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Abstract
Hemoproteins are commonly found in nature, and involved in many important cellular processes such as oxygen transport, 
electron transfer, and catalysis. Rational design of hemoproteins can not only inspire novel biocatalysts but will also lead to a 
better understanding of structure–function relationships in native hemoproteins. Here, the heme nitric oxide/oxygen-binding 
protein from Caldanaerobacter subterraneus subsp. tengcongensis (TtH-NOX) is used as a novel scaffold for oxidation bio-
catalyst design. We show that signaling protein TtH-NOX can be reengineered to catalyze H2O2 decomposition and oxidation 
of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) by H2O2. In addition, the role of the distal tyrosine (Tyr140) in 
catalysis is investigated. The mutation of Tyr140 to alanine hinders the catalysis of the oxidation reactions. On the other 
hand, the mutation of Tyr140 to histidine, which is commonly observed in peroxidases, leads to a significant increase of the 
catalytic activity. Taken together, these results show that, while the distal histidine plays an important role in hemoprotein 
reactions with H2O2, it is not always essential for oxidation activity. We show that TtH-NOX protein can be used as an alter-
native scaffold for the design of novel biocatalysts with desired reactivity or functionality.

Graphical abstract  H-NOX proteins are homologous to the nitric oxide sensor soluble guanylate cyclase. Here, we show 
that the gas sensor protein TtH-NOX shows limited capacity for catalysis of redox reactions and it can be used as a novel 
scaffold in biocatalysis design.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0077​5-018-1615-z) contains 
supplementary material, which is available to authorized users.
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Abbreviations
H-NOX	� Heme nitric oxide/oxygen binding
TtH-NOX	� Heme domain of the methyl-accepting chemo-

taxis protein from Caldanaerobacter subter-
raneus subsp. tengcongensis

Mb	� Myoglobin
HRP	� Horseradish peroxidase
ABTS	� 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sul-

phonic acid)
WT	� Wild type
SDM	� Site-directed mutagenesis
IPTG	� Isopropyl β-d-1-thiogalactopyranoside
ALA	� 5-Aminolevulinic acid hydrochloride

Introduction

Hemoproteins contain the iron protoporphyrin IX as a pros-
thetic group [1]. They have diverse roles in oxygen transport 
(e.g., hemoglobin and myoglobin), signaling (e.g., soluble 
guanylate cyclase), electron transfer (cytochrome b5), and 
catalysis (e.g., NO synthase, cytochrome P450, catalase, 
and NO reductase) [2–6]. Understanding the factors that 
determine the hemoprotein activity remains a challenge [7]. 
Biochemical, biophysical, and chemical studies have shown 
that the type of reactions catalyzed by hemoproteins and 
their variants are influenced by the proximal axial ligand, its 
surrounding amino acid residues, the distal pocket arrange-
ments, and the type of heme [8]. One approach to understand 
how the axial ligand and distal pocket affects hemoprotein 
activity is the introduction of new activities to non-enzy-
matic hemoproteins.

Peroxidases are hemoproteins that use hydrogen perox-
ide (H2O2) to oxidize various endogenous and exogenous 
substrates. Applications of peroxidases in synthetic organic 
chemistry for regioselective and enantioselective oxidations 
are very appealing and an active area of research [9, 10]. 
The previous studies on the reaction of peroxidases with 
H2O2 show that the reaction can result in the formation a 
ferryl porphyrin cation radical (FeIV=O Por+∙) intermedi-
ate known as compound I [11–13]. Compound I is formed 
through the heterolytic cleavage of the peroxide bond. Com-
pound I can be reduced to compound II, a ferryl porphyrin 
(FeIV=O Por) species. Partial homolysis of the peroxide 
bond in H2O2 can also form compound II [12]. Introduction 
of peroxidase activity to a new hemoprotein scaffold can 
generate novel enzymes that can have applications from fine 
chemical synthesis to environmental biocatalysis and also 
aid in understanding of structure–function relationships in 
these enzymes.

A frontier goal of hemoprotein investigation is to lever-
age mechanistic understanding to design novel activities in 
the hemoprotein scaffold. Rational design by site-directed 
mutagenesis involves remodeling protein activity by intro-
ducing mutations based on structure and previous investiga-
tions [7, 8, 14]. Rational design has been utilized to under-
stand the structural differences and reaction mechanisms of 
peroxidases. By redesigning the heme active site, myoglobin 
(Mb) can be converted to a peroxidase [12, 15–17].

In this study, we introduce an alternative scaffold for 
rational hemoprotein design. Our ideal scaffold improves 
upon the myoglobin precedent by being thermophilic, ame-
nable to large-scale production, stable in harsh conditions 
(temperature, pH, aqueous solutions, and organic solvents), 
and tolerant of mutations. As a candidate scaffold, we 
explored a member of the heme nitric oxide/oxygen-binding 
(H-NOX) protein family. The H-NOX protein family, which 
is largely found in prokaryotes, was discovered due to their 
15–40% sequence homology to eukaryotic nitric oxide sen-
sor soluble guanylate cyclase [18–20]. The H-NOX protein 
in this study is a subunit of the methyl-accepting chemo-
taxis protein from the thermophilic and anaerobic bacte-
ria Caldanaerobacter subterraneus subsp. tengcongensis. 
TtH-NOX is one of the most well-studied members of the 
H-NOX family due to its ease of expression, stability, and 
robustness towards mutations [20–24]. The crystal struc-
ture of TtH-NOX has already been determined at 1.77 Å 
resolution which can aid in the rational design [21]. Here, 
we investigate the catalytic potential of TtH-NOX proteins.

Protein residues around the heme group play important 
roles in the reaction between H2O2 and hemoproteins [25, 
26]. To investigate the role of different residues in the reac-
tion of hydrogen peroxide with hemoproteins, the distal 
pocket of some of the heme proteins is compared in Fig. 1. 
Peroxidases and globins contain a critical histidine residue 
in the distal pocket. In peroxidases, the distal histidine acts 
as an acid–base catalyst by removing a proton from the per-
oxide bonded to the heme iron and delivering a proton to the 
leaving O group [27]. On the other hand, Mb evolved to be 
an oxygen carrier rather than react with H2O2; therefore, the 
distal histidine found in Mb is too close to the heme iron to 
facilitate compound I formation [18–20].

Compared to globins and peroxidases, TtH-NOX pro-
teins have a very different architecture in their distal cavity 
(Fig. 1). There is no histidine in the distal pocket; however, 
a critical tyrosine residue is thought to play an important 
role in substrate binding. Here, we investigate the catalytic 
potential of such a unique heme pocket architecture. Site-
directed mutagenesis at the distal tyrosine of TtH-NOX was 
performed to investigate its effects on peroxidase activity. In 



1297JBIC Journal of Biological Inorganic Chemistry (2018) 23:1295–1307	

1 3

doing so, we seek to not only design a novel biocatalyst, but 
most importantly, to gain knowledge in understanding the 
molecular requirements for the catalytic activities of heme 
enzymes.

Materials and methods

Cloning, protein expression, and purification

The TtH-NOX Y140A and Y140H mutants were constructed 
from the pET20b expression vector containing wild-type 
(WT) TtH-NOX with a C-terminal histidine tag (a gift 
from the Marletta Laboratory at the University of Califor-
nia, Berkeley, USA). The Tyr140 to alanine and histidine 
mutations were introduced by the polymerase chain reac-
tion (PCR)-based site-directed mutagenesis (SDM) method 
using the Q5® Site-Directed Mutagenesis Kit (New England 
Biolabs). The mutations were confirmed by sequencing of 
the isolated plasmids.

Expression of TtH-NOX and variants was performed 
as previously described with the following modifica-
tions [30]. BL21 (DE3) E. coli harboring the TtH-NOX 
expression vector were inoculated 1:200 from saturated 
starter culture into 1 L Terrific Broth supplemented with 
0.1 mg mL−1 ampicillin. Cultures were grown with shak-
ing at 37 °C to an OD600nm of 0.8. Protein expression and 
heme biosynthesis were then induced using isopropyl β-d-
1-thiogalactopyranoside (IPTG) and 5-aminolevulinic acid 
hydrochloride (ALA) to a final concentration of 0.1 mM and 
1 mM, respectively. Cultures were grown overnight at 25 °C 
and then harvested by centrifugation.

Purification of the WT and mutant TtH-NOXs was 
performed as previously described with the following 

modifications [30]. Cells were lysed in 50 mM triethan-
olamine (TEA), 300 mM NaCl, 10 mM imidazole, 0.2 mM 
phenylmethane sulfonyl fluoride (PMSF), and 1 mM ben-
zamidine HCl at pH 7.5 (buffer A). Lysates were heat 
denatured at 70 °C for 40 min and then pelleted at 3900×g 
for 2 h. The supernatants were applied to pre-equilibrated 
(with buffer A) Nickel-NTA resin in Gravity-Flow HisPur 
columns (Thermo Scientific). Washes were then performed 
with 25–30 column volumes of buffer A until the wave-
length at 280 nm was stable. The TtH-NOX proteins were 
eluted in 50 mM TEA, 150 mM imidazole, and 300 mM 
NaCl, pH 7.5. Subsequently, the proteins were desalted 
into 50 mM TEA, 20 mM NaCl, and 5% glycerol using 
Pierce™ polyacrylamide desalting columns (Thermo Sci-
entific). Purified proteins were then concentrated to ˂ 2 mL 
in 10 mL Microsep Advance Centrifugal Concentration 
Tubes with MWCO 3 kDa and aliquots were stored at 
− 80 °C. Final protein purity was assessed by SDS-PAGE.

Measurement of TtH‑NOX heme concentration 
and extinction coefficients

The extinction coefficient for WT TtH-NOX heme Soret 
absorbance at 416 nm has been previously determined to 
be 89 mM−1 cm−1 [20]. The extinction coefficient of heme 
Soret absorbance of Y140A and Y140H TtH-NOX mutants 
was calculated by determination of the heme concentration 
of a protein sample with known absorbance. The heme 
concentrations were determined by the previously estab-
lished pyridine hemochromagen assay [31].

Fig. 1   Superposition of the 
heme and some selected 
residues in crystal structures of 
TtH-NOX (H-NOX, ball and 
stick, PDB ID:1U4H) and Mb 
(thin line, a, PDB ID:1MBO) 
or horseradish peroxidase 
(HRP, PDB ID:1ATJ) (thin 
line, b) including distal tyrosine 
(Tyr140 in TtH-NOX) and histi-
dine (His64 in Mb, A; His42 in 
HRP, b) [21, 28, 29]
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Cyanide binding to WT, oxidized WT, Y140A, 
and Y140H TtH‑NOX

All cyanide-binding experiments were carried out in 50 mM 
phosphate buffer at pH 7.5 and 25 °C. The KCN solutions 
were prepared freshly before use. UV–Visible spectropho-
tometric analysis was carried out using a UV-1600PC Scan-
ning Spectrophotometer for the WT and mutant TtH-NOXs.

Oxidation of WT TtH‑NOX

WT TtH-NOX is used as isolated unless otherwise noted. 
Oxidation of WT TtH-NOX was performed under anaerobic 
environment. The oxidized WT TtH-NOX was obtained by 
incubation of protein with 20 mM potassium ferricyanide for 
30 min at room temperature. Excess potassium ferricyanide 
and product ferrocyanide were removed by desalting with 
Zeba™ Spin Desalting Columns (Thermo Scientific).

Reactions of TtH‑NOX with hydrogen peroxide

Spectroscopic changes of the WT and mutant TtH-NOXs 
during the decomposition of H2O2 were measured at 25 °C 
in 50 mM potassium phosphate buffer (pH 7.0) at time 
points of 0, 1, 5, 10, 15, 20, 30, 40, 60, and 120 min on 
a UV-1600PC spectrophotometer. The reaction mixture 
contained 0.1 mM H2O2, 10 µM WT or 10 µM Y140A or 
10 µM Y140H TtH-NOXs. At every time point, 20 µL ali-
quots of the reaction mixture were collected, frozen, and 
stored at − 80 °C for H2O2 quantification using the Quan-
titative Peroxide Assay: Aqueous Compatible Formulation 
Kit (Pierce) with absorbance measurements taken on the 
FLUOstar Omega Plate Reader at 595 nm. The amount of 
H2O2 in the assay at each time point for the TtH-NOX was 
calculated using a standard curve. At least two independent 
experiments were performed for each time point.

Catalytic Oxidation of 2,2′‑azino‑bis(3‑ethylbenzo‑
thiazoline‑6‑sulphonic acid) (ABTS) and guaiacol

The spectroscopic changes for the one-electron oxidation of 
ABTS by the WT and mutant TtH-NOXs in the presence of 
H2O2 in 50 mM potassium phosphate buffer (pH 7.5) were 
followed at 380–950 nm at 1 min intervals. The same proce-
dure is applied for guaiacol oxidation with exception as spec-
tra are followed from 350 to 650 nm. The reaction mixture 
contained 1 mM ABTS (or 5 mM guaiacol), 1 mM H2O2, 
and 3 µM TtH-NOX proteins. The rate of the ABTS cation 
radical (ABTS∙+) formation by WT, Y140A, and Y140H 
TtH-NOX was also monitored at 734 nm (ε734 = 1.5 × 104 
M−1 cm−1) where the absorption of H-NOX is negligible 
[32]. The rate of tetraguaiacol formation is followed at 
470 nm (ε470 = 2.66 × 104 M−1 cm−1) [33].

Determination of the kinetic parameters

In the determination of observed rate constants (kobs), the 
data are fit to one-phase exponential decay equation shown 
in Eq. 1, where k is the kobs obtained:

All initial rates were determined by linear fitting of 
the ABTS∙+ formation in the first 20  s of the reaction. 
The ABTS∙+ formation was monitored at 734 nm at 0.5 s 
intervals.

To determine the kinetic parameters of the ABTS oxida-
tion activity of WT TtH-NOX, reaction assays of 3 µM WT 
TtH-NOX, 1.5 mM H2O2, and variable ABTS concentra-
tions of 0.05–1 mM in 50 mM potassium phosphate buffer 
of pH 7.5 were prepared. The initial rates obtained were 
fit to the Michaelis–Menten equation shown in Eq. 2; kcat 
was obtained by dividing the obtained vmax by the protein 
concentration:

At least two independent measurements were performed 
for each experiment. GraphPad Prism Software Version 7.04 
(GraphPad Software Inc., San Diego, USA) was used for 
curve fitting the data.

pH dependence of peroxidase activity of WT 
TtH‑NOX

To determine the pH dependence of the peroxidase activity 
of WT TtH-NOX, reaction mixtures containing 5 µM WT 
TtH-NOX, 1 mM ABTS, and 1 mM H2O2 in a 50 mM potas-
sium phosphate buffer at pHs 5.8, 6.8, 7.5, and 8.0 were 
prepared. The ABTS∙+ formation was monitored at 734 nm 
for 15 min at 0.5 s intervals. The average rates (± SD) at each 
pH value were determined. At least two experiments were 
performed for experiment.

Results

Electronic absorption spectroscopy of WT TtH‑NOX 
and distal tyrosine mutants Y140A and Y140H

Here, the potential for TtH-NOX protein as a novel scaffold 
for generation of biocatalysts is investigated. The focus of 
this study is catalysis of oxidation reactions with hydrogen 
peroxide (H2O2). The residues in the distal pocket of heme 
group play important roles in the reaction between H2O2 [24, 
25]. The previous studies have shown that the distal tyros-
ine (Y140) plays an important role in O2 binding to TtH-
NOX [34, 35]. Since H2O2 is expected to occupy the distal 

(1)y =
(

y
0
− Plateau

)

× e−kx + Plateau.

(2)y = vmax × x∕
(

K
M
+ x

)

.
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pocket in a similar manner, we decided to investigate the 
effects of mutations at Tyr140 on TtH-NOX reactions with 
H2O2. To understand the possible role of Tyr140 in reac-
tion with H2O2, we substituted this residue with alanine to 
eliminate any side-chain interactions (Y140A TtH-NOX). In 
peroxidases, the distal pocket contains a critically important 
histidine residue, which acts as an acid–base catalyst [26]. 
Therefore, we decided to investigate if introduction of a his-
tidine to the distal pocket of TtH-NOX can improve catalysis 
in H2O2 reactions. Since Tyr140 is within hydrogen-bonding 
distance to the heme-bound oxygen, we decided to test the 
catalytic activity of Y140H mutant of TtH-NOX.

To this end, TtH-NOX Y140A and Y140H mutants were 
generated by SDM. Protein expression and purification were 
performed as previously reported for WT TtH-NOX [20, 36]. 
The optical spectra of WT, Y140H, and Y140A mutants of 
TtH-NOX in the ferrous oxy state are shown in Fig. 2. The 
extinction coefficients of the heme Soret were obtained by 
quantification of heme using the pyridine hemochromagen 
assay. WT TtH-NOX shows maximum Soret absorbance at 
415 nm and split α/β bands as isolated, similar to previously 
reported spectra [20]. Mutation of the distal tyrosine to ala-
nine resulted in a shift in the Soret maximum absorbance 
from 415 to 409 nm. In contrast, the Soret absorbance did 
not change significantly for the Y140H variant (416 nm), 
while modest splitting of the alpha–beta (α/β) region is 
observed.

Cyanide binding to ferric hemoproteins induces changes 
in the UV–visible spectra. Indeed, binding of cyanide to 
ferric TtH-NOX results in a shift in Soret absorbance from 
415 to 420 nm [36]. WT and Y140A TtH-NOX showed the 
UV–visible spectra observed in Fig. 2 as isolated. Since 
the addition of KCN to WT and Y140A TtH-NOX as iso-
lated did not result in any significant changes to the Soret 

absorbance (Fig. S1); it was concluded that these proteins 
were isolated in the ferrous oxy state. However, Y140H TtH-
NOX showed maximum Soret absorbance at 410 nm (Fig. 
S2) as isolated, and the Soret absorbance of Y140H showed 
a significant shift, from 410 to 422 nm, in the presence of 
KCN (Fig. S1). Therefore, Y140H mutant was isolated in the 
ferric state. Reduction of Y140H resulted in the UV–visible 
spectra observed in Fig. 2.

Reaction of WT, Y140A, and Y140H mutants 
of TtH‑NOX with H2O2 followed by UV–visible spec‑
troscopy

To study the effect of H2O2 on TtH-NOX protein, we moni-
tored the changes in heme Soret during the reaction of 
TtH-NOX and H2O2. The reaction of 5 µM TtH-NOX with 
0.1 mM H2O2 resulted in a decrease in the Soret absorbance 
of TtH-NOX at 415 nm (Fig. 3). A 40% decrease in absorb-
ance at 415 nm was observed after incubation of TtH-NOX 
with H2O2 for 2 h at 25 °C. The observed rate constant for 
the decrease in Soret absorbance was 4.9 ± 0.5 × 10−4 s−1.

The reaction of Y140A TtH-NOX with H2O2 was also 
followed by UV–Vis spectroscopy. The reaction of 5 µM 
Y140A TtH-NOX with 0.1 mM H2O2 resulted in an increase 
in Soret absorbance at 406 nm (Fig. S3A). The difference 
spectra obtained by subtraction of the spectrum at each time 
point from the spectrum at time point zero are shown in Fig. 
S3B. Difference spectra showed appearance of a new peak 
at 403 nm, which can be attributed to the formation of ferric 
heme by oxidation with H2O2. The kobs for the increase in 
403 nm is 2.06 ± 0.33 × 10−4 s−1 in the presence of 0.1 mM 
H2O2.

The reaction of 10 µM ferrous Y140H TtH-NOX with 
0.1 mM H2O2 resulted in a decrease in Soret absorbance 

Fig. 2   UV–visible spectra of WT TtH-NOX and distal tyrosine 
mutants Y140H and Y140A. Changes observed in the UV–vis-
ible spectra of TtH-NOX (straight line) when the distal tyrosine is 
replaced with histidine (Y140H, dashed line) and alanine (Y140A, 
dotted line) in the ferrous oxy state. Inset: The changes observed in 
the alpha–beta region

Fig. 3   Reaction between H2O2 and WT TtH-NOX. H2O2 (0.1  mM) 
was added to WT TtH-NOX (10 µM) in phosphate buffer (50 mM) at 
pH 7.0 and 25 °C. Spectra were taken at time points 0, 20, 40, 60, and 
120 min. Inset: Decrease in the Soret absorbance with time during the 
reaction of WT TtH-NOX and H2O2
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at 416 nm (Fig. S4). Only a 10% decrease in absorbance 
at 416 nm was observed during the reaction. The observed 
rate constant for the decrease in Soret absorbance was 
3.5 ± 0.9 × 10−3 s−1. On the other hand, the Y140H mutant 
in the ferric state exhibited a different reactivity with H2O2 
when compared to the other variants and WT TtH-NOX. 
Addition of H2O2 to the protein resulted in a rapid shift of 
the Soret maximum absorbance from 410 to 415 nm ini-
tially, and then, the Soret shifted back to 410 nm (Fig. 4). 
This was followed by slow a decrease in Soret at 410 nm. 
The absorbance at 415 nm can be interpreted as the forma-
tion of the intermediate compound II that is also observed 
as an intermediate in reactions of Mb and hemoglobin with 
H2O2 [37]. In addition, the reaction between oxidized WT 
TtH-NOX and H2O2 was also investigated; no significant 
changes in the UV–Vis spectra were observed during the 
reaction (Fig. S5).

Decomposition of H2O2 in the presence of WT, 
Y140H, and Y140A mutants of TtH‑NOX

To evaluate the catalytic potential of WT TtH-NOX towards 
H2O2 decomposition, we monitored the H2O2 concentration 
during its reaction with WT TtH-NOX. The concentration of 
H2O2 was followed during the reaction between 10 μM WT 
TtH-NOX and 0.1 mM H2O2. The concentration of H2O2 at 
each time point was determined, by its oxidation of ferrous 
to ferric ion in the presence of xylenol orange. The effects 
of mutations in the distal pocket on the reaction between 
H2O2 and TtH-NOX were also investigated by following 
H2O2 concentration similarly in the presence of Y140A and 
Y140H (in the ferrous and ferric state) mutants of TtH-NOX. 
As shown in Fig. 5, the decrease in H2O2 concentration in 
the presence of WT TtH-NOX followed exponential decay, 
and 93% of H2O2 was decomposed in 2 h at 25 °C. During 

this time, only a 25% decrease in H2O2 concentration was 
observed in the absence of the protein. In the presence of 
Y140A TtH-NOX, only 65% of H2O2 was decomposed dur-
ing the same time period (2 h). On the other hand, 90% of 
H2O2 was decomposed within the first minute in the pres-
ence of ferric Y140H TtH-NOX (ox Y140H).

The data in Fig. 5 can fit to the first-order exponential 
decay to obtain a kobs for 0.1 mM H2O2 decay in the pres-
ence of WT, Y140A, and Y140H mutants of TtH-NOX. For 
the WT, Y140A, and ferric Y140H mutants of TtH-NOX, 
kobs observed is 5.7 ± 0.7 × 10−4 s−1, 2.5 ± 0.8 × 10−4 s−1, and 
0.035 ± 0.02 s−1, respectively. We note that the decay in the 
presence of ferrous Y140H does not fit to the first-order 
exponential decay; the fit for the second-order exponential 
decay is shown to guide the eye.

Peroxidase activity of WT TtH‑NOX

The peroxidase activity of TtH-NOX was investigated by fol-
lowing one-electron oxidation of ABTS by H2O2 in the pres-
ence of TtH-NOX. The reaction of 1 mM ABTS and 1 mM 
H2O2 in the presence of 3 μM WT TtHNOX at 25 °C was 
followed by UV–visible spectroscopy. The spectra showed 
the formation of a broad band at 734 nm and an increase in 
415 nm (Fig. 6a) indicative of ABTS∙+ formation [38]. The 
increase in absorbance at 734 nm with time was followed 
to obtain ABTS oxidation kinetics during this reaction as 
it has no significant interference from the heme absorbance 
(Fig. 6b). To understand the role of distal tyrosine in the per-
oxidase activity of TtH-NOX, ABTS oxidation was followed 
under the same conditions in the presence of Y140H and 
Y140A TtH-NOX. In the presence of WT TtH-NOX, maxi-
mum absorbance at 734 nm was reached after 8 min, while, 
in the presence of ferric Y140H TtHNOX, the maximum 
absorbance was reached within the first 2 min followed by a 

Fig. 4   a Reaction between H2O2 and Y140H TtH-NOX. H2O2 
(0.1  mM) was added to Y140H TtH-NOX (8  µM) in phosphate 
buffer (50  mM) at pH 7.4 and 25  °C. Spectra were taken at time 
points before H2O2 addition and 0, 1, and 4 min (dashed line). b The 
same sample, spectra taken at 4 (dashed line), 10, 15, 20, 30, 40, and 
60 min

Fig. 5   Decay of H2O2 (0.1  mM) in the absence (control) and pres-
ence of WT, Y140A, reduced Y140H (Y140H), and ferric Y140H (ox 
Y140H) TtH-NOX (10 µM). The concentration of H2O2 was quanti-
fied at time points 0, 1, 20, 40, 60, and 120 min using the peroxide 
quantification assay
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decrease in absorbance at 734 nm. The decrease in 734 nm 
can be attributed to the oxidation of the ABTS∙+ radical 
cation by another electron and formation of the azodication 
as shown in Eq. 3 [38].

 
In the presence of ferrous Y140H, while the ABTS∙+ 

formation in the early time points was similar to WT, the 
overall yield of ABTS oxidation was 70% higher for Y140H 
mutant.

In comparison, there was only a negligible increase in the 
absorbance at 734 nm in the presence of Y140A mutant of 
TtH-NOX during this time period.

For a better kinetic analysis of the reaction, the ABTS 
oxidation was repeated with lower protein concentration 
and followed at 0.5 s intervals. Therefore, the reaction of 
1 mM ABTS and 1 mM H2O2 was followed in the pres-
ence of 1 μM WT, and ferric and ferrous Y140H mutant 
of TtH-NOX at 25 °C. The formation of ABTS∙+ per unit 
protein with time, obtained from the increase in absorbance 
at 734 nm, is shown in Fig. 7. As shown in Fig. 7, the initial 
rate of ABTS oxidation in the presence of ferrous Y140H 
TtH-NOX (4 × 10−7 M−1 s−1) was slightly slower than ferric 
Y140H (5 × 10−7 M−1 s−1), but five times faster compared 
to WT TtH-NOX (8 × 10−8 M−1 s−1).

The peroxidase activity of the oxidized WT TtH-NOX 
was also investigated. The reaction of 1 mM ABTS and 
1 mM H2O2 in the presence of 3 μM oxidized WT TtH-
NOX at 25 °C was followed by UV–visible spectroscopy. 
Similar to WT TtH-NOX in the reduced state, an increase in 
734 nm and 415 nm was observed (Fig. S6A). The increase 
in absorbance at 734 nm was slower for the oxidized state 

(3)ABTS → ABTS
⋅+ + e

−
→ ABTS

2+ + e
−

compared to the reduced state of WT TtH-NOX (Fig. S6B). 
Comparison of the turnover rates of oxidized WT with WT 
as isolated and Y140H TtH-NOX showed that the oxidized 
protein has significantly lower activity (Fig. S7).

Oxidation of guaiacol catalyzed by WT TtH‑NOX

The peroxidase activity of TtH-NOX was also investigated 
by following oxidation of guaiacol by H2O2 in the presence 
of TtH-NOX. The reaction of 5 mM guaiacol and 1 mM 
H2O2 in the presence of 3 μM WT TtHNOX at 25 °C was 
followed by UV–visible spectroscopy. The spectra showed 

Fig. 6   a Oxidation of ABTS by H2O2 catalyzed by WT TtH-NOX. 
H2O2 (1  mM) was added to the WT TtH-NOX (3  µM) and ABTS 
(1 mM) mixture in phosphate buffer (50 mM) at pH 7.5 and 25 °C. 
The spectra were taken at 1  min intervals for 6  min. The product 
for the reaction, ABTS∙+, increases at 734  nm appears during the 
reaction. b Time course of ABTS oxidation in the presence of WT, 

Y140A, ferrous Y140H (Y140H), and ferric Y140H (ox Y140H, 
gray) mutants of TtH-NOX. Formation of ABTS∙+ was followed 
by increase in absorbance at 734  nm during the reaction of ABTS 
(1  mM) and H2O2 (1  mM) in the presence of WT (3  µM), ferrous 
Y140H (3 µM), and ferric Y140H (3 µM) and Y140A (3 µM) TtH-
NOX in phosphate buffer (50 mM) at 25 °C and pH 7.50

Fig. 7   Time course of ABTS oxidation catalyzed by WT, ferrous 
Y140H (Y140H), and ferric Y140H (ox Y140H, dashed line) TtH-
NOX. The reaction profile shows the formation of ABTS∙+ at 734 nm 
in the presence of WT (1 µM), ferrous Y140H (1 µM), ferric Y140H 
(1  µM) TtH-NOX, H2O2 (1  mM), and ABTS (1  mM) in phosphate 
buffer at pH 7.50. The ABTS∙+ formation was followed at 0.5 s inter-
vals for 15  min (turnover is defined as nmol ABTS∙+ formed/nmol 
TtH-NOX)
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the formation of a broadband at 470 nm (Fig. S8), indica-
tive of tetraguaiacol formation [33]. Kinetic analysis of the 
guaiacol reaction indicated that kcat was around 0.004 s−1 
and KM was lower than 2 mM in the presence of 1 mM H2O2 
(results not shown).

Reaction kinetics of ABTS oxidation catalyzed by WT 
TtH‑NOX

Since the catalysis of ABTS oxidation has never been tested 
before on H-NOX proteins, the reaction kinetics were stud-
ied to obtain mechanistic information on the reaction. For-
mation of ABTS radical cation was followed at 734 nm dur-
ing the reaction of ABTS (0.1–1 mM) with H2O2 (1.5 mM) 
in the presence of WT TtH-NOX (5 μM) to understand the 
reaction kinetics. The time course of ABTS∙+ formation 
did not follow simple second-order kinetics. Instead, the 
kinetics of this reaction proved to be complex and exhibit 
an initial slow phase that accelerates into a rapid phase of 
oxidation (Fig. 8a). As the time course of ABTS∙+ forma-
tion is complex, it was analyzed in terms of initial rate. The 
dependence of initial rate on ABTS concentration is shown 
in Fig. 8b. Using the data at Fig. 8b, the kinetic parameters 
for WT TtH-NOX were determined, KM was determined to 
be 0.74 ± 0.13 mM, and kcat was 0.06 ± 0.02 s−1 (in the pres-
ence of 1 mM H2O2).

The pH dependence of ABTS oxidation catalyzed 
by WT TtH‑NOX

The pH dependence of the ABTS oxidation rate can be used 
to understand the role played by the ionizing groups in the 
catalytic function of the enzyme. The pH dependence of the 
ABTS oxidation was also investigated at 25 °C. The obtained 

pH profile is shown in Fig. 9, which shows an increase in the 
initial rate with decreasing pH. The maximum rate observed 
was at pH 5.8.

Discussion

TtH-NOX is an ideal candidate for protein design. First, 
because it is well characterized, TtH-NOX crystal structure 
has initially been solved to 1.77 Å resolution [21]. Currently, 
there are 17 crystal structures of TtH-NOX and variants in 
the protein data bank, which investigate a wide range of 
properties from oxygen binding to heme distortion and dis-
placement of the native iron heme [39–42]. Second, it can be 
readily expressed in various E. coli strains with genetically 
encoded tags and purified [20, 43]. In addition, it is stable 

Fig. 8   a Reaction profile for ABTS oxidation at different substrate 
concentrations. At ABTS concentrations of 0.1, 0.25, 0.5, 0.8, and 
1 mM, with H2O2 (1.5 mM) and WT TtH-NOX (3 µM), the oxida-
tion reaction was followed at 734 nm at 0.5 s intervals for 15 min in 
phosphate buffer (50 mM) at pH 7.50 and 25  °C. b Kinetic param-

eters for ABTS oxidation reaction. The initial rate of ABTS oxidation 
was determined at different ABTS concentrations (0.1–1 mM) in the 
presence of H2O2 (1.5 mM) and WT TtH-NOX (3 µM) at 25.0 °C at 
pH 7.50

Fig. 9   Dependence of the initial rate of ABTS oxidation on pH. 
The initial rate of ABTS (1  mM) oxidation catalyzed by WT TtH-
NOX (5 µM) in the presence of H2O2 (1.5 mM) in phosphate buffer 
(50 mM) were determined at pHs 5.8, 6.8, 7.5, and 8.0
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under extreme temperatures (above 70 °C) and is tolerant of 
site-directed mutagenesis [20, 21, 23, 24, 36]. These features 
can be utilized to obtain novel proteins with desired func-
tions. Indeed, it has been shown that TtH-NOX protein can 
be used as an O2 sensor and a magnetic resonance imaging 
(MRI) contrast agent by substitution of its native porphy-
rin with artificial derivatives [24, 41]. Recent studies have 
shown that TtH-NOX with the native heme cofactor can be 
used in sensing toxic cyanide ions [36]. However, thus far, 
the biocatalytic potential of H-NOX proteins has not been 
explored. Here, for the first time, we show that WT TtH-
NOX can catalyze oxidation reactions. The results clearly 
show that signaling protein TtH-NOX can catalyze H2O2 
decomposition and oxidation of ABTS by H2O2. In addition, 
the distal tyrosine (Tyr140) plays an important role in the 
catalysis, as mutation of Tyr140 to alanine leads to a signifi-
cant decrease in catalytic activity. On the other hand, muta-
tion of Tyr140 to histidine resulted in a significant increase 
in catalytic efficiency.

The crystal structure of O2 bound TtH-NOX has shown 
that the Tyr140 is involved in a hydrogen bond with the 
bound O2 molecule [21]. In addition, Tyr140 is conserved in 
anaerobic members of the H-NOX family. However, it is dis-
placed by more hydrophobic residues in facultative aerobes 
and eukaryotic H-NOX proteins [34]. The previous stud-
ies have shown that mutation of Tyr140 to leucine (Y140L) 
resulted in reduced affinity for O2 binding to the protein 
[34]. This was attributed to faster dissociation rate of O2 in 
the absence of Tyr140. Taken together, Tyr140 is an impor-
tant residue for stabilization of O2 complex in TtH-NOX 
[44]. In addition, investigation of the effects of distal pocket 
mutations on the heme-CO vibrational modes by Resonance 
Raman spectroscopy revealed that Tyr140 applies negative 
polarity to the distal pocket and its mutation to histidine 
leads to two conformers of the protein where, in both con-
formers, the histidine residue H bonds to the bound CO [45]. 
Taken together, we hypothesized that the heme chemistry 
could be induced toward catalysis by varying the charac-
ters of this key residue. To this end, Y140H and Y140A 
mutants of TtH-NOX were expressed and isolated as previ-
ously reported for WT TtH-NOX [21]. Unlike the previously 
isolated Y140L mutant, which showed a Soret maximum of 
422 nm, Y140H mutant showed a very similar Soret absorb-
ance to WT in the ferrous oxy state, and Y140A mutant 
showed maximum Soret absorbance at 409 nm (Fig. 2) [34]. 
Similar to Y140L mutant, both mutants showed modest 
splitting of the α/β bands. Y140H mutation is more con-
servative compared to leucine mutation; therefore, a smaller 
change in the UV–Vis spectrum is expected [34]. The previ-
ous studies have shown that distal pocket steric crowding is 
important in determining the ligand-binding properties of 
H-NOX [44]. For the Y140A mutation, a larger distal cavity 
may lead to incorporation of a water molecule in place of 

tyrosine. In addition, a large increase in the Soret extinction 
coefficient is observed for the Y140A mutant (Fig. 2). This 
increase is due to a decrease in heme incorporation and the 
presence of apoprotein. While all proteins were expressed 
under the same conditions, the Y140A mutant showed a 
larger 280 nm to Soret absorbance ratio compared to WT 
and Y140H mutant (Abs280 nm/Abs409 nm is 8, 0.7, and 0.7 
for Y140A, WT, and Y140H mutant, respectively, results 
not shown) indicating the presence of apoprotein. Therefore, 
there was a decrease in heme binding in Y140A TtH-NOX 
due to the distal pocket mutation. We note that, in all the 
experiments, the holoprotein concentrations were used.

WT and Y140A TtH-NOX were isolated in ferrous state 
in accordance to the previous observations. In contrast, 
Y140H TtH-NOX was isolated in the ferric form. Isola-
tion of Y140H TtH-NOX in the ferric state can be due to 
increased autooxidation for this mutant. For Mb, autooxida-
tion is proton mediated. A similar mechanism may be in play 
for the Y140H mutant, since the distal histidine is within 
hydrogen-bonding distance to the bound O2, so it may pro-
mote autooxidation [46].

WT TtH-NOX catalyzed H2O2 decomposition as shown 
in Fig. 5. Almost complete decomposition of H2O2 was 
observed in 2 h in the presence of WT TtH-NOX. However, 
this catalysis is accompanied by a decrease in the of Soret 
absorbance (Fig. 3). A similar decrease is observed in reac-
tions of globins with hydrogen peroxide, which is thought to 
be due to oxidative modification of the protein or the heme 
cofactor followed by heme loss [47]. For the Y140A TtH-
NOX, reaction with H2O2 resulted in increase in the Soret 
absorbance at 403 nm, most likely due to oxidation of the 
ferrous heme. The oxidation ferrous heme to ferric most 
likely also happens for WT TtH-NOX; however, the Soret 
absorbance of ferrous oxy and ferric WT TtH-NOX is too 
similar to be able to follow the oxidation by UV–Vis spec-
troscopy (Fig. S1).

On the other hand, reaction of ferric Y140H with H2O2 
showed interesting differences compared to WT, ferrous 
Y140H, and Y140A TtH-NOX. An intermediate with UV 
absorbance at 415 nm was observed during the reaction, 
this absorbance can be attributed to compound II forma-
tion which is commonly observed in reactions between per-
oxidases and Mb with H2O2 [37, 48]. Ferrous Y140H also 
shows a similar Soret maximum at 416 nm; however, com-
parison of the UV–visible spectra of the intermediate with 
ferrous and ferric Y140H suggests that intermediate com-
pound is different from both species (Fig. S9). Compound 
II can be formed through homolytic cleavage of H2O2, or it 
can be formed by rapid reduction of compound I which is 
formed by the heterolytic cleavage of H2O2. Since compound 
I is less stable compared to compound II, its detection is 
more difficult. The mechanism of compound II formation 
for Y140H TtH-NOX is currently unclear. This is the first 
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time that a ferryl heme species is detected in the H-NOX 
proteins; further work is necessary to unravel the mechanism 
of this reaction.

Due to the critical role of Tyr140 in O2 binding to the 
heme and its position in the distal cavity (Fig. 1), we looked 
at the effects of distal tyrosine on catalytic activity. To this 
end, Tyr140 is mutated to alanine to eliminate any side-
chain interactions. Removal of distal pocket Tyr sidechain 
(Y140A) decreased the weak intrinsic H2O2 decomposition 
activity, showing that this residue plays a role in the reaction 
between H2O2 and TtH-NOX. The kobs obtained for H2O2 
decay decreased twofold when distal tyrosine is mutated to 
alanine. In comparison, mutation of the distal histidine in 
Mb decreased the rate of its reaction with H2O2 eight- to 
ninefold [49]. Therefore, other factors are also in play in the 
reaction between H2O2 and TtH-NOX.

To characterize the peroxidase activity of the WT TtH-
NOX and its variants, the one-electron oxidation of ABTS 
to the radical cation, ABTS∙+, was monitored. As shown 
in Fig. 6b, WT TtH-NOX catalyzed ABTS oxidation, yet 
the Y140A TtH-NOX does not show and ABTS oxidation 
activity. Distal tyrosine is within hydrogen-bonding distance 
with the bound H2O2 and may play a role in H2O2 bind-
ing (Fig. 1). However, if this was the case, then a similar 
decrease should be observed in the catalysis of H2O2 decom-
position; H2O2 decay rate only decreased twofold compared 
to WT. Therefore, the effect of Y140A mutation on ABTS 
oxidation cannot be simply explained by H2O2 binding. The 
generally accepted mechanism of peroxidase oxidation of 
substrates involves the formation of the intermediate com-
pound I by H2O2, and oxidation of the substrate by com-
pound I. Taken together, Tyr140 most likely plays a role in 
stabilization of compound I intermediate rather than just 
H2O2 binding.

The histidine in the heme distal cavity of peroxidases is 
critical for their activity and its mutation to aliphatic resi-
dues significantly decreases compound I formation [50–52]. 
The distal histidine is believed to function as a general acid/
base in binding of H2O2 and heterolytic cleavage of the 
O–O bond [27, 53]. While Mb also contains a distal his-
tidine, rational design studies have revealed that the distal 
histidine is too close to the heme iron to facilitate catalysis 
[18–20]. Indeed, proper positioning of the distal histidine in 
Mb resulted in 11-fold increase in peroxidase activity [23]. 
The distances between the nitrogen of the distal histidine 
and the ferric heme iron are normally 4.1–4.6 Å for globins 
and 5.5–6.0 Å for peroxidases (Fig. 1) [53]. The distance 
between the hydroxyl carbon in Tyr140 and the heme iron 
is 5.8 Å. Therefore, mutation of this residue to histidine is 
expected to result in a histidine residue located in similar 
distance to the heme cofactor as in distal histidine in per-
oxidases. To remodel the TtH-NOX distal pocket towards 
a peroxidase architecture, we substituted Tyr140 with His. 

Indeed, Y140H mutant showed a significant acceleration in 
H2O2 decomposition compared to wild type (Fig. 5). In addi-
tion, Y140H TtH-NOX showed significantly higher ABTS 
oxidation compared to WT, as shown in Fig. 6b. Indeed, the 
initial rate of ABTS oxidation was five times faster in the 
presence of Y140H mutant compared to wild type under the 
same conditions (Fig. 7). Therefore, addition of the histidine 
as an acid/base catalyst to the active site improved peroxi-
dase activity. The ferric Y140H TtH-NOX shows higher 
activity than the ferrous protein in both decomposition of 
H2O2 and oxidation of ABTS. This indicates that reaction 
of ferrous Y140H TtH-NOX with H2O2 is slower compared 
to its reaction with the ferric protein.

The activity for oxidation of ABTS was also monitored 
for oxidized (ferric) WT TtH-NOX. Oxidized WT TtH-NOX 
showed significantly lower activity compared to the ferrous 
oxy state of the protein. Since H2O2 is a two-electron accep-
tor, its reaction with ferrous Mb and hemoglobin results 
in the formation of compound II, which can react with a 
substrate, or further react with H2O2 to produce ferric pro-
tein and superoxide [37]. The reaction of H2O2 with ferric 
Mb is initially thought to result in a transient compound I 
like product which is rapidly reduced to compound II by 
abstracting an electron from residues in the apoprotein [54]. 
Compound II reacts with substrates or H2O2 to reduce back 
to ferric state. If a similar mechanism is in play for TtH-
NOX proteins, then completion of catalytic cycle and high 
turnover numbers can only be achieved if the ferric protein 
has similar activity to ferrous protein. The lower activity 
observed for oxidized WT TtH-NOX is inconsistent with 
this mechanism. Two possible factors may be responsible for 
this result: an alternative mechanism that results in partial 
reduction to ferrous TtH-NOX is responsible for catalysis 
in this system, or the conformation and activity of ferric 
TtH-NOX obtained by ferricyanide oxidation is significantly 
different from the ferric TtH-NOX resulting from the oxida-
tion by H2O2.

Since the catalysis of ABTS oxidation has never been 
tested before on H-NOX proteins, the reaction kinetics was 
also studied. Formation of ABTS∙+ was followed at vari-
ous concentrations of ABTS in the presence of excess H2O2 
(Fig. 8a). The oxidation of ABTS did not follow simple 
second-order kinetics in the presence of WT TtH-NOX, the 
increase in 734 nm absorbance was initially slow, and as the 
reaction proceeded, the rate increased with time giving a sig-
moidal kinetic curve. A similar lag phase was also observed 
for oxidation of guaiacol (Figure S10), so this kinetic behav-
ior is not dependent on substrate. The reason for the lag 
phase is currently unclear; more kinetic studies need to be 
done to decipher reactive intermates and the mechanism of 
this reaction.

Analysis of initial rate vs substrate concentration showed 
classical Michaelis–Menten kinetics (Fig. 8b). Based on the 
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initial rate results, the kinetic parameters for WT TtH-NOX 
were determined, KM was determined to be 0.74 ± 0.13 mM, 
and kcat was 0.06 ± 0.02 s−1 for 1.5 mM H2O2. Therefore, 
the catalytic efficiency for TtH-NOX is 0.08 s−1 mM−1. 
The TtH-NOX KM for ABTS is comparable to native HRP, 
which is interesting as native TtH-NOX does not to have 
catalytic function [55]. However, as expected, the turnover 
number is significantly lower than peroxidases which show 
300–4000 s−1 turnover number in the presence of 10 mM 
H2O2. On the other hand, TtH-NOX proteins are more effi-
cient at oxidation of substrates by H2O2 compared to native 
oxidation catalysts such as cytochrome P450 enzymes 
(P450s) [kcat < 0.008 s−1 for cytochrome P450BM-3 with 
p-nitrophenoxydodecanoic acid (12-pNCA) as substrate] 
[56]. Indeed, the initial rates observed for the oxidation by 
TtH-NOX is comparable to P450s engineered for peroxide-
driven hydroxylation (initial rate 2.4 min−1 for HF87A with 
styrene as substrate, compared to 1.6 min−1 for WT TtH-
NOX) [57]. In addition, the KM and kcat for TtH-NOX is 
comparable to native myoglobin which is commonly used 
as a protein scaffold for rational design (approximately 
0.08 mM, and 0.4 s−1, at 20 °C, respectively) [53]. In addi-
tion to ABTS, WT TtH-NOX also catalyzed oxidation of 
guaiacol by H2O2; however, the kcat for guaiacol was tenfold 
lower compared to ABTS.

The rate of ABTS oxidation catalyzed by TtH-NOX 
increased with decreasing pH (Fig. 9). This result shows 
that at least one ionizing group in the active site affects the 
oxidation reaction rate and the rate of oxidation is maximum 
when this group is in the protonated form [49]. This result 
implies that, like peroxidases, an acid/base catalyst may play 
a role in the peroxidase activity. Furthermore, this proton 
donor is not Tyr140 alone, since the pH profile does not fit 
to a tyrosine residue which has a pKa of 9.11. A similar pH 
profile was observed for Mb oxidation of ABTS [58]. One 
difference between Mb and TtH-NOX is the heme coordina-
tion in the ferric state of the protein. For metMb, the sixth 
ligand of the ferric iron at neutral pH is aqua (H2O). Indeed, 
the pKa of the distal water in metMb is 8.8 [59, 60]. On the 
other hand, the distal ligand in ferric TtH-NOX at neutral 
pH is OH−, and the pKa for the distal aqua ligand is 6.8 [61]. 
One reason for the increase in activity at lower pH can also 
be due to the ligand change in the ferric iron coordination.

Conclusion

In summary, we have shown that thermophilic hemoprotein 
TtH-NOX can catalyze H2O2 decomposition and oxidation 
of ABTS and guaiacol. While TtH-NOX has a very different 
distal pocket environment compared to Mb, it can catalyze 
these reactions with comparable efficiency. TtH-NOX does 
not have any histidine residues in the distal pocket; instead, 

Tyr140 was shown to be involved in hydrogen bonding with 
bound molecular oxygen. We show that Tyr140 also plays a 
role in the catalysis, as the mutation of this residue to alanine 
significantly impairs catalytic activity. On the other hand, 
mutation of the distal tyrosine in TtH-NOX to histidine, 
observed in peroxidases and myoglobin, increases oxidation 
activity significantly. This result supports the conclusions 
from the previous studies on the role of distal histidine in 
the cleavage of the O–O bond found in H2O2. In addition, 
we show that, while distal histidine plays an important role 
in hemoprotein reactions with H2O2, it is not always essen-
tial for oxidation activity. Reaction of Y140H with H2O2 
leads to a compound II like intermediate, which is observed 
for the first time in H-NOX proteins. This study introduces 
TtH-NOX protein as an ideal scaffold for design of novel 
biocatalysts due to its robust nature and ease of expression 
and purification. Future studies will focus on exploring the 
catalytic potentials of various TtH-NOX mutants in hopes 
of discovering novel biocatalysts.
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