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ABSTRACT. An overexpression system for spinach apocytochrdmas a fusion protein to a maltose-
binding protein inEscherichia coliwas established using the expression vector pMalp2. The fusion of
the cytochromdds to the periplasmic maltose-binding protein directs the cytochrome on the Sec-dependent
pathway. The cytochromia; has a native structure in the bacterial cytoplasmic membrane with both NH

and COOH termini on the same, periplasmic side of the membrane but has the opposite orientation compared
to that in thylakoid. Our data also show that in aecoli cytoplasmic membrane, apocytochrolgeand
exogenic hemes added into a culture media spontaneously form a complex with similar spectroscopic
properties to native cytochronii. Reconstituted membrane-bound cytochrdmeontain twob hemes

(a band, 563 nm; averagg,; = —61 + 0.84 and—171+ 1.27 mV).

Chloroplast contains at least four distinct pathways for thylakoid membrane has been suggeste). (To determine
targeting proteins to the thylakoid membradgZ). The Sec- whether cytochromdo; may be inserted into a bacterial
dependent, SRP-dependent, pH-dependent, and spontaneousembrane, cytochromés was fused to a periplasmic
pathways all have direct cognates in bacteBa4). The maltose-binding protein (MBPxarrying a signal sequence
observed similarities of these mechanisms are consistent withexpressed irkE. coli. This directs the cytochromia; on the
the evolution of the chloroplast from a prokaryotic ancestor. Sec-dependent pathway.

Several thylakoid signal peptides can target a protein for  The cytochrome expressed in bacteria, which is incorpo-
secretion across the plasma membrane of bactérié)(  rated into the cytoplasmic membrane, has to adopt the native
Usually after overexpression in thigscherichia colimem-  strycture but has an opposite orientation compared to that
brane, proteins accumulate in bacteria as inclusion bodiesjp thylakoids. The integration of the thylakoid membrane
(7, 8); however, the integration of some thylakoid membrane protein in the cytoplasmic membrane Bf coli offers new
proteins (LHCP and cytochronfginto theE. colicytoplas-  possibilities for future studies of the structural properties and
mic membrane has also been demonstraged @ 11). the mechanism of incorporation into biological membranes.
Little is known about the targeting of chloroplast-encoded Part of this work was presented at the 11th International
proteins; however, it is likely that they share many of the Congress on Photosynthesis3).
same translocation components as nuclear-encoded proteins.
Because membrane proteins contain domains that must beMATERIALS AND METHODS
translocated across the bilayer, it is no surprise that the ) . i
enzymatic machinery responsible for translocating proteins ~ Construction of the Expression Plasmid pMalp2Bte
across the membrane also plays a role during the assembhyecomblnant plasmid pMalc2b6 containing a gene for spinach
of integral membrane proteins. An important notion is that @Pocytochromebs (8) was cleaved byNdd and Bglll
the insertion machinery may not only insert the membrane (Promega). Restriction products (4458 kb) were purified from
protein but also determine its topology. Only when the gel electrop_hore5|s and cloned irBglll and Ndd.snes of
insertion machinery is able to understand the “language” usedthe expression vector pMalp2 (New England Biolabs) by a
by the polypeptide chain will the polypeptide have a native s_tandard T4 DNA ligase proce.dure, resultlng in the expres-
structure in the membrane. sion of the target gene as a fusion protein to MBP containing
Chloroplast-encoded cytochromias, like many other a S|_gnal sequence for the transport of the_fu5|on protein to
integral proteins, operates with an uncleaved signal for periplasm. The recombinant plasmid, designed pMalp2b6,

insertion into the thylakoid membrane. A Sec-dependent

pathway for the integration of cytochromas into the ! Abbreviations: BCA, bicinchoninic acidy, high-potential haem;
by, low-potential haem; BSA, bovine serum albumin; EDTA, ethyl-
enediaminetetraacetic acifl;, midpoint potential; IPTG, isopropyl thio-
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was checked by restriction analysis and verified by DNA for 25 min. The sample was then centrifuged at 56y
sequencing. 10 min at 4°C, and the supernatant was removed. The pellets
Construction of the Expression Plasmid pET16b6e were resuspended in buffer | and washed twice. The fresh
gene-encoding apocytochrormgewas isolated by restriction  spheroplasts were agglutinated using antibodies against MBP
with Ndd and BanHI enzymes from the plasmid pBlue- and cytochromeds.
script-11-SKpetb carrying gengsbAandpetB(unpublished Agglutination of SpheroplastsThe spheroplasts were
data). The restriction product was inserted into the vector incubated with an antibody against the MBP or against the
pPET16b (Novagen) cleaved with the same enzymes by aCOOH-terminal decapeptide (lle206 to Leu215) of cyto-
standard T4 ligase procedure. Both fragments were separatedhrome bs. The agglutination was analyzed by optical
by electrophoresis on a 1% agarose gel. This constructmicroscopy. The agglutination of bacterial spheroplasts was
(PET16b6) was sequenced to confirm any unwanted mutationobserved immediately after the addition of the antibody.

and was used to express apocytochrdmigieised to the His-
tag domain at the N terminus.

Construction of the Expression Plasmid pET253P&smid
pPET16b6 was digested with restriction endonucledéed
and BanHIl. A corresponding digestion was applied to

Isolation of Cytochromedfrom Synechocystis PCC 6803
Cytochromebs was prepared from the cyanobacterial mem-
brane according to the method of Boronowsky et &) (

Spectra Measurement¥isible absorption spectra were
recorded at RT in 1 cm optical-path length cuvettes (1 mL)

plasmid pET25b (Novagen). Both fragments were run on using a Cary 1 spectrophotometer with a spectral bandwidth
1% agarose gel and isolated using a gel-extraction kit of 1 nm and a scan speed of 600 nm/min. Spectra were
(Macherey-Nagel). The fragments were then ligated by usually recorded in 50 mM Tris-HCI at pH 8.0, 50 mM NaCl,
standard T4 ligase procedure to obtain plasmid pET25b6,0.3% SDS, and 10% glycerol. The samples were oxidized
resulting in the expression of the target gene as a fusionby ferricyanide and reduced by the addition of a concentrated
protein to the pelB signal sequence. After the transformation dithionite solution.

of the DH5x. cells, a plasmid preparation with a subsequent  Low-Temperature Spectra Measuremerfpectra over
Ncd andBanH]I digest showed the correct fragment lengths  liquid nitrogen at fixed redox potentials were measured using

(not shown).
Expression of Recombinant ApocytochrorgéntE. coli.
TB1 cells transformed with pMalp2b6 or BL21(DE3)

a M40 spectrophotometer (Carl Zeiss Jena) equipped with
low-temperature accessory using 2 mm cuvettes calibrated
in each case ta0.2 nm with the 656.1 nm emission line

transformed with pET16b6 or pET25b6 were grown aerobi- from an internal R lamp. Samples of cytochronig fused

cally at 37°C in 1 L of Luria—Bertani medium containing
100 ug/mL ampicillin and inoculated with 10 mL of
overnight cultures. The production of fusion protein (MBP
apocytochromeys, His—apocytochromebg, or pelB—apo-
cytochromebg) was induced by the addition of 0.5 mM IPTG
at an ORso of 0.6. After shaking for 4 h, cells were harvested
by centrifugation (500@for 15 min), resuspended in 30 mL
of TEN buffer (20 mM Tris-HCl at pH 7.8, 10 mM EDTA,
1 mM PMSF, and 100 mM NaCl), and then frozen overnight.
Membrane Preparation from E. coli Cell&fter the frozen
E. coli cells were thawed, the solution was sonicatedk(6
15 s, 65 W, microtip sonifier cell disrupter, Barnsted) and
the lysate was centrifuged at 27@)0dor 20 min at 4°C.
The supernatant was centrifuged again at 2¢0@% 20 min

protein were quickly frozen in liquid nitrogen before low-
temperature difference spectra were recorded.
Electrochemical Redox TitrationMembranes were pre-
pared fromE. colias described abové,(3) to allow titration
of the o band of the reconstituted cytochronig. The
membrane pellet was resuspended in 1 volume of deoxy-
genated by nitrogen 50 mM MOPS buffer at pH 7.0
containing 50 mM KCI and the following redox mediators
at the concentration of 10@M each: p-benzoquinone
(+280 mV), 2,5-(methyl)-2-benzoquinonet+{80 mV),
1,2-naphthoquinoneX145 mV), phenazine methyl sulfate
(+80 mV), 1,4-naphthoquinone+60 mV), menadione
(0 mV), 2,5-(0OH)-2-benzoquinone-60 mV), antraquinone
(=100 mV), 2-(OH)-1,4-naphthoquinone—{45 mV),

to pellet inclusion bodies, and the resulting supernatant wasantraquinone 1,5-disulfonate-170 mV), antraquinone 2-sul-

centrifuged for a furthe2 h at7000@ at 4°C. A suspension

fonate (225 mV), and benzyl viologen—359 mV). The

of the membranous sediment in TEN buffer was centrifuged midpoint potential of mediators is given for pH 7.0. All redox

again at 7000g, for 90 min at 4°C. The inclusion bodies
and membrane fractions were examined by SPBGE (14)
and Western blot.

Preparation of Spheroplasts. E. cotiarrying plasmid
pMalp2b6 were grown in a standard LB medium containing
100 ug/mL of ampicillin. Induction was initiated at Qjgy
0.6 by the addition of the 0.5 mM IPTG. Aftd h of shaking
at 37 °C, cells were carefully harvested by centrifugation
(300Qg for 10 min at 4°C) and spheroplasts were prepared.
The cell pellets were resuspended in buffer | (10 mM Tris-
HCI, 10 mM EDTA, 5 mM MgSQ, 0.7 M sucrose, and
1 mM PMSF at pH 7.5) and centrifuged again at 5dor

potentiometric measurements were made with a micro ORP
combination electrode, with an Ag/AgCl electrode as a
reference, (Microelectrodes, Inc.) at Z5. The potential was
adjusted by the additions of small quantities of a concentrated
solution of potassium ferricyanide (oxidative titrations) and
sodium hydrosulfite (reductive titrations). Titrations in steps
~10 mV were performed in the oxidative and the reductive
directions in the potential range from200 to —350 mV.

The equilibration time was between 3 and 5 min after each
change in ambient redox potential before spectra were
scanned. Spectra were recorded between 500 and 600 nm
with a M40 spectrophotometer (Carl Zeiss Jena) with

10 min at 4°C. The bacterial pellets were resuspended again modification. At the end of titration, the pH was checked to

in 10 mL of ice-cold 5 mM MgSQ® and incubated for

ensure that no drift had occurred. Spectral changes recorded

10 min in ice. The resuspended cells were again pelletedfrom —300 to+100 mV were analyzed by taking the peak
under the same conditions, resuspended in buffer | containingwavelengths at 563 nm and fitting the absorbance values to
0.2 mg/mL lysozyme, and incubated at room temperature Nernst curves 16). Component spectra were obtained by
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redox cut analysisl). The spectrum of cytochroni® was a) b)

obtained by subtracting from the average of five spectra taken g, . = ol S R
at—62+ 8 mV and an average of three spectra recorded at 77 kpa MBF-apocst. b SRS, o

0 + 5 mV, and the spectrum of cytochrorbewas obtained 50 kDa w===- § -‘

by subtracting from the average of four spectra taken at 3*

—2504+ 10 mV and an average of four spectra recorded at 2% ==

—125+ 5 mV. The midpoint potential of the hemes and 20kba ==

their corresponding spectra were calculated either by Origin ¢) 1 2

7.0 (OriginLab Corporation) in a global fit procedure -

(.Bpltzman equation, general least-squares algorithm) or by —— '1

fitting the absorbance values at a peak wavelength of

563 nm to two species to Nernst curves each withk 1.
Measurements of the Protein Concentratidine MBP

c?gg%ntratlo_r:hwas det_?rrtnlned dlf:c_egtlytfr(;r_n égeégsl\(x?anceﬂeu% 1: (a) SDS-PAGE of the purification of the expressed

a Y nm with an excl a,'on coefricient e e . MBP—apocytochroméy, fusion protein. Lane S, standard; lane 1,

cm *(17). The concentration of fused protein was determined total protein ofE. coli cells carrying the plasmid pMalp2b6 before

by using the BCA reagent (Sigma) according to the instruc- induction; lane 2, total protein after induction with IPTG; lane 3,

tions of the manufacturer with BSA as a standard. isolated inclusion bodies (P1); and lane 4, membranes (P2).

. . (b) Western blot analysis of the expressed MBP apocytochtgme
Proteolysis.Spheroplasts (S@L, 5 mg of protein/mL)  f,gion protein. Lane 1, total protein @&. coli cells carrying the

were incubated at room temperature (about°2j with plasmid pMalp2b6 before induction; lane 2, total protein after
chymotrypsin-free trypsin or factor Xa for 30 min. The induction with IPTG; lane 3, inclusion bodies (P1); and lane 4,

trypsin and factor Xa reaction were terminated by the membranes (P2). (c) SD$AGE of the membrane fraction of the
addition of 5 mM PMSF. The spheroplasts were pelleted, €XPressed MBPapocytochromeds fusion protein (lane 1) and

. . : apocytochromeb overexpressed irE. coli cells carrying the
washed twice with buffer I, resuspended in the same buffer, yjasmid pET2506. The sample of bacteria was taken at the same

and used for agglutination. OD, and each lane contains an identical amount of bacterial
Cleavage with Factor XaCleavage was carried out at a membrane.
w/w ratio of 0.5% of the amount of fusion protein in

10 mM Tris-HCI at pH 8.0, 10 mM NaCl, and 0.05% SDS 7000@ to pellet the cytoplasmic membranes shown in Figure
buffer. 1A (P2). MBP-apocytochromebs was detected only in

SDS-PAGE and Western BloProteins were separated Pelleting material.
on a 15% acrylamide gel contaimji8 M urea. The Western In plasmid pET25b6, the apocytochrorewas fused to

blot was carried out as describetB). For heme staining, "€ PeIB signal sequence. The fusion of the cytochrome

samples were dissolved immediately before electrophoresisi© the PeIB signal sequence directs the apocytochrbgne

in 3% SDS, 50 mM Tris-HCI, and a 10% glycerol at 32 on the SEC-dependent pathway, similar to the MBP fusion

for 15 min. The staining of heme proteins was performed " PMalp2b6. GengetBin the plasmid pET16b6 was cloned
according to refL9. without any additional signal sequence. Both “pET” plasmids

were expressed iB. coli strain BL21(DE3). The expression
RESULTS AND DISCUSSION product apocytochrombs fused to the C terminus of the
pelB signal sequence was incorporated into the membrane,

Expression of Apocytochrome n E. coli. To direct but in comparison to MBPapocytochromésg, the level of
cytochromebs to the bacterial inner membrane, the plasmids the expressed apocytochromgletermined by densitometric
pMalp2b6 and pET25b6 were constructed. In plasmid analysis was 10 times lower (Figure 1C). Plasmid pET16b6
pMalp2b6, the coding region for the mature cytochrdmme  was induced by IPTG in 37 and 2. After overexpression
was fused to the gene encoding bacterial protein, MBP with in 37 °C, we found apocytochrombs protein only in a
the signal peptide. We determined whether the spMBP  fraction of the inclusion bodies, but in 2&, we also found
apocytochromés fusion protein could become an integral a weak signal in the inner membranefcoli. Moreover,
membrane protein. Proteins that were fractionated from expressed apocytochronig in the membrane was com-
E. coli cells strain TB1 bearing the plasmid pMalp2b6 pletely degraded during ¢h2 h ofexpression. This experi-
induced with IPTG are shown in Figure 1A. A polyclonal ment suggests that apocytochrorbg overexpressed in
antibody against the COOH-terminal decapeptide of cyto- plasmid pET16b6 has the wrong structure, which is not
chromebs detects a protein in whole-cell lysates that is resistant to proteolysis degradation and rather associated with
~47 kDa larger than mature cytochrorbg indicating that ~ the membrane than inserted into it (data not shown).
the fusion protein is correctly expressed (lane 2). Determination of MBP-Apocytochrome fTopology in

Cells expressing spMBPapocytochromeys were soni- the Bacterial Inner Membrane. E. cotiells bearing the
cated and centrifuged at 27@§)roducing a pellet contain-  plasmid pMalp2b6 after induction were converted to sphero-
ing unlysed cells, cell walls, and inclusion bodies (P1, Figure plast and either incubated with an antibody against the MBP
1A) and a supernatant of membranes and cytopld®n (  or an antibody against the COOH-terminal decapeptide
This latter supernatant was centrifuged again at 2g@60  (lle206—-Leu215) of cytochromés. In both cases, a strong
clear residual cell debris and inclusion bodies. A total of agglutination of the spheroplasts was observed, demonstrat-
30% of the spMBP-apocytochromés pellets was detected  ing the periplasmic location of the MBP and COOH terminus
at 2700@, but 70% is also detected in a 27@Xupernatant  of cytochromebes. Uninduced cells were used as a control
(not shown). This supernatant was centrifuged twice at (Table 1).

S b apocyt bs
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Table 1: Agglutination of Spheroplast Isolated from Induced and Unind&cembli TB1 Cells Carrying the Indicated Plasnids

plasmid anti-MBP anti-apocytochronhe without antibody
pMalp2b6 uninduced - — = - —
pMalp2b6 induced +++ +++ - =
pMalp2b6 induced and incubated with factor Xa - == ++ + - — =
pMalp2b6 induced and incubated with trypsin -— = - —— -
pMalc2b6 induced - —— - —
a(— — —) Lack of agglutination, +) weak agglutination, and{ + +) strong agglutination

The MBP-apocytochromdoss contains one cleavage site
for factor Xa protease, located between the COOH terminus
of MBP and NH terimnus of cytochroméos. Externally
added factor Xa to spheroplast isolated from induced cells
cut off MBP from the fusion protein as shown by the lack
of agglutination of spheroplast with the antibody against
MBP and the presence of agglutination with the antibody
against the COOH terminus of cytochroimg(Table 1). The
liberation of MBP was confirmed by Western blot analysis
of the supernatant after pelleting spheroplasts (not shown).
The data in this experiment indicate that the NErminus
of the apocytochromés is on the periplasmic side of the
membrane. The treatment of the spheroplast with trypsin
resulted in a lack of agglutination with both antibodies (Table
1). The sensitivity of the COOH terminus of cytochroime
in the thylakoid membrane was shown earbB)( These
results imply that both the NHand COOH termini of
apocytochromés are on the periplasmic side of the bacterial
membrane.

Heme IncorporationThe measurement of the dithionite-

reduced spectra of the isolated cytoplasmic membranes from

inducedE. coli cells bearing the plasmid pMalp2b6, pET25b6,
or pET16b6 did not show the presence of any cytochrome
bs heme (not shown), implying that the cytochrolgemoiety

of the fusion protein was in the apocytochrome form. During
the protein expression from pMalp2b6, heme was present
in the culture medium; the dithionite-reduced spectra of

isolated cytoplasmic membranes demonstrate the presence

of b-type heme (Figure 2A). The spectra of the oxidized form
have the characteristic Soret band) at 413 and a broad
o, f band at 535 nm (Figure 2A). The reduction of the
ferrous form yields the characteristic red shift of fhband

to 421 nm and prominent and o. bands in the 535 and
563 regions, respectively (Figure 2A). The width of the
band at the half-height is 11 nm.

The spectra profiles oft and 5 bands in MBP-cyto-
chromebg in bacterial membrane are similar to those of
isolated cytochromés (15, 21). Literature on the position
of the Soret band of cytochromles are inconsistent at
434 nm @1) and 425 nm 15). In our case, this band is
additionally overlapped by the absorption band of free hemes
in the bacterial membrane, which are not removable by
dialysis (Figure 2A). For this reason, the Soret band was

A 0,20

0,18 |
0,16 |
0,14
0,12
0,10
0,08
0,06
0,04
0,02
0,00

Absorbance

L 1 L 1
450 500 550 600
A [nm]

1 1
350 400

=

429 nm

Absorbance

1 L 1 1
450 500 550 600

A [nm]
FIGURe 2: (A) Absorption spectra of oxidized+() and reduced
(—) hemes inserted into MBPapocytochromeos fusion protein
expressed inE. coli carrying pMalp2b6 plasmid obtained as
described under the Materials and Methods. Spectrums of free
protoporphyrin 1X ¢:+) in R1 buffer and free hemes incorporated
into membranes (- - -) are shown for comparison. Ferricyanide and
dithionite were used respectively as oxidants and reductants. The
inset in A shows absorption spectra of reduced MBRtochrome
bs measured in the range from 500 to 600 nm. Gaussian distribution
of a andf band was shown as a thin line. (B) Absorption spectra
of reduced {) and oxidized hemes (- - -) inserted into cytochrome
b after cutting off by factor Xa and isolating from the fusion protein
obtained as described under the Materials and Methods. Ferricyanide
and dithionite were used respectively as oxidants and reductants.

1 1
350 400

cytochromebs fused to the pelB signal sequence gave

broadened and shifted to a shorter wavelength. The recon-maximum absorbance of that Soret band near 430 nm

stituted MBP-cytochromebg in the membrane was cleaved
by factor Xa, and MBP was removed from the cleavage
reaction by washing the membranes twice with buffer
containing 10 mM Tris-HCI at pH 8.0, 10 mM NacCl, and
0.05% SDS ). After cutting off and isolating, the absorption

y peak (Soret band) is shifted to 416.5 and 429 nm, which
are more similar to those of isolated cytochrobg€Figure

2B) (15, 21). In the experiment with plasmids pET25b6 and
pPET16b6 after expression in the presence of hemin only,

(reduced by dithionite), suggesting proper insertion of
cytochromebs into the bacterial membrane and also the
presence of reconstituted hemes. Because of the low expres-
sion of protein, the reconstitution level of cytochrobgevas
also low, which is why we chosi. coli harboring plasmid
pMalp2b6 for our next experiments.

Low-Temperature Spectralhe cytochromebs, either
within the cytochromeds f complex or in its isolated form,
can be separated into two distinct forms, as derived from
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the higher resolution low-temperature difference spectra 0,03 1 M
(21, 22). The membrane-incorporated cytochrobgdas an

asymmetricala. band at 561 nm in the low-temperature o0z - o - s;.. s
difference spectrum (Figure 3). Gaussian deconvolution of Afnm]
this o band ShOWS, two speptral species W't,h peaks at 55_7'3FIGURE 4: Redox titration of cytochromies. Oxidation—reduction
and 561.6 nm, which are similar to the maxima of the native potential measurements were performed as described under the
cytochromebg. Materials and Methods. (A) Circles represent titration Qyfn-
. T ey . echocysti$?CC 6803 cytochromigs, and squares represent titration

E_Iectroghem|cal Redox Titration&quilibrium redpx u of E. coli membranes with reconstituted cytochrotmefused to
tration of isolated cytochrombs from Synechocysti§803  ygp. The continius line corresponds to the best fit to the Nernst
and theE. coli cytoplasmic membrane containing reconsti- equation § = 1), with E,; = —171 and—61 mV (. coli
tuted MBP-cytochromebs are shown in Figure 4A. Visible  reconstituted cytochrombg), Eny = —168 and—73 mV (Syn-

y 3 g , !

spectra were recorded over the redox potential range frome&chocystiscytochromebg). The dotted line corresponds to the

_ . Boltzmann equation. (B) Absorbance spectra of cytochrbraed
350 to 200 mV. They were analyzed by fitting the b, in the o band region were obtained by redox cut analysis, see
absorbance values at a peak wavelength of 563 nm to Nernsthe Materials and Methods. The ratio of cytochrorbg to

curves withn = 1. The data could be fitted to curves cytochromeb is close to 1.
corresponding to two species with &hy; of —73 + 1.05

Absorhance AA
e
-
-
1

and—168-+ 0.75 mV forSynechocystisytochromebs. Also, - 2" 2

the data for MBP-cytochromebes can be fitted in a fashion MBP-cytbs —=»

similar to a two-component curve with &, of —61 + =

0.84 and—171+ 1.27 mV. S
These values are similar to the published d&3, 24). '

The small changes in redox potential between 8- ‘

echocystiscytochromebs and reconstituted MBPcyto-
chromebs can be explained in terms of changes in the
environment or from the difference in the amino acid Ficure 5: Heme staining of reconstituted cytochrotmgin the
sequence. The isolated Cytochro[b@in contrast to the E. coli membrane. TMBZ staining was after urea SEFSAGE.
reconstituted cytochromie has bound chlorophyll, carotene, ~-@ne 1, control (cytochrome); lane 2, control (cytochrom®; lane

. . 3, cytoplasmic membranes containing MB&ytochromebg; lane
and detergents. The reconstituted MBfytochromebs is 4" cvioplasmic bacterial membranestafcoli strain TB1 without
surrounded by bacterial membrane lipids. The redox titration pmalp2b6 plasmid; lane 5, cytoplasmic membranes containing
experiments show evidence that two henbgsand b, are MBP—cytochromebs after heating at 100C.
incorporated into the reconstituted MBRytochromebg

(Figure 4A) and the ratio obn to by is close to 1 (Figure  denaturating conditions, which suggest that the heme is
4B). strongly associated with the polypeptide.

Heme StainBecause cytochromie; can be stained after Recently, the presence of an additional heme bound to
electrophoresis while the related cytochrorhecannot cytochromebgs has been shown. The hemehemec) is
(25, 26), the peroxidase activity of the overexpressed protein covalently bound by one thioether linkage and has no axial
was tested using isolated cytoplasmic membranes from theamino acid ligandZ7, 28). It explains the peroxidase activity
expression strain. Samples of the bacterial membrane wereof cytochromebs in SDS-PAGE, even after heating in the
dissolved in 2% SDS and analyzed for heme content after presence of 2% SDS at 10C, which is not observed with
SDS-PAGE (Figure 5). The membrane from uninduced cytochromebg. It is also consistent with the involvement
E. coli cells and cytochrome was used as a control. The of four nuclear genes in heme binding @hlamydomonas
MPB—cytochromebs was heavily stained with TMBZ under  reinhardtii cytochromebs (25). We do not have the heme
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in our cytochromebs inserted in theE. coli cytoplasmic
membrane. The peroxidase activity of cytochrolgeex-
pressed inE. coli in SDS-PAGE after heating is not
observed (Figure 5). The hemds located at the interface
of the cytochromdos and the subunit 1V, and it is suggested
that the CCB nuclear factors define the biogenesis pathway
required for the binding of hemeto cytochromebg (25).
The subunit IV and these factors are not preseri.icoli;
this is probably the reason we do not have the henme
cytochromebs expressed iik. coli, as in the case oh vitro
reconstituted spinach cytochrorbe (8).

Biochemistry, Vol. 44, No. 20, 2005575

chromebs and exogenic hemes added into culture media
spontaneously form a complex. It is important that the heme
is added during the expression of the fusion protein. Heme
added after the expressions were not incorporated into
apocytochromés (not shown). It is interesting that apocyto-
chromebs has a native topology in the bacterial cytoplasmic
membrane and that heme is not needed for its incorporation
into the membrane. The native topology is suggested by the
presence of both NfHand COOH termini of apocytochrome

bs on the same periplasmic side of the membrane (Table 1)
(19).

The results presented in this paper show that the topogenic The most important results are that spectral and redox

signals (signal anchor and stop transfer) in the amino acid
sequence of the nascent chain of the chloroplast protein
cytochromebg are recognized by thé. coli SecYEG
translocon, leading to the integration of this protein into the
bacterial inner membrane. The fusion of the cytochrdimne

to the periplasmic MBP directs the cytochrome on the Sec-
dependent pathway. The cytochrolgéras a native structure

in the bacterial cytoplasmic membrane with both Ndthd
COOH termini on the same, periplasmic (positive) side of

properties of cytochromigs mimic those of the native protein.
This very strongly suggest that the structural features
responsible for the significant redox differences of two hemes
reside in cytochromdys itself rather than arising from a
higher order conformation induced by the other subunits.
The experimental procedure presented in this work offers
new possibilities for future studies of cytochroigincor-
poration into biological membranes. Using this approach and
molecular biology methods should allow a more detailed look

the membrane but has an opposite orientation compared toat the characterization of the stop transfer and signal anchor

that in the thylakoid. The chloroplast Sec-dependent pathway
is responsible for the translocation of nuclear-encoded
proteins, such as the 33-kDa polypeptide of the oxygen-
evolving complex, plastocyanin, the F subunit of photosystem
I (1), and at least one chloroplast-encoded protein, cyto-
chromef (30, 31). The translocation or insertion of these
proteins across or into the thylakoid membrane is absolutely
dependent on the presence of N-terminal presequences, an
in this case, their N termini are always transported to the
other side (lumenal, negative) of the membrane.

The Sec-dependent pathway for the integration of cyto-
chromebg into the thylakoid membrane has been suggested
(12). However, the lack of the N-terminal presequences in
this cytochromebs and the opposite orientation in the
cytoplasmic membrane after expressiokircoliimply other
pathways for integration, and additional experiments are
needed for a final determination on which method is used
by cytochromebg for incorporation into the thylakoid
membrane.

Plastid-encoded membrane proteins are more likely to be
inserted by a cotranslational or post-translational SRP-
dependent pathway. The explanation for the integration of
cytochromebg into the bacterial membrane by the Sec-
dependent pathway come from the results showing that the

SRP- and Sec-dependent pathways both use the Sec YEG
translocase and that discrimination is done on the SRP/Sec

A (Sec B) level (ref4 and citation within ref82 and33). It

is worth stressing that the protein expressedEin coli
apocytochromés is not incorporated into the membrane.
These results imply that the cytochroimeapoprotein is not
recognized byE. coli either SRP or Sec A (Sec B) proteins
and also that more experiments are needed for a final
determination on which method is used by cytochrdme
for incorporation into the bacterial membrane.

At least four nuclear gene products designed CCB1, CCB2,
CCB3, and CCB4 have been shown to be specifically
involved in heme attachment to cytochroimg(25). These
observations indicated that heme binding to cytochréne
is catalyzedin vivo by the specific enzymatic machinery.
Our data shows thd&. coli cytoplasmic membrane apocyto-

sequences.
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