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The function of the highly conserved residue Asn52 in human cytochrome c (H-Cyt c) is not fully

understood. Herein, we show that the naturally occurring variant N52S H-Cyt c has a perturbed

secondary structure, with a small fraction of high-spin species. Remarkably, it exhibits an enhanced

peroxidase activity by 3–8-fold at neutral pH, as well as self-oxidation in reaction with H2O2. This study

suggests that the H-bond network mediated by Asn52 is essential to suppress the apoptotic activity of

H-Cyt c under physiological conditions.
Cytochrome c (Cyt c) is an important member of a widely
distributed group of redox metalloproteins.1–4 Human mito-
chondrial cytochrome c (H-Cyt c) is a small heme protein (104
residues) with a covalently attached heme group via two thio-
ester bonds. The central iron is coordinated by His18 on the
proximal side and Met80 on the distal side. The main function
of H-Cyt c is to transfer electrons between Cyt c and Cyt c oxidase
in the respiratory chain.5 In addition to playing an indispens-
able role in substance metabolism and energy conversion, Cyt c
is engaged in an early stage of the intrinsic apoptosis pathway.6,7

Cyt c exhibits peroxidase activity when it interacts with the lipid
cardiolipin (CL) in the mitochondrial inner membrane, result-
ing in the oxygenation of CL and the release of Cyt c into the
cytoplasm, which subsequently induces the formation of the
apoptosome complex and ultimately leads to cell death.8,9

The obtain peroxidase activity, Cyt c undergoes a conforma-
tional change. Typically, the distal ligand Met80 dissociates
from the hexa-coordinated heme iron while the proximal ligand
His18 is essential to maintain protein structure. A large number
of studies have shown that perturbation of the heme pocket can
modulate the stability and activity by mutating the key residues
in Cyt c.10 The peroxidase activity of Cyt c can be enhanced
under alkaline condition by conformational change called
“alkaline transition” with a typical pKa between 9 and 9.5.4,11

Protein crystallography studies show a hydroxide or the N3 atom
of Lys73/79 residue in the U loop 70–85 can replace the distal
Met80 ligand of the ferric Cyt c.12,13 In recent years, it has been
discovered that alkaline transition can occur at physiological
ing, University of South China, Hengyang

tion, University of South China Medical

(ESI) available: Experimental details,
See DOI: 10.1039/d0ra09961a

44772
pH with certain post-translation modications in Cyt c, such as
Tyr74 nitration and Tyr48 phosphorylation.14–16 Bowler and co-
workers also reported that when Cyt c interacts with deter-
gents, it loses Met80 ligation and forms a well-dened pocket
for binding of hydrocarbons, which is a structural mimic for Cyt
c mediated cardiolipin oxidation.17 These conformers with
enhanced peroxidase activity are useful models for studying the
conformational change of Cyt c on the onset of instinct
apoptotic process.

Up to date, four pathogenic mutations (G41S,18 Y48H,19

A51V,20 and Lys100del21) have been reported to associate with
a low platelet count disease, an autosomal dominant throm-
bocytopenia 4 (THC4). Three of the four variants are located on
the U loop 40–57 and show enhanced peroxidase activity.22–27 In
2016, a massive sequencing study identied a N52S mutation in
the H-Cyt c.4,28 Although the disease-relevance of the N52S
missense mutation is still unclear, the Asn52 residue is one of
most conserved residues in eukaryotic Cyt c, as revealed by
sequence alignment and structure analysis.10,29 Protein crystal-
lography studies showed that Asn52 forms H-bonds with heme
propionate-7 and a structural water molecule, which further
interacts with Tyr67 and Thr78 in the ferric state (Fig. 1).30,31

Recent NMR characterization revealed that Asn52 also forms
dynamic H-bond with heme propionate-6 in the ferrous state.32

These observations indicate that Asn52 is critical for protein
stability, folding and the crosstalk between the U loops 40–57
and 70–85. In addition, Asn52 is proposed to interact with CL
and involved in the formation of the hydrocarbon binding
pocket.33–35 Moreover, the studies of the iso-1-cytochrome c
suggest Asn52 mutation affects the electron transfer.36

In the present study, we constructed both N52S and N52A
variants to ascertain the importance of highly conserved residue
Asn52 in H-Cyt c. The protein was expressed in the E. coli
BL21(DE3) stain and the puried protein was certicated by
electrospray ionization mass spectrometer (ESI-MS). It showed
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Close up view of the H-bond networks around Asn52 and the
heme crevice in the ferric WT H-Cyt c (PDB code 3ZCF31). Asn52 was
shown as orange stick. The heme iron and heme cofactor were shown
as grey ball and sticks, respectively. H-bonds were shown as yellow
dash lines. A structural water molecule (w) was shown as red sphere.
The heme propionates 6 and 7 were referred to as hp-6 and hp-7. The
residues Gly41, Tyr48, and Ala51 linked to the disease THC4 were
shown as cyan sticks.

Fig. 2 Comparison of the CD spectra in the (A) far-UV region and (B)
visible region. Spectra were colored as black, blue, and red for the
ferric WT, N52A, and N52S H-Cyt c, respectively.

Fig. 3 EPR spectra of ferric WT (black), N52A (blue), and N52S (red) H-
Cyt c (0.25 mM), collected at 20 K, 2 mW power and 9.4 GHz.
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a molecular weight of 12 207.0 Da and 12 191.0 Da for the ferric
N52S and N52A H-Cyt c, respectively, which is in agreement with
the calculated mass (N52S, 12 206.9 Da, and N52A, 12 190.9 Da,
Fig. S1†). The UV-Vis spectra of both Ser52 and Ala52 variants
are highly similar with that of the wild-type (WT) H-Cyt c
(Fig. S2†). The absorptions at 415, 521 and 550 nm in ferrous
state increased slightly in intensity compared to those of WT H-
Cyt c. These spectral features indicate that the rst coordination
sphere of the heme iron is roughly preserved in the N52S and
N52A variants at pH 7.0, where Met80 still persists as a distal
ligand.

In order to investigate whether there were any secondary
structure changes induced by the Asn-to-Ser/Ala substitution in
position 52, we performed circular dichroism (CD) spectroscopy
studies. The far-UV CD spectra of N52S, N52A, and WT H-Cyt c
all showed a characteristic a-helical structure with a positive
peak at 190 nm and broad negative peaks at 208 nm and 222 nm
(Fig. 2A). Meanwhile, the ellipticity (q) value from 200 to 240 nm
increased for the N52S and N52A variants, which suggests that
the protein might loss some of the a-helical structure as a result
of Asn-to-Ser/Ala substitution, likely due to local conforma-
tional changes. Moreover, the CD spectra in the Soret band
region changed as well (Fig. 2B). The N52S and N52A variants
showed a stronger positive peak at 404 nm and a weaker
negative peak at 418 nm compared to those of WT H-Cyt c.
These data show that the Ser/Ala substitution in position 52
alters the geometry/strength of the heme coordination state, as
well as the local micro-environment, which is presumably due
to the perturbation of the H-bond network mediated by Asn52.

To further reveal the heme micro-environment as a result of
conformational changes in the N52S and N52A variants, we
performed electron paramagnetic resonance (EPR) studies. The
spin states of the ferric heme iron were monitored at 20 K
(Fig. 3). Control experiment showed that WT H-Cyt c was totally
in a low-spin state (gz ¼ 3.09, gy ¼ 2.17) at neutral pH due to the
coordination of Met80/His18. The N52A variant was also
primarily in a low-spin state with typical EPR signals (gz ¼ 3.06
This journal is © The Royal Society of Chemistry 2020
and gy ¼ 2.20). In contrast to WT and N52A H-Cyt c, a small
fraction of high-spin species (gt ¼ 5.95) was observed in EPR
spectra for N52S H-Cyt c, which is similar to those observed for
other heme proteins, such as myoglobin and neuroglobin
variants.37–39 Note that this characteristic could not be detected
using UV-Vis spectroscopy. Instead, the EPR technology
revealed a small fraction of N52S H-Cyt c in high-spin state,
which is likely due to the dissociation of Met80 from the heme
iron as a result of structural perturbation by the N52S mutation.

As aforementioned, high-spin species of Cyt c typically
exhibits peroxidase activity. According to EPR observation, the
N52S H-Cyt c might exhibit an enhanced peroxidase activity
compared to the WT and N52A H-Cyt c. To conrm this spec-
ulation, we performed a series of kinetic studies to measure the
peroxidase activity. First, the reaction with hydrogen peroxide
was carried out, in the absence of substrates H-Cyt c catalyzes
RSC Adv., 2020, 10, 44768–44772 | 44769
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Fig. 5 Steady-state rates of oxidation as a function of guaiacol (A),
ABTS (B) and TCP (D) concentration catalyzed by WT (black), N52A
(blue), and N52S (red) H-Cyt c. (C) UV-Vis spectra of TCP (0.1 mM)
dehalogenation catalyzed by N52S H-Cyt c (C, 5 mM) in presence of
H2O2 (20 mM). The experiments were carried out in triplicate and the
data were fitted to the Michaelis–Menten equation.
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the oxidation of itself, resulting in heme degradation, as indi-
cated by the decrease of the Soret band over time (Fig. 4A and
S3†). The heme degradation rates (kobs) were obtained at various
the concentrations of H2O2. The rate constants were calculated
to be 0.52 � 0.01 M�1 s�1 for N52S variant and 0.34 � 0.01 M�1

s�1 for N52A variant, respectively, by linear tting of the data
(Fig. 4B), which is�6 times and�4 times faster than that of WT
H-Cyt c (0.08 � 0.01 M�1 s�1). Moreover, the self-oxidation of
N52S H-Cyt c was monitored by using mass spectrometry
(Fig. 4C).40 The mass spectrum of N52S variant showed that
a series of oxidized products (+16 and +32 Da) were formed with
incubation of H2O2 (0.1 mM) for 10 minutes, which was more
obvious than those for N52A and WT H-Cyt c (Fig. S4†). These
observations indicate that the N52S variant is more sensitive to
H2O2, even with a low concentration.

In addition to the heme degradation assay, we measured the
peroxidase activities of H-Cyt c using guaiacol and 2,20-azinobis-
3-ethylbenzthiazoline-6-sulphonate (ABTS) as typical substrates
and H2O2 as an oxidant (Fig. 5A and B). The optimal concen-
tration of H2O2 was found to be 200 mM and 100 mM for
guaiacol and ABTS, respectively, based on the catalysis reaction
at varies concentrations of H2O2 (Fig. S5†). With the optimal
concentration of H2O2, the catalytic reactions at different
substrate concentrations were performed (Fig. S6 and S7†), and
the kinetic parameters were obtained by tting data to the
Mickaelis–Menten equation. As shown in Table 1, the Km values
were not largely affected by the N52A and N52S mutations.
Meanwhile, these mutations lead to a signicant increase in
catalytic rate. The kcat values of N52S and N52A variants for
guaiacol oxidation are �8-fold and �6-fold higher than that of
WT H-Cyt c, respectively. For ABTS oxidation, the kcat values of
N52S and N52A variants are �3-fold and �2-fold higher than
that of WT H-Cyt c, respectively.
Fig. 4 Heme degradation of H-Cyt c in reaction with H2O2. (A) Time-
dependent UV-Vis spectra of N52S H-Cyt c. The absorptions of the
Soret band (409 nm) were recorded to calculate the kobs. (B) Linear
fitting of kobs as a function of H2O2 concentrations. (C) Mass spectra of
N52SH-Cyt c acquired before and after incubationwith H2O2 (0.1mM)
for 10 min, and the fragments with a maximum intensity (16+ charges)
were shown for clarification.

44770 | RSC Adv., 2020, 10, 44768–44772
Moreover, we determined the dehaloperoxidase activity
using 2,4,6-trichlorophenol (TCP) as a typical substrate. As
shown in Fig. 5C, N52S H-Cyt c was able to catalyze the deha-
logenation of TCP. Upon addition of H2O2, the absorbance of
TCP at 310 nm decreased rapidly and a characteristic absorp-
tion peak (272 nm) of 2,6-dichloroquinone (DCQ) was
produced. Steady-state kinetic studies further showed that in
dehalogenation of TCP, the kcat values of N52S and N52A H-Cyt c
were similar, with both �3-fold higher than that of WT H-Cyt c
(Table 1). These results thus conrm that the N52S and N52A
variants exhibit enhanced peroxidase activities.

It should be noted that there did not seem to be strong
correlation between the catalytic properties and the high-spin
population of Cyt c, since although only N52S Cyt c showed
a small population of high-spin species in EPR spectroscopy
Table 1 Kinetic parameters for H2O2-dependent oxidation of guaia-
col, ABTS, and TCP catalyzed by WT, N52A, and N52S H-Cyt c

Protein kcat (s
�1) Km (mM) kcat/Km (M�1 s�1)

Guaiacol
WT Cyt c 0.11 � 0.1 24.94 � 2.13 4400
N52A Cyt c 0.7 � 0.1 35.87 � 1.64 19 500
N52S Cyt c 0.92 � 0.2 34.22 � 1.74 26 900

ABTS
WT Cyt c 1.00 � 0.02 5.38 � 0.53 185 900
N52A Cyt c 2.29 � 0.02 5.30 � 0.21 432 100
N52S Cyt c 2.92 � 0.03 7.34 � 0.32 397 800

2,4,6-TCP
WT Cyt c 0.52 � 0.02 21.52 � 2.21 24 200
N52A Cyt c 1.70 � 0.12 49.88 � 7.97 34 100
N52S Cyt c 1.8 � 0.08 31.58 � 4.05 57 000

This journal is © The Royal Society of Chemistry 2020
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(Fig. 3), rate-enhancements were also observed for N52A Cyt c
(Table 1). To further provide evidence for the lability of Met80,
we performed kinetic studies of azide binding.24 As shown in
Fig. S8,† the observed rate constants were calculated to 8.4� 1.5
� 10�3 s�1 and 4.8� 0.6� 10�3 s�1 for N52S and N52A variants,
respectively, which is 2–3-fold higher than that of WT H-Cyt c
(2.6 � 0.9 � 10�3 s�1), indicating the weakness of Met80
binding in both variants, especially for N52S Cyt c.

In conclusion, our study on the naturally occurring N52S
variant of H-Cyt c provided valuable insight into the structure–
function of the highly conserved residue of Asn52. The muta-
tion of Asn to Ser in position 52 enhanced the peroxidase
activity of H-Cyt c by 3–8-fold, depending on the substrates,
which was comparable to those disease-relevant mutations
(G41S, Y48H, and A51V) located on the U loop 40–57.27 In
particular, a high-spin species was detected for N52S H-Cyt c
variant at neutral pH by EPR studies. Structural perturbation of
the U loops 40–57 and 70–85 might weak the coordination bond
of Fe(III)-Met80 and subsequently promote the formation of the
high-spin species. Therefore, this study suggests that
a conserved proper residue of Asn in position 52 is essential to
suppress the peroxidase activity of H-Cyt c.
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