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Summary

During cytochrome ¢ maturation (Ccm), the DsbA-dependent thio-oxidative protein-folding
pathway is thought to introduce a disulfide bond into the heme-binding motif of apocytochromes
c. This disulfide bond is believed to be reduced through a thio-reductive pathway involving the
Ccm components CcdA (DsbD), CemG and CemH. Here, we show in Rhodobacter capsulatus
that in the absence of DsbA cytochrome c levels were decreased and CcdA or CcmG or the
putative glutathione transporter CydDC were not needed for Ccm. This decrease was not due to
overproduction of the periplasmic protease DegP as a secondary effect of DsbA absence. In
contrast, CcmH was absolutely necessary regardless of DsbA, indicating that compensatory thio-
redox interactions excluded it. Remarkably, the double (DsbA-CcmG) and triple (DsbA-CcmG-
CcdA) mutants produced cytochromes c at lower levels than the DsbA-null mutants, unless they
contained a CemG derivative (CcmG*) lacking its thio-reductive activity. Purified CcmG™* can
bind apocytochrome c in vitro, revealing for the first time a thiol-independent, direct interaction
between apocytochrome ¢ and CcmG. Furthermore, elimination of the thio-redox components
does not abolish cytochrome ¢ production, restricting the number of Ccm components essential for
heme-apocyt ¢ ligation per se during Ccm.

Keywords

cytochrome ¢ maturation; thio-oxidation; thio-reduction; Rhodobacter capsulatus; photosynthetic
and respiratory electron transfer

Introduction

The cytochromes (cyts) ¢ are membrane-attached or soluble ubiquitous electron carrier
proteins essential for energy metabolisms of almost all organisms. They contain Fe-
protoporphyrin IX (heme), which is stereo-specifically and covalently attached through two
thioether bonds between the heme vinyl groups and the cysteine sulfhydryls of the apocyt ¢
C1XXCyoH motif. The covalent heme-apocyt ¢ ligation is carried out by a post-translation
and post-export process called cyt ¢ maturation (Ccm), which involves in most gram-
negative bacteria ten essential components (CcmABCDEFGHI and CcdA (or DsbD) (Barker
and Ferguson, 1999; Thony-Meyer, 2000). During Ccm, it is thought that the cysteine thiols
of apocyt ¢ C1XXCoH motif are first oxidized by the DsbA-dependent extracytoplasmic
thio-oxidative protein-folding pathway (Fig. 1) (Allen et al., 2003b; Kranz et al., 1998;
Thony-Meyer, 2002). Subsequent reduction of this disulfide bond then becomes a
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prerequisite for heme ligation (Daltrop et al., 2002). The reduction is accomplished by a
thio-reductive pathway consisting of CcdA, CcmG and CcmH (Monika et al., 1997). In
Rhodobacter capsulatus, CcdA transfers electrons from cytoplasmic thioredoxins to CcmG
(Katzen and Beckwith, 2000; Katzen et al., 2002). CcmG is believed to be re-oxidized by
shuttling its electrons to CcmH, which then transfers them to apocyts ¢ (Fig. 1) (Fabianek et
al., 1999; Monika et al., 1997).

Formation of a disulfide bond in the apocyt ¢ C1XXC,H motif occurs in vitro, and is
considered to be an intermediate of Ccm (Daltrop et al., 2002). However, whether this is
always the case in vivo is unclear. Initially, DsbA and DsbB mutants in E. coli were
identified as unable to produce cyts ¢ (Metheringham et al., 1996). Recent works in E. coli
(Allen et al., 2003a; Kojima et al., 2005) and other bacteria (Erlendsson and Hederstedt,
2002: Deshmukh et al., 2003) indicated that DsbA- and DsbB-null mutants are Ccm
proficient. Furthermore, the lack of DsbA or DsbB functions suppresses the cyt ¢ deficiency
of CcdA-null mutants in B. subtilis or R. capsulatus (Deshmukh et al., 2003; Erlendsson and
Hederstedt, 2002), demonstrating that the thio-reductive branch becomes dispensable in the
absence of the thio-oxidative pathway. Therefore, why a thio-redox loop (i. e., thio-
oxidation followed by thio-reduction) occurs at the apocyt ¢ heme binding motifs during
Ccm remains unclear (Fig. 1). Here, we examined cyt ¢ production without such a thio-
redox loop in R. capsulatus. We found that mutants lacking DsbA produced less cyts c, but
this decrease was not due to the overproduction of periplasmic protease DegP that occurs in
the absence of DsbA in R. capsulatus (Onder et al., 2008). Moreover, when the DsbA-
dependent thio-oxidative pathway was compromised, only CcmH, but neither CcdA nor
CcmG, was required for heme-apocyt ¢ ligation. The compensatory thio-redox interactions
were also independent of the glutathione transporter CydDC (Pittman et al., 2005), unlike in
E. coli (Poole et al., 1994). Remarkably though, the DsbA-CcmG double and DsbA-CecmG-
CcdA triple mutants produced consistently lower levels of cyt ¢ than the DsbA-null mutants,
unless they contained a CcmG derivative devoid of its thio-reductive activity. This finding
revealed a second role of CcmG acting as an apocyt ¢ holdase during Ccm in addition to its
thio-reductive function. Our findings show that the thio-redox pathway is important, but not
essential, for cyt ¢ production, and reduce the complex Ccm apparatus to those that are
absolutely required for heme-apocyt ¢ ligation per se in R. capsulatus.

R. capsulatus mutants lacking DsbA produce lower amounts of cyts ¢

R. capsulatus mutants lacking DsbA are proficient for Ccm, unlike those lacking CcdA
(Deshmukh et al., 2000). To further assess the role of DsbA during Ccm, we compared the
total amounts of periplasmic soluble and membrane-associated cyts ¢ produced in a wild
type strain of R. capsulatus with an isogenic DsbA-null mutant (Fig. 1). Qualitative SDS-
PAGE/TMBZ analyses showed quasi-wild type like cyts ¢ profiles in DsbA-null mutants
(Fig. 2A) (Deshmukh et al., 2003). Although this staining technique is very useful to
monitor the overall cyts ¢ profiles, the band intensities are time-dependent and may not be
directly proportional to cyts ¢ amounts. Thus, we used optical redox difference spectroscopy
to obtain more quantitative estimations. Ascorbate-reduced minus ferricyanide-oxidized
spectra recorded between 500 and 600 nm using membranes and membrane supernatants
revealed that supernatant fractions of a DsbA-null mutant contained twice less (~ 40 % per
0.5 mg /ml of total proteins) 550 nm absorbing materials relative to a wild type strain (Fig.
2B). In R. capsulatus, this absorbance reflects almost exclusively the characteristic a-band
of cyt ¢, (Daldal et al., 1986). Using membrane fractions representing the pool of
membrane-associated cyts ¢ that comprises of the cyts ¢y, ¢y, ¢, and ¢, (Davidson and
Daldal, 1987; Gray et al., 1994; Koch et al., 1998; Zannoni and Daldal, 1993) similar
spectral data were also obtained (not shown). Furthermore, optical spectra acquired with a
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Ccm proficient mutant lacking both CcdA and DsbA revealed that the amounts of cyts ¢
produced were similar to those seen in the absence of DsbA (Fig. 2B, top and bottom two
spectra). We therefore concluded that, although the absence of DsbA did not abolish
covalent heme-apocyt ¢ ligation per se, it decreased cyt ¢ production.

Neither the overproduction of DegP in the absence of DsbA nor the lack of CydDC affects
cyt ¢ production in R. capsulatus

Recently, it was reported that an E. coli mutant lacking the periplasmic protease DegP
accumulates the heterologously expressed Bradyrhizobium japonicum apocyt cssq when the
Ccm system is defective (Gao and O'Brian, 2007). In an earlier work, we found that R.
capsulatus mutants lacking DsbA overproduce DegP, and that DsbA derivatives containing
low amounts of DegP are viable (Onder et al., 2008). We therefore investigated whether the
decreased amounts of cyts ¢ in mutants lacking DsbA or DshA CcdA were due to the
overproduction of DegP. Comparison of a DsbA mutant (overproducing DegP) with its
derivative harboring very low amounts of DegP (degPR3) showed that both strains produced
similar amounts of cyts ¢ (Fig. 2B, middle spectrum). Similar data were also obtained with
DegP derivatives of other Ccm mutants (Table 1). Thus, the observed decrease of cyt ¢
amounts in the absence of DsbA or the entire thio-redox pathway was unrelated to DegP
overproduction in this mutant background.

Earlier work indicated that the E. coli putative ABC-type glutathione transporter CydDC
(Pittman et al., 2005) is a component required for the bd-type hydroquinone oxidase
assembly and for cyt ¢ production (Georgiou et al., 1987; Poole et al., 1994). We found that
R. capsulatus mutants lacking CydC or CydD, or their derivatives lacking DsbA or DsbA
CcdA (Table 2) also did not contain any active hydroquinone oxidase (Zhang & Daldal,
unpublished data). However, all CydDC derivatives still produced cyts c, unlike their E. coli
counterparts (Fig. 3A). Thus, in R. capsulatus, the putative ABC-type gluthatione
transporter CydDC was not involved in cyt ¢ production, and the compensatory thio-redox
interactions seen between DsbA and CcdA did not rely on the periplasmic reductive power
that might be due the CydDC transporter.

Compensatory thio-redox interactions during Ccm is not restricted to CcdA and DsbA

CcmG and CcmH are also thought to be parts of the Ccm thio-reductive branch (Deshmukh
et al., 2003). Therefore, we probed whether the compensatory thio-redox interactions seen
between DsbA and CcdA also extended to CcmG and CcmH. Like CcdA-null mutants,
CcmG-null or CemH-null mutants cannot grow under photosynthetic conditions (Ps”) due to
the absence of cyts ¢ (Beckman et al., 1992). However, unlike the CcdA-null mutants that
revert readily to Ps* by DsbA inactivation (Deshmukh et al., 2003), CcmG-null mutants
required supplementation of the growth medium with thiol-reactive reagents (0.33 mM L-
cysteine and 0.165 mM L-cystine) in the case of MD11, and without supplement in the case
of an SB1003 derivative on enriched medium, to obtain Ps* revertants. In contrast, CcmH-
null mutants never yielded any Ps* revertants under the conditions tested. Analyses of
several Ps* revertants of CcmG-null mutants indicated that they all produced cyts ¢ (e. g.,
ccmG-Rev2 and -Rev3 in Fig. 3B), and that their Ps* growth was suppressed upon
introduction of a wild type allele of dsbA in trans. DNA sequence analyses revealed that the
revertants carried chromosomal mutations inactivating dsbA. These mutations included a
deletion encompassing the base pairs 55 to 68 in MD11R2, 5 and 7, a G insertion at position
135in MD11R1, 3, 4, 6, 8, and AhelXR5, 2, an A insertion at position 363 in AhelXR6 and
7,and a T to G substitution at position 629 in AhelXR1, 3, 4 and 8 (Fig. 4 and Table 2).

Indeed, construction of CcmG-null DsbA-null and CecmH-null DsbA-null double mutants
confirmed that the loss of DsbA suppressed the Ccm deficiency of CemG-null, but not that
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of CcmH-null, mutants (Table 2). The DsbA-null CcmG-null double mutants became Ps* in
minimal medium supplemented with thiol-reactive reagents and produced cyts ¢ (Fig. 3B
and C). In contrast, the DsbA-null CcmH-null double mutants remained Ps", independent of
thiol-reactive reagents addition to the growth medium, and produced no cyt ¢ (Fig. 5A and
B). Thus, the compensatory thio-redox interactions seen between DsbA and CcdA also
occurred between DsbA and CcmG, but not between DsbA and CcmH. In agreement with
these findings, the triple mutant lacking DsbA CcdA CcmG (but not DsbA CcdA CcmH)
(Table 2) was Ps* in thiol-reactive reagents supplemented minimal medium and exhibited
cyts c profiles similar to those seen with the CcmG-null DsbA-null double mutant (Fig. 3B
and C). We concluded that heme-apocyt ¢ ligation occurred in the absence of the Ccm thio-
redox loop encompassing DsbA, DsbB, CcdA and CcmG (Fig. 1).

An additional role for CcmG as an apocyt ¢ holdase during Ccm

The observation that the CemG-null DsbA-null double mutants required thiol-reactive
supplements to grow under Ps conditions, unlike the CcdA-null DsbA-null mutants,
suggested that absence of CcmG hampered Cem efficiency more severely than CcdA.
Examination of the optical redox difference spectra indicated that the CemG-null DsbA-null
double or CcdA-null CemG-null DsbA-null triple mutants indeed contained much less (~
10-15 % of wild type) (Fig. 3C) 550 nm absorbing materials than the CcdA-null DsbA-null
double mutants (~ 40-50 % of wild type) (Fig. 2B). Since the only difference between these
thio-redox loop mutants was the absence of CcmG, we probed whether the decrease of cyt ¢
production was linked to the absence of the CcmG protein per se. CcmG has two active site
cysteines (C75 and C78 in R. capsulatus) (Monika et al., 1997), which face the periplasm
and accept electrons from CcdA (Katzen and Beckwith, 2000;Katzen et al., 2002).
Substitution of these active site cysteines with serine yielded the CcmGC€75S, CemGC78S and
CcmGC75S/CT8S (the latter dubbed here as CcmG*) mutants. As expected, these mutants
were unable to complement a CcmG-null strain for Ps growth in any growth medium,
regardless of thiol-reactive supplement They also did not produce any cyt ¢ that can be
detected by SDS-PAGE/TMBZ (Fig. 6A and B, top panels) or optical redox difference
spectra analyses (Fig. 7A) (Table 1). Immunoblot data indicated that all strains (except
CcmGC78S in enriched medium) produced mutant forms of CemG at wild type or higher
amounts (Fig. 6A and B, lower panels). We also noted that the amounts of CcmG were
variable in various mutants grown under different conditions, and this point deserves future
studies.

Interestingly, the cysteine-less derivative of CcmG complemented even in the absence of
thiol-reactive supplements the DsbA-null CemG-null mutant for Ps growth in minimal
medium. Moreover, it also produced more cyts ¢ as shown both by SDS-PAGE/TMBZ (Fig.
6A and B) and optical redox difference spectra analyses (Fig. 7B) (Table 1). Furthermore,
the DsbA-null CcmG-null mutant carrying the CemG* derivative was, like the DsbA-null or
the DsbA-null CcdA-null mutants, Ps* in minimal medium regardless of any thiol-reactive
supplement, and contained the highest amounts of cyts c among the CcmG mutants (Fig. 6).
Optical spectra again showed that the amounts of the 550 nm absorbing materials found in
the DsbA-null CemG-null mutants harboring CemG™* were comparable (~ 40-50 % of wild
type) to those found in the DsbA-null or DsbA-null CcdA-null mutants (Fig. 7B). Thus, the
presence of CcmG™ devoid of its thio-reductive activity increased drastically cyt ¢
production in the absence of DsbA, indicating that CcmG had an additional, thio-reduction-
independent function referred to as apocyt ¢ holdase.

Similar studies were also conducted with CcmH and its cysteine-less derivatives. R.
capsulatus CcmH has two functionally essential cysteine residues at positions 42 and 45
facing the periplasm (Monika et al., 1997). CcmH mutants lacking them (CcmHC42S,
CemHC45S and CcmHCA42S/C458  the |atter dubbed CemH*) did not complement for Ps
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growth the CemH-null or DsbA-null CemH-null mutants, and produced no cyt ¢ (Fig. 5A
and B) (Table 1) (unlike in E. coli, see (Robertson et al., 2008)) although they had similar
amounts of wild type or mutant CcmH proteins, as indicated by immunoblot analyses (Fig.
5A, lower panel). Overall comparison of the data obtained with CcmH and CcmG indicated
that the two thio-reductive components behaved very differently in respect to the DsbA- and
CcdA-dependent thio-redox loop, suggesting that their reductive roles during Ccm might be
different.

R. capsulatus apocyt ¢, physically interacts with CcmG* in vitro

The additional, thioredoxin-independent apocyt ¢ holdase function of CcmG during Ccm
was investigated in vitro by probing the direct physical interactions between purified apocyt
c and partially purified CemG*. A C-teminally His epitope-tagged mature form of R.
capsulatus CcmG* was expressed in E. coli, and partially purified by affinity
chromatography. Similarly, a double (N-terminal His and C-terminal Strep) epitope-tagged
derivative of R. capsulatus apocyt ¢, devoid of its signal sequence was expressed in E. coli
cytoplasm, and tandem affinity purified using His-Bind and then Strep-Tactin affinity
columns, as described in Experimental Procedures. As the apocyt ¢, was highly unstable,
use of tandem affinity tags facilitated the isolation of intact apocyt c,. Purified apocyt ¢, and
CcmG™* containing extracts (50 and 40 ug total proteins, respectively) were incubated
together for two hours at 4 °C, and apocyt ¢, was re-isolated using Strep-Tactin affinity
chromatography. Column fractions were probed for the presence of apocyt ¢, using anti-
Strep and anti-His (not shown) antibodies, as well as for CcmG using anti-CcmG antibodies
(Fig. 8). A similar mock experiment using partially purified CcmG* but no apocyt ¢, was
also conducted to show that CcmG* itself was not retained by the Strep-Tactin affinity
column (Fig. 8A). However, when an incubation mixture containing both CcmG* and
apocyt ¢, were loaded onto the same column, and eluted with desthiobiotin (DTB),
apparently CcmG* was retained by the column as both apocyt ¢, and CemG™* were co-eluted
in the same fractions (mainly E3) (Fig. 8B and C). We therefore concluded that a CcmG*
lacking its active site cysteines can recognize and bind apocyt ¢, in vitro as an apocyt ¢
holdase.

Discussion

This work was initiated in order to assess whether the compensatory thio-redox interactions
previously seen between DsbA and CcdA mutants (Deshmukh et al., 2003) also extended to
other thio-reductive Ccm components. By doing so we hoped to dissect apart the Ccm
components involved in preparing apocyt ¢ as an adequate substrate from those catalyzing
the subsequent heme-apocyt ¢ ligation per se. Searches for spontaneous Ps* revertants of
CcmG-null and CemH-null strains, and construction of appropriate double and triple knock-
out mutants, demonstrated for the first time that the DsbA-dependent compensatory thio-
redox interactions involved solely CcdA and CcmG, and not CcmH (or Ceml, data not
shown). Earlier, it was observed that Ps* revertants of CcmG-null mutants, unlike CcdA-null
mutants, could only be obtained if the growth medium was supplemented with thiol-reactive
chemicals (Monika et al., 1997). Similarly, we noted that CcmG DsbA and CcdA CcmG
DsbA knock-out mutants were Ps* only upon supplementation with thiol-reactive reagents.
The basis for this redox constraint is unclear. Thus, in the absence of CcmG (in contrast to
that of CcdA), R. capsulatus cells might be metabolically more limited to reduce their
growth environment to initiate anoxygenic photosynthesis.

Although the cysteine-less derivatives (Fabianek et al., 1999; Monika et al., 1997) of the
unusual thioredoxin-like CcmH (Di Matteo et al., 2007) were indeed Ccm deficient, the
thio-reductive function of CcmH could not be compensated by a thio-oxidative defect. These
findings limited the thio-redox loop to DsbA, DsbB, CcdA and CcmG (Fig. 1) establishing
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that these components were not essential for cyt ¢ production in vivo. Moreover, they
simplified the number of Ccm components required for heme-apocyt c ligation per se (Fig.
9). Importantly, the data also suggested that both CcmG and CcmH might have additional
function(s) distinct from their known thio-reductive roles (Monika et al., 1997). In respect to
CcmH, a possibility is that its oxidized form might interact with CcmG-reduced apocyt ¢
during its transfer to heme ligation complex containing CcmF. Indeed, CcmH is known to
co-immunoprecipitate with CcmF (Ren et al., 2002), and its overproduction together with
CcmF bypasses the Ccm deficiency of Cecml-null mutants (Deshmukh et al., 2002; Sanders
et al., 2005a). Furthermore, our recent data indicate that CcmH is a component of a complex
also containing CcmF and Ccml in R. capsulatus membranes (Sanders et al., submitted).

Unlike other thioredoxins, CecmG is highly specific for Ccm (Edeling et al., 2002; Fabianek
et al., 1998; Monika et al., 1997) with an active site unusually acidic, proposed to provide its
substrate specificity (Edeling et al., 2004). Our finding that the cysteine-less CcmG
derivative CcmG™* produced high amounts of cyts ¢ and exhibited Ps growth regardless of
the thio-reactive supplements, indicated that CcmG protein per se also had a thioredoxin-
independent role(s) referred to as apocyt ¢ holdase during Ccm (Fig. 9). Earlier, the active
site cysteines of E. coli CcmG was found to be important, but not essential, for Cecm in the
presence of reducing agents (Fabianek et al., 1998). In the light of the compensatory thio-
redox interactions seen between DsbA and CcmG, this finding could also be interpreted as
counteracting the DsbA oxidative power, and not necessarily as an additional activity of
CcmG. The significant increase of cyts ¢ production in the presence of CcmG* in the
absence of DsbA, as seen here, established unambiguously a thioredoxin-independent role
for the CcmG protein per se (Fig. 9). This additional function of CcmG was further
supported by the fact that purified apocyt ¢ and CcmG* devoid of its cysteines directly
interact with each other in vitro. Growing evidence suggests that CcmG acts as a holdase,
conveying apocyt c to the heme ligation core complex. The crystal structure of B. subtilis
CcmG homologue ResA revealed a cavity, close to its active site cysteines, speculated to
form a binding surface for apocyt ¢ (Colbert et al., 2006; Crow et al., 2004). Consistent with
this proposal, we observed that overproduction of CcmG or apocyt ¢ (Sanders et al., 2007)
in addition to CcmF and CemH also increased cyt ¢ production in R. capsulatus mutants
lacking Ccml (Deshmukh et al., 2002; Sanders et al., 2005a).

It should be emphasized that DsbA is not essential for Ccm, but its absence decreases cyt ¢
production irrespective of the thio-reductive pathway (i. e., CcdA and CcmG). Although this
observation could rationalize why the Ccm thio-redox loop might be conserved
evolutionarily, why it occurs remains unknown. That the thio-redox loop reactions might
protect some apocyts ¢ intermediates (Sanders et al., 2005a), or improve the fidelity of
stereo-specific heme ligation (Sanders et al., 2005b) has been suggested. Unfolded apocyts ¢
might be more vulnerable to degradation unless protected by chaperones such as CcmG*
(depicted as dashed outline in Fig. 9). Formation of a disulfide bond at the apocyt ¢
C1XXC,H motif, although requires subsequent reduction by the thio-reductive pathway,
might be beneficial by promoting partial folding and decreasing degradation of apocyt c.
Consequently, in the absence of the thio-redox loop and CcmG*, cyt ¢ production would be
much lower than native amounts. Absence of the Ccm thio-redox loop might also
compromise stereo-specific heme ligation (Sanders et al., 2005b), yielding non-native cyts ¢
that are prone to degradation. Indeed the DsbA, CcdA DsbA, CcmG* DsbA or CcdA
CcmG* DsbA mutants produced lower amounts of cyts ¢ than a wild type strain of R.
capsulatus. In summary, this study established that the Ccm thio-redox loop components
DsbA, CcdA and CcmG are not essential for cyt ¢ production, hence decreasing the number
of Ccm components absolutely required for heme-apocyt ¢ ligation. Furthermore, it revealed
a second, thio-reduction independent role of CcmG, which is critical for cyt ¢ production,
and raised the possibility that the oxidized form of CcmH might be required for transferring
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CcmG-reduced apocyt ¢ to a heme ligation complex containing CcmF and Ceml. Future
studies would hopefully better define the interactions between apocyt ¢ and the essential
Ccm components during cyt ¢ production in bacteria.

Experimental Procedures

Bacterial strains, plasmids, and growth conditions

The bacterial strains and plasmids used in this work are described in Table 2. R. capsulatus
strains were grown at 35 °C on enriched (Daldal et al., 1986) or minimal (Sistrom, 1960)
media, supplemented with appropriate antibiotics (2.5, 10, 10, and 1 pug/ml tetracycline,
kanamycin, spectinomycin and gentamycin, respectively), either chemoheterotrophically
(Res growth) or photoheterotrophically (Ps growth) in anaerobic jars with H, + CO,
generating gas packs from BBL Microbiology Systems (Cockeyville, MD). All growth
media were supplemented with 0.33 mM L-cysteine and 0.165 mM L-cystine when
appropriate. E. coli strains were grown on Luria Bertani (LB) broth supplemented with
appropriate antibiotics (12.5, 50, 10, 100 and 12 pg/ml tetracycline, kanamycin,
spectinomycin, ampicilin and gentamycin, respectively) as needed.

Molecular Genetics Techniques

Standard molecular genetic techniques were performed as described (Sambrook, 2001).
Plasmid pBS-DsbAWt (Deshmukh et al., 2003) carrying the R. capsulatus wild type dsbA
was digested with Bglll and Sfil to replace its 0.5 kb internal fragment with a 2.0 kb DNA
polymerase blunted BamHI spectinomycin resistance cassette from pHP45Qspec to yield
pBS-STAS3 harboring A4(dsbA-spe) (Table 2). The Xbal-Kpnl fragment of pBS-STA3 was
then cloned into the respective sites of pRK415 to yield pSTAL. A 1.2 kb gentamycin
resistance cassette under the control of the cyt ¢, gene promoter (PcycA-gen) was first
amplified from pCHB::Gm (Table 2) with M13-forward and M13-reverse primers,
phosphorylated using T4 polynucleotide kinase and ligated into the EcoRV-digested
pBluescript to yield pST1 (Table 2). To obtain a A(ccdA-PcycA-gen) allele pST1 was
restricted with BamHI and the 1.2 kb fragment harboring PcycA-gen ligated into Bglll
restricted pK®6, eliminating a 0.3 kb internal fragment of ccdA. The 2.7 kb insert from the
resulting plasmid pST3 was then transferred into the BamHI site of pRK415 to yield pST4.
Plasmids pCS1540 and pCS1545 containing wild type ccmG and the ccmG* variant with
both cysteines (C75 and C78) to serine substitutions, respectively, were constructed as
described (Sanders et al., 2005a) (Table 2). To obtain pCS1543 and pCS1544, the C75 or
C78 of ccmG in pCS1540 were substituted with serine using the QuikChange® XL Site-
Directed Mutagenesis Kit according to the manufacturer's instructions (Stratagene, La Jolla,
CA) and the mutagenic primers HelX-C75Ss (5'-CTT CTG GGC TTC CTG GAG CGC
GCC CTG TCG-3') and HelX-C75Sas (5'-ACC CGA CAG GGC GCG CTC CAG GAA
GCC CAG-3') for pCS1543, and HelX-C78Ss (5'-TCC TGG TGC GCG CCC AGT CGG
GTC GAA CA-3') and HelX-C78Sas (5'-GGA TGT TCG ACC CGA CTG GGC GCG CAC
CAG-3') for pCS1544 (Table 2). PCR-amplification of ccmH using pYZ1 as a template and
CcmH/Xbal-Fwd (5’- CTC TCT AGA GTT GCG GCG GAG TGA GCG ATG CTG AAA
CG-3’) and CcmH/Kpnl-Rev (5'-GAG GGT ACC CTAGTC CTT CAG CAG GTCTTT
CAG CCG CGC CTC-3') as primers generated a 0.48 kb DNA fragment, which was
digested with Xbal and Kpnl and ligated into the respective sites of pBluescript 11 KS(+)
(pBSK) to yield pST7 (Table 2). Plasmid pST8 was constructed by engineering a Strep-tag
sequence at the 3'-end of ccmH via PCR amplification using pST7 as a template and the
primers CcmH-StrepC/Xbal-Fwd (5'-CTC TCT AGA GTT GCG GCG GAG TGA GCG
ATG CTG AAA CG-3') and CcmH-StrepC/Kpnl-Rev (5'- GAG GGT ACCCTATTT TTC
GAA CTG CGG GTG GCT CCA AGC GCT GTC CTT CAG CAG GTC TTT CAG CCG
CGC CTC-3'). The 0.51 kb DNA fragment thus generated was cut with Xbal and Kpnl and

Mol Microbiol. Author manuscript; available in PMC 2009 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Turkarslan et al.

Page 8

ligated into the same sites of pBSK. Plasmid pST8 was digested with Xbal and Kpnl and the
fragment carrying ccmH-Strep was ligated into the respective sites of pCHB500 to yield
pST6. The cysteine-less derivative of CcmH was obtained by substituting C42 and C45 of
ccmH (with an in-frame Strep-tag sequence at its 3'-end) with serine as described above by
using pST8 as a template and CcmH-C42S/C45Ss (5'-TCG CAG GTG CTG CGC AGC
CCG GTC AGT CAG GGC GAG A-3') and CcmH-C42S/C45Sas (5'-GAT ATT CTC GCC
CTG ACT GAC CGG GCT GCG CAG CAC CTG C-3') as mutagenic primers to yield
pST11 (Table 2). Plasmid pST11 was digested with Xbal and Kpnl, and the fragment
carrying mutant ccmH was ligated into the respective sites of pCHB500 to yield pST14. A
4.8 kb PCR fragment encompassing cydDC genes was amplified with primers CydDCF (5'-
GCACTT GCT CGT CGA ACA GGA TCC AG-3') and CydDCR (5'- CCG GAA TTC
GAA ACA GAC GCG CGA CA-3), digested with BamHI and EcoRI (introduced sites in
the primers are underlined) and cloned into respective sites of pBluescript to yield pKZ66.
In order to create deletion-insertion allele of cydC, a 1.2 kb Pstl fragment of pKZ66 was
replaced with 1.2 kb Gentamycin resistance cartridge from pCHB::Gm yielding pKZ68.
Xbal-Kpnl fragment from pKZ68 carrying cydD*4C::Gm allele was inserted into the
corresponding sites of pRK415 to yield pKZ69. Plasmid pKZ66 was digested with HindlIl
and ligated back, eliminating Bbsl site immediately downstream of cydC to yield pKZ7. To
create deletion-insertion allele of cydD, a 320 bp Bbsl fragment from pKZ7 was excised, the
remaining vector was made blunt and ligated to Gm cartridge from pCHB::Gm to yield
pKZ71. Xbal-Kpnl fragment of pKZ71 was then cloned into Xbal-Kpnl site of pPRK415 to
create pKZ72 (Table 2). Plasmid pQE60-helX was obtained by cloning into pQE60 (Qiagen,
Valencia, CA) R. capsulatus ccmG lacking its N-terminal signal peptide/transmembrane
helix by using the Ncol and BamHI sites. Plasmid pCS1554 expressing the C-terminally His
tagged mature form of CcmG* was obtained by mutating to serine the cysteines 75 and 78
of ccmG in pQE60-helX using the primers HelX-C75S/C78Ss (5'-CTT CTG GGC TTC
CTG GAG CGC GCC CAG TCG GGT CGA ACA-3) and HelX-C75S/C78Sas (5'-GGA
TGT TCG ACC CGA CTG GGC GCG CTC CAG GAA GCC CAG-3') according to the
instruction of the QuikChange® XL Site-Directed Mutagenesis Kit from Stratagene (La
Jolla, CA). The mature form of R. capsulatus cyt ¢, gene (cycA™Ma%) was PCR-amplified
using the primers CS24 (5'-GTT GAC AAT TAA TCA TCG GC-3') and
RececycACtHis6BamHIr (5'-GCC GGA TCC TAG TGA TGG TGA TGG TGA TGT TTC
ACG ACC GAG GCC AGA TAG GC-3') and pCS1726 (Sanders et al., submitted) as a
template. The 0.5 kb fragment thus generated was digested with Ndel and BamH]I, and
cloned into the same sites of pCS1302 (Sanders et al., submitted) to yield pCS1757 that
carries cycA™at with an in frame Strep-tag sequence at its 5'-end and a 6xHis-tag at its 3'-
end. The expression of the double-tagged cycA™a derivative is controlled by a Ptac-lac
promoter-operator system in E. coli.

Automated DNA sequencing with the Big-Dye™ terminator cycle sequencing kit
(AmpliTaq FS; Applied Biosystems) was performed according to the manufacturer by using
the M13-forward and M13-reverse primers to verify all plasmids constructed in this study.
DNA sequence analyses, homology searches and genome sequence comparisons were done
using MacVector (IBI; Kodak) and BLAST software packages (Altschul et al., 1990).

Conjugal transfers of plasmids from E. coli to R. capsulatus and chromosomal allele
replacement via interposon mutagenesis using the gene transfer agent (Yen et al., 1979)
were carried out as described earlier (Daldal et al., 1986). Briefly, the mutant strain ST40
(ccmG::kan dsbA::spe degPR3) mutant was obtained using pHX-1 (ccmG -kan) as a donor
and ST38 (dsbA-spe, degPR3), which is a SpecR derivative of MD20R3 (Onder et al., 2008)
as a recipient strain. The CcmH-null DsbA-null double mutant ST27, and CcdA-null CcmH-
null DsbA-null triple mutant ST36, were constructed using pTC4-1K (dsbA-kan) and pST4
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(ccdA:gen) as donors and MD14 (ccmH-spe) and ST27 (ccmH -spe dsbA-kan) as recipient
strains, respectively.

Biochemical techniques

Intracytoplasmic membrane vesicles (chromatophore membranes) were prepared in 50 mM
MOPS (pH 7.0) containing 100 mM KCI for spectral, or 1 mM KCI for SDS-PAGE,
analyses as described earlier (Gray et al., 1994). All preparations contained 10 mM EDTA,
1 mM PMFS and 0.1 mM g-amino-caproic acid as protease inhibitors. Protein
concentrations were determined according to (Lowry et al., 1951) and SDS-PAGE was used
as in (Schagger and von Jagow, 1987) using 16.5 % polyacrylamide gels. Cyts ¢ were
revealed based on the endogenous peroxidase activity of covalently attached heme by using
3,3',5,5'-tetramethylbenzidine (TMBZ) (Thomas et al., 1976). For CcmG and CcmH
immunodetection, protein samples were separated using 15% SDS-PAGE (Laemmli, 1970).
Following electrophoresis, gels were electroblotted onto Immobilon-P PVVDF membranes
(Millipore, Billerica, MA). CcmG and CcmH were detected using anti-CcmG and anti-
CcmH polyclonal antibodies (Monika et al., 1997), ECL anti-rabbit IgG/horseradish
peroxidase-conjugated secondary antibodies from Amersham-Pharmacia (Piscataway, NJ)
and SuperSignal West Pico Chemiluminescent substrate from Pierce (Rockford, IL).

Expression and purification of apocytochrome ¢, and CcmG*

E. coli strains containing pCS1757 (for apocyt ) or pCS1554 (for CcmG*) were grown in
Luria Broth (LB) liquid medium (four liters each) containing 100 pg/ml ampicillin at 37 °C
with shaking (200 rpm) until an ODggq of approximately 0.8. Cultures were then induced
under the same growth conditions for two hours by adding isopropyl-thio-p-D-galactoside
(IPTG) to a final concentration of 10 mM. Cells were harvested by centrifugation for 10 min
at 10,000 g and resuspended in Tris Buffer (50 mM Tris-HCI pH 8.0, 100 mM NaCl and
1mM PMSF), and disrupted on ice by using a French Pressure cell as described in (Daldal et
al., 1986). Cell lysates were centrifuged at 25,571 g for 1 hour, followed by at 117,734 g for
1 hour. Cleared supernatants were filtered through a 0.45 um filter and applied to a His-bind
purification chromatography column (His:Bind Kit from Novagen, Inc.) following the
manufacturer's instructions. Final concentrations of 25 and 100 mM imidazole in the
washing and elution buffers, respectively, were used, and column fractions monitored by
SDS-PAGE and Western Blot analyses. His-bind chromatography fraction containing
apocyt ¢, were pooled, concentrated by ultrafiltration (3,000 MWCO, Amicon Ultra,
Millipore) to eliminate imidazole, diluted ten fold in Strep Wash buffer before loading onto
the StrepTactin® Sepharose affinity column, and purified according to manufacturer's
instruction (IBA, Inc.). Direct interactions between purified apocyt ¢, and CcmG™* were
probed by mixing 50 pg of His and Strep purified apocyt ¢, with 40 pg of CcmG* enriched
extracts and incubating for two hours at 4 °C, in the presence of 20 mM Tris-HCI pH = 7.9,
50 mM NaCl, 50 ng DTB and 10 mM imidazole (final concentrations). After incubation, the
reaction mixture was applied to the Strep-Tactin affinity chromatography column and
purification was performed according to the manufacturer's instructions (IBA, Inc). Column
fractions were subjected to SDS-PAGE and Western Blot analyses, and apocyt ¢, was
detected with anti-His and anti-Strep antibodies whereas CcmG was identified with CemG
antisera.

Spectroscopic analysis

Optical absorbance redox difference spectra were recorded using a Hitachi U-3210 UV/vis
spectrophotometer between 500-600 nm. Chromatophore membrane supernatants were
centrifuged at 120000 x g for 2 hours to eliminate membrane debris. The supernatants thus
obtained were adjusted with 50 mM MOPS/100 mM KCI to a protein concentration of 0.5
mg/ml and oxidized by adding a crystal of potassium ferricyanide, and subsequently reduced
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by either solid sodium ascorbate or sodium dithionite to measure the total amounts of
reduced cyts c.

Chemicals
All chemicals were of reagent grade and obtained from commercial sources.
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Fig. 1. Production of cyts c in the presence of the Ccm thio-redox loop

In a wild type background, the cysteine thiols of the C;XXC,H motif of reduced apocyts c,
secreted through the general secretion pathway (Sec), are oxidized via the DsbA and DsbB
dependent thio-oxidation pathway. Oxidized apocyts c are then reduced by the CcdA and
CcmG dependent thio-reduction pathway, and conveyed to the CcmFHI heme ligation
components that use heme from the heme delivery pathway (double arrows) to yield mature
cyts c. Thick arrows show the route followed by apocyts c, and Cys, His, N and C refer to
cysteine, histidine, N-terminal and C-terminal of apocyts c, respectively, and WWD the
tryptophan rich motif of CcmF component of Ccm.
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Fig. 2. Ccm thio-redox loop and related mutants

(A) Cyt c profiles of the Ccm thio-redox loop mutants. Chromatophore membranes were
prepared from R. capsulatus wild type (MT1131), AccdA (MD1), AdsbA (MD20) and
A(ccdA-dsbA) (MD21) strains grown by respiration in minimal medium. Approximately 100
ug of total proteins were separated by SDS-PAGE, and cyts c profiles were visualized by
TMBZ staining as described in Material and Methods. Upper and lower panels correspond
to the membrane and soluble fractions, respectively. The membrane bound cyts ¢y, ¢y, Cy, Co
and the periplasmic cyt c, are indicated on the left. (B) Cyt ¢, levels in the Ccm thio-redox
loop mutants. Ascorbate-reduced minus ferricyanide-oxidized optical difference spectra of
soluble fractions (protein concentration of 0.5 mg/ml) obtained from R. capsulatus wild
type, AccdA, AdsbA, A(ccdA-dsbA) and AdsbA-degPR3 strains, as described in Materials
and Methods and Table 2.
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Fig. 3. Cyt c profiles of R. capsulatus thio-redox mutants

The cyts ¢ production in the putative glutathione transporter mutant AcydD (STD1) and its
derivatives A(cydD-dsbA) (STD3) and A(cydD-dsbA-ccdA) (STD5) (A), in the wild type
(MT1131) and Ccm thio-reduction mutant AccmG (MD11), its Ps* revertants (AccmG-Rev2)
(MD11R2) and AccmG-Rev3) (MD11R3) and its derivatives A(ccmG-dsbA) (ST21) and
A(ccdA-ccmG-dsbA) (ST34) (B), grown by respiration in minimal medium were determined
by SDS-PAGE/TMBZ as described in Fig. 2 and Materials and Methods. Different cyts ¢
are indicated on the left. (C) Cyt ¢, levels in the Ccm thio-reduction mutant CemG and its
derivatives: Ascorbate-reduced minus ferricyanide-oxidized optical difference spectra of
soluble fractions (protein concentration of 0.5 mg/ml) obtained from R. capsulatus strains
AcemG, A(cemG-dsbA), A(cemG-dsbA)degPR3 (ST40) and A(ccdA-ccmG-dsbA) (Table 2)
were determined as in Fig. 2.
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Fig. 4. Ps™ revertants of R. capsulatus CcmG-null mutants are located in DsbA

Ps* revertants from a CcmG-null mutant (MD11Ri from MT1131 or AhelXRi from
SB1003-AhelX) (Table 2) were isolated as described in the text, and DNA sequence of the
chromosomal dsbA locus of each mutant was determined after PCR amplification. The
mutant names, positions and type of the mutations found are indicated on top of the dsbA
gene, and * indicates the active site cysteine residues of DsbA.
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Fig. 5. Cyt c profiles and CcmH immunoblots of wild type and cysteineless CcmH mutants

Cyts c profiles of R. capsulatus AccmH (MD14) and A(ccmH-dsbA) (ST27) strains
harboring empty plasmid (vector) or wild type (WT/pST6) or cysteineless (C42S C45S/
pST14) alleles of ccmH grown in minimal medium were determined by (A) SDS-PAGE/
TMBZ analyses (top panel) as in Fig. 2. The same preparations were also subjected to SDS-
PAGE using 50 pg total proteins per lane, and the amounts of CcmH were detected by
immunoblot analyses (lower panel) using anti-CcmH polyclonal antibodies, as described in
Materials and Methods. (B) Cyt ¢, levels in the CcmH-null mutant and its DsbA-null
derivatives: Ascorbate-reduced minus ferricyanide-oxidized optical difference spectra of
soluble fractions (protein concentration of 0.5 mg/ml) obtained from R. capsulatus AccmH
(left) and A(ccmH-dsbA) (right) mutants harboring empty plasmid (vector) or wild type (+
CemHWT) or cysteineless (+ CcmHC425/C455) glleles of ccmH were determined as described
in Fig. 2.
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Fig. 6. Cyt c profiles and CcmG-immunoblots of cysteineless CcmG mutants

Cyts ¢ profiles of R. capsulatus AccmG and A(ccmG-dsbA) strains harboring wild type
(pCecmGWT (WT)) or different cysteineless (pCcmGC73S (C75S), pCcmGC78S (C78S) and
pCcmGC75S/C78S (€755 C78S)) alleles of ccmG grown in either minimal (A) or enriched
(B) medium were determined by SDS-PAGE/TMBZ analyses (top panels), as described in
Fig. 2. The same preparations were subjected to SDS-PAGE using 50 pg total proteins per
lane, and the amounts of CcmG were detected by immunoblot analyses (lower panels) using
anti-CcmG polyclonal antibodies, as described in Materials and Methods.
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Fig. 7. Cyt ¢y levels in R. capsulatus cysteineless CcemG mutants and its DsbA-null derivatives
Ascorbate-reduced minus ferricyanide-oxidized optical difference spectra of soluble
fractions (0.5 mg of total proteins/ml) prepared from R. capsulatus AccmG (A) and A(ccmG-
dsbA) or A(ccmG-dshA)degPR3 (B) strains harboring (+ pCcmGWT (WT)) or different
cysteineless (+ pCcmGC73S (C75S), + pCcmGC78S (C78S) and + pCecmGC75S/C78S (C758
C785S)) alleles of ccmG, grown on enriched medium, were determined as described in Fig. 2.
In B, the spectra labeled degPR3 were from a CcmG-null DsbA-null mutant carrying the
A(ccmG-dshbA)degPR3 mutations lowering the levels of DegP in this background (Onder et

al., 2008).
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Fig. 8. Co-purification of CcmG* with apocyt ¢,

Purified apocyt ¢, (50 pg) and CemG* enriched extracts (40 pg) were incubated in the
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presence of 20 mM Tris-HCI pH = 7.9, 50 mM NaCl, 50 ug DTB and 10 mM imidazole for
two hrs at 4 °C and loaded onto a StrepTactin® Sepharose affinity chromatography column,
washed, and eluted with 2.5 mM DTB as described in Experimental Procedures. Aliquots
(300 pl of 1 ml total) from various purification steps (W: column wash, and E1 to E6: DTB
elution fractions 1-6) were precipitated with ice cold Acetone/Methanol and analyzed by
SDS-PAGE and immunoblots. Antibodies against CcmG and Strep-tag are as indicated on
the right, and molecular weight markers (in kDa) are as shown on the left of each panel.
Panel A illustrates that CcmG™*, which does not contain a Strep-tag, is not retained by the
StrepTactin® Sepharose column in the absence of apocyt c,. Panels B and C shows that in
the presence of apocyt ¢y, CcmG* is retained by the column and co-eluted with apocyt ¢,

documenting that the two proteins interact with each other under the conditions used.
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Fig. 9. Production of cyts c in the absence of the Ccm thio-redox loop

In the absence of the DsbhA-DshB, CcdA and CcmG thio-redox loop shown in Fig. 1,
reduced apocyts ¢, although more prone to degradation, are matured at lower levels by the
CcmFHI ligation components. The presence of a thio-reduction inactive CemG derivative
(CemG* shown in dashed line) increases the amounts of mature cyts ¢, by acting as an
apocyt ¢ holdase improving delivery of the apocyts ¢ to the CcmFHI heme ligation
components. Thick arrows show the route followed by the apocyts ¢, dashed arrows indicate
the interactions of apocyts ¢ and heme ligation components via CcmG*, and Cys, His, N, C
and WWD are as described in Fig. 1.
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