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A B S T R A C T

The trihemic bacterial cytochrome c peroxidase from Escherichia coli, YhjA, is a membrane-anchored protein
with a C-terminal domain homologous to the classical bacterial peroxidases and an additional N-terminal (NT)
heme binding domain. Recombinant YhjA is a 50 kDa monomer in solution with three c-type hemes covalently
bound. Here is reported the first biochemical and spectroscopic characterization of YhjA and of the NT domain
demonstrating that NT heme is His63/Met125 coordinated. The reduction potentials of P (active site), NT and E
hemes were established to be −170mV, +133mV and +210mV, respectively, at pH 7.5. YhjA has quinol
peroxidase activity in vitro with optimum activity at pH 7.0 and millimolar range KM values using hydroquinone
and menadiol (a menaquinol analogue) as electron donors (KM=0.6 ± 0.2 and 1.8 ± 0.5mM H2O2, respec-
tively), with similar turnover numbers (kcat=19 ± 2 and 13 ± 2 s−1, respectively). YhjA does not require
reductive activation for maximum activity, in opposition to classical bacterial peroxidases, as P heme is always
high-spin 6-coordinated with a water-derived molecule as distal axial ligand but shares the need for the presence
of calcium ions in the kinetic assays. Formation of a ferryl Fe(IV)=O species was observed upon incubation of
fully oxidized YhjA with H2O2. The data reported improve our understanding of the biochemical properties and
catalytic mechanism of YhjA, a three-heme peroxidase that uses the quinol pool to defend the cells against
hydrogen peroxide during transient exposure to oxygenated environments.

1. Introduction

Microorganisms can be transiently or constantly exposed to reactive
oxygen species (ROS), namely superoxide (O2

−), hydrogen peroxide
(H2O2) and hydroxyl radical (HO%), which are the intermediates of the
reduction of molecular oxygen to water. These molecules, originated
from its own metabolism or from other organisms, are able to cause
serious damage to cellular components, such as DNA, proteins and li-
pids [1]. Therefore, to survive under oxygenated environments, mi-
croorganisms developed strategies to detoxify these compounds.

In the case of hydrogen peroxide, this toxic compound is able to
diffuse across the membrane [2] and it is continuously formed by auto-
oxidation of flavoenzymes in the respiratory chain [1]. Peroxidases and
catalases are specialized enzymes that are required by any cell or or-
ganism to maintain the concentration of this molecule below toxic le-
vels. Catalases catalyze the disproportionation of hydrogen peroxide,
while peroxidases catalyze its reduction by using different reduced
compounds (organic molecules or small electron donor proteins). These
later enzymes are considered the primary scavengers of H2O2 in the
cell, which is usually present at the low micromolar range.

In Escherichia coli, the most efficient peroxidase is the alkyl hydro-
peroxide reductase (Ahp [3]), and at high concentrations of hydrogen
peroxide, the catalases, KatG [4] and KatE [5], play an important ad-
ditional role. The contribution of these three enzymes for rapid
scavenging of H2O2 was in fact confirmed in a triple mutant that
showed no scavenging activity [3]. Although, in E. coli these three
enzymes are the most relevant in vivo, there are others with known
peroxidase activity that adds complexity to the H2O2 scavenging
system. These enzymes are the thiol peroxidase (Tpx), bacterioferritin
comigratory protein (Bcp) and glutathione peroxidase homologue
(BtuE), with YhjA being included in this group of enzymes [6]. YhjA is
annotated as a putative cytochrome c peroxidase, whose peroxidase
activity was not yet clearly demonstrated.

Most of the studies on YhjA were at the genomic level, showing that
the promoter region of yhjA has a FNR (fumarate and nitrate reduction
regulatory protein) and a OxyR binding sites [7], suggesting that its
expression would be higher under anaerobic conditions [8] and respond
to oxidative and/or nitrosative stress [9,10]. In fact, it was demon-
strated that yhjA promoter shows higher lacZ expression under oxygen-
limiting conditions [7]. This led apparently to a controversy since YhjA
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would only be present in oxygen-limited environments and oxidative
stress derives from oxygen species. However, this is not a unique trait of
YhjA. In classical dihemic bacterial cytochrome c peroxidases (BCCPs),
such as Neisseria gonorrhoeae BCCP, its gene expression is also regulated
by FNR [11], and thus activated at low oxygen tensions, when the ef-
ficiency of the electron transfer pathway for oxidative phosphorylation
is low, and thus leakage of electrons to the quinol pool leads to the
formation of reactive oxygen species.

Recently, it was shown in vivo that YhjA displays significant per-
oxidase activity in a strain lacking AhpCF, KatG and KatE grown under
anaerobic conditions. This activity increased with addition of micro-
molar concentrations of H2O2 to the media. It was proposed that H2O2

might be a terminal electron acceptor that allows growth under anae-
robic conditions [12].

The analysis of YhjA primary sequence indicates the presence of
three c-type heme binding motifs (-CXXCH-), and its C-terminal do-
main, which has two heme binding domains, is homologous to the well
characterized classical BCCPs, such as the ones isolated from
Pseudomonas aeruginosa [13] and Paracoccus pantotrophus [14], and
from many other bacterial species [15]. The classical BCCPs have a high
potential His-Met 6-coordinated heme (E heme) in the C-terminal do-
main that transfers electrons to a low potential bis-His 6-coordinated
heme (P heme) in the N-terminal domain, where the catalytic reaction
will occur. In the fully oxidized BCCP, E heme is in a high/low-spin
thermal equilibrium due to the loosely bound axial methionine ligand
[16], and the P heme is low-spin 6-coordinated. In this state BCCPs are
inactive and need reductive activation. This activation mechanism
consists in conformational changes mainly at the active site upon re-
duction of the E heme in the presence of calcium ions. As a con-
sequence, P heme loses its distal histidine ligand and becomes available
for hydrogen peroxide binding [17,18]. In this form of the enzyme, at
room temperature, P heme has features of a high-spin heme with a
characteristic absorption band at 630–640 nm, while at cryogenic
temperatures, it displays spectroscopic properties of a low-spin 6-co-
ordinated heme [14,15,18].

Although the gene coding for trihemic BCCPs is found in known
pathogenic bacteria [19], these enzymes have been poorly character-
ized, with homologues only described in Aggregatibacter actinomyce-
temcomitans [20], Zymomonas mobilis [21] and Leptospirillum spp. [22].
In an iron-oxidizing acidophilic bacterium, Leptospirillum spp., the tri-
hemic BCCP gene (yhjA) is part of a “ccp operon” constituted by yhjA,
ahpC and perR, all related to the oxidative stress defense mechanism.
According to the authors, this operon is unique to Leptospirillum spp.
and the encoded BCCP (named CcP) is essential to defend these mi-
croorganisms against exogenous H2O2 sources and in the early steps of
colonization and biofilm formation on metal sulfides [22]. In the case of
Z. mobilis (PerC) and A. actinomycetemcomitans (QPO) trihemic BCCPs, a
quinol peroxidase activity has been observed. Furthermore, in A. acti-
nomycetemcomitans a null QPO mutant showed higher sensitivity to-
wards H2O2 and a lower growth rate under aerobic conditions [23]. In
the case of Z. mobilis, it was initially suggested that PerC was involved
in an incomplete aerobic respiratory pathway, as it lacked a terminal
oxidase, but later its role as a quinol peroxidase was recognized [21].

The high sequence homology between YhjA from E. coli and

homologous enzymes from Salmonella typhimurium and Yersinia pestis
[19] pin points to the importance in understanding the role of this
group of enzymes, as well as its enzymatic mechanism, as they can play
important roles as virulence trait or be therapeutic targets.

In here, it is presented the first biochemical and spectroscopic
characterization of the recombinant soluble YhjA trihemic enzyme.
These results aim to understand its catalytic mechanism and the con-
tribution of this enzyme to E. coli outstanding resilience towards oxi-
dative stress.

2. Material and methods

2.1. Chemicals

Unless otherwise stated, all reagents were of analytical or higher
grade and were purchased from Sigma-Aldrich and Fluka. Ethylene
glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) solu-
tions were prepared by addition of 1M NaOH to bring the pH to 8.0.
Solutions were prepared in bi-distilled water or when mentioned in
Milli-Q water.

2.2. Bioinformatic analysis

The multi-sequence alignments were performed using the software
Mega6.06 [24] with ClustalW [25]. All the analyzed protein sequences
were retrieved from the Protein database in NCBI (http://www.ncbi.
nlm.nih.gov/protein). Jalview 2.9.0 software was used for sequence
representation and consensus analysis [26]. Secondary structure,
transmembrane helices and signal peptides were predicted using Jpred
4 (http://www.compbio.dundee.ac.uk/jpred/) [27], TMHMM 2.0
(http://www.cbs.dtu.dk/services/TMHMM-2.0/) [28] and SignalP 4.0
(http://www.cbs.dtu.dk/services/SignalP/) [29], respectively.

2.3. Cloning of YhjA and its domains and protein production

Using E. coli K-12 genomic DNA as template, yhjA gene was am-
plified and cloned into a pET22b (+) vector without the region en-
coding the N-terminal transmembrane domain, to obtain a soluble
protein (residues 42–465). Two other clones were prepared, one con-
taining only the N-terminal domain (NT; consisting of the N-terminal c-
type heme binding domain, residues 42–155) and the other consisting
of the C-terminal domain (CT; conserved classical BCCP domain with
two c-type heme binding sites, comprising residues 171–465). These
DNA sequences were amplified with primers that included NcoI (N-
terminal) and XhoI (C-terminal) restriction sites (primers used are
presented in Table 1) and cloned into pET22b (+) vectors that confers
ampicillin resistance. A N-terminal StrepII-tag with a TEV protease
cleavage site for tag removal after purification was added to YhjA. CT
and NT domains were cloned with a HisTag at the C-terminal end,
which also adds two additional residues (LEHHHHHH). A schematic
representation of YhjA constructs prepared for this study are presented
in Supplementary information Fig. S2.

E. coli strains TOP10 (Invitrogen) and BL21(DE3) (Novagen) were
used for plasmid propagation and protein production, respectively. For

Table 1
Oligonucleotides used in the cloning for protein production. The region encoding for the StrepII-tag is in grey, the recognition site for the TEV is underlined and in bold is the stop codon.

Protein Primer Primer Sequence (5’-3’)
YhjA Forward CAATGCCATGGCTTGGTCTCATCCGCAGTTTGAAAAAGAAAAC

CTGTATTTTCAGTCTGCTGTCAGTGAAAATAATAAGG

Reverse CCAGCTCGAGTCATTGTTTATCCTGCATATACGGC

N-terminal Forward CAATGCCATGGCTTCTGCTGTCAGTGAAAATAATAAGG

(YhjA_NT) Reverse CCAGCTCGAGGCGCTGTTTTGCAATCC

C-terminal Forward CAATGCCATGGCTAATGAACCGGTGCAGCC

(YhjA_CT) Reverse CCAGCTCGAGTTGTTTATCCTGCATATACGGC
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protein production, E. coli BL21(DE3) was co-transformed with the
pET22b-yhjA variant and pEC86. pEC86 harbors the ccm operon to
produce all the machinery for c-type heme biosynthesis and maturation
[30] and confers chloramphenicol resistance. For protein production,
four to five colonies of the co-transformed E. coli BL21(DE3)/pEC86/
pET22b-yhjA were used to inoculate 50mL of LB medium with 100 μg/
mL ampicillin and 30 μg/mL chloramphenicol and grown overnight at
210 rpm, 37 °C. Fresh LB medium with the appropriate antibiotics was
inoculated with 2% of pre-inoculum. Cells were grown until an O.D.600
nm of 1.5, in an orbital shaker at 210 rpm and 37 °C. At this point, the
cells were collected by centrifugation at 3500g, 6 °C, 20min, and re-
suspended in half the volume of fresh LB medium with antibiotics. After
1 h incubation at 37 °C and 120 rpm, to stabilize the cells, protein ex-
pression was induced with 0.5mM IPTG at 25 °C for 18 h. The cells
were harvested by centrifugation at 7500g, 6 °C, 10min, and re-
suspended in 50mM Tris-HCl, pH 7.6 containing protease inhibitors
(cOmplete™, Mini, EDTA-free, Protease Inhibitor Cocktail Tablets,
Roche). A similar procedure was used for the other two plasmids,
pET22b-yhjACT and pET22b-yhjANT.

2.4. Purification of YhjA and its domains

The periplasmic fraction was obtained by 5 freeze-thaw cycles and
separated from spheroplasts and cell debris by centrifugation at
48000g, 6 °C, 15min. Purification of each protein was performed in two
chromatographic steps. In the case of YhjA, the first step was an affinity
chromatography, for which a 5mL StrepTrap column (GE Healthcare)
equilibrated with 100mM Tris-HCl, pH 7.6 and 500mM NaCl was used.
After loading the periplasmic fraction, unbound proteins were eluted
with 5 column volumes of equilibration buffer, and afterwards YhjA
was eluted with 2.5 mM D-desthiobiotin in the equilibration buffer. The
fractions containing YhjA were concentrated over a 5 kDa membrane
VivaCell70 (Sartorius) and buffer exchanged to 50mM Tris-HCl, pH 7.6
and 150mM NaCl with a desalting PD-10 column (GE-Healthcare). In
the second purification step, this fraction was applied onto a gel fil-
tration chromatographic column (HiLoad Superdex 75 16/600, GE
Healthcare) equilibrated with 50mM Tris-HCl, pH 7.6 and 150mM
NaCl. The purity of the fraction during the purification procedure was
assessed in a 12.5% SDS-PAGE stained for protein (Coomassie blue) and
c-type heme content [31]. The fractions were combined, concentrated
and desalted using a PD-10 column equilibrated with 20mM HEPES
pH 7.5, and stored at −80 °C in small aliquots until further use.

For both NT and CT domains, the periplasmic fraction was loaded
onto a 5mL HisTrap column (GE Healthcare) equilibrated with 20mM
Tris-HCl, pH 7.6 and 500mM NaCl. The unbound proteins were eluted
with 5-column volumes of equilibration buffer, and afterwards an
imidazole step gradient was applied from 0 to 500mM in equilibration
buffer. Both proteins were eluted with 100–200mM imidazole. The
fractions were concentrated over a 5 kDa membrane VivaSpin4
(Sartorius) and buffer exchanged to 20mM Tris-HCl, pH 7.6 with a
desalting NAP-5 column (GE-Healthcare). This fraction was applied
onto a 1mL Resource Q (GE Healthcare) equilibrated with 20mM Tris-
HCl, pH 7.6. An ionic strength gradient from 0 to 500mM NaCl, in
20mM Tris-HCl, pH 7.6 was applied and proteins of interest eluted with
100–150mM NaCl. Proteins were buffer exchanged to 20mM HEPES
pH 7.5, using a NAP-5 column. As before, protein purity was assessed
by SDS-PAGE stained for protein and the presence of c-type heme (Fig.
S4 in Supplementary information), and pure protein samples were
stored in small aliquots at −80 °C, until further use.

Total protein and heme content of each protein sample was quan-
tified using the modified Lowry method, with horse heart cytochrome c
as standard protein [32], and pyridine hemochrome assay, respectively
[33].

2.5. Digestion of YhjA Strep-tag by TEV protease

The digestion of Strep-tagged YhjA was performed overnight (20 h),
at 4 °C in 50mM Tris-HCl, pH 8.0, containing 1mM DTT, 5mM sodium
citrate, 200mM NaCl and TEV:YhjA in the proportion of 1:20 (mg/mg).
The uncut YhjA and the TEV protease were removed by applying the
digest onto a tandem 5mL StrepTrap column and 5mL HisTrap column
(to remove TEV), both equilibrated with 50mM Tris-HCl, pH 8.0,
500mM NaCl. The purified digested protein was concentrated, and
buffer exchanged to 20mM HEPES, pH 7.5. 12.5% glycine SDS-PAGE
showed a single band with smaller molecular mass (than the uncut
protein, data not shown) and size-exclusion chromatogram (Superdex
200 10/300 GL, GE Healthcare) presented one single protein peak. This
tag-free YhjA was mainly used in the kinetic assays.

2.6. Molecular mass determination

The molecular mass of all purified proteins was determined by
electrospray ionization mass spectrometry (ESI-MS) on a Waters Synapt
G1 HDMS mass spectrometer. The apparent molecular weight of the as-
isolated protein samples in solution was estimated by molecular size-
exclusion chromatography (Superdex 200 10/300 GL, GE Healthcare).
The column was equilibrated with 50mM Tris-HCl, pH 7.6, 150mM
NaCl. The effect of calcium ions on the molecular weight was assessed
by either adding calcium ions to the equilibration buffer (2 mM CaCl2)
or removing them with 2mM EGTA. The influence of the ionic strength
in the molecular weight was examined by equilibrating the column with
50mM Tris-HCl, pH 7.6 and 500mM NaCl. Calibration curves were
prepared using the High/Low Molecular Weight Gel Filtration
Calibration Kit (GE Healthcare) according to the manufacture instruc-
tions. Protein samples were pre-incubated in the respective equilibra-
tion buffer for each elution.

2.7. Differential scanning calorimetry

In the differential scanning calorimetry (DSC) experiments, the
NanoDSC instrument (TA Instruments) was loaded with degassed buf-
fers (baselines and reference cell) and protein solution (20 μM YhjA in
the sample cell). Each protein sample passed through a desalting NAP-5
column (GE Healthcare) equilibrated with 10mM HEPES pH 7.5, 2 mM
CaCl2. The thermograms were acquired at a scan rate of 1 °C/min, from
10 to 100 °C and analyzed with NanoAnalyze software from TA in-
struments. The corresponding baseline was subtracted from each
sample scan and data simulated using a non-two state model to obtain
the melting temperature (Tm), the calorimetric (ΔH) and van't Hoff
(ΔHv) enthalpies.

2.8. Spectroscopic characterization – UV–visible and EPR spectroscopies

UV–visible spectra were recorded on a Shimadzu UV-1800 spec-
trophotometer, connected to a computer, using 1-cm quartz cuvette.
The molar extinction coefficients were determined based on heme
concentration, considering 3 hemes/protein for YhjA.

YhjA and NT domain were reduced with a solution of sodium as-
corbate/diaminodurol (Asc/DAD) to a final concentration of 1mM and
5 μM, respectively (mixed-valence state). The effect of calcium ions in
the visible spectrum of the mixed-valence YhjA was determined by
adding CaCl2 to the final concentration of 1mM. Samples were fully
reduced with 5mM sodium dithionite, prepared in 100mM HEPES
buffer, pH 7.5.

EPR spectra were recorded on a Bruker EMX 6/1 spectrometer
equipped with a dual-mode rectangular cavity (Bruker model
ER4116DM) and the samples were cooled with an Oxford Instruments
ESR900 continuous liquid helium flow cryostat, fitted with a tem-
perature controller, at 10 K. EPR samples of YhjA and NT domain were
0.3 and 0.2 mM, respectively, in 20mM HEPES buffer, pH 7.5. YhjA
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samples were reduced with a solution of Asc/DAD, to a final con-
centration of 1mM and 5 μM, respectively, followed by addition of a
CaCl2 solution to a final concentration of 2mM. Experimental condi-
tions for spectra acquisition were: 10 K, 2mW of microwave power,
5 Gpp of modulation of amplitude, 1×105 receiver gain and 3 scans
were collected. The spectra simulations were performed using WINEPR
SimFonia software version 1.2, from Bruker.

2.9. Redox titration

Potentiometric redox titrations of YhjA and NT domain were per-
formed under argon atmosphere in a MBraun anaerobic chamber, at
25 °C, by measuring the absorption changes of a 6 μM YhjA or NT do-
main (fully oxidized) in 100mM HEPES, pH 7.5, 2 mM CaCl2 and 2 μM
of each mediator (reduction potentials at pH 7.0 [34]: diaminodurol,
+260mV; 1,2-naphthoquinone, +180mV; phenazine methosulfate,
+80mV; phenazine ethosulfate, +55mV; phenazine, −125mV; 2-
hydroxy-1,4-naphthoquinone, −145mV; flavin mononucleotide,
−205mV; neutral red, −325mV). Throughout the titration, the re-
duction potential was monitored using a Pt pin electrode combined
with an Ag1+/AgCl reference (Crison). The corrected potential relative
to the standard hydrogen electrode, was obtained by adding 210mV.
Reductive titration was carried out by stepwise additions of small vo-
lumes of 0.1–100mM sodium ascorbate, or 0.1–100mM sodium di-
thionite, prepared in 100mM HEPES pH 7.5, while the oxidative ti-
tration was carried out by addition of 0.1–100mM potassium
ferricyanide.

For each reduction potential, a spectrum was recorded from 350 nm
to 900 nm, using a TIDAS diode array spectrophotometer connected to
an external computer. By monitoring the 554 nm absorbance of each
spectrum, a [oxidized]/[reduced] protein ratio was calculated and
plotted as a function of the measured reduction potential. The reduction
potentials were obtained from the simulation of the titration curves
based on the Nernst equation of one or three independent reduction
potentials for NT domain or YhjA, respectively.

2.10. Kinetic assays with ABTS2− and quinol electron donors

The specific peroxidase activity of YhjA was assessed using dif-
ferent electron donors: (i) 2,2′-azino-di-(3-ethyl-benzthiazoline-6-sul-
phonic acid (ABTS2−) oxidation was monitored by the increase in
absorbance at 420 nm (ε420nm= 36mM−1 cm−1) over time [35]; (ii)
benzene-1,4-diol (hydroquinone) oxidation forming benzoquinone
was monitored at 260 nm (ε260nm= 5.4 mM−1 cm−1); (iii) 2,3,5,6-
tetramethylbenzene-1,4-diol (duroquinol) monitored at 270 nm
(ε270nm= 19.1 mM−1 cm−1) and (iv) 2-methyl-1,4-naphthalenediol
(menadiol) at 260 nm (ε260nm= 16.5 mM−1 cm−1). The reduced form
of duroquinone and menadione was obtained as described by Giordani
and Buc [36]: in short 70 mg of zinc powder was added to 20 mM
quinol solution (in 1.7 mL ethanol with 0.18M HCl), and this solution
was degassed and maintained on ice during the assays.

The assays were performed at 25 °C in 10mM HEPES pH 7.5, 10mM
NaCl and 1mM CaCl2, containing 3mM ABTS2− or 100 μM quinol, and
1mM H2O2, and initiated with the addition of as-isolated (oxidized)
YhjA (15–30 nM). In the assay for the Michaelis-Menten curve, H2O2

concentration ranged from 0.1 to 20mM. The assays using duroquinol
and menadiol were performed with degassed solutions under a constant
argon flow to maintain the anoxic conditions.

The observed initial rates, vobs, were determined in the first seconds
of the re-oxidation curve, by subtracting the electron donor auto-oxi-
dation rates to determine the real initial rates (Fig. S10, in
Supplementary information). A Michaelis-Menten curve was simulated
to estimate KM and Vmax. The turnover number, kcat, given by
kcat= Vmax / [YhjA], was determined using the concentration of en-
zyme present in the assay.

The pH dependence of the catalytic activity was assessed in assays

performed as described above and varying the buffer, at a concentration
of 10mM buffer, at distinct pH values (MES buffer with pH values from
5.5 to 6.5, HEPES buffer with pH values from 6.5 to 8.0 and Bis-Tris
propane buffer with pH values from 8.0 to 9.5). Data were simulated
using the following equation derived from a bell-shaped function [37]:

=

+
−

v v
1 10

max
pH pKa( )

in which the reaction rate, v, is given as a function of pH considering
one pKa value.

3. Results

3.1. Primary sequence analysis

Analysis of the primary sequence of YhjA in a multiple sequence
alignment (Fig. S1 in Supplementary information) indicates the pre-
sence of the conserved features of classical BCCPs: calcium binding
residues, E heme methionine axial ligand, two heme binding motifs
(-CXXCH-), the tryptophan that mediates electron transfer between E
and P hemes, and the glutamine and glutamate residues proposed to be
involved in the catalytic cycle [15]. The main differences reside in the
absence of the histidine residue identified as the P heme distal axial
ligand (His87 or His59 in P. pantotrophus or Nitrosomonas europaea,
respectively) and the presence of an additional c-type heme binding
motif located in the N-terminal domain.

In trihemic BCCPs, the equivalent residue to the mentioned histidine
P heme ligand is a hydrophobic residue (Val227, according to E. coli
numbering), and no conserved histidine seems to be present in the
primary sequence of this class of enzymes to fulfill that function. This
could suggest that the active site of these enzymes is always high-spin
5-coordinated and available for substrate binding, as previously ob-
served in N. europaea BCCP [38], which is active in the oxidized state.
Based on the primary sequence alignment, the distal axial ligand of NT
heme, can be proposed to be Met125 or His134 (according to E. coli
numbering), as both residues are conserved in the primary sequence of
the trihemic BCCPs analyzed here (Fig. S1 in Supplementary informa-
tion).

Another unique feature of trihemic BCCPs is the fact that these
enzymes are membrane bound, in contrast with the classical BCCPs that
are soluble enzymes, with the exception of N. gonorrhoeae BCCP that is
membrane attached [39]. In fact, the N-terminus of A. actinomyce-
temcomitans QPO was sequenced and corresponds to the first residues of
the primary sequence, and a bioinformatic analysis predicted the pre-
sence of a transmembrane helix between residues 4 and 26 [20]. A si-
milar analysis of the primary sequence of YhjA by TMHMM 2.0 [28]
predicts a transmembrane helix between Ile7 and Asp29 and no signal
peptidase cutting site was identified by SignalP. This N-terminal region
was removed by the cloning strategy used here to obtain a soluble
construct of YhjA.

YhjA is proposed to be able to receive electrons from the quinol pool
[12], so the primary sequence of YhjA was also analyzed to identify
putative quinol binding sites, for which there are no consensus motifs.
However, analysis of the quinol binding pockets in other E. coli en-
zymes, such as fumarate reductase [40] and other membrane associated
enzymes, as flavoprotein:ubiquinone oxidorectases [41], shows that
residues like aspartate, histidine, tryptophan and tyrosine (among other
residues, such as cysteine, arginine and glutamate) play a role in affi-
nity and semiquinone stability. These residues are located in the
transmembranar region or in soluble domains of membrane associated
proteins. In the YhjA transmembrane helix there are two tyrosines
(Tyr19 and Tyr25) and an aspartate residue (Asp30) conserved in all
trihemic peroxidase sequences analyzed here, and additionally there
are also a cysteine and a histidine residue, which can potentially be
involved in quinol binding. In the NT domain, proposed to be in close
contact with the membrane (vide infra, see Fig. S3 in Supplementary
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information), there are few conserved residues (most being c-type heme
binding motif) but there are three conserved residues that can also play
a role in quinol binding (Tyr72, Trp135 and Trp150).

3.2. Heterologous production and biochemical characterization of YhjA and
its domains

In order to spectroscopically characterize YhjA, three constructs
were prepared: YhjA (soluble version of YhjA without the transmem-
brane region), NT domain (N-terminal domain binding the additional c-
type heme) and CT domain (C-terminal domain comprising two heme-
binding domains, which is homologous to the classical BCCPs; Figs. S2
and S3A, Supplementary information).

The soluble YhjA (named from now on as YhjA) produced without
the transmembrane domain, was successfully purified with a yield of
0.7 mg of pure protein per liter of growth medium and a heme/protein
ratio of 3.0 ± 0.1. The molecular mass determined by ESI-MS,
51,070 ± 10 Da, corresponds to the mass of the polypeptide chain of
YhjA with 3 c-type hemes covalently bound (50,956 Da), without the
first residue, the N-terminal methionine, probably due to signal peptide
processing, and the addition of one HEPES molecule from the buffer.
The heme/protein ratio, as well as the molecular mass determined by
mass spectrometry agree with YhjA having three covalently bound
hemes.

The NT domain was purified with an average yield of 1mg of pro-
tein per liter and a 0.7 ± 0.1 heme/protein ratio. The molecular mass
of 14,770 ± 5Da agrees with one covalently bound heme per poly-
peptide chain. The CT domain was a challenge to be properly produced
and purified. CT domain production showed a smaller yield compared
to the other two constructs (approximately 0.3mg of pure protein per
liter of growth medium) and the molecular mass by mass spectrometry
was 33,732 ± 5Da, which corresponds to the mass of the polypeptide
chain without any covalently bound heme. A low heme c content
(0.2 ± 0.1 heme/protein) in the isolated protein might indicate that
there is a small amount of holoprotein but essentially points out that CT
domain is mainly produced in the apo-form. The NT and CT domains
behave as monomers in solution with 10 ± 2 kDa and 41 ± 2 kDa,
respectively (Fig. 1A).

The behavior of YhjA in solution was studied by size-exclusion
chromatography and differential scanning calorimetry (DSC). In solu-
tion, YhjA behaves as a monomer of 44 ± 2 kDa (I= 200mM), and the
presence or absence of calcium ions (2mM CaCl2: 42 ± 2 kDa, 2mM
EGTA: 43 ± 2 kDa) or higher ionic strength (I= 550mM;
40 ± 2 kDa) has no effect in this behavior (Fig. 1A).

Differential scanning calorimetry was used to assess the solution
states of YhjA, at pH 7.5. The thermogram for YhjA comprises two
overlapping endothermic transitions (Fig. 1B), with Tm values of
48.1 ± 0.2 °C and 52.09 ± 0.03 °C and a total calorimetric enthalpy

(ΔHcal) of 630 ± 2 kJ/mol, consistent with a monomeric species in
solution. These two events can be interpreted as being two unfolding
intermediates or the unfolding of two independent domains. The first
transition corresponds to one third of the protein sample with a van't
Hoff enthalpy of ΔHv1= 530 ± 5 kJ/mol, while the second transition
accounts for the remaining two thirds of the protein sample and it has a
ΔHv2= 653 ± 5 kJ/mol. In fact, this later transition has a Tm and
van't Hoff enthalpy similar to the single transition observed for P.
pantotrophus BCCP [42] (52.1 °C and ΔHv=777 kJ/mol) at pH 7.5, in
the presence of calcium ions.

Considering the domain organization of YhjA, the first event might
correspond to the unfolding of the NT domain, as it is about one third of
the protein (15 kDa out of the total 51 kDa), while the second transition
can be assigned to the other two thirds of the protein, the CT domain,
homologous to classical BCCPs. These separate transitions can reflect
different hydrophobicity and flexibility of the NT domain in compar-
ison to the other two domains, which act as a single entity (a single
transition has been observed for P. pantotrophus and N. gonorrhoeae
BCCPs, in the presence of calcium ions [42,43]). In fact, secondary
structure prediction suggests that there are no structural features (he-
lices or sheets) between the NT and CT domains (residues 150–183)
(Fig. S1 in Supplementary information), which might confer some
flexibility to the intramolecular interactions between these two do-
mains. The independence of domain unfolding in a multi-domain pro-
tein is not unique for this system as it has also been observed in the
thermogram of streptokinase, a three domain protein in which the three
domains unfold separately with different Tm values [44].

3.3. Spectroscopic characterization and reduction potential of the N-
terminal domain

YhjA binds three c-type hemes, with the two C-terminal ones being
homologous of the two hemes of classical BCCPs, which have been well
characterized using spectroscopic techniques (including the identifica-
tion of their axial coordination). The additional N-terminal domain,
also containing one c-type heme, adds complexity to the visible and
EPR spectra of the full enzyme, YhjA. Therefore, to be able to disen-
tangle the contribution of each heme in YhjA, the NT domain was
produced as a soluble construct to determine its reduction potential, as
well as the distal axial ligand and its spectroscopic properties (Figs. S5
and S6 in Supplementary information).

The visible spectrum of the as-isolated NT domain (Fig. S5A in
Supplementary information) has a weak absorption band at 695 nm,
which has been attributed to a methionine as axial ligand of a heme
iron [45]. The 1H NMR spectrum of the ascorbate-reduced NT domain
has well-dispersed and sharp resonances in the HN region of the spectra
(between 6 and 10.5 ppm), with some high-field aliphatic proton re-
sonances also being observed (below 0 ppm, data not shown),

Fig. 1. (A) Elution profile of YhjA (orange line), CT
domain (blue line) and NT domain (green line) in the
size-exclusion chromatography. In grey are the elution
profiles of the standard proteins used to estimate the
apparent molecular weight of the proteins: Ferritin
(Fer, 440 kDa), Aldolase (Ald, 158 kDa), Conalbumin
(Con, 75 kDa), Ovalbumin (Ov, 44 kDa), Carbonic
Anhydrase (CA, 29 kDa), Ribonuclease A (Rib,
13.7 kDa) and Aprotinin (Apr, 6.5 kDa). (B)
Differential scanning calorimetry of YhjA at pH 7.5 in
the presence of calcium ions (black line). The ther-
mograms were baseline corrected and normalized for
protein concentration. The simulation fitting the data
are represented by a blue solid line, which is the sum
of the two independent models (dashed blue lines).
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indicative of a well-folded domain. In addition, there is a −2.71 ppm
resonance, which is within the range for the chemical shift for the ε-
methyl of a methionine residue axially coordinating a heme iron (Fig.
S5B in Supplementary information) [46]. Therefore, the additional NT
heme is His-Met 6-coordinated, with the axial methionine ligand being
most probably the conserved Met125. The EPR spectrum of the oxidized
NT domain has characteristics of a low-spin 6-coordinated heme, with g
values at gz = 2.83, gy= 2.38 and gx= 1.52 (Fig. S5C in Supplementary
information). The estimated reduction potential of 55 ± 10mV is also
consistent with a His-Met 6-coordinated c-type heme [47] (Fig. S6 in
Supplementary information).

3.4. Spectroscopic characterization of YhjA – visible and EPR spectroscopies

The visible spectra of YhjA (Fig. 2) have the typical features of a c-
type cytochrome absorption spectrum. The Soret band at 407 nm (ex-
tinction coefficient of 287 ± 5mM−1·cm−1) in the as-isolated form,
indicates that all three hemes are oxidized, and the 620 nm band is
characteristic of the presence of high-spin hemes. At 695 nm, there is a
weak band in the as-isolated spectrum, which has been attributed to a
Met axial ligand [45] and also appears in the visible spectrum of the NT
domain. In the classical BCCPs this band is usually not observed, as the
Met axial ligand of E heme is weakly bound to the heme iron, with E
heme being in a high/low-spin temperature dependent equilibrium
[16]. Therefore, in the YhjA visible spectrum this band is assigned to
the His-Met 6-coordinated NT heme.

The effect of temperature in the spectrum of the as-isolated YhjA
between 277 K and 298 K, shows a decrease in the 620 nm absorption
band with no increase at 695 nm (Fig. S7 in Supplementary informa-
tion). This can be explained considering that (i) in this temperature
range E heme is not affected (as otherwise an increase in the absorption
band at 695 nm would be observed), and (ii) P heme is also in a high/
low-spin temperature dependent equilibrium (vide infra), contributing
to the absorption band at 620 nm.

In the mixed-valence YhjA (reduced with Asc/DAD), there is a shift
in the Soret band to 419 nm and the appearance of α- and β-bands at
553 nm and 524 nm, respectively, consequence of the reduction of E
and NT hemes (both His-Met coordinated and with a positive reduction
potential, vide infra). In this spectrum, it is still observed a Soret band of
an oxidized heme, as a shoulder at 407 nm, corresponding to the oxi-
dized P heme. The broad absorption band at 620 nm decreases in in-
tensity and is also assigned to P heme that remains in a high-spin
configuration (Fig. 2A, inset). P heme is proposed to be 6-coordinated
with a water-derived molecule as distal axial ligand, and not 5-

coordinated, as could be expected by inspection of YhjA primary se-
quence (considering the absence in its primary sequence of a putatibe
distal histidine ligand or other putative axial ligand), since P heme
pocket, being the catalytic site, cannot have a high hydrophobic char-
acter as it must be accessible to the substrate and H2O is the product of
the reaction. The identity of the water-derived molecule (either a hy-
droxide or a water molecule) will be discussed below.

The effect of calcium ions in the visible spectrum of the mixed-va-
lence YhjA was studied using two approaches: (i) addition of CaCl2
(inset in Fig. 2A) and (ii) observing the changes over time by incubating
the enzyme with 1mM EGTA (Fig. S8 in Supplementary information).
Upon addition of calcium ions, it was observed a small increase in the
absorption band at 620 nm, which is attributed to the high-spin of P
heme. After addition of EGTA there is a decrease in intensity of the
absorption band at 620 nm.

Although, in classical BCCPs this decrease in absorption at around
620 nm has been interpreted as loss of high-spin and formation of a low-
spin species, in YhjA, in the absence of a putative distal axial ligand, a
different interpretation must be considered. YhjA's P heme is 6-co-
ordinated with a water-derived molecule as distal axial ligand, ex-
hibiting a high/low-spin thermal equilibrium, with an absorption band
centered at 620 nm, at 298 K. Considering that His-OH– 6-coordinated
hemes are low-spin at cryogenic temperatures and high-spin at room
temperature, with a broad charge transfer absorption band centered at
around 610 nm, while in His-H2O 6-coordinated hemes this band is
centered at 630–640 nm [48,49], YhjA's P heme is proposed to be
mainly His-OH– 6-coordinated, at room temperature.

Therefore, calcium ions might modulate the distal axial ligand pKa,
and in its absence an increase in the pKa shifts the equilibrium towards
a His-H2O coordinated heme, with a band at 630–640 nm. The re-dis-
tribution of these two populations in the absence of calcium ions is
consistent with the apparent decrease in the 620 nm region in the ab-
sence of calcium ions. In conclusion, YhjA is purified with the calcium
site occupied (this site has a high affinity for calcium ions), since ad-
dition of calcium ions to the mixed-valence YhjA produces minor
changes in its visible spectrum.

The effect of hydrogen peroxide in the spectrum of the as-isolated
YhjA was also studied. It was observed a shift in the Soret absorption
band from 407 to 410 nm (Fig. 2B), accompanied by a decrease in the
high-spin absorption band at 620 nm, concomitant with an increase at
530 nm (Fig. 2C). Such a shift in the Soret band was also reported in a
similar experiment for a P. aeruginosa BCCP H71G mutant that, like
YhjA, lacks the P heme distal axial histidine ligand, with P heme being
available to bind the substrate [50].
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Fig. 2. UV–visible absorption spectra of YhjA, in 10mM
HEPES pH 7.5. (A) The spectrum of the as-isolated YhjA is
displayed as a solid line, the dashed and dotted lines are the
spectra of mixed-valence and mixed-valence incubated
with calcium ions for 10min, respectively. Inset: High-spin
region of the visible spectra in (A). Visible spectra of as-
isolated YhjA in the presence of six equivalents of H2O2: a
shift of the Soret band from 407 to 410 nm is observed in
(B) (spectra were recorded at 0, 1, 3, 5 and 10min after
addition of H2O2), with concomitant decrease in absor-
bance at 620 nm and increase in the 510–560 nm region, as
presented in (C) (spectra were recorded at 0, continuous
line, and 10min, dashed line, after addition of H2O2).
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The EPR spectra of the oxidized and mixed-valence states of YhjA
are presented in Fig. 3, with the respective simulations being shown in
Fig. S9 in Supplementary information. In the oxidized state, there are
two main low-spin signals (Fig. 3A):

i) the signal with gz = 3.1 is attributed to E heme, since after reduction
with Asc/DAD for 1min, it partially disappears (disappearing
completely after 60min) (Fig. 3B). Similar signals, described as
Highly Axial Low Spin (HALS) signals, have been found in other c-
type cytochromes including BCCPs (low-spin E heme signal) from
Shewanella oneidensis and Pseudomonas stutzeri [51,52], even though
these type of signals have a gmax≥ 3.2. This E heme signal is similar
to the one observed in N. europaea cytochrome c552 N64Δ mutant
[53], with a broad gy component, which in the spectra from Fig. 3A
is overlapped with the signals from NT and P hemes and was esti-
mated to have a gy ~ 2.25. The third component of the signal should
have a gx≈ 1.1, according to the equation for low-spin hemes
gz2+ gy2+ gx2= 16 [54], but it is too weak and broad to be ob-
served.

ii) the signal with gz = 2.83 and gy= 2.38 is assigned to both NT and P
hemes (two overlapping signals), with the gx= 1.52 being broad
and difficult to assign in the spectra of YhjA, but observed in the
spectra of the isolated NT domain (Fig. S5C in Supplementary in-
formation).

In the mixed-valence YhjA (Fig. 3C), E and NT hemes are reduced
and the observed low-spin signal corresponds to P heme. The g values of

the P heme in these two oxidation states do not change significantly
(gz= 2.82 and gy= 2.38) demonstrating that P heme signals were
overlapping with the ones of NT heme, and that P heme remains un-
changed upon reduction of E and NT hemes. In the classical BCCPs, the
g values for the bis-His 6-coordinated P heme are approximately
gz= 3.00 and gy= 2.27 (in P. aeruginosa BCCP [18]) and shift to 2.86
and 2.36, respectively, in the presence of calcium ions. The reduction of
E heme in the presence of calcium ions is known to promote the con-
formational changes that lead to modification in the coordination
sphere of P heme, that loses the distal axial histidine ligand. In the case
of YhjA, P heme is already 6-coordinated with a hydroxide as distal
axial ligand and exhibits a high/low-spin thermal equilibrium, being
low-spin at cryogenic temperatures. Thus, P heme coordination does
not change with the oxidation state of the enzyme. This agrees with the
visible spectra, its temperature dependence and analysis of the primary
sequence, which all together indicate that this heme is high-spin 6-co-
ordinated with a hydroxide as distal axial ligand, regardless of the
oxidation state of the enzyme, with calcium ions modulating the pKa of
this distal axial ligand.

The visible spectra at room temperature showed features of high-
spin hemes, which are also present in the EPR spectra at cryogenic
temperatures. The EPR spectrum of as-isolated YhjA has a strong high-
spin signal with g values of 6.14, 5.65 and 1.99, which were assigned to
E and P hemes, since NT heme is low-spin at cryogenic temperatures as
shown in Fig. S5C in Supplementary information. This signal decreases
after 60min incubation with Asc/DAD, indicating that E heme is con-
tributing to the high-spin component of the as-isolated YhjA EPR
spectra. Calcium ions addition to the mixed-valence YhjA (Fig. 3D)
slightly changes this high-spin signal, in accordance with the changes
observed in the P heme absorption features in the same conditions. This
high-spin P heme component might correspond to the small fraction of
P heme that is axially coordinated by His-H2O, at this pH.

Finally, there is a small signal of a radical with a g value of ~2,
derived from the protein sample, which is present in all the spectra
regardless of the condition and oxidation state, overlapping the high-
spin signal component (as a note, this radical signal is considerably
smaller relative to the other signals). YhjA sample was not pre-in-
cubated with any compound and its structure remains unknown, thus it
is not possible to assign this radical signal. Another additional signal
with g value of 2.04, remains practically unaltered in all spectra and it
could not be assigned because there is no EPR signal of a c-type heme
with such a large component at this g value and there are no other
signals that could be paired with it. Therefore, it is not possible to as-
sign this signal to either a radical or another species.

3.5. Reduction potentials of YhjA hemes

The CT domain of YhjA is homologous to the classical dihemic
BCCPs, thus it is expected to have a high and a low-potential heme,
while the redox properties of the additional NT domain were unknown.
The reduction potential of each YhjA heme was determined by po-
tentiometric titrations at pH 7.5 (Fig. 4), with the values estimated by
fitting the data to the Nernst equation considering three independent
redox centers (Table 2).

The comparison between the usual reduction potentials of the two
hemes in classical BCCPs with the ones determined in YhjA, led us to
assign the reduction potential of +133 ± 10mV to the NT heme. The
difference between the reduction potential of the isolated NT domain
(+55 ± 10mV, see Fig. S6 in Supplementary information) and this
value is most likely due to small conformational changes that result in
NT heme being more solvent exposed in the isolated truncated NT
domain than in the full-length YhjA, making it easier to be oxidized.

The reduction potentials of the three YhjA hemes are more negative
than the ones determined for A. actinomycetemcomitans QPO, +67 (P),
+156 (NT) and +290mV (E), at pH 7.5 [55]. Although, NT and E
heme have similar values, the P heme has a negative reduction

Fig. 3. X-band EPR spectra of YhjA in different oxidation states and effect of calcium ions.
Spectra of 0.3 mM YhjA in the as-isolated form (A), after 1 min incubation with Asc/DAD
(B), after 60min incubation with Asc/DAD prior to addition of calcium ions (C) and after
30min incubation with 2mM CaCl2 (D). The asterisk (*) marks a radical signal and the
double asterisk (**) a signal that was not assigned, both present in all spectra. The low-
spin region of the spectra was amplified 3 times.
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potential in YhjA, as found in classical BCCPs [19], while in this other
enzyme it was determined to be positive.

3.6. Catalytic mechanism - steady state kinetics

The spectroscopic data suggested that YhjA does not need reductive
activation since its P heme is high-spin His-OH– 6-coordinated in the
oxidized state and thus it is expected to be able to bind its substrate,
hydrogen peroxide, as observed in Fig. 2B and C with formation of an
intermediate oxo-ferryl species. This fact was corroborated by the
preliminary kinetic data with ABTS2− as electron donor (Fig. S11A in
Supplementary information), which showed identical initial rates for
the oxidized and mixed-valence state of the enzyme. The calcium de-
pendence of the catalytic activity was assessed for the oxidized form,
and without addition of calcium ions to the assay, the initial rates
slightly decrease from 0.121 ± 0.001 μMABTS2−·s−1 to
0.115 ± 0.002 μMABTS2−·s−1. Therefore, YhjA does not require re-
ductive activation but calcium ions are needed to attain maximum
peroxidase activity. This trait is different from the one described for A.
actinomycetemcomitans QPO, which also does not need reductive acti-
vation but its activity was not affected by calcium ions removal with
EGTA [20].

Four electron donors were used to characterize the peroxidase ac-
tivity of YhjA: ABTS2−, hydroquinone, duroquinol and menadiol, and
the respective kinetic parameters for YhjA activity were determined at
25 °C, pH 7.5 (Table 3 and Fig. 5). ABTS2− is an artificial electron donor
that has been used as an alternative electron source for classical BCCPs
when the physiological electron donor is unknown [56]. Although the
turnover number obtained is high, the KM for ABTS2− is the highest
found for the compounds under study (3.7 ± 0.9mM H2O2), making it
the most inefficient electron donor tested with the lowest specificity
constant (kcat/KM).

Hydroquinone is the best electron donor with a KM of
0.6 ± 0.2mM H2O2 and a turnover number of 19 ± 2 s−1, resulting in

a specificity constant of 32.2 ± 0.3mM−1·s−1. This turnover number
is similar to ABTS2−, kcat of 17 ± 2 s−1 and comparable with the
turnover number of Geobacter sulferreducens classical BCCP (15.5 s−1)
[56].

The turnover numbers of duroquinol and menadiol are lower and
have similar kcat values, 12 ± 2 s−1 and 13 ± 2 s−1, respectively, but
the apparent KM is lower for duroquinol, which results in an apparent
higher specificity. Comparing the oxidation profile of duroquinol with
the one of menadiol and hydroquinone, it is clear that the reaction stops
after approximately 75 s (Fig. S11B in Supplementary information)
even at lower hydrogen peroxide concentrations. Thus, only menadiol
and hydroquinone can efficiently transfer electrons to YhjA, main-
taining the catalytic activity of the enzyme.

Compared to classical BCCPs, which have KM values in the micro-
molar range, YhjA is a poor in vitro peroxidase. However, both KM va-
lues and specificity constants are comparable to the quinol peroxidase
activity of E. coli cytochrome bd, a terminal oxidase, which has a KM of
7mM and a kcat/KM of 15mM−1·s−1 [57] for the reduction of hydrogen
peroxide.

pH dependence of YhjA peroxidase activity was assessed using hy-
droquinone as electron donor (Fig. 5C) from pH 5.5 to pH 9.0. YhjA is
not stable at lower pH values (5.5–6.5) as it precipitated. The curve was
simulated with a pKa of 8.2 ± 0.1 and a maximum activity at pH 7.0. A
similar pKa value has been observed in the pH dependence of the ac-
tivity of classical BCCPs, such as the ones from N. europaea and N. go-
norrhoeae, both with a pKa of 8.4 [43,58].

4. Discussion

4.1. Biochemical characterization of recombinant YhjA

YhjA was successfully expressed and purified as a soluble re-
combinant form of the enzyme, which enabled its biochemical char-
acterization. This enzyme is a trihemic c-type cytochrome, as predicted
by the analysis of its primary sequence. Sequence homology indicated
that it is a multi-domain protein, with two C-terminal domains homo-
logous to the classical BCCPs, and with an additional N-terminal do-
main containing also a c-type heme.

The classical BCCPs are either dimers or exhibit a monomer-dimer
equilibrium dependent on calcium ions and ionic strength [42,52]. On
the contrary, YhjA behaves as a monomer of around 44 kDa, with a
single monomeric solution state, with the NT domain unfolding almost
as a completely independent unit. Given this, it can be proposed that
the three domains are not linearly organized, but the N-terminal do-
main folds towards the C-terminal domains, giving a more globular
shape to the protein. In the classical BCCPs the N-terminus is a small
helix located at the side of the E heme domain [59], thus the NT domain
is most likely closer to this domain (Fig. S3B in Supplementary in-
formation).

The spectroscopic characterization of the NT domain enabled the
assignment of its distal axial ligand to a conserved methionine residue,
Met125. The c-type heme in this domain has a reduction potential of
+133mV, in the full length YhjA, which is also in the expected range
for a His-Met coordinated c-type heme [47]. The spectroscopic prop-
erties of the C-terminal domain have similar features to the classical

Fig. 4. Potentiometric titration of YhjA at pH 7.5. The reductive titration is represented
by open circles and the oxidative titration by closed circles. The lines represent the si-
mulation of the potentiometric curve using the reduction potentials listed in Table 2.

Table 2
Reduction potential of each YhjA heme in the reductive and oxidative titration, at pH 7.5.

Reduction potentials (mV)

Direction P heme NT heme E heme

Oxidation −190 ± 10 140 ± 10 220 ± 10
Reduction −150 ± 10 125 ± 10 200 ± 10

Table 3
Kinetic parameters obtained for the reduction of hydrogen peroxide by YhjA using dif-
ferent electron donors. All the kinetic parameters were obtained by fitting the kinetic data
to a Michaelis-Menten equation.

Electron donor kcat (s−1) KM (mM) kcat/KM (mM−1·s−1)

ABTS2− 17 ± 2 3.7 ± 0.9 4.7 ± 0.3
Hydroquinone 19 ± 2 0.6 ± 0.2 32.2 ± 0.3
Duroquinol 12 ± 2 1.2 ± 0.5 9.6 ± 0.4
Menadiol 13 ± 2 1.8 ± 0.5 7.1 ± 0.3

C.S. Nóbrega et al. BBA - Bioenergetics 1859 (2018) 411–422

418



BCCPs, specifically with the one isolated from N. europaea, which, is,
up-to-date, the only classical BCCP having a high-spin P heme, with an
available coordination for substrate binding in both oxidized and
mixed-valence state [38].

A Soret shift occurs when the oxidized YhjA is incubated with hy-
drogen peroxide, which in the oxidized P. aeruginosa BCCP mutant
without the P heme distal histidine ligand [50], was associated with the
formation of an intermediate species at the P heme, the oxo-ferryl
(Compound I), followed by formation of a radical species. In other
peroxidases similar changes in the spectra were associated with for-
mation of a tryptophan [60] or porphyrin [61] radical. Formation of a
porphyrin radical is characterized by a decrease in absorption of the
Soret band [61], while the shift in the Soret band is associated with
formation of compound II and a tryptophan radical in a horseradish
cytochrome c peroxidase mutant [60]. In YhjA, the conserved trypto-
phan (Trp250) between E and P hemes seems to be a good candidate for
the radical species, since it could be oxidized by the oxo-ferryl species,
as suggested by Hsiao et al. study on P. aeruginosa BCCP [50]. Site-
directed mutagenesis will be conducted in the future to confirm this and
better characterize this radical and the oxo-ferryl intermediate species.

The EPR spectra of a trihemic BCCP are presented here for the first
time, showing unique features of the catalytic site (P heme). At cryo-
genic temperatures, P heme has two distinct states both in the as-iso-
lated and mixed-valence forms: a high-spin 6-coordinated state (pos-
sibly distantly coordinated by a water molecule or other weak ligand)
and a low-spin hexa-coordinated state with a hydroxide as sixth ligand.
The rhombicity of the high-spin P heme signal, in the mixed-valence
YhjA EPR spectrum, could on the other hand be due to the presence of
one or more weak ligands at cryogenic temperatures. A similar effect
was demonstrated by comparison of the EPR spectra and crystal
structure of a MauG P107S mutant to the wild-type [62]. This mutant
changed the heme cavity (structurally equivalent to P heme) and the
heme became coordinated by a weak ligand, Glu113 side-chain, that in
YhjA is equivalent to Glu270. The axial high-spin signal observed in the
wild-type MauG became rhombic in the P107S mutant. Changes in the
YhjA P heme cavity residues might have a similar effect on its EPR
spectra.

In conclusion, the spectroscopic properties of YhjA suggest that P
heme is 6-coordinated with a hydroxide as distal axial ligand in the
oxidized and mixed-valence state of the enzyme, forming an inter-
mediate oxo-ferryl species in the presence of hydrogen peroxide
(Fig. 2B and C), which would involve the formation of a protein radical
species. Furthermore, His-OH– 6-coordinated P heme exhibits a high/
low-spin thermal equilibrium (being low-spin at lower temperatures)
and calcium ions modulate the pKa of its distal ligand. This is supported

by the fact that (i) calcium removal by EGTA led to the observation of a
re-distribution of two populations: P heme axially coordinated with a
water molecule (absorption band at 630 nm) and another with a hy-
droxide (absorption band at 620 nm), and (ii) at cryogenic tempera-
tures, the component of P heme remaining high-spin, mainly corre-
sponds to the fraction that is His-H2O 6-coordinated.

The YhjA heme reduction potentials are lower than the ones in the
recombinant A. actinomycetemcomitans QPO, in particular P heme
which in QPO has a positive potential (+67mV) in contrast to the
negative potential (−170 ± 10mV) found in YhjA and in the classical
BCCPs. This might explain the differences in the catalytic cavity of the
two enzymes or its positive reduction potential might be due to the
presence of detergent (0.5% SM-1200) in their assays, which could
affect the protein folding and consequently its redox properties.

4.2. Catalytic activity of the quinol peroxidase YhjA

Other trihemic BCCPs [20,21] display quinol peroxidase activity.
Nevertheless, it was reported that E. coli overexpressing a recombinant
YhjA, had no quinol peroxidase activity using ubiquinol-1 as electron
donor [55]. Here, YhjA catalytic activity was analyzed in vitro using
different quinols and an artificial electron donor, ABTS2−. As spectro-
scopic data indicated, this enzyme is fully active in the oxidized state
and needs calcium ions to achieve maximum activity. Thus, YhjA has an
active site with an available position for the binding of substrate, which
is independent of the oxidation state of the other two hemes, as it was
observed that reduction rates in the presence of hydrogen peroxide are
similar for both oxidized and mixed-valence YhjA. This trait is a
common feature of trihemic BCCPs, as they lack the conserved distal
sixth histidine heme ligand in their primary sequence.

YhjA can use quinol as an electron source and of the quinols tested,
hydroquinone has proven to be the best electron donor, though it still
has a high KM value. The KM values are comparable to the one of cy-
tochrome bd quinol peroxidase activity in vitro [57] but not to the ap-
parent KM of 5.2 μM H2O2 estimated for YhjA in vivo [12]. However, it
should be noted that in that work, saturating concentrations of sub-
strates were added to the assays, which includes an external source of
quinol.

The reason why hydroquinone performs better than duroquinol,
even though both are ubiquinol analogues (benzoquinone family) is
probably due to its simplicity and lack of ring substituents, such as the
four methyl groups in duroquinol (E°′=+35mV, pH 7.0 [36]) and
ubiquinol (E°′=+100mV, pH 7.0 [63]), which translates in hydro-
quinone having a higher reduction potential (E°′=+280mV, pH 7.0
[64]). These properties enable the electron transfer to YhjA

Fig. 5. Steady-state kinetics of YhjA peroxidase activity using ABTS2− (A, open circles), hydroquinone (A, closed circles), menadiol (B, open squares) and duroquinol (B, closed squares).
The pH effect on YhjA catalytic activity was assessed with hydroquinone (C). The dashed lines represent the simulated data using the equations in Materials and methods. The results are
represented as mean of three replicates and the parameters used in the simulation are the ones listed in the text and in Table 3. YhjA used in the kinetic assays was in the as-isolated form,
as described in Materials and methods.
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independently of the quinol binding site selectivity (which is absent in
the construct used here, vide supra) and possibly directly to E heme.
Nevertheless, benzoquinones without aromatic ring substituents are not
found as physiological quinols and particularly in E. coli membranes,
the benzoquinone present is ubiquinone [65].

The fact that the quinol binding site might be in the transmem-
branar region, absent in the YhjA construct used in this study, can ex-
plain the lower turnover numbers for duroquinol and menadiol.
Nevertheless, duroquinol transferred electrons to YhjA but eventually
the reaction stopped, proving to be an inefficient electron donor. On the
other hand, menadiol, a menaquinol analogue (naphtoquinone family),
which has a single methyl group and a negative reduction potential
(E°′=−1mV, pH 7.0 [36]), does not inhibit the reaction.

In fact, it is likely that YhjA evolved to specifically accept electrons
from menaquinol (MQ/MQH2; E°′=−74mV) instead of ubiquinol
(UQ/UQH2; E°′=+100mV) [63], as the main quinols present under
anaerobic conditions are the naphthoquinones: demethylmenaquinone
and menaquinone [65]. This is in agreement with the recently pub-
lished data of Khademian and Imlay, in which a Hpx− E. coli strain
(lacking the genes ahpCF, katG and katE), unable to produce mena-
quinone, had lower H2O2 scavenging rate under anaerobic conditions
[12]. This rate was also comparable to the Hpx− ΔyhjA mutant in the
same conditions, corroborating the role of menaquinone as the electron
donor of YhjA.

The YhjA catalytic mechanism can be proposed to be similar to the
one of classical BCCPs as E and P heme domains are conserved, as well
as the tryptophan residue between the two hemes, and it involves an
intermediate oxo-ferryl compound with consequent formation of a ra-
dical species. Furthermore, a pKa value around 8.5 has also been ob-
served in the catalytic activity of classical BCCPs. This could be asso-
ciated with the proton transfer required for the release of the second
water molecule in the catalytic cycle of these enzymes, which might be
mediated by the conserved glutamine at the active site (Gln260). In the
mixed-valence classical BCCPs, the side chain of this residue forms a
hydrogen bond with the water molecule coordinating the P heme [17]
and at higher pH values the proposed proton transfer might be hindered
resulting in the decrease of activity that is observed in vitro.

The NT heme positive reduction potential and its proximity to the
quinol pool make it the likely point of entry of electrons, that are then

transferred to E heme. In fact, the most recent work with A. actinomy-
cetemcomitans QPO shows that a quinol molecule reduces both NT and E
hemes and that the catalytic activity occurs through a Ping-Pong Bi Bi
mechanism [66]. Aspects regarding electron transfer pathway will be
further explored and clarified when structural data become available.

4.3. In vivo role of YhjA

The auto-oxidation of the quinol pool, specifically menaquinol auto-
oxidation when transitioning from anaerobic to aerobic environments,
is a source of ROS [67]. A membrane bound quinol peroxidase, such as
YhjA would prove to be advantageous in this scenario because not only
it would defend the cell against hydrogen peroxide, as it would use the
quinol pool, avoiding higher levels of quinol auto-oxidation (Fig. 6B).
Other defenses for higher concentrations of H2O2 would consist of the
cytoplasmic KatG, which is expressed anaerobically. However, given
that YhjA is a poor peroxidase, as demonstrated by the kinetic analysis,
an alternative role could be as a terminal membrane-bound oxidase,
that uses hydrogen peroxide as an anaerobic electron acceptor
(Fig. 6A), as suggested by Khademian and Imlay [12].

Furthermore, yhjA transcription is FNR-dependent [7,12], which
indicates that E. coli is capable of adapting its oxidative stress defenses
to small variations in oxygen levels, enabling this bacterium to colonize
oxygen-limited environments, such as the human gastrointestinal tract.
In fact, it was suggested that FNR-dependent regulation allows other
intestinal pathogens, from the Salmonella and Shigella genus (that have
a yhjA homologous gene in their genome), to infect the epithelial cell
layer as the mucosa can present a slightly higher oxygen concentration
inducing key virulence factors [68]. In an infection setting, YhjA, from a
pathogenic E. coli strain, can also play a key role in preparation for cell
invasion.

5. Conclusions

This study presents the first biochemical characterization of the
trihemic bacterial peroxidase YhjA, one of the enzymes from the large
array of hydrogen peroxide scavengers in the E. coli oxidative stress
system. The as-isolated recombinant YhjA is monomeric and has unique
spectroscopic features not found in classical BCCPs, with its peroxidatic

Fig. 6. Proposed model for YhjA role in E. coli under anaerobic conditions and when transitioning from an anaerobic to an aerobic environment. (A) Under anaerobic conditions, YhjA
reduces H2O2 to H2O using the reductive power of the quinol pool, which is regenerated by dehydrogenases (Dhs). In this scenario H2O2 could be considered the terminal oxidant in the
absence of other electron acceptors, such as nitrate and fumarate. The electron pathway in YhjA is represented by the dashed arrows, starting from the quinol pool through the NT and E
hemes, ending at the active site, the P heme, where the peroxidatic reaction occurs. (B) When cells are first exposed to low oxygen tensions, flavoenzymes (FAD) become significant
sources of H2O2. The auto-oxidation of quinols, such as menaquinol (MQH2), also contributes to the increase of ROS. The anaerobically expressed enzymes, KatG and YhjA are the first
hydrogen peroxide scavengers. Other significant H2O2 sources upon aeration are still not well characterized. C – cytoplasm; P – periplasm; IM – Inner membrane; OM – Outer membrane.
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heme having a water-derived molecule as its distal axial ligand and not
requiring reductive activation for maximum activity and ability to bind
the substrate. The enzyme has quinol peroxidase activity using hydro-
quinone and menadiol as electron donors. Since duroquinol, an ubi-
quinol analogue, is not an efficient electron donor and hydroquinone is
absent from E. coli membranes, we suggest that menaquinol is its
physiological electron donor, which agrees with the recent reported
data of YhjA being an anaerobically expressed enzyme [12].

The role of YhjA as a peroxidase is unclear in anoxic environments
deprived of oxygen species. Unlike strict anaerobes, E. coli, a facultative
anaerobe, colonizes diverse habitats in which bacteria are likely to
encounter oxygen/ROS sources such as, for instance, the human gas-
trointestinal system. These ubiquitous bacteria have evolved the ability
to cope with oxidative stress when faced with oxygenated environments
or when pathogenic strains are targeted by the immune system oxida-
tive burst. Their few anaerobic defenses, which would include YhjA,
might be sufficient as a first response against these threats, while ad-
ditional defenses are produced through O2/ROS-induced pathways.
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