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1. INTRODUCTION 

The b cytochromes of the ubiqu~ol~~oc~r~m~ 
c oxidoreductase complex ~c~o~hrome &cl com- 
plex) undergo unique oxidation-reduction reac- 
tions as they participate in electron transfer and 
energy transduction in this segment of the 
respiratory chain. These reactions are consistent 
with a protonmotive Q cycle pathway of electron 
transfer through the &i complex [l-3]. In this 
model cytoehrome & functions as a transmembrane 
circuit for recycling of eIectrons, and may also pro- 
vide a proton conductance channel to and from 
ubiquinone redox sites located in hydrophobic do- 
mains on this protein f4]. 

While biophysical techniques have provided in- 
formation on the thermodyu~i~ f5j and elec- 
tronic [6,7] properties of the heme centers of 
cytochrome b, little information is available on the 
structure of the protein. The sequence of the gene 
coding for cytochrome b has been elucidated from 
several eukaryotic [g-121 and prokaryotic sources 
[13}, and it may soon be possible to manipulate 
this protein by molecular genetic methods. 
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However, a prerequisite for understanding the 
function of cytochrome b on a mechanistic level is 
the isolation of the protein in pure form. To date, 
the extreme hy~ophobi~ity of this protein has 
hindered its isolation. While methods have been 
reported for purification of cytochrome b (e.g. see 
[14]) these require numerous steps, result in signifi- 
cant loss of the protein, and yield apparently 
denatured cytochrome. 

Some bacteria produce respiratory complexes 
which are similar to those of mitochondria, as in- 
dicated by their redox prosthetic groups and 
response to inhibitors of respiration, but which are 
simpler in polypeptide subunit composition than 
their mito~hondri~ counterparts. Hence, a two- 
subunit cytochrome c oxidase complex [15j and a 
three-subunit cytochrome bri complex 1161 have 
been isolated from P~rucoccus denifrificans, and a 
cytachrome bci complex containing four subunits 
has been isolated from Rhod~pseudomonas 

spkersrides [17,18]. 
An attraction of the bacterial respiratory chain 

complexes is that they offer an opportunity to 
manipulate genetically cytochrome b, which is cur- 
rently intractable to such manipulation in 
eukaryotes, where the gene for this protein is 
located in the mit~~hond~a. fn order to gain full 
advantage of applying current molecular genetic 
methods to the study of cytochrome b, it is useful 
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to have a simple method for isolation of this pro- 
tein in a homogeneous form. 

We describe here a one-step method for the 
purification of cytochrome b from the bcr com- 
plexes of bacteria. This purification can be ac- 
complished in 30 min, and is based upon the 
temperature-dependent phase separation of the 
detergent, Triton X-l 14 (Triton X is a Rhome and 
Haas Company trade name). The procedure has 
been applied to the bet complexes of P. 
denitrificans and R. sphaeroides, and may be 
generally applicable to the simple subunit com- 
plexes of bacterial respiratory complexes. 

2. EXPERIMENTAL 

The cytochrome bcr complexes of P. 
denitrificans and R. sphaeroides were purified by 
a procedure developed in this laboratory [ 16,181. 
Triton X-114 was obtained from Sigma and 
precondensed three times to remove hydrophilic 
molecules [19]. The concentration of Triton X-l 14 
following condensation was determined from its 
absorbance at 274 nm, using an extinction coeffi- 
cient of Eo.r% = 2.32. 

Protein was measured by a modifi~ Lowry pro- 
cedure 1201 and standardized against serum 
albumin. SDS-polyacrylamide gel electrophoresis 
was performed on 12.5% slab gels [21]. Absorp- 
tion spectra were measured with an Aminco 
DW-2a UV/Vis spectrophotometer with the sam- 

ple cuvette thermostatted at O”C, and were record- 
ed with a Nicolet 2090 digital oscilloscope, which 
was calibrated for wavelength and interfaced to the 
spectrophotometer as described 1221. 

The bcr complexes were suspended in 50 mM 
Tris-HCl, pH 7.5, at 1.0-1.5 mg/ml protein. NaCl 
and Triton X-114 were then added to concentra- 
tions of 50-150 mM and 0.5-1.5% (v/v), respec- 
tively, and the mixtures were allowed to mix on a 
rocker table for 1 h at 0°C. The solutions were 
visibly clear at O”C, and were allowed to reach the 
cloud point slowly by insulation of the centrifuge 
tubes in a foam pad. The slow transition of the 
cloud point enhanced the separation, presumably 
by promoting formation of the microscopic phase. 

At the cloud point the solutions became turbid, 
and were incubated at 30°C for 3 min. The 
samples were then overlaid on a 2-fold volume of 
a cushion of 6% (w/v) sucrose, 50 mM Tris-HCl, 
pH 7.5, 150 mM NaCl and 0.06% Triton X-l 14 in 
a conical centrifuge tube and centrifuged for 5 min 
at 1200 rpm (300 x g) at 25°C in a Beckmann TJ-6 
clinical centrifuge equipped with a swinging bucket 
rotor. 

The separation procedure is shown schematical- 
ly in fig.1. During centrifugation, the detergent 
phase sedimented through the sucrose cushion, 
while the aqueous phase remained above the 
cushion. The aqueous phase and sucrose cushion 
were then removed, and the two separated phases 
analyzed as described below. At the appropriate 
detergent and salt concentrations, the initial phase 

25”C, 600 xg Aqueous Phase 

Sucrose Cushton 

Detergent Phase 

Fig. 1. Schematic representation of the purification of cytochrome b from bacterial beg complexes by phase separation 
with Triton X-l 14. 
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separation is nearly quantitative. However, an ad- 
ditional wash of each phase may be necessary to 
yield a clean preparation. 

3. RESULTS AND DISCUSSION 

The purification of cytochrome b by 
te~~rature-dependent phase separation into 
Triton X-114 is based on the method of Bordier 
(191. The Triton X series of nonionic detergents 
undergo a temperature-dependent, microscopic 
phase separation which results in the formation of 
two distinct phases; an aqueous phase which is 
depleted in detergent, and a detergent-enriched 

cyf cl ,62 kDo -.e 

cyt b,39klh+ 

ISP, 20 kR --_) 

B C 

phase. The temperature at which the phase separa- 
tion occurs, termed the ‘cloud point’, depends on 
the number of oxyethylene groups of the detergent 
1231, Triton X-114 reaches a cloud point at 20°C 
[24]. Upon phase separation, hydrophilic proteins 
partition preferentially into the aqueous phase, 
while hydrophobic, integral membrane proteins 
partition preferentially into the detergent phase 
1191. 

The be1 complex from P. ~enjr~~~~~n~ consists 
of three subunits; a 62 kDa protein which is 
cytochrome cl, a 39 kDa protein which is 
cytochrome b, and a 20 kDa protein which is the 
iron-sulfur protein [ 161. Upon phase separation 
with Triton X-114, cytochrome cl and the iron- 

Pig.2. ~~r~~cation of cytochrome b from the &cl compIex of P. ~~~~trj~~~n~. (Left) SDS-PAGE; lanes: (A) purified 
bcl complex from P. denifri@xms [16]; (B) aqueous phase following phase separation, containing cytochrome cl and 
the Rieske iron-sulfur protein; (C) detergent phase following phase separation, containing cytochrome b. (Right) 
Absorption difference spectra of the dithionite-reduced minus ferricyanide-oxidized cytochrome bcr complex from P. 
denitrificans (A) and of the aqueous (B) and deter8ent phases (C) following phase separation with T&on X-l 14. Spectra 

were taken at 0°C. The protein concentration of the purified trcr compfex was 0.32 m&ml. 
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sulfur protein partition into the aqueous phase, 
and cytochrome b partitions into the detergent 
phase. The detergent phase appears as a cherry red 
droplet due to the presence therein of cytochrome 
b. The aqueous phase appears a faint pink due to 
the presence therein of cytochrome cr. 

The bcr complex from R. sphaeroides consists of 
four subunits; a 44 kDa protein which is 
cytochrome b, a 32 kDa protein which is 
cytochrome cl, a 21 kDa protein which is the iron- 
sulfur protein [antibodies raised against the iron- 
sulfur protein of P. denitrificans cross-react with 
this polypeptide in the complex of the photosyn- 
thetic bacterium and with the iron-sulfur protein 
of the beef heart and yeast bet complexes (Yang, 

X. and Trumpower, B., unpublished)], and a 
13 kDa polypeptide of unknown function. In a 
manner analogous to P. denitrifi~a~, cytochrome 
cl and the iron-sulfur protein partition into the 
aqueous phase, and cytochrome b partitions into 
the detergent phase. The 13 kDa polypeptide also 
partitions into the aqueous phase at lower 
detergent concentrations (0.5%). At detergent con- 
centrations low enough to partition qu~titatively 
the 13 kDa subunit into the aqueous phase, parti- 
tioning of cytochrome b into the detergent phase is 
incomplete. However, quantitative recovery of 
cytochrome b can be accomplished by washing the 
aqueous phase twice with 0.5% Triton X-114. 

The concentrations of Triton X-l 14 and salt in- 

CYt 4 

CYt Cl, 

ISP, 

3 *t 

44 kDa 

32kDa -W 

21 kDa-_, 

13kDa+ 
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Fig.3. Purification of cytochrome b from the bcr complex of R. sphaeroides. (Left) SDS-PAGE; lanes: (A) purified 
6~ complex from R. sphueroides [IS]; (B) aqueous phase following phase separation, containing cytochrome cl, the 
Rieske iron-sulfur protein, and the 10 kDa subunit; (C) detergent phase following phase separation, containing 
cytochrome b. (Right) Absorption difference spectra of the dithionite-reduced minus ferricyanide-oxidized cytochrome 
bcr complex from R. sphueroides (A) and of the aqueous (B) and detergent phases (C) following phase separation with 
Triton X-114. Spectra were taken at 0°C. The protein concentration of the purified bet complex was 0.09 mgfml. 
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fluence the efficiency of separation of the 
respiratory complexes. Some polypeptides have a 
tendency to partition into both phases. In these in- 
stances we found that it is necessary to manipulate 
the detergent and salt concentrations to achieve 
separation. At higher salt concentrations it may 
also be necessary to increase the specific gravity of 
the cushion by adding a few crystals of sucrose. 
Dilution of the aqueous phase is observed with 
each separation due to diffusion. It is thus 
necessary to remove visually the aqueous phase 
from the cushion. 

We also attempted to use. this method to purify 
the cytochromes b from yeast and beef heart 
mitochondria, which contain larger numbers of 
peptides than their bacterial counterparts [ 181. 
With these species we found that some of the 
polypeptides of the cytochrome bcl complexes 
resist clean partitioning into a single phase. This 
may indicate stronger structural associations in the 
mitochondrial complexes. However, with further 
experimentation, it may be possible to achieve a 
comparable purification of mitochondrial cyto- 
chrome b. 

The biochemical and biophysical properties of 
the three-subunit bci complex from P. 
denitrificans have been described elsewhere [ 161. 
As can be seen in the left panel of fig.2 the Triton 
X-llcpurified cytochrome b is homogeneous by 
electrophoretic criteria, and the resolution of 
cytochrome b from the iron-sulfur protein and 
cytochrome cl subunits is quantitative. 

Absorption difference spectra of the purified bci 
complex from P. denitrificans, and of the aqueous 
and detergent phases are shown in the right panel 
of fig.2. Spectra were recorded at O”C, since 
samples at room temperature are above the cloud 
point. The spectra indicate that the cytochrome is 
not grossly denatured. Indeed, the low-potential 
heme may be present in the oxidized form, since it 
was apparent in spectra taken immediately follow- 
ing reduction with dithionite, but disappeared in 
spectra of the same sample taken minutes later. 

Phase separation of the purified bci complex 
from R. sphaeroides yields results analogous to 
those of P. denitrificans, as shown in fig.3. Again, 
the electrophoresis gels and absorption spectra 
demonstrate that the separation is nearly quan- 
titative, although two detergent extractions were 
required in this instance. 

Finally, it should be noted that treatment of 
bacterial bci complexes with Triton X-114 is also 
an effective method for purification of cytochrome 
cl and the iron-sulfur protein. These polypeptides 
are present in an essentially detergent-free aqueous 
phase following treatment with Triton X-l 14, and 
an additional gel filtration step is all that should be 
required for their separation. 

The simplicity of this method, and the quan- 
titative recoveries obtained, should make this a 
useful procedure when it is necessary to analyze 
small amounts of sample, such as in confirming se- 
quence changes introduced into these proteins by 
site-specific mutagenesis. In addition, this method 
may be applicable to other bacterial species which 
produce cytochrome bcl complexes having subunit 
compositions similar to those examined here. And 
finally, the observation that the cytochrome b is in- 
itially, albeit transiently, recovered as two spectral- 
ly distinct forms, indicates that this procedure 
might be extended to obtain resolution and 
reconstitution of a biologically active form of this 
integral membrane protein. 

REFERENCES 

VI 
121 

131 

141 

PI 

161 

[71 

181 

191 

WI 

Mitchell, P. (1976) J. Theor. Biol. 62, 327. 
Trumpower, B.L. (1981) J. Bioenerg. 
Biomembranes 13, l-24. 
Rich, P.R. and Wikstriim, M. (1986) FEBS Lett. 
194, 176-182. 
Trumpower, B.L. (1984) Abstr. Third Eur. 
Bioenerg. Cong. pp.25-26. 
Dutton, P.L., Wilson, D.F. and Lee, C.P. (1970) 
Biochemistry 9, 5077-5083. 
Carter, K.R., Tsai, A. and Palmer, G. (1981) FEBS 
Lett. 132, 243-246. 
Salerno, J.C. (1984) J. Biol. Chem. 259, 
2331-2336. 
Nobrega, F.G. and Tzagoloff, A. (1980) J. Biol. 
Chem. 255, 9828-9837. 
Bibb, M.J., Van Etten, R.A., Wright, C.T., 
Walberg, M.W. and Clayton, D.A. (1981) Cell 26, 
167-180. 
Anderson, S., De Bruijn, M.H.L., Coulson, A.R., 
Eperon, J.C. and Sanger, F. (1982) J. Mol. Biol. 
156, 693-718. 

111 



Volume 213, number 1 FEBS LETTERS March 1987 

[ 11 J Anderson, S., Bankier, A.T., BarreIl, B.G., De 
Bruijn, M.H.L., Coulson, A.R., Drouin, J., 
Eperon, I.C., Nierhch, D.P., Roe, B.A., Sanger, 
F., Schreier, P.H., Smith, A.J.H., Staden, R. and 
Young, I.G. (1981) Nature 290, 457-465. 

[12] Waring, R.B., Davies, R.W., Lee, S., Grisi, E., 
McPhail Berks, M. and Scazzocchio, C. (1981) Ceil 
27, 4-11. 

[13] Gabeliini, N. and Sebald, W. (1986) Eur. J. Bio- 
them. 154, 569-579. 

[14] Von Jagow, G., Schagger, H., Engel, W.D., 
Machleidt, W. and Machleidt, f. (1978) FEBS Lett. 
91, 121-125. 

[15] Ludwig, B. and Schatz, B. (1980) Proc. Natl. Acad. 
Sci. USA 77, 196-200. 

[16] Yang, X. and Trumpower, B.L. (1986) J. Biol. 
Chem. 261, 12282-12289. 

1171 Yu, CA. and Yu, L. (1982) Biochem. Biophys. 
Res. Commun. 108, 1285-1292. 

1181 Ljungdahl, P.O., Pennoyer, J.D. and Trumpower, 
B.L. (1986) Methods Enzymol. 126, 181-191. 

1191 Bordier, C. (1981) J. Biol. Chem. 256, 1604-1607. 
[20] MarkweB, M.K., Haas, S.M., Bieber, L.L. and 

Tolbert, N.E. (1978) Anal. Biochem. 87, 206-210. 
[21] Laemmli, U.K. (1970) Nature 227, 680-685. 
1221 Berry, E.A. and Trumpower, B.L. (1985) J. Biol. 

Chem. 260, 2458-2467. 
1231 Goldfarb, J. and Sepulveda, L. (1969) J. Colioid 

Interface Sci. 31, 454-459. 
f24] Maday, W.N. (1956) J. CoIloid Sci. 11, 272-285. 

112 


