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Abstract

Hemes c are characterized by their covalent attachment to a polypeptide via a widely conserved
CXXCH motif. There are multiple biological systems that facilitate heme ¢ biogenesis. System I,
the cytochrome ¢ maturation (CCM) system, is found in many bacteria and is commonly
employed in the maturation of bacterial cytochromes c in Escherichia coli-based expression
systems. System Il1, cytochrome ¢ heme lyase (CCHL), is an enzyme found in the mitochondria of
many eukaryotes and is used for heterologous expression of mitochondrial holocytochromes c. To
test CCM specificity, a series of Hydrogenobacter thermophilus cytochrome cggo variants was
successfully expressed and matured by the CCM system with CX,CH motifs where n=1-4, further
extending the known substrate flexibility of the CCM system by successful maturation of a
bacterial cytochrome ¢ with a novel CXCH motif. Horse cytochrome c variants with both
expanded and contracted attachment motifs (n=1-3) were also tested for expression and
maturation by both CCM and CCHL, allowing direct comparison of CCM and CCHL substrate
specificities. Successful maturation of horse cytochrome ¢ by CCHL with an extended CXXXCH
motif was observed, demonstrating that CCHL shares the ability of CCM to mature hemes ¢ with
extended heme attachment motifs. In contrast, two single amino acid mutants were found in horse
cytochrome c that severely limit maturation by CCHL, yet were efficiently matured with CCM.
These results identify potentially important residues for the substrate recognition of CCHL.

Introduction

Heme c is a biological cofactor that consists of iron protoporphyrin IX covalently bound to a
protein via two thioether linkages (Fig. 1). These thioether bonds are derived from two
cysteine residues that are most commonly found in a Cys-Xaa-Xaa-Cys-His (CXXCH) heme
attachment sequence. At least five maturation systems have been identified;13 of these,
three systems (System I, 11, and 111) have been more well characterized.? System I, the
cytochrome ¢ maturation (CCM) system, involves genes ccmA-H® and is found in various
bacteria and in plant mitochondria.®:” System | matures cyts ¢ in the periplasmic space of
bacteria. System Il, cytochrome ¢ synthesis (CCS), consists of four modular components and
is in various bacteria® as well as the thylakoid membranes of plants and algae.® System Il1,
also called cytochrome ¢ heme lyase (CCHL),19 is a single enzyme found in the
mitochondria of fungi, vertebrates and invertebrates.6 Current knowledge of each of the
mechanisms is incomplete; there are a number of reviews on the subject.6:11713

CCM shows low substrate specificity, which appears to be simply a CXXCH polypeptide
sequence with no dependence on flanking amino acids identified to date. Some exceptions
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exist, for example, the Eschericia coli periplasmic disulfide isomerase DsbC has a CXXCH
motif but is not matured by CCM. In this case, it is likely that the target protein folds too fast
and is too stable to allow heme attachment.1 However, this avoidance of heme ¢ maturation
of a CXXCH by CCM should be interpreted as a special case. Artificially engineered
CXXCH sites as well as short peptides containing CXXCH motifs can be successfully
matured.1® In nature the intervening (XX) residues have been found to be any amino acid
except for cysteine. However, mutational analysis has shown that maturation by CCM can
occur with cysteines in and around the CXXCH motif.16 The histidine, which in a mature
heme c is the proximal axial ligand, is strictly necessary,1’ as well as both ligating cysteines.
18 The CCM system is unable to mature the CXXCK motif found in E. coli NrfAl9 and a
AKGCH? motif found in W. succinogenes MccA;20 these cytochromes ¢ (cyts ¢) have
dedicated heme lyases.

For the majority of hemes c the heme attachment motif contains two residues between the
cysteines. However, some CX3CH and CX4CH sequences exist, for example, in tetraheme
cyts c3. These extended motifs still use CCM for maturation.?! In addition, similar extended
motifs have been engineered into a cytochrome b with successful maturation by CCM.22
Attempts to mature heme ¢ motifs with five or six intervening residues, however, resulted in
heterogeneous products and aberrant heme attachment containing extra sulfurs.23 There is a
known example of a CX15CH heme ¢ motif, but this requires a dedicated heme lyase for
maturation.3:24 Overall, despite these known limitations, CCM is a flexible system with
extremely broad and robust substrate recognition.

CCHL, found in higher organisms, is a dedicated system that shows greater specificity than
CCM. For example, while the CCM apparatus from E. coli can mature non-native
mitochondrial cyts ¢, yeast CCHL cannot effectively mature bacterial cyts ¢.2° In yeast
mitochondria, both cytochrome ¢ (cyt ¢) and cyt ¢; have specific heme lyases known as
CCHL and CC{HL. However, higher organisms like humans have only a single heme lyase
that matures both cyt ¢ and cyt ¢1.26 CCHL and CC{HL share a common heme-binding
motif (Cys-Pro-Val) yet have little sequence homology. The sequences of cyt ¢ and cyt ¢y
likewise share little homology, but yeast CCHL has been shown to mature enough cyt ¢4 for
cell survival in yeast. Human CCHL can likewise mature both yeast cyt ¢ and cyt ¢1.26

The knowledge of heme c biogenesis has allowed high-yield recombinant expression of
bacterial cyts c in E. coli. The genes ccmA-H were cloned into a plasmid (pEC86) that
results in efficient maturation of bacterial monoheme2”:28 and multineme2? cyts ¢ in the
periplasmic space upon coexpression with the cyt ¢ structural gene. A signal sequence for
periplasmic delivery that is later cleaved in vivo is required for maturation. A mitochondrial
cyt ¢ from horse heart with an added signal sequence has also been properly matured by E.
coli CCM in moderate yield using this method.3% However, for high-yield mitochondrial cyt
c expression, coexpression of the gene for Saccharomyces cerevisiae CCHL (CYC3) along
with the cyt ¢ structural gene generally gives higher yields.3! This approach results in
correct maturation of mitochondrial cyts ¢ from various sources in the cytoplasm of E. coli.
32 Although the factors determining CCHL substrate recognition are largely unknown, it has
been found that the second X residue in the heme binding motif of cyt c; (CXXCH) is
important for its recognition as a substrate to CC{HL33 and CCHL.26

In this work, the yields in E. coli of a bacterial holo-cyt cs5, from Hydrogenobacter
thermophilus (Ht cyt ¢) are determined for variants with extended and contracted heme
attachment motifs matured by CCM. Also, the maturation of variants of horse mitochondrial
cyt ¢ (h-cyt c) is explored using both periplasmic CCM maturation and cytoplasmic CCHL
maturation. The use of both CCM and CCHL as heme attachment systems for h-cyt ¢
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variants allows direct testing and comparison of the factors influencing substrate recognition
by CCM and CCHL.

Results

Extended heme attachment motifs

Variants containing extended heme attachment motifs (CX,CH where n = 3 or 4) were
constructed for Ht cyt c. For h-cyt ¢, a variant with a CX3CH motif was constructed. In Ht
cyt ¢ the native CMACH motif was extended to CMAGCH (Ht 3X) and CAMAGCH (Ht
4X). In h-cyt ¢, the native CAQCH (Hh WT) was extended to CAQGCH (Hh 3X). The
mutation of h-cyt ¢ was performed in the pBTR(hCc) vector3* that also contains the gene for
yeast CCHL for maturation in the cytoplasm of E. coli. The mutation was also performed for
the h-cyt ¢ gene in the pSHHC vector that includes a signal sequence on the 5’ side of the
h-cyt ¢ gene for translocation of the expressed polypeptide into the periplasmic space. The
hcyt ¢ gene within pPSHHC was co-expressed with the ccmA—H genes within the pEC86
plasmid.28 The two h-cyt ¢ constructs allow comparison between maturation by CCHL and
CCM for a single protein CX3CH variant.

Purification of both Ht 3X and Ht 4X, coexpressed with CCM, yields a major fraction that
elutes with the same profile as Ht wild-type (Ht WT), suggesting that major rearrangements
in folding do not occur as a result of these mutations. All yields are reported in Table 1. The
pyridine hemochrome spectra were measured by denaturation of heme protein by NaOH in
the presence of excess pyridine, giving a bis-pyridine adduct. These spectra are
indistinguishable from that of Ht WT under the same conditions with absorbance maxima at
549 nm (Fig. 2). The 1D IH-NMR spectrum for each oxidized Ht cyt ¢ mutant displays one
set of four heme methyl resonances in the downfield region, as expected for homogeneous
heme environment (Fig. 3c—e). The upfield (~ -20 to -25 ppm) resonance arising from the
Met & -CH 3%; is observed, demonstrating methionine ligation in the variants.

The Hh 3X mutant was expressed and purified with maturation by either CCHL or the CCM
system. The FPLC elution profiles are the same as that of Hh WT, indicating no major
perturbation of folding. For both samples, pyridine hemochrome spectra are similar to Hh
WT (Fig. 4), consistent with the presence of heme c. The 1H-NMR spectrum displays
downfield-shifted heme methyl resonances indicating a homogenous heme environment
(Fig. 5e and f). The Met e-CHg resonance also is observed.

Contracted heme attachment motifs

To further test the substrate flexibility of CCM, the Ht 1X mutant was made with the heme
attachment sequence as CGCH. Glycine was chosen as the intervening residue for its
conformational flexibility. The same CGCH sequence was used for h-cyt c. For Ht 1X, pink
cell pellets were obtained indicating expression of holo-cytochrome c. The yield is
decreased over 12-fold relative to Ht WT (Table 1). The UV-vis spectrum of reduced Ht 1X
shows an alpha band slightly blue-shifted from 552 to 550 nm (data not shown), but the
alpha band for the pyridine hemochrome remains at 549 nm (Fig. 2). 'H-NMR shows one
set of heme methyl peaks (Fig. 3b). However, these are broadened at room temperature
relative to Ht WT. Two of the methyl resonances overlap at 25 °C, but increasing the
temperature to 40 °C resolves the two peaks (Fig. 3a).

The Hh 1X variant matured by CCM, however, does not produce detectable expression of
holo-cytochrome c. In fact, growth of E. coli transformed with both pEC86 and pSHHC
containing the Hh 1X mutation is severely inhibited, indicating toxicity of the gene product.
When the variant is expressed with yeast CCHL in the cytoplasm, the E. coli growth rate
appears normal, but a green pellet is obtained in TB medium. A small but detectable amount
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of cytochrome is obtained after purification, yet this displays an abnormal pyridine
hemochrome spectrum with a broad absorbance band at 575 nm that appears with the
addition of dithionite, indicating improper heme attachment. In LB medium, the green color
is absent and white cells are produced.

Mutations external to the heme attachment motif

To further test the specificity of heme lyase, two mutations near the CXXCH motif were
made in h-cyt ¢ coexpressed with either CCHL or with the CCM genes. The mutations were
modeled on the structure and sequence of Ht cyt c.. The Hh G13ins variant introduces a
residue immediately before the CXXCH motif that is present in bacterial cyts ¢ (Fig. 5). The
residue in Ht WT is Gly11, although its identity is not conserved among bacterial cyts c.
When expressed with heme lyase in the cytoplasm, dull pink cell pellets are obtained.
However, the absorption spectrum of reduced protein after FPLC purification shows two
unusual peaks at 564 and 622 nm (data not shown). The pyridine hemochrome spectrum also
contains a large and broad absorbance at 579 nm which is abnormal for c-type cytochromes
(Fig. 6). In addition, the NMR spectrum of oxidized Hh G13ins matured by CCHL (Fig. 7c)
indicates heme environment heterogeneity, and displays heme methyl chemical shifts
outside of the typical range.3®> When matured by CCM in the periplasm, however, Hh
G13ins has a typical absorption spectrum (Fig. 6) and an NMR spectrum like that of Hh
WT, indicating a homogeneous heme environment (Fig. 7d).

Phe10 is conserved in mitochondrial cyts ¢.3¢ The corresponding residue in bacterial cyts ¢
is in position 7 and is not strictly conserved (Fig. 5). It can be Phe as in cytochrome cssq
from Pseudomonas aeruginosa (Pa), a protein closely related to Ht cyt ¢, but is more
commonly Ala as it is in Ht cyt ¢.36 The mutation of Phe10 to Ala in h-cyt ¢ abolishes
maturation by heme lyase. Green cell pellets are obtained that give minimal heme
absorbance following lysate clarification by ion exchange chromatography on CM
Sepharose. However, no product is detected after FPLC purification. Upon growth in LB, a
less rich medium, white cell pellets are obtained. In contrast, the FLOA mutant of h-cyt ¢ is
able to be matured by expression in the periplasm by CCM (Table 1). In this case the
purified protein has absorption (Fig. 6) and *H-NMR spectra (Fig. 7b) similar to Hh WT.

Discussion

Heme attachment motif variants in Ht cyt ¢

Heme attachment motifs with three or four residues between the ligating cysteines are
infrequent but do exist in nature and are matured with CCM.21 An artificial heme c protein,
engineered from a heme b protein has already been successfully matured with CX3CH and
CX4CH motifs.22 In addition, a functional cyt ¢, has been matured by CCM with a CX3CH
motif.37 The successful CCM-mediated maturation of Ht cyt c, a highly thermostable
bacterial heme c protein, with extended heme attachment motifs is therefore not surprising.
Although the yield of the CX3CH cyt ¢, was reported to decrease two-fold upon extension
of the motif,37 the comparable yields of homogenous Ht 3X and Ht 4X with Ht WT (Table
1) confirm the more recent results?2 indicating that CCM-mediated maturation is not
hindered by these extended motifs.

The pyridine hemochrome spectrum allows for determination of protein extinction
coefficients, but is also an indicator of correct heme ¢ attachment. A heme b or a heme
attached by a single thioether bond would display an absorption maximum for the “alpha”
(longest wavelength) band red-shifted by approximately 7 or 3 nm respectively.22 The Ht
3X and Ht 4X variants, however, displayed the alpha band absorption maximum at 549 nm,
diagnostic of heme ¢ bound by two thioethers (Fig. 2).
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The oxidized form of cytochrome c is paramagnetic (S = %), and consequently has an 1H-
NMR spectrum in which heme and axial ligand proton resonances are shifted outside of the
crowded diamagnetic region, facilitating their detection. The downfield heme methyl peaks
are most notable, as well as the upfield axial methionine peaks. These resonances provide a
sensitive measure of the homogeneity and integrity of the heme environment.38 The 1H-
NMR spectra for the Ht 3X and Ht 4X variants both have one set of downfield-shifted 3-
proton intensity peaks consistent with heme methyls as well as the expected upfield-shifted
3-proton intensity axial Met e-CH3 resonance (Fig. 3d,e), indicating homogenous product
after purification. The shifting of these resonances relative to Ht WT indicates some
perturbation to the heme conformation3? and/or heme axial ligands,*° which are not
unexpected consequences of perturbing the heme attachment site.

Contracting the heme attachment sequence to a CGCH motif is a novel demonstration of the
substrate flexibility of the CCM system. Ht 1X was successfully matured into a c-type
cytochrome by CCM as indicated by pyridine hemochrome absorption spectra diagnostic of
attachment of heme by two thioether bonds (Fig. 2). The absorption spectrum of folded
protein also is consistent with a low-spin, six-coordinate heme iron. The yield was
approximately 12-fold lower than that of Ht WT, likely due to a lower efficiency of
maturation. It must also be considered that Ht 1X, like Ht WT, may be able to mature
without the help of CCM maturation factors.1:42 But this is unlikely the route taken here,
since expression of Ht 1X in E. coli without the cotransformation of pEC86 produced no
detectable heme protein (data not shown).

The side chain of the axial ligand Met61 of Ht WT displays fluxionality between an R and
an S configuration at sulfur that is fast on the NMR timescale. This has the effect of
narrowing the range of heme methyl chemical shifts observed.*3 The narrow range observed
in the Ht variants (Fig. 3) indicates that the fluxionality of the axial methionine is still intact,
and might also explain the broadness of the heme methyl peaks in Ht 1X at 25 °C (Fig. 3b).
This broadness could be a result of a slower exchange between the R and S configurations of
the axial methionine in this variant. Despite the conformational exchange, the 1TH-NMR and
absorption spectra both confirm the presence of heme ¢ and a homogeneous heme
environment for a cytochrome with a novel CXCH motif. The broad flexibility of CCM
substrate recongnition has therefore been further extended.

Heme attachment motif variants in horse cyt c

Yeast CCHL has just two native substrate cyts ¢,10 each of which contains a typical CXXCH
heme attachment motif. Extension to a CX3CH motif in h-cyt ¢ matured by CCHL decreases
the yield of mature h-cyt ¢ 4-fold (Table 1). This decrease in yield when matured with
CCHL could be due to a number of factors including mRNA stability,** protein stability,
or heme attachment efficiency. But since the yield of the Hh 3X variant does not decrease
from that of Hh WT when matured with CCM (Table 1), it is likely that the lower yield of
Hh 3X observed with CCHL maturation is due to a limited maturation efficiency of CCHL
for this variant. However, despite the 4-fold decrease in yield, a high level of cyt ¢ with the
expected absorption spectrum and hemochrome absorption spectrum is obtained, indicating
heme c attached by two thioether bonds (Fig. 4). Importantly, the properties of Hh 3X
matured by CCHL are indistinguishable from those of the variant matured by CCM. The
absorption (Fig. 4) and H-NMR spectra (Fig. 7e,f) of products matured by the CCHL and
by CCM are indistinguishable, indicating that the holo-cyt ¢ obtained is independent of its
maturation pathway. The 1H-NMR also indicates homogeneity of the heme environment by
the expected downfield-shifted heme methyl resonances and upfield-shifted axial
methionine methyl resonance (Fig. 7e,f). Yeast CCHL is therefore capable of correctly
recognizing a CX3CH motif for maturation.
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Contraction of the h-cyt ¢ motif to CGCH does not allow for maturation by either CCHL or
CCM. In this case, no conclusions about substrate recognition can be drawn. The apparant
toxicity of the variant when targeted to the periplasm for CCM maturation could be due to a
low level of maturation resulting in an abnormally ligated, or improperly folded, toxic
species. Expressed with CCHL in the cytoplasm, E. coli growth remains normal but no
detectable yield is obtained. This could be due either to a lack of recognition by CCHL, or
the protein fold not tolerating heme attachment to the contracted motif, causing instability
and therefore proteolytic degradation after the post-translational modification.

Yeast heme lyase substrate recognition sites

The fact that h-cyt ¢ can be matured either by CCM or CCHL allows comparison of enzyme
specificities. The correct maturation of both the Hh G13ins and Hh F10A variants by CCM
indicates that they are stable in the periplasm of the cell and upon purification. Therefore,
low yields when matured by CCHL cannot be attributed to low mRNA or low holoprotein
stability. For both variants, TH-NMR spectra are similar to that of Hh WT, with only small
shifts in the paramagnetically shifted resonances (Fig. 7a,b,d), demonstrating that the
variants both remain 6-coordinate, low spin species and have a homogeneous heme
environment. The intensity-3 upfield peak between -20 and -25 ppm is characteristic of
methionine coordination also found in Hh WT. These data suggest that Hh G13ins and Hh
F10A are minimally perturbed in terms of structure relative to Hh WT.

The Hh F10A variant, however, is not matured above a detectable level in the cytoplasm by
CCHL (Table 1). Aside from the possibility that the protein stability is dramatically different
in the cytoplasm relative to the periplasm, it must be that CCHL is unable to mature this
variant and F10 is a recognition site for the enzyme.

The Hh G13ins variant, unlike F10A, is produced in high yield upon maturation by CCHL.
The product, however, even after FPLC purification, is heterogenous as shown by 1H-NMR
(Fig. 7c). It is possible that appropriately matured cyt c is a minor fraction of the
hetergenous mixture, but this is not certain. The pyridine hemochrome absorption spectrum
is likewise abnormal, with significant differences relative to the same variant matured by
CCM (Fig. 6). Since Hh G13ins was properly matured by CCM without any decrease in
yield relative to Hh WT, the insertion does not interfere structurally with heme attachment
or with holoprotein stability. Thus the poor result from attachment by CCHL is likely due to
an altered substrate recognition and/or heme attachment process caused by the mutation.

Based on the yields of both the Hh F10A and G13ins variants, the recognition of cyt ¢ by
CCHL involves the relationship between the N-terminal helix-1 and the CXXCH motif (Fig.
8), consistent with an early study that suggested that the N-terminal region of mitochondrial
cyt ¢ contains the necessary recognition elements for CCHL.#® The abolished maturation of
h-cyt ¢ F10A by CCHL strongly suggests that the reason for the conservation of F10 is for
recognition by CCHL.

The surprising flexibility of CCHL to mature a CX3CH motif into heme ¢ demonstrates that,
despite its limited substrate diversity biologically, the flexibility of this system has not been
fully explored. The points of substrate recognition discovered here by comparing the
maturation of variants by both CCM and CCHL beg further study as well. Comparison of
results of maturation of other mitochondrial cyt ¢ variants by CCM and CCHL may provide
additional information on the residues controlling substrate recognizion by CCHL. A better
understanding of CCHL could lead to higher yielding recombinant cyt ¢ expression,
increasing the practicality of applications utilizing engineered cyts ¢.4” Also, expansion of
the known substrate flexibility of the CCM system to include a CGCH motif allows for the
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study of the effect of this variation on heme properties and reactivity, with potential
implications for the design of heme-containing proteins.

Conclusions

It has been demonstrated that the CCM system machinery for heme ¢ maturation can tolerate
a novel CXCH motif with correct, homogenous heme attachment. The known substrate
specificity of yeast CCHL has also been broadened to include a CX3CH motif within h-cyt
¢. By maturation of h-cyt ¢ position 10 and 13 mutants with both CCM and CCHL, two
possible points of the recognition of mitochondrial cyt ¢ by CCHL have been discovered,
both involving helix-1 of h-cyt c. In this way, some sequence differences between bacterial
cyts c relative to mitochondrial cyts ¢ that hinder CCHL recognition of bacterial cyts ¢ have
been identified. Finally, a practical consideration for recombinant protein expression of
mitochondrial cyt ¢ variants is that low or absent holoprotein expression could be caused by
diminished recognition by CCHL for the variant of interest, in which case maturation by the
less specific CCM system may be a better route to high yields of pure cyt ¢ variants.

Experimental

The plasmid containing a synthetic gene for Ht cyt cssp with an N-terminal signal sequence
from Thiobacillus versutus cyt cssg (pSHC552, Amp") for maturation by CCM has been
previously described.*2 The plasmid containing the CYC1 gene encoding h-cyt ¢ and the
CYC3 gene encoding yeast CCHL, pBTR(hCc) Amp', for maturation of h-cyt ¢ by CC was
generously provided by Gary Pielak.34 A previously reported plasmid containing the gene
for h-cyt ¢ with a signal sequence from Thiobacillus versutus cyt cssg was used for
maturation of h-cyt ¢ by CCM (pSHHC, Amp").30 Mutagenesis was performed using
QuikChange (Stratagene) for all variants of Ht cyt cs5,. For mutants of h-cyt c,
MEGAWHOP*8 was performed using a promoter primer of the relevant plasmid and reverse
complement mutagenic primers. DNA sequencing was performed to confirm successful
mutagenesis.

Expression was carried out in BL21 (DE3) E. coli cells (Invitrogen) in a similar manner to
that previously described.3* For maturation by the CCM system, E. coli were co-
transformed with plasmids encoding a variant of either h-cyt ¢ or Ht cyt csg5o and with the
pEC86 vector (Cm")28 encoding genes ccmA-H. All media were supplemented with 50 pg/
mL of the appropriate antibiotics. A 30-mL culture grown at 37°C in Luria Bertani (LB)
medium was grown for 8 hours and used to inoculate 1 L of terrific broth (TB) medium for
all variants except Hh F10A matured with CCM. For this variant, higher yields were
obtained using 1-L cultures in LB medium. These large-scale cultures were grown in 4-L
flasks at 37°C for 18 hours while shaking at 120 rpm. The cells were harvested by
centrifugation at 10000 x g for 15 minutes. The wet cell paste was frozen and stored at
-20°C.

For all protein variants, thawed cell pellets were resuspended in 10 mM Tris (pH 8)
supplemented with 2 mg/mL deoxycholate sodium salt and sonicated for 1 minute at a
power of 7 and 50% duty cycle on a Branson Sonifier 450. After centrifugation, the lysate
was decanted and centrifuged again before being loaded onto a CM Sepharose Fast Flow
cation exchange column (GE Life Sciences). Protein was eluted with a NaCl gradient,
concentrated in an Amicon (Millipore) with 3-kDa molecular weight cut-off regenerated
cellulose membranes and exchanged with a desalting column (PD10, GE Life Sciences) into
5 mM NaP;, pH 7.0 for Ht cyts ¢, and 50 mM NaP;, pH 7.0 for h-cyts c. The protein was
oxidized with K[Co(EDTA)] synthesized from a literature method*® before loading onto an
FPLC system equipped with a Mono S column (GE Life Sciences). The protein was eluted
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with an NaCl gradient from 0-160 mM in 5 mM NaP;, pH 7.0 for Ht cyts ¢, and 140-200
mM in 50 mM NaP;, pH 7.0 for h-cyts c. Yields were calculated from the alpha-band of the
pyridine hemochrome spectrum®® using the extinction coefficient of 30.27 mM-1 cm-1.
Absorption spectra were taken with a UV-Vis spectrophotometer (Shimadzu 2401PC) at
ambient temperature. The spectra were also used as an indicator of correct heme c
attachment through two thioether bonds.?2 A few crystals of sodium dithionite were added
directly to the sample for reduction of the protein. The extinction coefficient of 106.1 mM-1
cm1 was used for heyt ¢ and its variants,34 while 105 mM-1 cm™1 was used for Ht cyt css5p
and its variants.*2 The yields given (Table 1) are an average of two separate growth and
purifications.

IH-NMR spectra were obtained using a Varian INOVA 500-MHz NMR spectrometer. All
experiments were performed with samples in 50 mM NaP;, pH 7.0, 10% DO at either 25°C
or 40°C. Data were processed with SpinWorks and graphed with Igor Pro 6.1. The chemical
shift scale was referenced indirectly via the water resonance.!
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Fig. 1.
Heme ¢ and CXXCH heme attachment motif showing His and Met as the axial ligands.
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Fig. 2.

Pyridine hemochrome spectra for reduced Ht WT and the Ht heme attachment variants
matured with CCM. The alpha-band positions at 549 nm indicates c-type heme attachment
through two thioether bonds for all variants. Spectra are offset by 5 units on the vertical axis
to aid comparison.
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Fig. 3.

1H-NMR spectra for oxidized Ht cyt ¢ variants matured with CCM. (a) Ht 1X at 40 °C (b)
Ht 1X at 25 °C (c) Ht WT at 25 °C (d) Ht 3X at 25 °C (e) Ht 4X at 25 °C.
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Fig. 4.

Pyridine hemochrome absorption spectra of the reduced Hh 3X variant matured with either
the cytochrome ¢ heme lyase (CCHL) or cytochrome ¢ maturation (CCM) system. A
pyridine hemochrome spectrum of reduced Hh WT is included for comparison. The spectra
were normalized to a pyridine hemochrome alpha-band extinction coefficient of 30.27 mM-1
cm,
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Fig. 5.

Sequence alignment of cyts ¢ by Clustal showing the N-terminal helix region and the
CXXCH heme attachment motifs. The numbering scheme for bacterial cyts c is included
above the sequences, and the scheme for mitochondrial cyts c is included below the
sequences. The position varied for Hh F10A is in bold type, as well as the position of
insertion for the G13ins variant. Bacterial cyts c are the cyt cgs) or cyt Cs51 proteins from (a)
Hydrogenobacter thermophilus, (b) Pseudomonas aeruginosa and (c) Nitrosomonas
europaea. Mitochondrial cyts c are from horse, human and (d) Saccharomyces cerevisiae.
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Fig. 6.

Pyridine hemochrome spectra for reduced Hh G13ins matured with CCHL compared to both
Hh G13ins and Hh F10A matured by CCM. The spectra of the proteins matured by CCM are
indistinguishable. The anomalous spectrum of Hh G13ins matured by CCHL did not allow
for typical pyridine hemochrome extinction coefficients to be used, so all spectra were
normalized to a Soret absorbance of 1.0.
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Fig. 7.

1H-NMR spectra of oxidized h-cyt ¢ variants. (a) Hh WT matured by yeast CCHL, (b) Hh
F10A matured by CCM, (c) Hh G13ins matured by CCHL, (d) Hh G13ins matured by
CCM, (e) Hh 3X (CAQGCH attachment sequence) matured by CCHL, (f) Hh 3X matured
by CCM.
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- F10
Fig. 8.

Partial structure of horse cyt ¢ showing the N-terminal helix-1 (cyan) and the heme
attachment motif with heme (pink). The side chain of the axial ligand Met80 is also
included. F10 is highlighted in red. Coordinates from PDB: 1HRC.52 Figure generated with
Pymol.
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Cytochrome c yields in milligrams of protein per gram of wet cells. Maturation was accomplished using either

yeast cytochrome ¢ heme lyase (CCHL) or the cytochrome ¢ maturation (CCM) system.

Horse cytc Htcytc
Variant CCHL CCM CCM
1xa ND. ND. 023
WT 1.03 0.60 2.93
axb 027 077 262
4XC - - 2.73
G13ins 0.3d 0.68 -
F10A N.D. 0.30 -

aCGCH heme attachment sequence for both horse and Ht cyt c.

bCAQGCH for horse and CMAGCH for Ht cyt c.

CCAAQGCH for horse and CAMAGCH for Ht cyt c.

d - .
Heterogeneous product; presence of correctly matured protein is uncertain.

e -
N.D. indicates that expressed cytochrome was not detected.
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