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Converting cytochrome c into a DyP-like metalloenzyme
Issei Omura?, Koichiro Ishimori,? and Takeshi Uchida*2?

Dye-decolorizing peroxidase (DyP), which can degrade anthraquinone dyes using H,0,, is an attractive prospect for potential
biotechnological applications for environmental purification. We previously designed an artificial DyP with an optimal pH
for reactive blue 19 (RB19) degradation shifting from pH 4.5 to 6.5. We then attempted to degrade RB19 using Escherichia
coli expressing this mutant, but RB19 was degraded equally compared with bacteria expressing wild-type (WT) DyP because
most DyP was expressed in a heme-free form. In this study, we attempted to design an artificial peroxidase based on
cytochrome ¢ (cyt ¢), whose heme is covalently bound to the protein. We found that cyt ¢ can degrade RB19, but its ability
at pH 7.0 was ~60% of that of DyP from Vibrio cholerae at pH 4.5. To enhance this activity we constructed several mutants
using three approaches. Initially, to improve reactivity with H,0,, Met80 was replaced with a noncoordinating residue, Ala
or Val, but catalytic efficiency (k../Km) was increased by only ~1.5-fold. To enhance the substrate binding affinity we
introduced an additional Trp by replacing Pro76 (P76W). The catalytic efficiency of this mutant was ~3-fold greater than that
of WT cyt c. Finally, to form a hydrogen bond to axial histidine Gly29 was replaced with Asp (G29D). This mutant exhibited
an ~80-fold greater dye-decolorizing activity. Escherichia coli expressing the G29D mutant was unable to degrade RB19 in

solution due to degradation of heme itself, but this study provides new insights into the design of artificial DyPs.

Introduction

Dye-decolorizing peroxidase (DyP) (EC 1.11.1.19) is a member of the
heme peroxidase family and has the ability to catalyze the oxidation
of substrates using hydrogen peroxide (H,0,).! Typical substrates for
DyPs are anthraquinone dyes, aromatic compounds that are difficult
to degrade due to their complex and reinforced structures. As
previously reported,?>= the dye-decolorizing reaction of DyPs does
not occur in the heme pocket owing to the lack of space for bulky dye
compounds near heme, in contrast with most heme enzymes whose
reactions occur in the heme pocket as observed in P450 and
horseradish peroxidase.®’ DyPs react with H,0, and form compound
| (Fe V =0 porphyrin m-cation radical species) (Fig. S1A).8 Recent
studies have reported that the distal aspartic acid or arginine work
as catalytic bases during the formation of compound 1.>1° This radical
is transferred then to Trp or Tyr on the protein surface, where the
dye-decolorizing reaction occurs.2™ Therefore, DyPs have a broad
substrate specificity, including not only small but also bulky
compounds.

If industrial dyes are released into the environment, they remain
in water and are harmful to living organisms. Thus, the dye
degradation ability of DyPs is attractive for potential biotechnological
applications for the treatment of water pollution. For
biotechnological use, the stability of enzymes must be improved.
Several studies have focused on improving the stability and
reusability of enzymes by immobilizing them on mesoporous
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materials.}*13 However, a decrease in enzymatic activity or
inactivation is a potential risk of protein immobilization. To avoid this
problem, a whole-cell biocatalyst is an attractive approach. This is a
system employing Escherichia coli, in which enzymes are expressed.
In this system, the natural cellular environment protects the enzymes
from destabilization and deactivation.

In the case of DyPs, the pH dependence of the catalytic activity
can be a problem when used in this system. The optimal pH of the
dye-decolorizing reaction of DyPs is 3-4,%14 and its activity at neutral
pH is less than 1/3,000 of the activity at acidic pHs. To solve this
problem, we identified the decisive factor governing the low pH
preference of DyP in Vibrio cholerae (VcDyP) and constructed a
mutant with improved dye-decolorizing activity at neutral pH. When
Asp138, a residue present near heme, was replaced with Val, the
optimal pH shifted from 4.5 to 6.5.1°> We attempted then to degrade
reactive blue 19 (RB19) (Fig. S1B), a representative anthraquinone
dye, using E. coli, where VcDyP was overexpressed. The absorption
of RB19 was reduced by almost half (Fig. S2). Degradation of RB19 in
E. coli expressing the D138V mutant was greater than in E. coli
expressing wild-type (WT) VcDyP, but not as much as expected given
the results of in vitro catalytic data. This was because VcDyP in E. coli
was mainly expressed in a heme-free form, which cannot react with
H,0,. Thus, DyPs are not suitable for application to whole-cell
biocatalysis.

In contrast to DyPs, the heme of cytochrome ¢ (cyt ¢), a heme
protein associated with electron transfer in the respiratory chain, is
bound to the polypeptide through covalent bonds (Fig. $3).1¢ Cyt ¢
plays a major role in electron transfer in the respiratory chain, but
can also function as peroxidase when Met80, one of the heme
ligands, dissociates from the heme iron.'7:18 Several studies have
reported that dissociation of Met80 from heme is caused by the
interaction of cyt ¢ with cardiolipins in the mitochondrial membrane,



DPalton Transactions

leading to a significant increase (> 50-fold) in peroxidase activity.!”
This increase is accounted for by the formation of pentacoordinated
or hexacoordinated heme bound with a water, which increases the
accessibility of H,0, to the heme iron. However, it is unknown
whether cyt ¢ is capable of dye-degradation activity for
anthraquinone dyes.

Recent studies have reported that rationally designed converted
myoglobin (Mb) and neuroglobin, heme-containing proteins without
dye-decolorizing activity, to be active species for dye
decolorization.®?° In the case of Mb, introduction of Tyr at position
43 and Trp at position 138 in the heme pocket, with an additional Trp
at position 88 on the protein surface, improved the dye-degrading
activity by ~10-fold.*® Tyrd3 forms a cross-link with the heme 4-vinyl
group to prevent heme dissociation upon unfolding,?! and Trp138
contributes to tuning the structural rearrangement of myoglobin
upon substrate binding.?? Trp88 increases substrate binding affinity
by ~2-fold. In this study, a similar strategy, introducing Trp near the
putative binding site of RB19, was applied to cyt c to increase the
reactivity of cyt c with the dye.

A structural feature of most DyPs is the proximal hydrogen bond
between heme axial His and nearby Asp or Glu.2%23 Mutation of
Asp235 in cytochrome ¢ peroxidase, which forms a hydrogen bond
to the Ng of the axial ligand His175 with Ala or Asn, abolished cyt ¢
oxidative activity.?* Applying this structural feature of peroxidases to
cyt ¢ could be expected to enhance the dye-degrading activity of cyt
c. Thus, increasing pentacoordinate heme by replacing Met80 with a
noncoordinating amino acid residue, introducing Trp on the protein
surface, and forming a proximal hydrogen bond would likely create a
functional enzyme for potential applications. Using these strategies,
we found that the mutation of Gly29 to Asp led to the most
prominent increase in catalytic efficiency compared with WT cyt c.
Although the mutant did not work as a whole-cell biocatalyst, this
study provides a new perspective for the structure-based design of
artificial enzymes.

Results and Discussion
Dye-Decolorized Activity of Cyt ¢

We first measured the dye-decolorizing activity of cyt ¢ at pH 7.0
using RB19 as a substrate. The activity was monitored using UV—
visible absorption spectroscopy. The characteristic absorbance of
RB19 at approximately 595 nm decreased after manual mixing of cyt
¢ with H,0, (20 mM) (Fig. 1A), and the blue solution turned colorless
within 300 s. The result indicated that cyt ¢ has dye-decolorizing
activity. This result was unexpected because the tertiary structure
and active site of cyt c are quite different from those of DyP (Fig. S4).
To determine steady-state kinetic parameters (maximum rate, ket
and Michaelis—Menten constant, K,,), the reactions were performed
at a fixed concentration of RB19 (200 uM) at pH 7.0. The initial rates
of RB19 degradation were obtained by fitting the decay of the
absorption at 595 nm. The data were fitted to the Michaelis—Menten
equation (Equation 1) (Fig. 1B), which provided kcatny02 0f 5.6 + 0.4
s7tand Ky n202 0f 30 £4 mM.

We next monitored the dye-decolorizing activity of cyt c at a fixed
concentration of H,0, (20 mM). The initial rates were plotted against
the concentrations of RB19 (Fig. 1C). Kinetic data exhibited a better
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Fig. 1. Dye-decolorizing activity of WT cyt c. (A) Time-course of the dye-
decolorizing reaction by WT cyt ¢ at pH 7.0. The kinetic change of absorption at
595 nm during the reaction of cyt ¢ (1.0 uM) and RB19 (40 uM) with H,0, (20
mM) at 25 °C. (B) Initial rate (k=v/[protein] in Equation 1) of RB19 (200 uM)
oxidation at various concentrations (protein, 1.0 uM; pH 7.0). (Cg Steady-state
rates of oxidation as a function of RB19 concentration (0—150 uM) catalyzed by
WT cyt cat pH 7.0.

fit to the Hill equation (Equation 2) than to the Michaelis—Menten
equation. The evaluated Kcatre19 and K re1o Values were 2.3 + 0.1 572
and 53 £ 6 pM, respectively. The ket re1o Value of cyt ¢ was close to
that of VcDyP at the optimal pH, whereas the K, rs19 Of cyt ¢ was
slightly greater than that of VcDyP (Table 1). Therefore, the
Keat rB19/Km re10 OF CYt € Was 57% of that of VcDyP.

Replacing the sixth axial ligand with a noncoordinating amino acid
residue

As described above, we confirmed the dye-decolorizing activity of cyt
¢, which was comparable (~60%) to that of VcDyP at pH 4.5 (Table 1).
However, this assay was conducted at a relatively high concentration
of H,0, (20 mM). The turnover of the dye-decolorizing assay of cyt ¢
at a low H,0, concentration (200 uM H,0,) was calculated to be 0.7
min~1, which was only ~2% of that of VcDyP (36 min~). Thus, the dye-

This journal is © The Royal Society of Chemistry 20xx
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Table 1: Kinetic parameters of WT cyt ¢ and its mutants for RB19 decolorization

RB19
keat K Keat /Km
proteins st uM st mM?!
WT 23+0.1 53+6 44+ 6
MB80A 24+0.3 54 +13 45+ 12
M80V 34+0.1 49+3 70+5
P76W 34+0.1 25+2.0 138 £12
G29D 25+0.1 0.70%£0.10 3625+ 483
Y48H/M80A 15+0.1 19+4 77 £17
Y67H/M80A 2.6+0.1 60+3 44 +3
Y74H/M80A 25+0.1 31+3 80+8
Y97H/M80A 1.8+0.1 52+6 344
G41S 22+0.1 19+2 116 £13
Y48H 24+0.2 38+5 64+ 10
A51V 2.6+0.1 22+2 117 £12
VcDyp? 23+0.1 30+3 77 +£11
F43Y/F138W/P88W MbP) 9.6 +0.2 8+1 1200

aReference 15, PReference 19

decolorizing activity of cyt ¢ requires higher concentrations of H,0,
than VcDyP. Previous studies have shown that replacing the sixth
axial ligand (Met80) of cyt ¢ with Val increases the accessibility of
H,0, to heme, leading to enhancement (~10-fold) of peroxidase
activity.2>26 Accordingly, we expected that replacing Met80 with a
noncoordinating amino acid, Ala (M80A) or Val (M80V), would
increase the dye-decolorizing activity. The activity of the variants was
evaluated by examining the initial rates of RB19 oxidation (Fig. 2A).
Kinetic data show that the kctre1o Values of the dye-decolorizing
activities of the M80A and M80V mutants were 2.4 £ 0.3 s* and 3.4
+0.157%, respectively. The Ky, re10 Values of these mutants were 54 +
13 uM and 49 + 3 uM, respectively (Table 1). The k. of the M80V
mutant was slightly greater than that of the WT (2.3 £ 0.1 s™%), and
the K, was similar to that of the WT (53 + 6 uM), leading to an ~1.5-
fold increase in catalytic efficiency (kcatreio/Kmreio). Although we
expected that the substitution of Met80 would significantly improve
the dye-degradation activity of cyt ¢, it did not.

To confirm whether the reactivity of heme with H,0, was
enhanced by the mutation of Met80 as expected, the steady-state
kinetics of the M80A and M80V mutants were studied using a typical
peroxidase substrate, guaiacol (Fig. S1C). The kinetic data at pH 7.0
(Fig. 2B) show that the kcat guaiacol Of peroxidase activities of the M80A
and M80V mutants were 1.22 + 0.04 and 2.6 + 0.1 s72, respectively,
13- and 27-fold larger than that of WT cyt ¢, respectively. The
Km,guaiacol Values of the M80A and M80V mutants were 5.6 + 0.9 and
2.9 £ 0.4 pM, almost the same (M80A) and half (M80 V) that of WT

Table 2. Kinetic parameters of WT cyt ¢ and its mutants for guaiacol oxidation

guaiacol

Keat K Keat /Km
proteins st uM st mM?

WT 0.096 + 0.003 59+0.8 16+2
M80A 1.22+0.04 56+09 218 +36
M80V 26+0.1 29+04 896 + 13

P76 W 0.085 + 0.001 83+0.5 10+1

G29D 1.57£0.03 09+0.1 1777 £ 203
native HRPY 420 + 40 5800 + 700 72
‘Reference?

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2. Kinetic analysis of the H,0,-dependent reaction of WT (blue), M80A (red),
and M8O0V (green). (A) Initial rates (k=v/[protein]) of oxidation as a function of
RB19 concentration (0-150 uM) by proteins (protein, 1.0 uM; H,0,, 20 mM; pH
7.0). (B) Initial rates of oxidation as a function of guaiacol concentration (0-100
UM) catalyzed by proteins at pH 7.0(WT, 1.0 uM; M80A and M80V, 0.1 uM; H202,
10 mM; pH 7.0).

cyt ¢, respectively. The Keat guaiacol/ Km,guaiacol Values of the two variants
were ~14-56-fold greater than those of WT cyt c. The values of the
MB80A and M80V mutants were ~3- and ~12-fold greater than those
of native HRP?’ (Table 2), indicating that both mutants are good
peroxidases.  Considering that the peroxidase activity
(Kcat guaiacol/ Km,guaiacot) Of the mutants was ~14-56-fold greater than
that of WT cyt ¢, whereas their dye-degrading activity
(kcat Re19/Km,re10) Was less than 2-fold greater than that of WT cyt c,
elimination of Met80 was effective in enhancing peroxidase activity,
but did not contribute to the enhancement of dye-decolorizing
activity. The K re1o Value of the Met80 mutants was comparable to
WT cyt ¢, suggesting that the radicals, which are formed at heme
more rapidly by the mutation of Met80, are not efficiently
transferred to the active site, or radicals that migrate to the active
site are not well utilized for dye degradation.

Replacement of surface tyrosine with histidine

According to previous studies, the active site of the dye-decolorizing
reaction of DyPs is Tyr or Trp at the protein surface,2 to which
radicals formed at heme transfer. In the case of VcDyP, Tyr129 and
Tyr235 are the putative active sites of the dye-decolorizing reaction?.
cyt ¢ has four Tyr residues (Tyrd8, Tyr67, Tyr74, and Tyr97), all of
which are located on the protein surface (Fig. 3), and has one Trp
residue (Trp59) that is buried inside the protein. Therefore, we
supposed that radicals generated by the reaction of heme with H,0,
are transferred to one or some of these four tyrosine residues. To
determine the active site of dye degradation by cyt ¢, we prepared
four Tyr mutants (Y48H/MS80A, Y67H/MB80A, Y74H/M80A, and
Y97H/MB80A), in which each Tyr and Met80 were replaced with His

J. Name., 2013, 00, 1-3 | 3
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Fig. 3. Location of Tyr48, Tyr67, Tyr74 and Tyr97 in cyt ¢ (PDB 6K9I).

Fig. 5. Location of Tyr48, Tyr74 and Pro76 in cyt c.

and Ala, respectively, and evaluated their dye-decolorizing activity.
Kinetic data analysis provided ketreio for these mutants’ dye-
decolorizing activity of 1.5 + 0.1 (Y48H/MS80A), 2.6 + 0.1
(Y67H/MS80A), 2.5 £ 0.1 (Y74H/MS80A) and 1.8 £ 0.1 s (Y97H/MS80A)
(Table 1). The Kmgeio Vvalues of these mutants were 19 *+ 4
(Y48H/MS8O0A), 60 + 3 (Y67H/M80A), 31 + 3 (Y74H/M80A), and 52 + 6
UM (Y97H/MB80A) (Table 1). The ket reis Of these mutants was not
much greater than that of WT cyt ¢, whereas the K, rp19 Of the
Y48H/MB80A and Y74H/M80A mutants was ~1/3 and ~1/2 of that of
WT, respectively. A more prominent feature of the Y4A8H/MB80A and
Y74H/M80A mutants is the presence of a lag phase at <20 mM H,0,
(Fig. 4). In the kinetic characterization of DyP from Streptomyces
lividans, the presence of a lag-phase at low RB19 concentrations
suggests that the rate-limiting step of the dye-decolorizing reaction
is disproportion between dye radicals.?® The presence of a lag phase
for the Y4A8H/M80A and Y74H/MS8OA mutants suggests that this
disproportionate rate would be decelerated by replacement of Tyr48
or Tyr74 with His, leading to a change in the rate-limiting step in
these two mutants. Therefore, Tyr48 and Tyr74 are putative active
sites for the dye-decolorizing reaction.

Dye-decolorizing activity of P76W cyt c derivatives

Since Tyr48 and/or Tyr74 were suggested to be the active sites, we
attempted to increase the affinity of the substrate by introducing a
hydrophobic residue near these residues. From the crystal structure

of cyt ¢,?° Pro76 is located between Tyr4d8 and Tyr74 and its side chain
is exposed to the solvent (Fig. 5). Therefore, we constructed a mutant
in which Pro76 was replaced with Trp (P76W) and measured dye-
decolorizing activity. The obtained rate constants were plotted
against the substrate concentration and fit to the Hill equation (Fig.
6). The keatre1o Was 3.4 + 0.1 s7%, slightly greater than that of WT (2.3
s71), whereas the Ky rp19 Of the P76W mutant cyt ¢ was 25 + 2 uM,
approximately half that of WT (53 uM) (Table 1). As a result, the
Kcat re19/Km,re19 Value for the P76W mutant was 138 s=t mM2, ~3-fold
greater than that of WT cyt ¢ (44 st mM™1) (Table 1).

As described above, the Ky, ge19 Of the P76W mutant was reduced
to approximately half that of WT cyt ¢, as expected (Table 1). In a
study of myoglobin mutants, the F43Y/F138W mutant with an
additional introduction of Trp88 to the protein surface
(F43Y/F138W/P88W), resulted in a ~10-fold smaller K., rs19 than that
of WT Mb.?® The results of docking simulations of this mutant with
RB19 showed that the indole ring of Trp88 and the anthracene ring
of RB19 adopted almost parallel structures, indicating a mt-it stacking
interaction.’® The kinetics data of the P76W, mutant cyt ¢ suggest
that the substrate affinity of the mutant was increased by the
hydrophobic interaction between RB19 and Trp76 but was not as
pronounced as that of the F43Y/F138W/P88W mutant.

Cyt ¢ contains three Q-loop region: distal (residues 71-85),
central (residues 40-57), and proximal (residues 12—39) Q-loops.2%:3¢
The flexibility of the loops affects the structure of the heme pocket.3!
Pro76 is located in the 71-85 Q-loop. Previous studies have reported

0.80
| Wt
1 Y48H/M80A
| MSOA
‘® 0.40 - Y67H/M80A
Y74H/M80A
| Y97H/M8OA
0.00 T T T T T T
0 50 100 150
[RB19]/uM

Fig. 4. Kinetic analysis of the H,0,-dependent reaction of WT (black), M80A (red),
Y48H/M8O0A (ocher), Y67H/MB80A (blue), Y74H/MB8O0A (purple) and Y97H/M80A
(green). Initial rates (k=v/[protein]) of oxidation as a function of RB19
concentration (0—150 pM) with H,0, (10 mM) catalyzed by proteins at pH 7.0.
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Fig. 6. Kinetic analysis of the H,0,-dependent reaction of WT (blue), M80A (red),
MB80V (blue), and P76W (lower). Kinetics of oxidation as a function of RB19
concentration (0—150 uM) with H,0, (20 mM) catalyzed by proteins at pH 7.0.
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that a yeast iso-1-cyt ¢ mutant whose Phe82 was replaced with Gly
had a 10-fold greater ability to oxidize polycyclic aromatic
hydrocarbons compared to the WT yeast iso-1-cyt ¢3? and increased
the azide binding rate by ~6-fold.33 Recent studies on human cyt ¢
showed that the kcat guaiacol Of the mutant of lle81 in the loop with Ala
(181A) was ~10-fold greater than that of WT cyt ¢,3* and ket asts Of
Pro76 with Cys (P76C) was 13-fold greater than that of WT cyt ¢.3°
These data suggest that mutation of amino acid residues in the 71-
85 O-loop destabilizes the coordination of Met80, which contributes
to the increased peroxidase activity. However, the
Keat guaiacol/ Km,guaiacol Value of the P76W mutant was 10 s mM™2, 60%
that of the WT (Table 2). As a result, introduction of Trp near the
putative active site for RB19 did not contribute as much as expected
to improvement in the mutant’s catalytic efficiency.

Dye-decolorizing activity of G41S, Y48H, and A51V variants

Replacing Pro76 with Trp enhanced dye-degrading activity by ~3-
fold, but did not improve the reactivity with H,0,, which was less
than those of mutants in the 71-85 Q-loop such as P76C, I81A and
F82G. Thus, we next focused on another Q-loop of cyt c. Structural
changes in the 40-57 Q-loop have been reported to alter the
accessibility of H,0 to heme.3® Gly41, Tyr48, and Ala51 residues
located in the 40-57 Q-loop of cyt ¢ (Fig. 7) were replaced with Ser,
His, and Val, respectively, which led to increases in catalytic activity
by ~7-fold.3637 We prepared the same cyt ¢ mutants and measured
their dye-decolorizing activity. Kinetic data show that the k¢, values
for dye-decolorizing activity in the G41S, Y48H, and A51V mutants
are 2.2+0.1,2.4£0.2,and 2.6 £ 0.1 s7%, respectively (Table 1). The
K values were 19 + 2 (G41S), 38 + 5 (Y48H), and 22 + 2 (A51V) uM.
As a result, the G41S and A51V mutants exhibited a catalytic
efficiency that was ~2.5-fold greater than that of the WT (Table 1).
Previous studies reported that the G41S, Y48H, and A51V mutants
have peroxidase activity ~7-fold greater than that of the WT human
cyt ¢ because of an increased population for the pentacoordinate
heme species state.36-38 However, the kinetic data from the G41S,
Y48H, and A51V mutants suggest that the mutation of amino acid
residues in the 40-57 Q-loop led to a moderate improvement in dye-
decolorizing activity.

Introduction of the proximal hydrogen bond

Fig.7. Location of

Gly41,

Tyr48 and Ala51 in cyt c.

This journal is © The Royal Society of Chemistry 20xx

Dalton Transactions

Fig.8. Location of His18 and Gly29 in cyt c. The distance between His18 and Gly29 is
represented by the dotted line.

In most heme peroxidases the proximal His forms a hydrogen bond
with nearby Asp or Glu.3® This hydrogen bond imparts more
imidazolate character to the His ligand, increasing its electron
donating ability and facilitating the formation of the compound |
intermediate. To promote the generation of radicals to improve dye
degradation activity, we introduced the proximal hydrogen bond into
cyt ¢. On the basis of the crystal structure of cyt ¢ (PDB code: 6K9l),
Gly29 is located ~4 A from the proximal His (the distance between C,
of Gly29 and N of His18 is 4.0 A), and we constructed a mutant of
Gly29 to Asp (G29D), which is presumed to be within hydrogen bond
distance of the proximal His (Fig. 8). The absorption spectrum of the
supernatant of the lysate of E. coli expressing WT cyt ¢ has a split Q-
band, characteristic of ferrous heme, whereas that of the G29D
mutant did not, indicating conversion to the ferric form (Fig. S5A).
The data suggest that the purified G29D mutant was easily oxidized,
indicating the formation of a hydrogen bond between Asp29 and
proximal His.

To confirm the effect of the introduced hydrogen bond, we
measured the dye-decolorizing activity of the G29D mutant (Fig. 9A).
As shown in Table 1, the G29D mutant exhibited almost the same
Kcatre19 Value and dramatically decreased K, rs10 cOmpared to those
of WT cyt ¢, resulting in ~80-fold higher overall catalytic efficiency
(kcat,r19/Km,rB19). The peroxidase activity of the mutant was also
monitored using guaiacol under steady state conditions. The
obtained rate constants were plotted against the substrate
concentrations, and the plots were fit to the Michaelis—-Menten
equation (Fig. 9B). Keatguaiacol aNd K guaiacol Were 1.57 £ 0.03 st and
0.9+ 0.1 uM, respectively (Table 2). As a result, the mutant exhibited
a significantly greater catalytic efficiency (keatguaiacol/Km guaiaco) Of
1777 £ 203 st mM1, ~110-fold greater than that of WT cyt c.

The G29D mutant, which mimics the structural features of heme
peroxidases, dramatically enhanced kcatgreio/Kmpreis (Table 1) and
Keat guaiacol/ Km guaiacol (Table 2). However, the enhancement of the
catalytic efficiency of dye decolorization is mainly attributed to
Km,re19 but not keatre1o (Table 1). Gly29 is located in the 12-39 Q-loop
structure. The protein structure and peroxidase activity of the heme-
proximal mutant of human cyt ¢, in which Thr28, a phosphorylation
site, was replaced with Asp (T28D) or Glu (T28E), have been
reported.*%4! Both the T28D and T28E mutants exhibited peroxidase
activity approximately twice that of WT cyt c. These results suggest
that the introduction of the negative charge near the proximal heme
may cause structural changes around heme. The introduction of a

J. Name., 2013, 00, 1-3 | 5
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Fig. 9. Kinetic analysis of the H,0,-dependent reaction of WT (blue), M80A (red),
MB80V (blue), P76W (ocher), and G29D (purple). (A) Initial rates (k:v/[grotein]) of
oxidation as a function of RB19 concentration (0—40 uM) catalyzed by proteins

at pH 7.0. (B) Initial rates of oxidation as a function of guaiacol concentration (0—
100 puM) catalyzed by proteins at pH 7.0.

negative charge at the Gly29 position, which is closer to heme,
caused a structural change that led to improved reactivity with
substrates near heme. This idea may be supported by the CD spectra
(Fig. S5B). The CD spectrum of the G29D mutant exhibited two
negative bands at 208 and 222 nm (Fig. S4B). For a globular a-helical
protein such as cyt ¢, perturbations of the 0,52,m/0208.m ratio can be
associated with changes in interhelical interactions resulting from
changes to the packing of Trp side chains within a protein core.*? For
the G29D mutant, the 8,270m/0208nm ratio is 1.0, smaller than 1.3 as
determined for WT cyt c. Therefore, it is postulated that the
environment around heme was perturbed and flexibility was
enhanced by replacing Gly29 with Asp. Moreover, the Ky, rs19 Of the
G29D mutant was greatly reduced compared to that of the WT (Table
1). The structural change around heme may also increase its
accessibility to bulky substrates such as RB19.

Whole-cell biocatalyst using the G29D mutant cyt ¢

Finally, the G29D mutant was used as a whole-cell catalyst. The
mutant was expressed in the periplasmic space, where substrates are
more easily accessible than in the cytoplasm. Coexpression with
cytochrome ¢ maturation proteins helps cyt ¢ form covalent bonds
(thioether bonds) with heme. A reddish E. coli pellet indicates the
expression of the G29D mutant as a heme-bound form. The
decolorizing abilities of E. coli were monitored as the decrease in the
absorbance at 595 nm over time. The absorption spectrum of the
culture medium containing RB19 changed little after 24 hours and
thus E. coli expressing the G29D mutant did not degrade RB19 in the
medium (Fig. S6).
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Fig. 10. Stopped-flow kinetic analysis. UV—-vis absorption spectral changes upon
mixing (A) WT and (B) the G29D mutant (1.0 uM) with H,0, (10 mM); (C) WT and
(D) G29D (1.0 uM) with RB19 (40 uM) in the presence of H,0, (10 mM) in sodium
phosphate buffer (50 mM, pH 7.0) at 25 °C. Spectra were measured at 6 s
intervals for 60 s.

To investigate the reason for the ineffectiveness of the G29D
mutant as a whole-cell catalyst, transient kinetic spectral changes
were monitored using a stopped-flow apparatus to observe the
formation of compound I. The absorption spectra of WT cyt c in the
absence of RB19 were not affected by the reaction with H,0, except
for the appearance of a small peak at 550 nm, which would be
derived from the formation of ferrous heme (Fig. 10A). In contrast,
the Soret band of the G29D mutant rapidly decreased (Fig. 10B),
indicating that heme was broken by H,0,. The absence of absorption
at 650-690 nm, characteristic of verdoheme, a well-known
intermediate in most heme-degradation reactions,*? suggests that
heme was broken by coupled oxidation. The same reaction was
monitored in the presence of RB19. Compared with the spectral
changes of WT cyt ¢, the absorbance of RB19 (~595 nm) was largely
decreased by the G29D mutant (Fig. 10C, D). At the same time, the
Soret band of the mutant also rapidly decreased. These results
indicate that the dye degradation activity of the G29D mutant is
much greater than that of WT cyt ¢ (Fig. 10A, B). However, this
mutant is not effective as a whole-cell catalyst because heme is easily
broken in the reaction with H,0,.

Conclusions

In summary, we designed several cyt ¢ mutants to confer dye-
decolorizing activity. The dye-degrading activity of WT cyt cat pH 7.0
was ~60% of that of VcDyP at pH 4.5. To enhance the activity, we
replaced Met80 with Ala or Val, but the activity was increased by only
~1.5-fold. To further improve substrate binding affinity we
introduced Trp at position 76. The catalytic efficiency (kc.i/Km) of the
mutant was ~3-fold greater than that of WT cyt c. Finally, to form a
hydrogen bond to axial His we replaced Gly29 with Asp. This
mutation resulted in a drastic enhancement (~80-fold) of dye-
decolorizing activity. Despite this, the mutant did not work well as a
whole-cell catalyst due to heme degradation in the reaction with
H,0,. However, these results from a series of mutations indicate that
it is possible to design artificial enzymes that can degrade dyes.

This journal is © The Royal Society of Chemistry 20xx
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Experimental Procedures
Materials

All chemicals were purchased from Wako Pure Chemical Industries
(Osaka, Japan), Nacalai Tesque (Kyoto, Japan), Kanto Chemical
(Tokyo, Japan) or Sigma—Aldrich (St. Louis, USA) and used without
further purification.

Protein expression and preparation

Escherichia coli strain Rosetta 2(DE3)pLysS cells were transformed
with plasmids containing horse heart cyt ¢ and yeast cyt ¢ heme
lyase.*#%> They were inoculated in 5 mL of Luria-Bertani (LB) medium
and grown overnight. This precultured medium was added to 2 L of
2xTY medium supplemented with 100 pg L= ampicillin and 34 pg L™
chloramphenicol, and the bacteria were further incubated at 37 °C.
The expression of cyt ¢ was initiated by adding 1 mM isopropyl B-D-
thiogalactopyranoside (IPTG) to the culture when the cell density
reached an optical density at 600 nm (ODgqo) of 0.6. Then, 0.1 mM 6&-
aminolaevulinic acid was added to promote heme biosynthesis. After
incubation at 25 °C for an additional 24 h, the cells were collected
with centrifugation.

The cell pellet was resuspended in 50 mM Tris-HCI, pH 7.5,
containing 1 mg mL™ lysozyme, 50 mg L= DNase | and RNase A and
suspended for 1 h to lyse the cell pellets completely. The supernatant
of the crude extract was obtained with centrifugation at 18,000 rpm
for 5 min. Ammonium sulfate was added to the supernatant to a
concentration of 351 g L while stirring at 4 °C. Following
centrifugation the supernatant was dialyzed (Spectra/Por, 6,000—
8,000 M, cutoff) overnight in 4 L of buffer A (50 mM sodium
phosphate, pH 7.4) to remove ammonium sulfate. The sample was
loaded onto a HiTrap SP HP column (Cytiva) with a linear gradient of
1-300 mM NaCl. The eluate sample was concentrated with Amicon
ultrafiltration using 3-kDa cutoff membranes. Because purified cyt ¢
was a mixture of ferric and ferrous forms, it was oxidized with
potassium ferricyanide and further purified using a gel-filtration
column (HiLoad 16/60 Superdex 200 pg, Cytiva) equilibrated with 50
mM Tris-HCl and 150 mM NacCl (pH 8.0).

Site-directed mutagenesis

Mutagenesis was conducted utilizing the PrimeSTAR Mutagenesis
Basal Kit from Takara Bio (Otsu, Japan) using the WT expression
vector as the template. DNA oligonucleotides were purchased from
Eurofins Genomics (Tokyo, Japan). The primers used for the
construction of mutants are listed in Table S1. Genes were
sequenced (Eurofins Genomics) to ensure that only the desired
mutations were introduced.

Dye-decolorizing assay

The dye-decolorizing activity determined by
spectrophotometrically measuring the rate of H,0,-mediated
decomposition of RB19. Briefly, 1.9 mL of protein solution (final
concentration of 1 uM) in 50 mM sodium phosphate (pH 7.0) was
placed in a 2 mL cuvette along with 10-50 pL of the substrate
solution to be tested. The reaction was started by the addition of 3.3
uL of 12 M H,0, (final concentration of 20 mM) in the same buffer,

was
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with incubations normally for 5 min at room temperature. The
decomposition of the substrate was measured at 595 nm (g595 = 10
mM= cm™) using a JASCO V-550 spectrophotometer. H,0,
concentrations were determined spectrophotometrically using an
absorption coefficient at 240 nm of 43.6 M cm™.%6 The curve of
initial rates (v) versus H,0, concentrations was fitted to the
Michaelis—Menten equation:

v/[protein] = kcat[H20,]/(Km + [H202]) (1)

where k. and K., are the maximum rate and Michaelis—Menten
constant, respectively. The curve of initial rates versus RB19
concentrations was better fitted to the Hill equation:

v/[protein] = k.,.[RB19]"/{(K4)" + [RB19]"} (2)

where h and Ky are the Hill constant and apparent dissociation
constant, respectively.

The turnover rate of the dye-decolorizing activity was calculated
by measuring the decrease in absorbance at 595 nm 100 s after
initiating the reaction and reported in min=2,

Peroxidase assay

The peroxidase assay was measured spectrophotometrically.
The standard assay was performed in 2 mL of the reaction
mixture with the enzyme, 10 mM H,0,, and an appropriate
amount of guaiacol (5-150 puM) at 25 °C. The concentrations of
the proteins were 0.1 uM (M80A, M80V, G29D) or 1 uM (WT
and P76W) guaiacol. The reaction was initiated with the
addition of H,0, and the initial rate for guaiacol oxidation was
monitored at 470 nm (€470 = 22.6 mM~1 cm™). Data were fitted
to the Michaelis—Menten equation. The rapid reaction of cyt ¢
with H,0, was monitored with a stopped-flow apparatus (MSP-
1000-V; Unisoku, Osaka, Japan).
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