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Abstract

c-type cytochromes (cyts c) are generally characterized by the presence of two thioether
attachments between heme and two cysteine residues within a highly conserved CXXCH motif.
Most eukaryotes use the System Il1 cyt ¢ biogenesis pathway comprised of holocytochrome ¢
synthase (HCCS) to catalyze thioether formation. Some protozoan organisms express a
functionally equivalent, natural variant of cyt ¢ with an XXXCH heme-attachment motif, resulting
in a single covalent attachment. Previous studies have shown that recombinant HCCS can produce
low levels of the XXXCH single thioether variant. However, cyt ¢ variants containing substitutions
at the C-terminal cysteine of the heme-attachment site (7.e. resulting in CXXXH) have never been
observed in nature and attempts to biosynthesize a recombinant version of this cyt ¢ variant have
been largely unsuccessful. In this study, we report the biochemical analyses of an HCCS-matured
CXXXH cyt ¢ variant, comparing its biosynthesis and properties to the XXXCH variant. Results
indicate that although HCCS mediates heme attachment to the N-terminal cysteine in CXXXH cyt
¢ variants, up to 50% of the cyt ¢ produced is modified in an oxygen-dependent manner, resulting
in a mixed population of cyt c. Since this aerobic modification only occurs in the context of
CXXXH, we also propose that natural HCCS-mediated heme attachment to CXXCH likely
initiates at the C-terminal cysteine.

Graphical abstract

INTRODUCTION

Cytochrome c (cyt c) plays a vital role in prokaryotes and eukaryotes as an essential
component of respiration, for example serving as an electron shuttle in mitochondria
between complexes 111 (cytochrome bcy) and 1V (cytochrome aas oxidase).2 2 A heme
cofactor is covalently attached to cyt c via thioether linkages between two vinyl groups of
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heme and two cysteines in a conserved Cys-Xxx-Xxx-Cys-His (CXXCH) motif. The
histidine of CXXCH serves as an axial ligand to the heme iron. Prokaryotes use one of two
multi-component pathways to accomplish the covalent attachment of heme to c-type
cytochromes (/.e. System | or System 11)3-5, while most eukaryotes use holocytochrome ¢
synthase, HCCS (System 111), in the mitochondrial intermembrane space.5-2

Although HCCS has long been recognized as the key enzyme in mitochondrial cyt ¢
assembly®, investigation of its mechanism, including substrate binding, have only recently
been explored (Figure 1A)10-13, HCCS-mediated cyt ¢ biosynthesis is proposed to follow a
four-step process: In step 1, HCCS binds noncovalently to heme (Fe2*), with His154
forming an axial ligand to the heme iron (residue numbering refers to human HCCS).10. 11
In step 2, holo-HCCS (/.e. heme-bound HCCS) binds to apocyt ¢, with His19 of CXXCH
occupying the second axial ligand position on the heme iron (numbering refers to human cyt
¢, including its initiating methionine (Figure 1C))12; His19 ligation positions Cys18 next to
the heme-4 vinyl, while the N-terminal alpha helix-1 of cyt ¢ positions Cys15 next to the
heme-2 vinyl.13 In step 3, the cysteine thiols spontaneously form stereospecific thioether
bonds with the heme vinyls (/.e. the thiol groups (-SH) of Cys15 and Cys18 form covalent
bonds with the heme 2- and 4-vinyl groups, respectively) (Figure 1A)12. In step 4, holo-cyt ¢
(7.e. heme-attached to cyt c) is released from HCCS to undergo folding. It is proposed that
the release process is facilitated by the His19 ligand of cyt c, and by the distortion of heme
resulting from both thioether attachments!2.

Widespread conservation of the CXXCH motif in cyt ¢ a priori suggests that covalent
attachment of heme to the two cysteine residues is central to its optimal stability and activity.
However, mitochondrial c-type cytochromes (/.e. cyt ¢ and cyt ¢1) from a unique class of
eukaryotes within the phylum Euglenozoa (e.g. Crithidia fasciculata, Trypanosoma brucei,
and Euglena gracilis) contain an uncharacteristic XXXCH heme-attachment motif (Figure
1C), resulting in only a single thioether between heme and the second cysteine residue 14-16
The structural and functional properties of this natural single thioether variant are very
similar to that of horse heart cyt c, indicating that a single thioether linkage to the first
cysteine (7.e. CXXXH) is physically feasible.14: 17-20

Single thioether cyt c variants (with XXXCH) have also been biosynthesized using
recombinant or native HCCS.10. 12, 20-23 Qur initial studies with human single cysteine cyt ¢
variants and recombinant human HCCS analyzed C15S and C18A substitutions, showing
that complexes between these cyt ¢ variants and HCCS form, thus both variants are
recognized by HCCS and both are competent for heme attachment. It was determined that
C15S is released from HCCS at higher levels (10% WT cyt c levels) than C18A (<3% WT
cyt ¢ levels).10 It was also shown that heme in the HCCS/C15S cyt ¢ complex is more
distorted (nonplanar 7.e “puckered”) than in the HCCS/C18A cyt ¢ complex (as determined
by resonance Raman (rR) spectroscopy).12 These results could be due to 1) the differential
impacts of serine and alanine on heme distortion (and thus release) or 2) the possibility that
the degree of heme distortion induced by a single thioether attachment to Cys15 is
inadequate to facilitate product release. The notable absence of CXXXH-containing single
thioether cyt ¢ variants in nature may reflect natural selection against substitution because of
an innate defect in the variant (e.g. stability or redox potential). Alternatively, absence of this
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variant could be due to mechanistic problems with HCCS-mediated biosynthesis of such
substrates.

In the present study, we engineered alanine and serine substitutions at both the Cys15 and
Cys18 positions in cyt ¢, examining their release from HCCS and their properties. We
overcome previous challenges that limited the adequate maturation and release of cyt ¢
variants lacking a second thioether (7.e. CXXXH (C18A/S)) by exploiting the enhanced
product-release feature of a previously characterized HCCS mutant (/.e. Glu159Ala).11 We
very recently have shown that this HCCS “release mutant” biosynthesizes sufficient levels of
CXXXH (i.e. C18A/S) cyt ¢ variants?2 for the biochemical analysis described here. Because
redox potential and stability of a C18S cyt ¢ variant are similar to WT, there does not appear
to be selection against this variant. However, substitutions of the second cysteine (/.e.
Cys18) result in 2 forms of this single thioether cyt ¢ when matured by HCCS, one of which
is modified in an oxygen-dependent manner. We propose that this oxygen-associated
modification precludes the existence of a CXXXH cyt ¢ in nature and that thioether
attachment occurs first at Cys18 (of “CH?”) to the heme 4-vinyl in step 3 (Figure 1A).

EXPERIMENTAL PROCEDURES

Construction of strains and plasmids

Plasmids used in this study, pPRGK403 (N-terminal GST-tagged human HCCS), pPRGK405
(human cyt ¢ (CYCS)), pRGK417 (C15S cyt ¢), pPRGK418 (C18A cyt ¢), and HCCS_E159A
(N-terminal GST-tagged human HCCS with Ala substitution at Glu159) have been described
previously.19: 11 All other oligonucleotide primer sequences and derived plasmids are
reported in Supplemental Table 1 (Table S1). The addition of a C-terminal hexahistidine (6x-
His) tag and nucleotide substitutions were engineered using the QuikChange Il Site-Directed
Mutagenesis kit (Agilent Technologies) according to the manufacturer’s specifications. All
cloning steps were confirmed by sequencing. Verified clones were transformed into the £.
coli Accm strain RK103.24

Cyt ¢ purification

The purification of HCCS-released cytochrome ¢ was performed as previously described.12
Briefly, Accm E. coli carrying plasmids for GST-HCCS (WT or E159A mutant) and cyt ¢
(WT or variant, with or without a hexahistidine tag) were inoculated into 100 mL LB
supplemented with the appropriate antibiotics, grown overnight at 37°C with shaking, and
used to inoculate 1 L LB. Following 1 hour growth of the 1 L cultures at 37°C with shaking
at 120 rpm, the cultures were induced with 0.1 mM IPTG for expression of HCCS. 2 hours
after the induction of HCCS expression, arabinose was added to 0.2% (wt/vol) to induce
expression of CYCS overnight. Cells were harvested by centrifugation at 4,500 x g,
resuspended in 50 mM Tris (pH 8) with 1 mM PMSF, and sonicated. The crude sonicate was
clarified by centrifugation at 24,000 x g for 20 minutes, and the soluble fraction was isolated
by ultracentrifugation at 100,000 x g for 45 minutes. The supernatant was loaded onto CM
Sepharose Fast Flow resin (GE Healthcare) for an overnight batch pull-down of positively
charged proteins (including cyt c). Bound proteins were eluted with either 50 mM Tris (pH
8), 500mM NacCl (for untagged cyt ¢) or 50 mM NaH,PO4 (pH 7.4), 300 mM NaCl, 10 mM
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imidazole (for 6x-His tagged cyt c). His-tagged cyt ¢ eluant was then incubated with Talon
Metal Affinity resin (Clontech) for 30 minutes and eluted with 50 mM NaH,POy4 (pH 7.4),
300 mM NacCl, 150 mM imidazole. Cyt c proteins (His-tagged or untagged) were then
concentrated in a Vivaspin Turbo centrifugal filter (Thermo Scientific) with a 3 kD cutoff,
and total protein concentration was determined using the Bradford reagent (Sigma).

Oxygen limitation assay

Accem E. coli carrying plasmids for His-tagged cyt ¢ (WT, C15A/S, and C18A/S) and GST-
tagged E159A HCCS were inoculated into 100 mL LB supplemented with appropriate
antibiotics, grown overnight at 37°C with shaking, and used to inoculate 1L of LB in either a
2 L Erlenmeyer flask (for normal and High O, conditions) or a capped 1 Lbottle (for low O,
conditions) under the following aeration conditions: 1) low O: in which air was maximally
excluded (with LB medium) from a sealed bottle that was minimally agitated (50 rpm), 2)
Normal O5: in which air occupied half of a loosely covered culture flask that was agitated at
a moderate speed (120 rpm), and 3) High O,: in which air occupied half of a loosely covered
culture flask that was agitated at a high speed (200 rpm). Following 1 hour growth of the
cultures at 37°C with shaking, the cultures were induced with 0.1 mM IPTG for expression
of E159A HCCS, followed by 0.2% (wt/vol) arabinose for expression of cyt ¢ overnight.
Cells were harvested, His-tagged cyt ¢ was purified as described above, and samples were
prepared for SDS-PAGE.

Heme stains, Sypro Ruby and Coomassie protein staining, and immunoblotting

Heme staining and Sypro Ruby blot staining were performed as described previously.12: 25
Briefly, protein samples were prepared for SDS-PAGE with loading dye that did not contain
reducing agents and the samples were not boiled. Following electrophoresis, proteins were
transferred to nitrocellulose membranes, which was incubated in the Supersignal Femto kit
(Thermo Scientific) chemiluminescent reagent. Heme stain signal was developed by either
the Odyssey Fc Imaging System (LI-COR Biosciences) or the ImageQuant LAS4000 Mini
detection system (Fujifilm-GE Healthcare). Following heme staining, membranes were
washed in PBS and treated with fixing solution (7% acetic acid, 10% methanol (vol/vol)).
The membranes were washed in deionized water, stained with Sypro Ruby protein blot
reagent (Molecular Probes), and washed again in deionized water. Sypro-stained proteins
were visualized with the ImageQuant LAS4000 Mini detection system using the Y515-Di
filter or with the Odyssey Fc Imaging System. The membranes were then blocked in PBS
containing 5% milk protein (wt/vol). Blots were probed with a 1:2000 dilution of antiserum
against cyt ¢ (previously described in ref. 13) and then washed with PBS. Protein A
peroxidase (Sigma) was used as a secondary label for detection. The chemiluminescent
signal for anti-cyt ¢ was developed using the Immobilon Western kit (Millipore) and
detected by either the ImageQuant LAS mini detection system or the Odyssey Fc Imaging
System. For Coomassie stains, proteins resolved by SDS-PAGE were stained, destained, and
imaged as described previously.13

Spectroscopy

UV-vis absorption spectra were recorded with a Shimadzu UV-1800 spectrophotometer at
room temperature. Pyridine hemochrome spectra were performed as described previously.26
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Briefly, 0.5 M NaOH and pyridine were added to 100 pug purified protein to yield final
concentrations of 100 mM NaOH and 20% pyridine (vol/vol). Samples were chemically
reduced with the addition of solid sodium dithionite (sodium hydrosulfite) and UV-vis
spectra were recorded from 500 to 600 nm.

Circular dichroism (CD) of cyt ¢ was performed as previously described.22 Briefly, purified
His-tagged cyt ¢ samples were buffer exchanged into 50 mM phosphate buffer, pH 7.4, 50
mM NaCl. Samples were standardized by heme concentration and recorded on a Jasco J-815
CD spectrophotometer at room temperature at a continuous scanning speed of 50 nm/min for
5 cumulative measurements. The response rates for far-UV and near-UV recordings were 0.5
and 1 second, respectively. Instrument sensitivity was set to 100 mdeg, with a data pitch of
0.5 nm, and bandwidth of 1 nm.

Determination of cyt ¢ reduction potential

Redox potentials of cyt ¢ were determined as previously described.27: 28 Briefly, purified cyt
c samples in 50 mM phosphate, pH 7.4, 50 mM NaCl were oxidized with K3Fe(CN)g and
desalted on a Zeba Spin Desalting column (Thermo Fisher Scientific). The redox dye
dichlorphenolindophenol (DCPIP) (&, = +217) was added to yield a Soret absorbance
equivalent to that of the heme contained in the cyt ¢ sample. The redox reaction was initiated
with the addition of xanthine/xanthine oxidase at a 2:1 substrate/enzyme ratio. UV-vis
spectra were recorded every 30 seconds on a Shimadzu UV-1800 spectrophotometer until
reduction (of cyt ¢ heme and DCPIP) was complete. All steps were performed at room
temperature within an anaerobic airlock chamber (COY). The changes in absorption were
analyzed by the Nernst equation: [25 mV In (heme,eg/heme,y)] for the one-electron
reduction of heme and [12.5 mV In (dye,.q/dyeox)] for the two-electron reduction of DCPIP.
Calculated cyt ¢ heme Nernst equation values were plotted against those values calculated
from the DCPIP Nernst equation on the x- and y-axes, respectively, yielding a straight line in
which the y-intercept represents the difference in reduction potential between cyt ¢ heme and
DCPIP (of known potential).

Intact protein mass spectrometry

RESULTS

Purified His-tagged cyt ¢ variants were analyzed by mass spectrometry as previously
described.22 Briefly, cyt ¢ protein samples in 50 mM NaH,PQ,4, pH 7.4, 300 mM NaCl, 150
mM imidazole were loaded onto a desalting C8 trap column, eluted by a linear HPLC
gradient, and injected into a MaXis-4G Q-ToF mass spectrometer for analysis. Protein mass
data was imported into MagTran software2® for mass deconvolution.

XXXCH cyt ¢ variants: Cys15Ala and Cys15Ser

In our £. coli recombinant system, membrane-bound HCCS1O releases cyt ¢ into the
bacterial cytoplasm, which is purified from the soluble fraction by ion exchange
chromatography (Figure 2A).12: 22 For higher purity, a polyhistidine tag (6x-His) was added
to the C-terminus for a cobalt-affinity chromatography step (Figure 2A). Single thioether cyt
¢ variants were constructed at the Cys15 position (7.e. C15A and C15S cyts c, see Figure
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1C). The C15A and C15S cyt ¢ variants were both released from HCCS at similar levels,
approximately 10% of WT cyt c, sufficient for purification and characterization by SDS-
PAGE (Figure 2B). Both variants contain heme and react with cyt ¢ antisera (Figures 2C, D).
Using mass spectrometry, heme attachment to WT and both Cys15 cyt ¢c-6xHis variants was
apparent in the total mass calculations of the intact protein (Figure 2E-G).

Like untagged cyt c, ferrous WT cyt c-6xHis exhibits a distinctive alpha peak maximum at
549.5 nm in its visible absorption spectrum (derived from the porphyrin Tt—m* electronic
transition)39 (Figure 3A, top) and pyridine hemochrome spectrum (Figure 3A, bottom),
characteristic of cyt ¢ containing two thioethers.28: 31 By contrast, the spectral properties of
C15A and C15S cyts c-6xHis are indicative of a single thioether at the remaining cysteine in
the heme attachment site (/.e. Cys18) (Figure 3B, C). The alpha peak maxima of both C15A
and C15S cyts c are red-shifted (/.. shifted to higher wavelength) to 556 nm and 559 nm,
respectively (Figure 3B, C, top), with both variants exhibiting an asymmetrical shoulder at
552 nm (Figure 3B, C, top). The asymmetry in the a/p region of both Cys15 cyt ¢ variants is
very similar to that observed in the visible spectra from the single thioether cyts ¢ purified
from Euglenid protozoans.1* The difference in alpha peak maxima by 3 nm for C15A (556
nm) and C15S (559 nm) cyt ¢ (Figure 3B, C, top) suggests that alanine and serine
differentially impact the heme environment, but importantly, this change does not impact the
cyt ¢ levels released from HCCS. Reduced pyridine hemochrome alpha maxima values for
C15A (552.6 nm) and C15S (551.4 nm) confirm the presence of a single covalent
attachment to heme (Figure 3B, C, bottom), values between that expected for two covalent
attachments (549-550 nm, as with WT cyt c) and no covalent attachments (555-556 nm, as
with b-type heme).1: 31, 32

The reduction potential of the C15S variant was nearly identical to that of WT cyt ¢ (Table 1
and Figure S1), which was also observed for the midpoint potentials of natural Euglenozoan
cytochromes when compared to conventional cyt ¢.17 This is similar to reports for the yeast
Cys14Ser iso-1-cyt ¢ variant.21 A far-UV CD spectrum of human C15S-6xHis cyt ¢
indicates that its alpha helical character is comparable to that of WT cyt c-6xHis, with
signature bands at 208 nm and 222 nm (Figure 4A, B). By contrast, the near-UV CD
spectrum of C15S-6xHis cyt ¢ indicates that the properties of the bound heme are affected
by the single thioether attachment (Figure 4C). While the near-UV CD spectrum of WT cyt
c-6xHis exhibited the characteristic signature bands of a c-type cytochrome33, the human
C15S variant showed a distinct negative CD band at 423 nm, similar to the single thioether
yeast C14S cyt c.2 The thermal stability of C15S cyt c is significantly lower than that of
WT32 (Table 1). This finding contrasts with reports of Euglenozoan cyt ¢ stability being
relatively comparable to that of horse heart cyt ¢c.17 However, it is likely that the increased
stability of the single thioether cyts ¢ from Euglenid protozoa stems from compensatory
sequence features not present in the human C15S cyt ¢ variant engineered here. This result
and conclusion is similar to that noted for the £. co/i recombinant yeast Cys14Ser iso-1-cyt ¢
single thioether variant biosynthesized using yeast HCCS.2!
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CXXXH cyt ¢ variants: Cys18Ala and Cys18Ser

As noted previouslyl% 32, cyt ¢ variants with residue substitutions at Cys18 are poorly
biosynthesized. Accordingly, both C18A and C18S cyt ¢ variants co-expressed with WT
HCCS yielded very low levels of released, folded cyt ¢ (<3% WT cyt ¢).22 Intensity of the
heme stain signal from the Cys18 cyt ¢ variants produced by WT HCCS effectively reflect
the substantial disparity in protein yields obtained during purification when compared to WT
cyt ¢ yields (Figure 5A, compare lanes 3 and 5 with lane 1). This result indicates that both
alanine and serine substitutions exhibit similar low levels of release from HCCS (step 4).

To obtain adequate levels of released Cys18 cyt ¢ variants to study, we recently developed
the use of selected HCCS “release mutants.”22 One of these HCCS release mutants has an
alanine substitution at the conserved Glu159 residue of HCCS, (which is changed to a lysine
in the genetic disorder microphthalmia with linear skin defects (MLS)34). The E159A HCCS
release mutant facilitates the higher synthesis of cyt ¢ variants with substitutions at axial
ligand His19 and at Cys18.22 In that report, it was concluded that these HCCS substitutions
affect heme dynamics in the HCCS four step pathway. For C18A and C18S cyt ¢ variants
co-expressed with E159A HCCS, we observed a 3 to 9-fold increase in the yields purified
from the soluble fraction (Figure 5A, B, compare lanes 4 and 6 with 3 and 5, respectively).

With sufficient protein to analyze, we evaluated the spectral properties of the heme
environments within the Cys18 cyt c variants. Interestingly, the a/p absorption region of
ferrous C18A and C18S cyt ¢ did not exhibit the asymmetry found in the corresponding
peaks of the Cys15 cyt ¢ variants (compare Figure 5C, D, top with Figure 3B, C, top). The
absorption maximum values (550 nm) obtained in the reduced pyridine hemochrome spectra
for C18A and C18S cyts c closely resemble those measured for WT cyt ¢ (compare Figure
5C, D, bottom with Figure 3A, bottom), which is atypical for single thioether cytochromes
(see below). CD measurements showed that while secondary structure of C18S cyt ¢ was
like that of WT (Figure 4A, B), electronic properties of the heme environment were similar
to the C15S cyt ¢ variant, displaying a negative CD band at 421.5 nm (Figure 4C). The
reduction potential of C18S cyt ¢ was within 11 mV of those measured for both WT and the
C15S cyt ¢ variant (Table 1 and Figure S1), suggesting that the electron-transfer properties
of cyt c are not largely impacted by the loss of the second thioether. C18S cyt c is more
stable than C15S cyt ¢, but less than WT cyt ¢ (Table 1). We propose that redox potential and
protein stability are not the reason this single thioether cyt ¢ variant is missing in nature.

By SDS-PAGE, both Cys18 cyt ¢ variants (C18A and C18S) appear to be comprised of two
polypeptide species, one electrophoresing the same as WT (and the C15A/S variants) and
one at a higher molecular weight. Both species heme stain (Figure 5A) and are recognized
by the cyt ¢ antisera (Figures 5B). This “doublet” of cyt ¢ was present whether
biosynthesized by WT or E159A HCCS (Figure 5A, B). We presumed that this high
molecular weight species represents a modified form of cyt ¢ (referred to as C18A/S-cyt ¢*)
with characteristics possibly contributing to the spectral profiles (Figure 5C, D). To improve
sample purity for subsequent mass determination and protein identification, we added C-
terminal polyhistidine tags to both Cys18 cyt ¢ variants, and observed that C18A/S-cyt c*
continued to co-purify with C18A and C18S cyts ¢ following tandem affinity purification
(Figure S2). Intact protein mass spectrometry of purified C18A cyt c-6xHis revealed the
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presence of 2 major species (Figure 5E and Table 1). The mass of one was consistent with
that expected for the His-tagged, heme-attached cyt ¢ variant (13022.66 Da), while the other
differed by an added mass of 16.98 Da (/.e. 13039.64 Da). Likewise, the intact masses
detected for C18S cyt c-6xHis included a peak corresponding to 13039.65 Da, the expected
mass of the variant with heme attached, and another at 13056.67 Da, a value with an
additional 17.02 Da (Figure 5F and Table 1). The addition of approximately 17 Da to each
Cys18 cyt ¢ variant suggests that a significant fraction of C18A and C18S cyt ¢ is modified
with an oxygen and a hydrogen atom, which presumably also alters the electrophoretic
mobility of the C18A/S-cyt c* variant by SDS-PAGE (see below and Discussion).

Oxygen limitation reduces modification of CXXXH cyt ¢ (C18A and C18S) variants

We conclude that in HCCS-mediated biosynthesis of Cys18 cyts ¢ (CXXXH), but not Cys15
cyts ¢ variants (XXXCH), an oxygen and a hydrogen atom are added to the product. This
occurs whether WT HCCS or the HCCS “release mutant” (E159A HCCS) is used. In our
recombinant system, HCCS and cyt ¢ are co-expressed in £. coli under normal aeration
conditions (/.e. conditions that support ample bacterial growth in an aerobic environment).
Therefore, oxygen in the culture medium is possibly responsible for this adduct to the Cys18
cyt ¢ variants. We tested whether induction of our recombinant system in £. coli grown in
different oxygen environments would alter the presence of C18A/S-cyt c* that co-purifies
with the C18A and C18S cyt ¢ variants. We co-expressed cyt c-6xHis (WT, C15A/S, and
C18A/S) with E159A HCCS in £. coliunder three aeration conditions, from low oxygen to
high oxygen (as described in the Experimental Procedures section). Using heme staining and
cyt ¢ immunoblotting, purified WT, C15A, and C15S cyt c-6xHis migrate as single
polypeptides at the expected size (~13 kDa with heme attached) on SDS-PAGE in all three
conditions (Figure 6A, B, lanes 1-9). However, only the lower O, conditions yielded a single
protein of expected size for the Cys18 cyt c-6xHis variants (Figure 6A, B, lanes 10, 13, and
14). C18A/S-cyt c* continued to co-purify with the C18A and C18S cyt c-6xHis variants
from the moderate and high O, conditions (Figure 6A, B, lanes 11-12 and 15). These data
are consistent with the proposal that cyt ¢* contains an oxygen adduct that is added during
the HCCS-mediated maturation and/or folding of Cys18 cyt ¢ (see Discussion).

DISCUSSION

Serine vs. Alanine: Impact of residue substitution at Cys15 and Cys18

We previously determined by rR that thioether formation produces significant heme
distortion or “puckering” in the HCCS:heme:cyt ¢ ternary complex.12 We hypothesized that
this puckering is sufficient to effect the release of cyt ¢ from the HCCS active site. Having
both thioethers, WT cyt ¢ (containing a CXXCH motif) exhibits maximal puckering, and is
thus optimally released, while the poorly released, single thioether cyts ¢, C15S and C18A,
contain progressively less heme puckering, respectively. The increased heme distortion (and
product release from HCCS relative to that of C18A cyt c) found in C15S cyt ¢ could
potentially be due to the serine hydroxyl group. For example, polar properties of the
hydroxyl could repel the hydrophobic porphyrin ring, thus generating enough puckering to
promote limited release of the C15S cyt ¢ variant. Here we show that exchanging serine for
alanine at Cys18 did not result in higher release of the matured human cyt ¢ variant.
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Similarly, an alanine at Cys15 did not change its overall yield, which continued to be
released at 10% of WT cyt c levels.

In the final released and folded cyt ¢ products, the alanine substitution at Cys15 exhibited
slightly different spectral properties than the serine substitution, for example in the alpha
absorption peaks of the ferrous forms (Figure 3B, C). Perhaps this is due to the proximity of
the serine or alanine side chain to the free 2-vinyl group. In any event, we conclude that
serine and alanine substitutions at Cys15 impart similar consequences in the 4-step HCCS
mechanism.

E159A HCCS vs. WT HCCS: Properties and release of C18A/S cyt ¢

Until now, the biosynthesis and characterization of a single thioether cyt ¢ variant with a
CXXXH heme-attachment motif had never been described. The challenge in isolating this
unnatural cyt c variant stems from its inefficient release by HCCS. We have recently
proposed that there exists a delicate balance in the interaction dynamics of heme with HCCS
and cyt c that ultimately controls the “trapping” (in the case of the single thioether cyts c) or
release of the holocyt ¢ product.!! Using the EI59A HCCS “release mutant” to produce the
C18A/S cyt ¢ variants effectively shifted this balance towards product release, thus
facilitating biosynthesis and purification of C18A/S cyt ¢ for analysis.??

The UV-vis spectra of ferrous C18A and C18S cyts c are very similar to each other with
alpha peaks (~552 nm) that are red-shifted from WT cyt ¢ (~549 nm). This is expected for a
single thioether cyt c. The reduced pyridine hemochrome is only approximately 1 nm red-
shifted (550 nm for C18A/S cyt ¢ vs. 549 nm for WT cyt ¢), which is also indicative of one
thioether, but may reflect mixed species, one with an oxygen adduct (see below).

To address whether a C18S cyt ¢ variant might be capable of function, we analyzed its
thermal stability and redox potential, compared against that obtained for WT and C15S cyt ¢
(Table 1). The reduction potentials of both variants are within 10 mV of the value measured
for WT, and C18S is even more thermostable than C15S. We agree with Rosell and Mauk
that in the case of Euglenozoan single thioether C15A cyts c, stabilizing, compensatory
mutations likely evolved over time.2! For substitutions at Cys18, it is just as likely that
compensatory mutations could also occur to stabilize this variant.

We conclude that there is no innate property of the CXXXH cyt ¢ variant that would prevent
it from occurring in nature. The fact that HCCS “release mutants” can produce C18A/S cyts
c also would suggest that recognition and catalysis would not be an impediment to natural
biosynthesis. However, we have shown that in the normal, HCCS-mediated aerobic
biosynthesis of CXXXH cyt ¢ variants, an anomalous oxygen-dependent modification
occurs to the cyt ¢ product. We discuss below how this observation addresses mechanisms
behind HCCS function and how it could preclude the evolution of a CXXXH motif in c-type
cytochromes.
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Cys15vs. Cysl18: Oxygen addition, order of thioether formation, and stereochemistry in
HCCS mechanisms

Initial SDS-PAGE of the C18A/S cyt ¢ variants revealed the presence of a slightly higher
molecular weight cyt ¢ subspecies (Figure 5A, B, cyt c¢*). MS analysis determined that these
variants were composed of a mixed population of cyt ¢ with expected mass (accounting for
the Cys18 substitution and attachment of heme) and cyt ¢ with an additional 17 Da,
corresponding to the presence of an oxygen and hydrogen atom. Notably, this additional
mass was only present in the C18A/S cyt ¢ variants, suggesting that the elimination of the
Cys18 thioether renders cyt ¢ susceptible to modification, likely at the Cys15 single
thioether. We propose that the aberrant SDS-PAGE migration of cyt ¢* could be due to the
oxygen adduct.

Cysteine oxidation, in the context of non-canonical heme-attachment motifs, has been
observed in previous studies and confirmed through MS analysis.3% 3¢ Although we
attempted to confirm the presence and identify the site of the oxygen modification through
mass spectrometry of tryptic peptides from independently isolated C18A/S-cyt ¢*, heme-
containing peptides could not be detected, which is often the case for peptides with
covalently attached heme.37 38 However, we verified that the presence of oxygen was indeed
required for the production of C18A/S-cyt c*, since upon its removal during growth, cyt c*
disappeared (Figure 6). Obviously, mitochondria must operate in the presence of oxygen,
therefore this adduct addition is likely to affect substrates containing a CXXXH heme
attachment motif.

The current study provides a biochemical basis for a preferred order of thioether formation
at the CXXCH motif. We propose Cys18 rapidly forms the first thioether at heme 4-vinyl,
brought into position by His19 liganding to the heme iron (Figures 1A and S3A). Cys15
then forms the second thioether at heme 2-vinyl, facilitated by the N-terminal alpha helix-1
of cyt ¢ (Figures 1A and S3A). Absence of the CXXXH cyt ¢ motif in nature underscores
the importance of the Cys18 thioether, which is the only linkage in Euglenozoan cyt c. We
also hypothesize that the observed oxygen-dependent modification of CXXXH cyt ¢ could
occur in one of at least two different schemes as a mechanistic consequence of HCCS
function during thioether formation: 1) Oxygen could be added to an aberrant thioether
linkage formed between the Cys15 thiol and the B carbon of heme 2-vinyl35: 39, or 2) The
orientation of heme bound to HCCS could be inverted in up to 50% of the holo-HCCS
molecules (Figure 1B), resulting in thioether formation between Cys15 and the heme 4-
vinyl, creating an atypical linkage susceptible to oxygen addition. The proposed events are
not mutually exclusive, however we present three putative oxygen-modified cyt c: heme
products (based on previously described mechanistic schemes)3® 3940 in favor of the latter
scenario (Figure S3B). We note that the maximum amount of C18A/S cyt c* to C18A/S cyt
cis 1:1 (e.g. see Figure 5A, B). This is consistent with an equal mixture of heme
stereoisomers in HCCS.41: 42 The near UV CD spectrum for the C18S cyt ¢ variant exhibits
negative ellipticity in the Soret region (between 400-450 nm), which is a feature of single
covalent linkages?! and noncovalent heme.3 However, this feature is also observed in
hemoglobin when heme is bound in the inverted orientation.*
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Thioether bonds in WT cyt c are stereospecific. Although HCCS theoretically can bind both
orientations of heme, as we have discussed previously®, covalent attachment to WT apocyt ¢
will only occur if heme (Fe2*) is bound to HCCS in the proper orientation. It is possible that
cyt ¢ His19 drives this stereospecificity as it ligands the heme iron, allowing HCCS to
mediate the formation of the first thioether at the adjoining Cys18 to the neighboring heme-4
vinyl (see Figure 1A). In the absence of Cys18 (7.e. CXXXH), it is possible that heme
attachment stereochemistry is relaxed, thus allowing thioether formation to occur between
Cys15 and either heme vinyl group (/.e. either orientation, see Figures 1B and S3B).
Although the N-terminal alpha helix of cyt c can still position Cys15 at the HCCS active site
in the absence of Cys1813, it is possible that the correct heme stereochemistry is secured by
rapid formation of the Cys18 thioether. The production of C18A/S cyt ¢* could be due to a
slower reaction between the spatially incompatible Cys15 and heme 4-vinyl®, while the
“normal” C18A/S cyt ¢ variant is properly positioned at the HCCS active site to form the
standard, stereospecific attachment between Cys15 and heme 2-vinyl. It is possible that the
physical properties of the aberrant linkage of C18A/S cyt c* allow oxygen access to
chemically modify the reactive cysteine residue. Although the stereochemical misorientation
of heme is speculative at present, the aberrant oxygen-dependent modification in CXXXH
cyt ¢ variants presented here demonstrates that such cyt ¢ variants would likely be
incompatible with the mitochondrial environment.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. HCCS substrate binding and cyt ¢ sequence alignment
Model of HCCS (blue oval) in complex with its substrates, heme (red) and cyt ¢ (green). A)

HCCS-mediated covalent attachment of heme to cyt ¢ with standard stereochemistry. B)
HCCS bound to heme in the reverse orientation, which cannot form standard stereospecific
thioethers with the cysteine side chains (yellow) in the bound cyt c at the active site. Heme
ligands (HCCS His154 and cyt ¢ His19), cyt c: heme thioether attachments (Cys15/2-vinyl
and Cys18/4-vinyl), and a.- and p-carbons of heme 2- and 4-vinyl are indicated. C) Clustal
W-generated amino acid sequence alignment of cyt ¢ N-terminus from human (Homo
sapiens (UniProt ID P99999)), yeast (Saccharomyces cerevisiae (UniProt ID P00044)), and
Euglenozoan organisms ( 7rypanosoma brucei (UniProt ID Q57U14), Leishmania major
(UniProt ID Q4QENS), Euglena gracilis (UniProt ID P00076), and Crithidia fasciculata
(UniProt ID P00078)) along with cyt ¢ variants used for this study. Conserved residues are
shaded in light blue. Residues within the N-terminal a helix-1 and heme attachment site are
indicated. The reactive cysteines and the histidine heme ligand in the CXXCH motif are
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denoted with asterisks (*). Residue numbering for the heme attachment site represents that
of the human cyt ¢ sequence, with the initiating methionine as position 1.
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Figure 2. Characterization of HCCS-matured C15A/S cyt ¢ variants
The indicated cyts ¢ were biosynthesized by HCCS, purified from £. coli, resolved by SDS-

PAGE, and visualized by A-B) Coomassie blue, C) heme stain, and D) immunoblot with cyt
¢ antisera. Red asterisks denote contaminating proteins. In B-D, loaded protein for each
sample was standardized to approximately 5 jg. Mass spectrometry of intact His-tagged E)
WT, F) C15A, and G) C15S cyts ¢ are shown with the observed mass in Daltons indicated
above each detected peak.

Biochemistry. Author manuscript; available in PMC 2018 July 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Babbitt et al.

A

WT cyt c-10x dil

0.53

360.00 500.00 800.00

0opol 1T
50000  540.00 600.00
nm.

Page 18
- C15A cytc - C12§‘;S cytc
419 4
1000 ss2 g% | e 552 559
taonr 1 53“,-;". | Released
0.500" |\
AV cytc
0.500 J = ‘\ |
0,000+ . 0.000—+ .
360.00  500.00 800.00 360.00 50000 800.00
nm. nm.
0.033, -cﬁA oyte 0.020; C15Scyte
0.015
o.010} - Reduced

0.005

0000 oo T TR N —
50000  540.00 600.00 500.00  540.00 600.00
nm. nm.

0.000

Figure 3. Serine and alanine substitution of Cys15 impact cyt ¢ heme environment
UV-visible absorption spectra (top) and reduced pyridine hemochrome spectra (bottom) of

A) WT, B) C15A, and C) C15S cyts c are shown. All cyt ¢ samples were biosynthesized by
HCCS and purified from E. coli. For the UV-visible absorption spectra (top) of WT cyt c,
7.6 UM protein was measured. For all other measurements, 76 UM protein was used for each
sample. Wavelengths (nm) of peak maxima are indicated. A 3-fold enlargement of the a/f
absorption bands (between 500 — 600 nm) is shown in the top panels.
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Figure 5. Characterization of HCCS-matured C18A/S cyt c variants
The indicated cyts ¢ were biosynthesized by either WT or E159A HCCS, purified from E.
coli, resolved by SDS-PAGE, and visualized by A) heme stain and B) immunoblot with cyt ¢
antisera. Protein loading was standardized by volume. UV-visible absorption spectra (top)
and reduced pyridine hemochrome spectra (bottom) of C) C18A and D) C18S are shown.
Wavelengths (nm) of peak maxima are indicated. 76 UM protein was measured for each
sample. A 3-fold enlargement of the a./p absorption bands (between 500 — 600 nm) is shown
in the top panels. Mass spectrometry of intact His-tagged E) C18A and F) C18S cyts ¢ are
shown with the observed mass in Daltons indicated above each peak. The oxygen modified
cyt ¢ species is denoted as cyt c*.
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Figure 6. Oxygen-limiting conditions prevent modification of HCCS-matured C18A/S cyt ¢
variants

The indicated cyts ¢ were biosynthesized by E159A HCCS under variable oxygen
conditions, purified from £. colJ, resolved by SDS-PAGE, and visualized by A) heme stain
and B) immunoblot with cyt ¢ antisera. Protein loading was standardized by volume
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