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Abstract-The major cytochrome c reductase species present m cell-free extracts from 7day old barley shoots was 
punfied 848-fold by ammonium sulphate fractionation (30-60x), gel filtration on Blogel Al 5m and aflinrty 
chromatography on bluedextran Sepharose Both cytochrome c reductase actlvlty and mtroblue tetrazohum (NBT)- 
reductase activity of the preparation possessed a sedlmentatlon coefficient of 3 1s. The single protem species seen after 
electrophoresls m non-denaturmg gels cormgrated Hrlth NBT-reductase mvlty SDS gel electrophoresls also showed 
that the preparation was homogeneous and had a MW of 38 Ooo The specres could not be stamed for haem m non- 
denaturing gels under conditions which stamed both a punfied barley mtrate reductase sample and equme heart 
cytochrome c This species 1s the 3 1s cytochrome c reductase species, with calculated MW of 40000, wiuch appears 
under conditions which allow loss of NADH nitrate reductase activity 

lNTPODUCTION 

The assumlatory NADH nitrate reductase (NADH m- 
trate oxldoreductase, EC 16 6 1) of lugher plants is a 
haemomolybdoflavoprotem which catalyses the two elec- 
tron reduction of mtrate to nitrite This enzyme is 
unstable m cell-free extracts from a vanety of plant species 
unless BSA or casem IS included m the extractlon buffer 
[l-7], and m barley, loss of mtrate reductase at%wty (and 
its associated cytochrome c reductase activity [8]) 1s 
accompamed by the appearance of smaller cytochrome c 
reductase species of 3 1s and 3 8s [9, lo] Although these 
species were first described m barley [8], apparently 
equivalent species have subsequently been ldentlfied in 
cell-free extracts from rice [ 111, spmach [ 121, maize [ 131 
and tobacco [14, 151 

In this paper we describe the punficatlon and partial 
characterlsatlon of the 3 1s cytochrome c reductase 
species from extracts of 7-day old barley shoots A 
prehmmary account of this work has been presented [16] 

RESULTS 

Purzjicatron of cytochrome c reductase 

Seven-day old shoots were extracted as described m 
Expenmental and after streptomycm sulphate treatment, 
the 30-60 % ammomum sulphate fraction was apphed to a 
Blogel A 1Sm column The major peak of cytochrome c 
reductase actmty (Fig 1A) was pooled, and after concen- 
tration by ammonmm sulphate fractlonatlon (60x), 
apphed to a blue-dextran Sepharose column After 
washmg off unadsorbed protein, cytochrome c reductase 
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actlvlty was eluted with buffer contammg 5pM NADH 
(Fig 1B) and concentrated with an Anucon thin channel 
concentrator (PM 10 membrane) The overall punficatlon 
was 848-fold (Table 1) 

Sucrose density gradlent analysis of cytochrome c reductase 

Sucrose density gradient analysis of the blue-dextran 
Sepharose eluted cytochrome c reductase species showed 
that it had a sedlmentatlon coefficient of 3 1s (Fig 2) The 
preparation was able to catalyse the NADH dependent 
reduction of mtroblue tetrazohum (NBT) and a single 
band of NBT-reductase actmty, which cosednnented with 
NADH cytochrome c reductase actwity at 3 lS, was 
found after sucrose density gradient analysis (Fig 2) 

Assessment of purzty, MWand haem content of cytochrome 
c reductase 

Electrophoresls in non-denaturing gels and subsequent 
gel staining with Coomassle blue showed the presence of a 
single protem species m the preparation which comlgrated 
with NBT-reductase activity (Fig 3) This species could 
not be stamed for the presence of haem under condltlons 
which stained 3Opg of horse heart cytochrome c and 3Opg 
of punfied barley mtrate reductase (Fig 3) SDS gel 
electrophoresls of the fragment showed that it was 
homogeneous (Fig 3) and had a MW of 38000 (Fig 4) 

DISCUSSION 

Nitrate reductase IS relatively stable m cell-free extracts 
from 4&y old barley shoots and these extracts contam 
only small amounts of cytochrome c reductase species of 
3 1s and 3 8S, wluch possess MWs (calculated from the 
sedimentation coefficient and Stokes’ radius by the 
method of Siegel and Monty [17]) of 40000 and 61000 
[9] The enzyme 1s much more unstable m cell-free 
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Fig 1 (A) Dlstnbution of NADH cytochrome c reductase activity (0) and protem (A) after Loge1 A 15 m gel 
filtration (4 1 cm x 108 cm column) of a 30-60 % (NH&SO4 fracnon derived from 16%hr old barley shoots Elutlon 
buffer was buffer I and 16 ml fractions were collected (B) Dlstnbutlon of NADH cytochrome c reductase actmty (0) 
and protein (A) after blue dextran Sepharose affimty chromatography (2 x 9cm column) of pooled fractions 
contammg NADH cytochrome c reductase acttvlty from Blogel A 1 5 m Elutlon buffer was buffer II (0 02 M 
potassmm phosphate buffer, pH 7 5. contammg 0 1 mM EDTA, 10pm FAD and 1 mM cysteme) and 5 ml fractions 
were collected The arrow denotes start of eluhon of NADH cytochrome c reductase actlvlty with buffer II 

contammg 5 pm NADH 

extracts from shoots older than 4 days and loss of mtrate 
reductase 1s accompamed by the appearance of increased 
amounts of these cytochrome c reductase species [lo] We 
have taken advantage of this fact, and the hkehhood that 
these cytochrome c reductase species, hke nitrate re- 
ductase., possess a dmucleohde fold [18], to purify the 
major small cytochrome c reductase species from cell-free 
extracts of 7-day old barley shoots by a combmatlon of 
fractional ammomum sulphate preclpltatlon (30-&l%), 
gel filtration on Blogel Al 5m and afiimty chromato- 
graphy on blue-dextran Sepharose (Table 1) 

The preparation contamed a smgle protein species 

which could transfer electrons from NADH to cyto- 
chrome c and mtroblue tetrazohum Smce this species had 
a sedlmentatlon coefficient of 3 1s It IS eqmvalent to one of 
the cytochrome c reductase species Seen previously m cell- 
free extracts [9, lo] The MW we@ of 38 OOOdetermmed 
here by SDS gel electrophoresls (Fig 4) agrees well with 
the MW of 40 000 calculated previously from the sedunen- 
tatlon coefficient and Stokes radius [9] Thts MW 38 000 
cytochrome c reductase species did not contain haem 
(Fig 3) 

Several pieces of arcumstantml evidence have led us to 
the suggestlon that this 3 lS, MW 38000 cytochrome c 
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NADH cytochrome c reductase from barley 

Table 1 Punficatlon of NADH cytochrome c reductase 

SpeclfiC 

Volume Protein Actrvlty* actWIty 
(ml) (mg) (units) (units/mg) 

Yield 
(%) 
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Punfication 
(fold) 

Supernatant from streptomycm sulphate 
(5 mg/ml) treated homogenate 
30-60 % (NH&SO, fraction 
Blogel peak (pooled and concentrated) 
Blue dextran Sepharose peak 
(pooled and concentrated) 

803 3520 1120 032 100 - 
40 2680 739 028 662 - 

4 420 213 051 19 1 16 

64 035 95 2714 85 848 

*gmol cytochrome c reduced/mm 
Cytochrome c reductase was purified as described m ExperImental from cell-free extracts of ‘I-day old barley shoots 
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Fig 2 Distnbution of NADH cytochrome c reductase (0) and 
mtroblue tetrazohum reductase (A ) activity after sucrose density 
gradient analysis of cytochrome c reductase purified as m Table 1 
C, A and M denote the positIon of the reference proteins catalase, 
alcohol dehydrogenase and myoglobm after centnfugation 
Condltlons of centnfugatlon are described m the Expenmental 

reductase species IS a degradation fragment of mtrate 
reductase [lo, 191 Firstly, as indicated above, loss of the 
7 7s nitrate reductase species (and its associated cyto- 
chrome c reductase activity), which occurs m cell-free 
extracts prepared from shoots older than 4 days, IS 
accompanied by the appearance of increased amounts of 
the MW 38000 cytochrome c reductase species [lo] 
Secondly, mcluslon of BSA m the extraction buffer not 
only prevents loss of the 7 7s nitrate reductase species 
(and its associated cytochrome c reductase actlvlty), but 
also prevents formation of increased amounts of the MW 
38 000 species [lo] Thirdly, mcluslon of leupeptm, a 
specdic mhlbltor of the major (cysteme) endoprotemase m 
barley [20], m the extraction buffer has the same effect as 

Fig 3 Polyacrylarmde gel electrophoresls of 3Opg punfied 
NADH cytochrome c reductase (CR) and 3Opg purified nitrate 
reductase (NR) Gels A-C and E-G are non-denaturing gels Gel 
D IS an SDS gel After electrophoresls gels were spec&alIy 
stained as follows (A) CR stamed for protein with Coomassle 
blue, (B) CR stamed for mtroblue tetrazohum reductase actmty, 
(C) CR stamed for haem, (D) CR stamed for protein with 
Coomassle blue m an SDS gel, (E) NR stained for protein with 
Coomasste blue, (F) NR stuned for haem according to ref [25] 
and (G) 3Opg equme heart cytochrome c stained for haem as m 
(F) The R, of the band m (A)and (B) was 0 42 The R, of the band 

m (E) and (F) was 023 

BSA [lo] Fourthly, we have shown that the MW 103 000 
subunit of the MW 205000 barley mtrate reductase 1s 
susceptible to proteolytlc nicking and can be degraded to 
smaller protein species, mcludmg one of MW 38 000 [21] 
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Fig. 4 MW estnnatlon of the purdied NADH cytochrome c 
reductase by polyacrylanude gel electrophoresls m SDS 
Reference proteins were (U) urease (MW 83000), (B) bovme 
serum albumm (MW 68000). (A) alcohol dehydrogenase (MW 
41 Ooo), (T) soya bean trypsm mlubltor (MW 21000) and (C) 
equme heart cytochrome c (MW 12500) R, values were es- 

timated after scanmng m a Vttatron gel scanner 

Leupeptm and/or the buffer d-bed by Kuo et al 1221 
strongly retards this process [21] However, we have no 
evidence at present to show that the MW 38000 cyto- 
chrome c reductase species and the MW 38000 protein 
species are the same Finally, the MW 38 000 cytochrome c 
reductase species 1s absent from cell-free extracts of plants 
which have not been treated with nitrate [9] Thus, if this 
species 1s not derived from nitrate reductase it IS an 
unrelated protein species which, hke nitrate reductase, 
possesses cytochrome c reductase activity and IS induced 
by nitrate 

EXPERIMENTAL 
7 

Growth ofplant material Plants of Hordeum vulgarecv Golden 8 
Pronuse were grown m trays of vermiculite as previously 9 
described [9, lo] 10 

Purrficatron ofcytochrome c reductase /3OOg 168~hr old barley 
shoots were ground m a chilled mortar ,wwlth 0 05 M KPI buffer, 
pH 7 5, contammg 0 1 mM EDTA and 1OpM FAD (buffer I) (3 ml 
buffer/g tissue) The brew was squeezed through mushn, strepto- 
mycm sulphate added (5 mg/g tissue) 
mm precipitated nucleic acid mater al was removed by centn- / 

nd after stirring at 4” for 5 

fugatlon The supematant was adJwsted to 30% satn with solid 
(NH&SO., and preclpltated protein, which Includes most of the 
high MW cytochrome c reductase actlvlty, was removed by 
centrifugatlon The supematant was adJusted to 60% satn with 
(NH&S04, the preclpltated protein was collected by centn- 
fugatlon (the discarded supernatant contams the constltutlve 
MW 27800 cytochrome c reductase species [9]), dissolved m 

11 
12 

13 
14 

15 

16 

20ml of buffer I and applied to a column (4 1 x 108 cm) of Blogel 
A 1 5 m equilibrated m the same buffer 1 Fracttons m the myor 
peak of cytochrome c reductase actlvlty were pooled, protem 
preclpltated with (NH&SO.,. collected by centnfugatlon, re- 
suspended m 25ml of buffer I and glycerol to 40% (w/v) and 
stored at -70” overnight Protem was precipitated with 
(NH&SO4 to 60 % satn, dissolved in a nummum vol of 20 mM 
KPl buffer pH 7 5, contammg 0 1 mM EDTA and 10pM FAD 
(buffer II) and applied to a blue-dextran Sepharose column (2 
x 9cm) equlhbrated m the same buffer The column was washed 
until the A2s0 of the eluate was less than 0 02 and cytochrome c 
reductase activity was eluted with 5 PM NADH m buffer II The 
peak fractrons were pooled and concentrated to around 6 ml with 
an Amlcon thin channel concentrator (PM 10 membrane) 

Elerb-ophoresrs was carried out in 5 % acrylamlde gels prepared 
in 0 2 M Tns-HCI, pH 8 5 Running buffer was 0 08 M Tns-HCI, 
pH 8 5 Protein was detected after electrophoresls by staining 
with Coomassle blue, NBT reductase activity by the method of 
ref [23], methyl vlologen nitrate reductase activity by the method 
of ref [24], except that mtrate was substituted for nitrite and 
haem by the method of ref [25] For SDS gel electrophoresls, 
samples and standard proteins were denatured by bodmg m 
0 02 M KPl buffer, pH 7, containing 1 25 % SDS and 2 5 “/; p- 
mercaptoethanol Electrophoresls was performed according to 
the method of ref [26] 

Sucrose density gradlent analysis was carried out as described 
previously [9, lo] 

Nitrate reduclase, cytochrome c reductase and NBT reduclase 
were assayed as described previously [8, 231 

Prolem was determmed by the method of ref [27] 

Acknowledgements-This research was supported by the award 
of a Science Research Councd Research StudentshIp to I S S and 
Agricultural Research Council Research Grant AG 49/18 to 
JLW 

1 

2 
3 
4 

5 

6 

REFERENCES 

Oaks, A, Wallace, W and Stevens, D (1972) Plant Physlol 
SO, 649 
Wallace, W (1973) Plant Physlol 52, 197 
Wallace, W (1975) Plant Physlol 55, 774 
Schrader, L E, Cataldo, D A and Peterson, D M (1974) 
Plant Phystol 53, 688 
Schrader, L E, Cataldo, D A, Peterson, D M and 
Vogelzang, R D (1974) Physrol Plant 32, 337 
Purv~s, A C, Tlschler, C R and Fltes, R C (1976) Plant 
Physrol 58, 95 
Tlschler, C R , Purvls, A C and Jordan, W R (1978) PIant 
Physrol 61, 714 
Wray, J L and Rlner, P (1970) Blochem J 119, 715 
Small, I S and Wray, J L (1980) Phytochemlstry 19, 387 
Brown, J , Small, I S and Wray, J L (1981) Phylochemlsiry 
20, 389 
Shen, T C (1972) Planta 108, 21 
Ruckhdge, G J, Notton, B A and Hewitt, E J (1976) 
Bzochem Sot Trans 4, 77 
Wallace, W and Johnson, C B (1978) Plant Physlol 61,748 
Mendel, R-R and Muller, A J (1980) Plant Scz Letters 18, 
277 
Sclnemann, J and Manteuffel, R (1982) Proc Intl Symp on 
Nitrate Assmulatlon-Molecular and GenetIc Aspects, 
Gatersleben, GDR, P17 
Campbell, J McA , Small, I S and Wray, J L (1982) Proc 
Int Symp Nitrate Asslmllatlon-Molecular and GenetIc 
Aspects, Gatersleben, GDR, P26 



NADH cytochrome c reductase from barley 1395 

17 Begel, L M and Monty, K J (1966) Brochnn Blophys Acta 
112,346 

18 Thompson, S T , Cam, K H and Stellwagen, E (1975) Proc 
Nat1 Acad Set US A 72,669 

19 Wray, J L and Kirk, D W (1981) Plant Scz Letters 23,207 
20 Miller, B L and Huffaker, R C (1981) Plant Phystol 68,930 
21 Campbell, J McA and Wray, J L (1983) Phytochemtstry 

22,2375 
22 Kuo, T M , Somers, D A, Klemhofs, A and Warner, R L 

(1982) B~ochrm Btophys Acta 70& 75 
23 Small, I S (1980) Ph D Thesis, Umverslty of St Andrews 
24 Hucklesby, D P and Hageman, R H (1973) Analyt 

Bwchem 56,591 
25 Thomas, P E, Ryan, D and Levm, W (1976) Analyl 

Bwchem 7, 168 
26 Weber, K and Osborne, M (1969) .I Et01 Chem 244,4406 
27 Bradford, M (1976) Analyt Blochem 72, 248 


