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Abstract 
A mutant of Escherichia coli, JCB606, shown to be pleiotropically deficient in the formation of endogenous membrane and periplasmic c-type 

cytochromes, synthesised the apo form of the exogenous cytochrome cssO from Paracoccus denitrificans, but not the holo form. In contrast, a 
cytoplasmically located holo form of Hydrogenobacter thermophilus cytochrome c552 was found in E. coli JCB606. These findings support the 
proposition that the formation of the cytoplasmic H. thermophilus cytochrome cssZ in E. coli does not involve the physiological pathway of c-type 
cytochrome biosynthesis in E. coli and that the haem insertion may be uncatalysed. 
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1. Introduction 

The haem groups of c-type cytochromes are covalently 
attached to polypeptide chains via two covalent bonds 
formed between thiol groups of the polypeptide and the 
vinyl groups of protohaem IX. In mitochondria this 
bond formation is catalysed by enzymes known as haem 
lyases [l-2]. In bacteria such enzymes are, by analogy, 
widely assumed to be present but to date none has been 
identified. On the other hand, several genes in different 
bacteria have been implicated in playing as yet undefined 
roles in c-type cytochrome biogenesis [3-61. Such genetic 
analysis, plus various biochemical observations [7], lead 
to the current hypothesis that haem attachment occurs 
in the bacterial periplasm, or at least as polypeptides 
destined for the periplasm pass across the cytoplasmic 
membrane. Most recently this has been supported by the 
finding that the holo form of l? denitriJicans cytochrome 
c550 is only found in either l? denitrljkans or E. coli when 
the polypeptide, expressed from a plasmid, is targeted to 
the periplasm by its signal sequence [S]. Removal of the 

latter sequence resulted in the appearance of an apo form 
of the protein in the cytoplasm of both organisms. This 
contrasts with the cytoplasmic appearance for both or- 
ganisms of a holo form of a cytochrome css2 from 
H. thermophilus [8], suggesting that the synthesis of this 
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protein may be atypical and possibly independent of the 
cellular mechanism for bacterial c-type cytochrome as- 
sembly. This proposition suggests that uncatalysed inser- 
tion of haem into the apo form of the H. thermophilus 
cytochrome cjs2 may be possible. The present paper sup- 
ports this view with the results of testing for the synthesis 
of this holo protein in the cytoplasm of a mutant of E. 
coli that is pleiotropically defective in c-type cytochrome 

synthesis. 

2. Materials and methods 

2.1. Bacterial strains, plasmids and growth conditions 
The E. coli K-12 strain JCB387 is the parent strain of JCB606, which 

has a kanamycin resistance (KanR) insertion mutation [9]. The plasmid 
pKPD1 carries the complete gene for P: denitrificans cytochrome csso 
with its signal sequence [8]. The plasmid pKHC12 carries H. thermophi- 
lus cytochrome cZs2 gene with signal sequence deleted [8]. Both E. coli 
strains were transformed with the plasmids by standard methods and 
cells were grown at 37°C anaerobically in minimal medium in the 
presence of glycerol, fumarate and nitrite supplemented with 50 @ml 
ampicillin and 25 &ml kanamycin when required [9]. 

2.2. Preparation of subcellular fractions 
Fractionation of periplasmic, membrane and cytoplasmic proteins 

was performed by the cold osmotic shock procedure described previ- 
ously [lo]. The cytoplasmically-located glutamate dehydrogenase en- 
zyme activity was determined according to the method of Windass et 
al. [ 111. The activity of a periplasmic enzyme, /?-lactamase, was assayed 
by an optimized direct spectrophotometric method described by Jans- 
son [12]. Briefly, hydrolysis of 100 ,&ml of ampicillin by the fraction- 
ated sample in 0.1 M potassium phosphate buffer (pH 7.5) was meas- 
ured by following the decrease in the absorbance at 240 nm. 
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2.Z Analysis of expressed c-type cytochromes 
The haem staining method was used to detect holo cytochromes c 

after SDS-PAGE (15% (Fig. 1), 12.5% (Fig. 2) acrylamide) as described 
previously [9,13]. For detection of cytochrome c550 polypeptide, im- 
munoblotting with anti-cytochrome c55 o antibody was used. Protein 
solutions were diluted twofold with 2 × SDS-PAGE sample buffer with 
fl-mercaptoethanol, boiled for 2 min and subjected to SDS-PAGE 
(12.5% acrylamide). The methods for electroblotting and detection by 
the antibody were the same as previously [8]. 

kDa 
1 2 3 

5 0 - -  

4 3 - -  

4 5 6 

3. Results 

3.1. An E. coli mutant pleiotropically defective in c-type 
cytochromes 

The mutan t  JCB606 has been described as defective in 
the periplasmic nitrite reductase, cy tochrome c552 [9,14]. 
The mutated  gene is located in the 94 minute region of  
the E. coli chromosome  close to, but  separate from, the 
nrf  operon which includes the structural gene for cyto- 
chrome c552 [14-15]. Plasmids which complement  the nr f  
deletion strain FM932 were unable to restore cyto- 
chrome synthesis to this mutan t  [9]. The muta t ion  car- 
ried by JCB606 was transferred by P1 t ransduct ion to the 
parent  JCB387. The t ransductant  was then grown under  
condit ions known to be optimal for  the synthesis o f  c- 
type cytochromes  by E. coli [16-17]. Synthesis, detected 
by staining for covalently bound  haem, o f  the 50 k D a  
cy tochrome c552 as well as traces o f  several low molecular  
weight proteins with masses in the range 16 to 24 kDa,  
with the latter being visible only at higher loading than 
in Fig. 1, (see Iobbi  et al. [16]) was induced by nitrite and 
repressed by nitrate (Fig. 1, lanes 1 and 2). Synthesis o f  
a 43 k D a  membrane  c-type cy tochrome [17] was strongly 
stimulated by the presence o f  tr imethylamine N-oxide 
( T M A O )  (Fig. 1, lane 3). N o  holo c-type cytochromes  
were detected in corresponding cultures o f  a strain carry- 
ing the JCB606 muta t ion  (Fig. 1, lanes 5 and 6). These 
results, which were also obtained for  JCB606 itself (cf. 
Fig. 2), confirm that  the insertion muta t ion  in JCB606 
pleiotropically affects a locus which is essential for the 
biogenesis o f  c-type cytochromes.  

Table 1 
Analysis, using enzyme markers, of subcellular fractionation of E. coli 
JCB387 and JCB606 expressing P. denitrificans cytochrome c550 

Enzyme Fraction Activity 

JCB387 JCB606 

fl-lactamase periplasm 100 100 
membrane 0 0 
cytoplasm 0 0 

Glutamate periplasm 9 12 
dehydrogenase 

membrane 0 0 
cytoplasm 91 88 

Enzyme activities are expressed as the percentage in each fraction of the 
totals. The amounts of activity for both enzymes in each fraction were 
very similar for equivalent amounts of material from the two strains. 

2 4 - -  
1 8 - -  

16 m 

Fig. 1. The mutation in E. coli JCB606 results in the pleiotropic loss 
of all c-type cytochromes. Equal amounts (120/zg dry weight) of total 
cell mass [9] synthesised anaerobically by the parental and mutant 
strains with glycerol, fumarate and the supplements noted below were 
separated by SDS-PAGE and the gel stained for covalently bound haem 
[9]. Lanes 1 3: parental strain, JCB387, supplemented with 20 mM 
nitrate (lane 1), 2.5 mM nitrite (lane 2), or 20 mM TMAO (lane 3) 
during anaerobic growth. Lanes 4-6: the JCB387 Kan R transductant 
carrying the mutation from JCB606 supplemented with 20 mM nitrate 
(lane 4), 2.5 mM nitrite (lane 5) or 20 mM TMAO (lane 6). 

3.2. Analysis o f  exogenous holo c-type cytochrome formation 
Fig. 2 shows haem stains following separat ion by 

S D S - P A G E  of  periplasmic, membrane  and cytoplasmic 
proteins f rom the t ransformed E. coli cells. As observed 
previously [8], the mature  holo fo rm o f  cy tochrome c550 
was detected in the periplasm of  JCB387 cells carrying 
pKPD1 which contains the complete P. denitrificans cy- 
tochrome Csso gene with its signal sequence (Fig. 2, lane 
1). The endogenous  E. coli cy tochrome c552, nitrite reduc- 
tase (50 kDa),  was also detected in the periplasm o f  this 
t ransformant .  H a e m  staining of  the membrane  fraction 
(Fig. 2, lane 2) was negligible whilst con tamina t ion  o f  the 
cytoplasm, though  slight (Table 1), was sufficient to give 
some haem stain originating f rom the cy tochrome c552 
nitrite reductase (Fig. 2, lane 3) whilst cross-contamina-  
t ion o f  cy tochrome Css0 was less significant. In contrast ,  
no  haem-stained band  corresponding to either the ex- 
ogenous cy tochrome c550 or  the endogenous  cy tochrome 
c55z was observed in any fraction f rom JCB606 cells car- 
rying p K P D 1  (Fig. 2, lanes 4-6). However,  a cytoplasmi-  
cally-located holo form o f  the exogenous H. thermophi- 
lus cy tochrome c552 was observed in the JCB606 strain 
carrying p K H C  12 which contains H. thermophilus cyto- 
chrome c552 gene with its signal sequence removed 
(Fig. 2, lane 9). The heterologously-expressed H. thermo- 
philus cy tochrome c552 was also detected in the mem-  
brane (Fig. 2, lane 8) as discussed previously [8]. 

3.3. Detection o f  the exogenous cytochrome C55o by 
immunoblotting 

Fig. 3 shows the results o f  immunoblo t t ing  with anti- 
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Fig. 2. Determination by haem staining of expression of holo forms of I? denitrz$cans cytochrome cssO and H. thermophilus cytochrome cSsz in E. 

coli JCB387 and 606. Lanes 1-3 show, respectively, periplasmic, membrane and cytoplasmic fractions from JCB387 expressing P denitrzjicans 

cytochrome cssO. Lanes 4-6 corresponding fractions from JCB606 cells expressing P denitrzycans cytochrome css,,. Lanes 7-9 corresponding fractions 

from JCB606 expressing the gene, minus the periplasmic targeting sequence, for H. thermophilus cytochrome cssz. Each fraction contained material 

from approximately 5 x IO* cells. The positions of the E. coli endoaenous cytochrome cSSz (ECc552), ? denitrijicans cytochrome css,, (PDc550) and 

H. thezkophilus cyfochrome czS2 (HTci52) are shown. 

body against cytochrome cssO following separation by 
SDS-PAGE of subcellular fractions from E. coli JCB387 
and JCB606 strains expressing the complete gene for P 
denitrzjicans cytochrome cssO. In the total cellular frac- 
tion from the JCB387, two immunoreactive bands were 
detected close together (Fig. 3, lane 1). As suggested 
previously [8], the lower-molecular weight band corre- 
sponds to the mature holo protein derived from periplas- 
mic fraction while the higher-molecular weight band is 
a putative, cytoplasmically-located, apo precursor pro- 
tein of cytochrome c550 (Fig. 3, compare lanes 2 and 4 
with lane 9 which contained the purified cytochrome 
c,,,). In contrast, for the JCB606 cells, the expressed 
cytochrome c550 polypeptide was mainly detected by im- 
munoblotting as an apo precursor form in the cytoplasm 
(Fig. 3, lane 8). It is clear that almost all the immunoreac- 
tive material in the total cell lysate was in the cytoplasm 
and that the molecular weight of this cytoplasmic mate- 
rial was greater than that of the authentic purified holo 
protein (compare lanes 8 and 9 in Fig. 3). The same 
higher molecular weight band weakly detected in the 
periplasm of the JCB606 is likely (probably) due to a 
minor leakage from the cytoplasmic fraction during the 
subcellular fractionation. The data for recovery of the 

marker enzymes shows that no uncontrolled lysis of cells 
occurred during the fractionation, but there was some 
cross-contamination between periplasm and cytoplasm 

(Table 1). The lower-molecular weight band, which cor- 
responds in mobility to the mature holo-cytochrome cssO, 
was also weakly detected in the periplasm of JCB606 
together with the higher-molecular weight band (Fig. 3, 
lane 6). 

4. Discussion 

The mutation in JCB606 is the first to be described for 
E. coZi that affects a locus which is essential for biogene- 

sis of not only endogenous c-type cytochromes (Fig. 1) 
but also the exogenous R denitriJicans cytochrome c550 
(Fig. 2). The latter is made as an apo form in JCB606 in 
contrast to the parent strain JCB387 which makes the 
holo form [8]. This establishes that the heterologous for- 
mation of the holo cytochrome c550 depends on the cellu- 
lar apparatus for the E. coli c-type cytochrome biogene- 
sis, at least one component of which is absent in the 
JCB606. 

Gene sequences very recently identified at the aeg-46.5 

locus in E. coli (46.5 minute region of the E. coli chromo- 
some) [18] appear to code for proteins similar to the 
putative haem transporter and thioredoxin-like proteins 
found in Bradyrhizobium japonicum [4] and Rhodobacter 

cupsulatus [3,5], which are implicated in bacterial c-type 
cytochrome biogenesis. Furthermore, homologues of the 
ccl1 and ccl2 genes previously identified in the latter two 
organisms have been discovered at the end of the nrf 

operon at 92 minute region of E. coli chromosome [15, 
191. The locus of mutation in JCB606 is independent of 
both aeg-46.5 and nrf operons, suggesting that the mu- 
tated gene might code for a novel part of the apparatus 
for c-type cytochrome biogenesis. 

A lower-molecular-weight band, attributed to a small 
amount of translocated P. denitriJicans cytochrome c550 
from which the targeting sequence has been removed, 
was weakly detected in the periplasm of JCB606 by im- 
munoblotting (Fig. 3, lane 6). This protein did not stain 
for haem (Fig. 2, lane 4). There are three ways to explain 
this observation. One possibility is that the cytochrome 
Cam,, protein is functionally translocated into the peri- 
plasm as in the normal E. coli cells. Since the haem is not 
attached to the apo protein in the periplasm of JCB606 
cells, this processed apo protein could be degraded rap- 
idly, with the consequence that it is only weakly detecta- 
ble by immunoblotting. Secondly, it can be envisaged 
that the mutation in the JCB606 specifically affects the 
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Fig. 3. Detection by immunoblotting of the expression of the P denitri- 
ficans cytochrome C55o gene in E. coli strains JCB387 and 606. Lanes 
14: show, respectively, total cell, periplasmic, membrane and cytoplas- 
mic fractions from JCB387 expressing P denitrificans cytochrome c550. 
Lanes 5-8: corresponding fractions from JCB606 expressing P denitri- 
ficans cytochrome c550. Each fraction contained material from approx- 
imately 1 × 108 cells. Lane 9 shows purified cytochrome e550 isolated 
from P denitrificans. The positions of the putative precursor (P) and 
the mature (M) cytochrome C55o are shown. 

t r ans loca t ion  o f  c- type cy tochromes  across  the cy toplas -  
mic membrane .  Thus  the cy toch rome  c550 might  be 
t r ans loca ted  to a m i n o r  extent  via an undef ined and  
much  less efficient a l ternat ive  pa thway .  In this case, the 
haem wou ld  be pos tu la t ed  to a t t ach  to the apo  cyto-  
ch rome c, bu t  the a m o u n t  o f  t r ans loca ted  cy toch rome  c 
pro te in  wou ld  be so small  tha t  it wou ld  escape de tec t ion  
by  the haem staining method .  I t  is unl ikely  tha t  the mu-  
ta t ion  in JCB606 relates to general  p ro te in  t rans loca t ion ,  
because  the per ip lasmic  f l - lac tamase  act ivi ty  is no t  af- 
fected in JCB606 (Table 1). Final ly ,  one can cons ider  a 
c o m b i n a t i o n  o f  the factors  men t ioned  above  in the sense 
tha t  deficiency in haem a t t a chmen t  might  cause the im- 
p rope r  t r ans loca t ion  o f  the cy toch rome  c po lypep t ide  

across  the membrane .  
The  ques t ion  as to why the apo  fo rm of  cy toch rome  

c550, car ry ing  the target ing  sequence, accumula tes  in the 
cy top l a sm o f  JCB606 (Fig.  3, lane 8), remains  to be 
answered.  I f  the gene product (s )  absent  in JCB606 nor-  
mal ly  assists in the handl ing  o f  the apo  p ro te in  on only 
one side o f  the membrane ,  the exact  side depend ing  u p o n  
the loca t ion  o f  this gene p roduc t ,  then one might  suggest  
tha t  in JCB606 the p recursor  fo rm might  b lock  the ma-  
chinery for  t r ans loca t ion  across  the cy top lasmic  mem-  
brane.  However ,  this p ropos i t i on  would  have to be rec- 
onci led with the seemingly n o r m a l  levels o f  per ip lasmic  

f l - l ac tamase  in JCB606. 
The  obse rva t ion  tha t  the holo  fo rm of  the signal se- 

quence dele ted  H. thermophilus cy tochrome  cs52 still ac- 
cumula tes  in the cy top la sm o f  the m u t a n t  JCB606 (Fig.  
2) clear ly means  tha t  the fo rma t ion  o f  this p ro te in  occurs  
independen t ly  o f  a cel lular  c o m p o n e n t  needed in E. coli 
for  f o rma t ion  o f  per ip lasmic  or  m e m b r a n e - b o u n d  c- type 
cy tochromes .  Whi l s t  this m a y  mean  tha t  there  is a sepa-  
rate  mach ine ry  for  synthesis ing cy top lasmic  c- type cyto-  
chromes  in E. coli, it can equal ly  be t aken  as evidence in 
favour  o f  the suggest ion [8] tha t  haem can covalen t ly  
insert  in to  the a p o - f o r m  of  H. thermophilus cy toch rome  
c552 wi thou t  enzymic  assistance.  

Bacter ia l  ho lo -cy toch rome  c 2 fo rma t ion  has  recent ly  
been observed  when the c y t o c h r o m e  c2 gene dele ted  for  
the signal sequence was expressed in its na tu ra l  host ,  
Rhodobacter sphaeroides [20]. In  con t ras t  to the cytoplas-  
mic accumula t ion  o f  H. thermophilus cy toch rome  c5s2 in 
E. coli, the signal sequence dele ted  R. sphaeroides cyto-  
ch rome  c2 gene p roduc t  was found  in the pe r ip lasm as 
a holo  prote in .  The loca t ion  o f  the haem a t t achmen t  is 
o f  interest  in the la t ter  case. A p a r t  f rom the m a j o r  con- 
t ras t  be tween these observa t ions  with regard  to the loca- 
t ions o f  the accumula ted  holo  proteins ,  the two sets o f  
observa t ions  con ta in  the c o m m o n  feature  tha t  the signal  
sequence is no t  necessary for the covalent  haem a t tach-  
ment  to the a po -c y toc h rome s  c. 
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