 
The excluded protein W;I~ monitored hb extinction 
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at 280 nm and not rendered blue with ferricyanide. 
The two sharply eluted fractions were found to 
have substantially decreased copper content, SOY< 
of the copper recovered being in the retarded frac- 
tions. The main two exluded fractions were bulked 
and 3 ml of the original 8 ml supplemented with 
glutatione (2 mM) and copper sulphate (0.2 mM). 
This was stored at 4” for 18 hr before chromat- 
ography on a second similar Sephadex G25 
column. The excluded colourless protein eluted 
sharply in three 4 ml fractions. These were ren- 
dered blue with ferricyanide and were analysed for 
copper and extinction at 597 nm. Total copper 
recovered in the excluded fractions and in the 
retarded fraction was 820 n-atoms. Copper in the 
three excluded fractions was 711 n-atoms, and 
plastocyanin calculated from E547 was 694nmol. 
The recovery of plastocyanin after reconstitution 
was therefore 86’;/ of the apo- and holo-protein 
represented by the total of the exluded and 
retarded fractions and the reconstituted apopro- 
tein (calculated as 540nmol for E5<), and copper 
analysis) after correction for residual copper-con- 
taining protein was equivalent to 83’;< of the 
retarded copper. 

The reconstituted blue protein was reduced by 
ascorbate. The fine structure between 253 and 
269 nm was normal after restoration of copper and 
removal of mercurial and other reagents. Treat- 
ment with 5 M guanidinium chloride followed by 
passage through Chelex- 100 resin removed 90%, of 
the protein-bound copper but also caused irrevers- 
ible denaturation after which copper could not be 
restored. Treatments of the protein with citrate 
buffer at pH 2 and 50x)-saturated ammonium sul- 
phate [37] with additional 1 mM EDTA [4] or 

with dithizone in carbon tetrachloride all caused 
bleaching and were presumed to remove copper. 
However, no restoration of the blue colour could 
be achieved by adding copper sulphate after the 
removal of these reagents from the protein. 

Apoplastocyanin was not detectable in extracts 
of copper-deficient marrow or spinach plants pro- 
cessed as described (Experimental) and examined 
by absorption spectra or when estimated [38] after 
incubation with copper. Copper deficiency caused 
80% reduction in plastocyanin content of spinach, 
barley and wheat on both fr. wt and total chloro- 

phyll bases. Plastocyanin concentrations were res- 
tored to nearly normal only 140 hr after giving 

copper to the plants; increases were negligible up 
to 60 hr. 

Homogrtwit~~ atzd sedittmtatiotz. Crystalline 
marrow (F, hybrid) ferredoxin appeared homo- 
geneous during electrophoresis in acrylamide gel 
at pH 6.6 and 9.6 when gels were loaded with 200 pg 
protein. Purity was probably greater than 98% 
[27]. A single component sedimented with S;,,, = 
2.44 S and DZO,+ = 1 x IO-“cm’sec-‘. From 
amino acid analysis (Table 2) 7 was 0.71 ml/g. in- 
dicating a MW of 20500 daltons. This value was 
high by a factor approaching two by all criteria 
and probably resulted from aggregation, as found 
for alfalfa ferredoxin [39]. 

Sepl?u&.~ @ chro/rruro~~~aph~~. In G 100 gel equi- 
librated with 0.1 M KC1 in 0.01 M TrisHCl 
(pH 7.6) a MW of 12370 daltons was obtained, 
whereas with NaCl the value was 15800 daltons 
for the same sample. This was probably due to 
hydrated Na+ ions in the protein environment. In 
both salt-systems the elution profiles were sym- 
metrical and there was no evidence of aggregation. 
On several occasions during preparation, when 
Sephadex G25 was used to desalt an extract after 
protamine precipitation and prior to adsorption 
on DEAE cellulose, two clearly separate bands 
with similar ferredoxin spectra were eluted from 
the gel. The retarded form eluted at 12 500 daltons 
from G75 and at I2 100 daltons from G 100. The 
retarded fraction could not be resolved from the 
normal fraction on DEAE-cellulose, whereas two 
similar ferredoxin fractions were obtained from 
DEAE-cellulose for B. pol~~r~.v.ua which could not 
be resolved on further purification [40], possibly 
for analogous reasons. 

Irot? utd luhile sulphide content. The iron content 
was 0.98’,>,, giving a minimum MW of 5700 daltons 
from which two iron atoms/m01 were inferred for 
a MW of 11400 daltons. The labile sulphide con- 
tent was 2.02 f 0.05 atoms/m01 based on extinc- 
tion at 420 nm. 

AttGo ucid and rhiol-group utzulysis. The amino 
acid content of the F, hybrid protein is given in 
Table 2. As is usual for ferredoxins, there is an 
excess of acidic residues but it is less usual in hav- 
ing one residue of methionine, otherwise observed 
only in three other angiosperms, namely cotton 
[41]. pigweed [42] and nutsedge [43]. Total reac- 
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Table 2. Amino acid analysis of fcrredoxin from Cwrrhi/rr ,wpo (Asmers l-‘, hybrid) 
________ _-.__-_ ----.- ___- 

Hydrolysis Period 
Residue 24 hr 17 hr Best \aluc Nearest integer 

Asp 13.12 II36 11.24 I:! 
Thr* 5.75 552 5~90 6 
Scr* X.2X 680 9-15 9 
Gla 14.52 15.19 14.55 15 
Pro 4.26 4.25 4.26 -I 
Gl> 7.38 7.52 7.50 s 

Ala 7.87 X.X8 X-37 s 
Cqsi- 4.07 4.07 -I 
Val: 6XX 7.51 7.51 8 
Met I ,09 148 14x I 
Ile$ 4.39 J.XX 4.8X 5 
Lcu 7.03 7.40 7.22 7 
Tyr 3.33 3.42 3.37 3 
Phc I 69 I.76 I.77 1 

His 0.88 097 0.93 ; 
LyS 5.36 5’87 5.62 6 
Arg I .50 I.27 14.7 I 
Trp$ I.01 I 
Total 101 
Fe 2 
Labile S 2 

* Corrected for losses assuming first order kinetics [64]. 
f After separate performate oxidation. 
: Maximum recovery adopted. 
2 Determined spectrophotometrically relative to tqrosmc 1321. 
The procedure was that described for Table 1. Values are as residuesimol calculated for a MW of I IO30 daltons. 

tive sulphur, as indicated with 2-chloromercuri-4- 
nitrophenol, required 8 mol of mercurial/mol fcr- 
redoxin in accordance with the prcsencc of two 
atoms of sulphide and four half-cysteine residues 
found after separate performate oxidation and hy- 
drolysis. Thus, in eight out of ten angiosperms [ 151 
the sum of methionine and cqsteine is five. but is 
four for maize [44] and six for pigweed 1421. Pteri- 
dophyta and algae show wider variations [ 151. As 
in other angiosperm ferredoxins [ 151, marrow had 
one tryptophan. Reported absence from parsley 
based on spectrophotometric evidence 1451 ma) 
be mistaken. since its presence in nutsedge was not 
apparent from the absorption spectrum 1431. In 
other respects it was consistent with other angios- 
perm ferredoxins already reported 1151. The MW 
based on 101 amino acid residues (Table 2). two 
iron atoms and two labile sulphidcs was 11045 
daltons, in good agreement with the value of I 1400 
daltons based on iron analysis. Values obtained by 
gel chromatography were appreciably high, poss- 
ibly because of hydration of the protein, and scnsi- 
tivity to the ionic environment as for plastocyanin 
[28-j. 

K~tlo?r potttrltitrl. The value at 3 . pH 7.7 was - 
404 mV, as found after reduction by dithionitc in 
the presence of methyl viologen [46,47] and stcp- 
wise enrymic reoxidation by nitrite. The slope was 
59 mV:‘decadc. indicating a one-electron process. 

L&//Jr thO/‘[JtiO/l .spc’c’rrLtw. The absorption spec- 
trum rcscmbles those of chloroplast ferredoxins. 
Maxima (relative extinctions to E2- nm shown in 

parentheses) were at 462 (0.45 ). 422 (0.5 I). 333 (0.67) 
and 377 (14)) nm. The ratio ~>fE~,~~,:f’:~~~ was 0.81. 
Extinction coef-ticient at 320 nm was 9.X x IO” li- 
tre mol.. ’ cm ’ based on iron analysis. The best 
ratio of E,?,,: E2.?Y was 051. and was obtained 
from crystalline material. This compares favour- 
ably with 049 for spinach [38.49]. 04X for alfalfa 
1391 and 0.43 for tare [-SO]. Highly-purified non- 
crystalline protein had a maximum ratio of O++. A 
shoulder at 790 nm is indicative of the prcsencc of 
tryptophan [St]. as determined by analysis. but 
not all ferrcdoxins shon. this fcaturc [_4?. 3.11. 

C:YI’F:RIME:\T.iI, 

Vegetable marrow. UVLI Asmcr\ Gourmet F-, hybrid) and 
Sutton’s Gwen Bush. WCI-c grw n in the pklntation bctwen 
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June and Sept or in sand cultures supplied with Long Ashton 
nutrient solution [52]. Leaves were washed thoroughly with 
HzO, drained and stored for several weeks at - 18” or for 18 
months at -30; without deterioration. 

Copper was estimated with bathocuproine in AcOH without 
pre-digestion [53], thereby avoiding loss with perchloric acid 
[54]. Iron was determined using o-phenanthroline 1391. Esti- 
mation of thiol groups was carried out by spectrophotometric 
titration at 410 nm with 2-chloromercuri-4-nitrophenol 1557 
either over a period of several hours in the native state or after 
denaturation by 5 M guanidinium chloride at pH 7.0 or by 10:” 
w/v TCA and re-soln in 0.1 M Tris-HCI (pH 7.6). Labile sul- 
phide was determined as methylene blue in acid soln [56]. 

The redox potential of plastocyanin was determined with the 
ferri-/ferrocyanide system [57]. Ratios of oxidized: reduced 
protein relative to extremes produced with ferricyanide or 
ascorbate were determined spectrophotometrically at 597 nm 
in citrate (pH 4%6.0), phosphate (pH 6.0-7.X) and glycine 
(pH 8.5-9.5) all at 50 mM concn. The redox potential (E,, at 
pH 7.0) for the 10 mM ferri-jferrocyanide couple with a total 
K’ concn of 60 mM was found to be +41 I mV at 25’ in the 
phosphate buffer. This value accords more closely with those of 
Kolthoff and Tomsicek [SS], Reilly and Rae [59] and O’Reilly 
[60] (40&--41X mV) than with the older and more often adopted 
value of Clark ~)t al. [61]. The redox potential of ferredoxin at 
pH 7.7 was estimated using methyl viologen and dithionite 
[46.47]. but using nitrite and nitrite reductase for step-wise 
reoxidation instead of air (Hewitt and Dransfield, unpublished) 
to avoid destruction by autoxidation), 

Plastocyanin concentrations in leaves and crude preparations 
were determined by rate of photo-oxidation of ferrocytochrome 
c [3X] using a dual wavelength spectrophotometer. calibrated 
at 550 and 541 nm with pure plastocyanin. and chloroplasts 
1621 obtained from greenhouse-grown spinach. Comparatively 
pure plastocyanin was estimated spectrophotometrically after 
oxidation by potassium ferricyanide, using an E.C. of 4.75 x 
IO3 1. mol- ’ cm- ’ at 597 nm. Ferredoxin estimations were 

done using an E.C. of 9.X x IO3 I. mol- ’ cm- ’ at 422 nm. 
Amino acids were analysed in salt-free protein. obtained by 

repeated washing against an Amicon UM2 membrane with 
I mM NH,HCO,. pH 7 followed by dialysis against the same 
and freeze-drying. Approximately 50 118 protein was dissolved 
in 0.5 ml 6 M HCI. frozen, evacuated and thawed under 
vacuum. The de-gassed soln was sealed in evacuated tubes and 
hydrolysed for 24 or 72 hr at I lo’. When cool, the HCI was 
removed under vacuum over NaOH and the residue dissolved 
in I ml of 0.2 M citrate buffer (pH 2.2) containing dithioglycol 
163.641. 

Tryptophanwasestimatedbyninhydrinandglycyltryptophan 
as standard [65] or spectrophotometrically [32]. Cysteine was 
estimated in a separate 24 hr hydrolysate after performate oxi- 
dation [66]. Amide nitrogen was determined on duplicate sam- 
ples after hydrolysis for 2-4 hr at 100” in 2 M HCl followed by 
distillation and estimation of ammonia [67]. A micro-Kjeldahl 
procedure [67.68] was used for total-nitrogen determinations. 
Protein-bound carbohydrate was estimated using anthrone 
1691, and hexosamine by a modification [70] of the method of 
Elson and Morgan [71], after 4 hr hydrolysis at 100’ in 4 M 
HCl 1721 and prior to removal of neutral sugars on Dowex 50 
(H’ form) [73]. 

Chromtography urld elrctlophoresis. DEAE cellulose was 
equilibrated with 0.01 M Tris HCI (pH 7.6) and used as 
columns (I 2 cm x 2.5 cm). The columns were fed by Marriotte 
bottle and the flow regulated to approx. I ml/min. Chromat- 
ography [74] on Sephadex G75 and Cl00 was performed at 4” 
in columns (90 x 3 cm), upward flow being maintained at 

40 ml/hr by peristaltic pump. Columns were equilibrated with 
blue dextran. glucagon and 6 proteins in two mixtures [75]. 
Fractions (2-4 ml) were collected and monitored at 280 nm. 
Columns and applied solns were routinely equilibrated with 
0.1 M KC1 in 0.05 M Tris-HCI (oH 7.61 for both fractionation 
and MW determinations. 

. . 

Electrophoresis on cellulose acetate strips (5 x IOcm) was 
carried out at 4’ at a current of 2 mA per strip in buffers [76] 
of 1 = 0.1 at pH values of 4.5 (acetate). 6.5 and 7.7 (phosphate) 
and 8.6 (veronal). Protein was revealed with 0.001% nigrosine 
in 2”i w/v HOAc overnight [77]. Electrophoresis on polyacry- 
lamide gel columns was carried out without spacer- or sample- 
gels [78]. using the Tris-glycine (pH 9.4) [79j and 2,6-lutidine- 
giycine (pH 6.6) r801 buffers. Protein was stained with coomas- -. . _ _ 
sie blue 1271. The isoelectric point of plastocyanin was deter- 
mined in polyacrylamide gel using a pH 3 to 6 ampholine gra- 
dient at room temperature [Sl]. 

Srdirwntutlon. Plastocyanin or ferredoxin solutions (10 mg/ 
ml or serially diluted) were examined in the Beckmann Model 
E analytical ultracentrifuge and photographed using red or blue 
filters. The synthetic boundary cell was used with 0.1 M NaCl 
in 0.01 M phosphate (pH 7.0). 

Purification and crystallization ofplastocyanin. Frozen leaf (18) 
(IO-15 kg) was minced in a Hobart E 4522 choDper using coarse 
plates. TIhe frozen mince in batches of 1.5 kg’was mixed thor- 
oughlv with 45 e. NaCl and 90 ml 1 M Tris--HCI buffer (DH 7.3) 
an; ailowed to thaw overnight at 4<, the temp. used for’&1 sub: 
sequent stages. The juice was expressed through muslin and 
0.5 vol. redistilled Me,CO at - 18” was added slowly with stir- 
ring and after 15 min the ppt. was removed by centrifugation 
for 15 min at 2000 g. To the supernatant was added 2 vol. 
Me,CO and after 1 hr standing the supernatant was removed by 
gentle suction. The ppt. was redissolved in minimum 0.05 M 
Tris-HCI (pH 7.6). adding 2-5 g of polycaprolactam powder 
per kg leaf when necessary to aid dispersion. The dispersed 
slurry was centrifuged for 5 min at 5000 9. The pellet was twice 
re-extracted with minimum buffer and the combined extracts 
(about 500 ml) passed through a 2.5 I. column of Sephadex G25 
equilibrated with 0.01 M Tris-HCI (pH 7.6). The first excluded 
fraction was collected and applied to’a DEAE-cellulose column 
(see above). The cellulose was washed with 0.2M NaCl in 
0.05 M Tris-HCl (pH 7.6) until the extinction of the eluate was 
less than 0 I. Ferredoxin remained on the columri. 

The 0.2 M NaCl eluate was brought to 60% satn of 
(NH&Sob. After 30 min the ppt. was removed by centrifuga- 
tion for 30 min at 5000~. The supernatant was brought to satn 
with (NH&SOL, 10-50 mg potassium ferricvanide added and 
left to standoveinight. The grey-blue protein was collected by 
centrifuration. redissolved in 50-80 ml 0.01 M Tris+HCl 
(pH 7,6)-and either dialysed overnight against 5 I. Tris-HCl or 
passed through a 5-vol. column of Sephadex G25 and applied 
to a second column of DEAE-cellulose. The column was 
washed with 0.07 M NaCl in 0.01 M Tris-HCI (pH 7.6) until the 
extinction of the effluent at 280nm fell to 002. Plastocyanin 
was then slowly eluted with 0.12 M NaCl in 0.01 M Tris-HCl 
(pH 7.6). The eluted plastocyanin was brought to the maximally 
oxidized state with minimum ferricyanide, diluted with 2 vol. 
Tris+HCl and readsorbed on a fresh DEAE column. Again it 
was eiuted with 0.12 M NaCl until about to leave the column 
and was then eluted sharply with 50 ml of 0.25 M NaCl in 
0.01 M Tris-HCI (pH 7.6). Excess of ferricyanide added to pre- 
vent reduction during elution from DEAE-cellulose [3] caused 
losses of the marrow protein. apparently by removal of copper 
(E. J. Hewitt and P. Sims, unpublished work). The eluted plasto- 
cyanin was just fully-oxidized. concentrated to about 15 ml on 
a “Diaflo” UM2 membrane using Nz at 2.5 kg/cm2 and applied 
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to a column of Sephadex GlOO. The blue plastocyanin fractions 
were collected and bulked when the ratio of Eiq7:EZ7X was 
between 056 and 0.71. This represented approx. the “half-band- 
width” of the elution peak at 597 nm and about X0’>,, of the plas- 
tocyanin applied to the column. The soln was concn. to between 
lOand 15 ml on the membrane. For the amino acid and copper 
analyses, measurements of molar extinction coefficients. extinc- 
tion ratios, sedimentation and elcctrophoresis. the (375 chro- 
matography and concn procedures were repeated. Cont. solns 
were cu 1 mM plastocyanin with a yield of X0- I20 mg pure pro- 
tein from IO- IS kg leaf material. The y,ields. based on enzymic 
assa)‘s [3X]. were about 20”,, of the initral leaf content. This in- 
dicates about 5 ,tM (55 mg,‘kg) in C. prpo leaves. Estimates ror 
spinach. based on chloro<hyi content (as 2 mM) and EPR sig- 
nals or on enzvmic estimation. indicate 5 ,tM 1351. 4.5 UM 1821 
or 3 to 8 HIM iX3]. Initial drying of the chlor&&st sludge-[?] 
or use of surface active compounds [49. X3] to solubiltie were 
not necessary. Presumably the lipoprotein complex is more 
readily dissociated in marrow than in spinach. 

Plastocyanin from F, hybrid was crystallized in two ways. 
Originally [26J. a I mM solution of the protein was dialysed 
against hZ”,,-saturated (NH,),SO, at about pH 45. which pro- 
duced a faint turbidity. On standing for 10 15 weeks at 4-. fan- 
shaped or stcllate clusters of deep-blue needles. apparently 
octagonal with 4 major and 4 minor faces. were produced. Simi- 
lar clusters formed still more slowly in 5X”,-saturated 
(NH,&SO,. Crystals were subsequently obtained readily after 
3 weeks at room temp. in 609;-saturated (NH,),SO, containing 
7”’ dioxan at pH 4.0 4.5 and more slowly m 56 to 5X”,,-satur- -/ 0 
ated (NH,),SO, with I”,, dioxan. These crystals formed in 
paired or tetrad fan-shaped clusters or in collateral bundles and 
accumulated most of the protein from the soln. Separate crys- 
tals appeared to have 4 major and 4 minor Fdccs. Oxidized cryb- 
tals embedded in Canada balsam or suspended in 
(NH‘&SO, + 2;,<:,, dioxan remained blue durmg repeated in- 
tense microscopic illumination. but bleaching and disappear- 
ance of the crystals occurcd after a few minutes’ illumination 
when anhydrous glycerol had been used to seal the cover-slip. 
apparently as a photo-reduction effect. Addition of a minute 
amount of solid ascorbic acid to crystals resulted in slow 
bleaching followed by erosion of the surface and dissoln which 
could be arrested by further addition of K,Fe(CN), (E. J. Hew- 
itt and P. Sims. unpublished work). Plastocyanin in phosphate 
butrer containing EDTA or redissolved after freeze-drying was 
bleached in light [4]. After freeze-drying. preparations lost EPR 
signals which could not be restored by ferricyanide, indicating 
probable loss of protein-bound copper. Repeated freezing and 
thawing bleached spinach plastocyanin [X2]. 

Pur@riolj rr,lrl cr~stu//i;trfron c?[,/c,rrrdo.urr~. Fcrrcdoxin was 
eluted from the first DEAE-cellulose column with 0.5 M NaCI. 
diluted to 0.02 M NaCI. re-adsorbed on a fresh DEAE column 
and washed with 0.25 M NaCl in 0.01 M Tris HCl (pH 7.6) un- 
til the extinction ofthc eluatc at 280 nm was 0.1. The ferrcdoxin 
was then rluted as a dark-brown band with ti8 M NaCl in 
0.01 M Tris HCl (pH 7.6) and desalted by passing through a 5 
vol. column of Scphadcx G25. Further purification was 
achieved by fractionation with protaminc sulphate 1161. The 
crude ferredoxin was adjusted to pH 6.5 with (I.5 M acctatc 
(pH 45) and protarnine sulphate (IO mgjml, adjusted to pH 6.5) 
was added to give a final concn of 1 mg protamine, 15 mg pro- 
tein. After 20 min the ppt. was removed by ccntrifugation at ELI. 
10000,q for IO min and discarded. More protaminc was added 
to the supernatant to give a concn of I mg protaminc:7 mg pro- 
tein. The ppt. was collected by ccntrifugation. and the colour- 
less or pale-yellow supernatant discarded. The pellet was 
extracted with successive 5 ml portions of 0.5 M Tris- HCI 

(pH X.5) with addition of about 1 g of polycaprolactam powder 
to aid the extraction of ferredoxin. The extract was diluted with 
5 vol. of H,O and adsorbed on a small (5 cm x I.5 cm) DEAE- 
cellulose column which was then washed with 0.2 M NaCl until 
the extinction at 280 nm of the eluate was 0.0’. Frrredoxin was 
then eluted with minimum 0.X M NaCl and dialysed overnight 
against 0.01 M Tris~~HCl (pH 7.6). At this stage the ratio 
EJLII: EL.,, was 0.44 0.47. Preparations for analytIca studies 
were purified further by gel filtration on Sephadck G7S. Frac- 
tions with ratio E,?(,: t(,-- ;_ 046 were bulked. cont. on the 
Diaflo membrane to 10 mg, ml and about IO ml applied to the 
G75 column. About X0”,, rccovercd in the half-band-width of 
the clutate was reconcentrated on the Diaflo membrane. 

Marrow ferredoxm was crystallized either b) dialysis of a 
cont. solution (IO I2 mg;ml) against XO”,,-saturated 
(NH&SO, (pH 4.X) or by addition of solid (NH,):SO, until a 
faint turbidity appeared (about 70”,,-satn). In either cast. red- 
brown needles appeared after one or two daqs at 4 The crxs- 
tals were washed with X0”,,-saturated (NH,)ISO, and redls- 
solved in 0.01 M fris-~HC‘t (pH 7.6) for further stud!. 
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