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CHAPTER1

General Introduction



1.1 Water pollution by synthetic dyes

Synthetic dyes are widely used in the dyeing industry because of their color stability,
ease of availability, and low production cost. Anthraquinone dyes, which are typical
synthetic dyes, have multiple aromatic rings to enhance coloration. They are also
sulfonated or nitrated to make them more soluble in water and to reduce their
degradability. The use of anthraquinone dyes is preferred in the textile industries because
of their structural features.

With the development of the textile industry, the use of large amounts of synthetic dyes
has become increasingly prevalent, leading to their discharge into the environment. These
dyes have complex structures that make them difficult to degrade naturally, raising
concerns about their potential impact on ecosystems and human health. Consequently, the
treatment of wastewater containing these compounds has become a significant challenge,
particularly in developing countries where the textile industry is thriving.

It has been reported that anthraquinone dyes can be removed by various physical and
chemical methods, including precipitation, adsorption, filtration, coagulation, oxidation,
electrochemical destruction, ozone treatment, and photocatalysis'. However, these
methods are not economically feasible in terms of overall treatment costs and
environmental impact based on the huge volume of effluents.

On the other hand, biological methods using microorganisms and enzymes can remove
pollutants under mild conditions and are less expensive and more environmentally
friendly than physical and chemical methods. Recently, bacteria and enzymes capable of
degrading anthraquinone dyes have been reported®3, and their use is expected to reduce

environmental pollution caused by synthetic dyes.



1.2 Dye-decolorizing peroxidase

Dye-decolorizing peroxidase (DyP) (EC 1.11.1.19) is an enzyme that easily degrades
anthraquinone dyes. This enzyme was isolated from Geotrichum candidum (later revised
to Bjerkandera adusta) and DyPs have been found in many organisms®. The dye
degradation reaction by DyP has been proposed to convert anthraquinone dyes to less
toxic phthalic acid (Figure 1.1)°. Also, H2O: used in this reaction is environmentally
friendly, as it decomposes into water, and is inexpensive. Therefore, DyP is expected to
be used for the purification of effluents containing synthetic dyes, which is discharged

from textile factories.

(0] NH, SO.N (0]
a
*" DyP OH
- + etc
OH
H,0,
o) HNO/R o}

Figure 1.1 The proposed anthraquinone dye degradation scheme by DyP
It is proposed that DyP decomposes anthraquinone dyes with hydrogen peroxide to
produces phthalic acid.

DyP usually works under acidic conditions, such as pH 3-4, and its activity is low at
the neutral pH. The pH of effluents from textile industry is said to be neutral to alkaline®,
and the optimum pH of rivers is generally near neutral. Therefore, it is necessary to create
a mutant DyP with high dye degradation activity at neutral pH.

In this thesis, I worked on the design and creation of artificial DyP with high dye-
degrading activity at neutral pH. In addition, to explore environmental remediation

methods using the DyP mutant, I investigated ways in which artificial DyP can be used to



degrade anthraquinone dyes. Enzymes may lose their activity when exposed to an
environment that differs from physiological conditions. To solve this problem, I
investigated the dye-degrading activity of E. coli expressing the mutant DyP. The growth
rate of E. coli is very fast, and proteins can be easily expressed using it. In addition, since
E. coli grows under neutral conditions, it was thought to be a good match for artificial

DyP with dye-degrading activity at neutral pH.

1.3 pH dependence of dye-decolorizing activity of DyP (Chapter II)

Several studies have shown that the dye degradation reaction of DyPs is a mechanism
by which radicals generated by the reaction of the heme of DyP with H,O» are transferred
to Tyr and Trp on the protein surface to degrade the dye’ . However, the key factor
determining the pH dependence of dye-degrading activity is still unknown. In chapter II,
I analyzed the dye-degrading activity of DyP based on its crystal structure and reaction
mechanism and created an artificial enzyme capable of degrading anthraquinone dyes
under neutral pH, using DyP from Vibrio cholerae (VcDyP) (Figure 1.2) because the pH
dependence of the dye degradation reaction of VcDyP has been proposed!®. Based on the
structure of VeDyP and its reaction mechanism, I tried to create a VeDyP mutant with
high dye-degrading activity at neutral pH and investigated the dye degradation activity of
E. coli expressing this mutant. Through these analyses, I discussed the factor that plays

an important role in the pH dependence of the dye degradation reaction of DyP.



(A) (B)

His178
Thr277

\ Asp272

Figure 1.2 Crystal structure of VcDyP (PDB entry SDE0)'°.
(A) o-Helices and B-strands of a VeDyP subunit are colored red and yellow,

respectively. The heme is colored pink. (B) Close-up around the heme-binding
site, including the catalytically relevant residues. Putative pH-dependent radical
transfer pathway at lower pH (a) and higher pH (b). Copyright 2015, ACS

publications!®

1.4 Converting cytochrome c into a DyP-like enzyme (Chapter I1I)

In chapter II, I succeeded in creating a DyP mutant with dye-degrading activity at
neutral pH, but the dye-degrading activity of the E. coli expressing it was not as high as
expected from enzymatic activity measurements. One of the reasons for the low activity
was thought to be that DyP expressed in E. coli does not generate radicals, which are
essential for dye-degrading activity, because heme is not bound to DyP. To solve this
problem, I focused on cyt ¢, which forms a covalent bond with heme in cells (Figure 1.3).
Cyt c plays arole in electron transfer in the respiratory chain. Cyt ¢ has been also reported
that the dissociation of the axial ligand Met 80 from heme iron increases the reactivity of
heme with H,O»!'""!2, In chapter III, I tried to create an artificial enzyme that can degrade

persistent dyes using cyt ¢ and examined the dye-degrading activity of E. coli expressing



this enzyme. Based on the structure of DyP and the reaction mechanism of dye
degradation, I introduced mutations in cyt ¢ using several approaches and examined the

design of mutants with high activity.

Figure 1.3 Crystal structure of cyt ¢ (PDB ID: 6K9I). Heme is covalently atached

to this protein.
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CHAPTER 11

Shifting the optimum pH of the dye-degrading activity of DyP



Abstract

In this Chapter, I present the study on the construction of VcDyP mutants that have the
maximum dye-degrading activity at neutral conditions. In the mutational studies, it is
revealed that the distal Asp, which plays a key role in the peroxidase activity of DyP as
acid-base catalyst, does not contribute to the pH-dependence of dye-decolorizing activity
of DyP. Based on the crystal structure of VeDyP, I estimated that His178, located near the
heme, formed a hydrogen bond to Asp138 and this hydrogen bond contributes to pH-
dependent dye-decolorizing activity through inducing alterations in the radical transfer
pathway. In order to prevent forming the hydrogen bond, I replaced Asp138 with replaced
with Val. The optimal pH for dye-degrading activity of this mutant V'cDyP was shifted to
pH 6.5. These results indicate that the hydrogen bond between Asp138 and His178 plays
an important role in the pH dependence of the dye degradation reaction of VcDyP, and
that perturbation of this hydrogen bond can lead to convert the optimum pH of the activity

of VcDyP from acidic to neutral pH.
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2.1 Introduction

The catalytic degradation property of persistent dyes such as anthraquinone dyes
supports the potential biotechnological application of DyPs. However, its low optimal pH
is not suitable for practical use.

Two residues (Asp and Arg) in the heme distal pocket are conserved in all DyPs!~.
Recent studies have reported that distal aspartic acid or arginine works as catalytic bases
during the formation of compound I*-°. Although there is no direct evidence to show how
and where substrates bind to it, the heme binding pocket is not considered the active site
of the dye-degrading reaction, in view of the lack of space for bulky dye compounds near
the heme’!!, Several studies also have shown that aromatic residues such as tryptophan
and tyrosine were located on the protein surface and accumulate and retain radicals™**2.
These data indicate that radicals generated in the reaction with H>O» are transferred to
tryptophan or tyrosine on the protein surface, where the dye-decolorizing reaction occurs.

In this chapter, to create mutant VcDyP whose optimum pH of dye-degrading activity
is under neutral conditions, I investigated the key factor of the pH dependence of dye-
decolorizing activity using DyP from Vibrio cholerae. I conducted the research using two
approaches. First approach is the introduction of a distal His as an acid-base catalyst since
distal residues in the heme binding site are a possible determinant. The second approach
is to fix the radical transfer pathway in the dye-degrading reaction. His178 is essential for
dye decolorization of VeDyP’. I constructed the mutants according to each approach and
analyzed dye-degradation activities and investigated the dye-degrading activity of E. coli

expressing the mutant VeDyP.

11



2.2 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, MO, USA), and used without further purification.

Protein expression and preparation

DyP proteins were expressed and purified as described previously’. Briefly, DyP-
containing plasmid with the Hise-tag was expressed in Escherichia coli BL21(DE3) cells
in M9 minimal medium supplemented with 50 pg mL™~! kanamycin to suppress the
amount of protein-bound protoporphyrin IX. The protein was isolated using HisTrap HP
column chromatography (GE Healthcare, Uppsala, Sweden). After reconstitution of
protein with an equimolar amount of heme (1:1), the sample was applied to a gel filtration
column (HiLoad 16/60 Superdex 200 pg; GE Healthcare) equilibrated with 50 mM Tris-

HClI and 150 mM NaCl (pH 8.0). Purity was confirmed via SDS-PAGE as >90%.

Site-directed mutagenesis

Mutagenesis was conducted utilizing the PrimeSTAR mutagenesis basal kit from
Takara Bio (Otsu, Japan) using WT expression vector as the template. DNA
oligonucleotides were purchased from Eurofins Genomics (Tokyo, Japan). Primers used
for construction of mutants are listed in Table 2.1. Genes were sequenced (Eurofins

Genomics) to ensure that only the desired mutations were introduced.

12



Table 2.1: Oligonucleotides used for construction of expression vectors for mutants.
The underlined bases signify the introduced mutations.

Mutants Primers (top, sense; bottom, anti-sense)
D138V 5’'—GCACGTGTGATGACGGGCTTTATTGA— 3’
5’'—CGTCATCACACGTGCGTCTAAATAAC— 3’
MI139L 5'—ACGTGACCTGACGGGCTTTATTGATG— 3’
5’'—CCGTCAGGTCACGTGCGTCTAAATAAC— 3’
D144H 5'—TTTATTCACGGCACAGAAAACCCGAAAG— 3’
5’'—TGTGCCGTGAATAAAGCCCGTCATGTC— 3’
D144N 5’'—CTTTATTAATGGCACAGAAAACCCGA— 3’
5'—TGTGCCATTAATAAAGCCCGTCATGTC— 3’
H178F 5'-TTTGTGTTCAATTTGCCGGCGTGGAATC— 3’
5’'—CAAATTGAACACAAAGCGTTGTACCATC— 3’
H178W 5'-TTTGTGTGGAATTTGCCGGCGTGGAATC— 3’
5’'—CAAATTCCACACAAAGCGTTGTACCATC— 3’
H178Y 5'-TTTGTGTATAATTTGCCGGCGTGGA— 3’
5’'—CAAATTATACACAAAGCGTTGTACCATC— 3’
L244H 5’'—ACGGCCATCTGTTTATTGCGTACTGT— 3’
5'—TAAACAGATGGCCGTGATCGCCGCTCA— 3’
F246H 5'—CTACTGCATATTGCGTACTGTCACAC— 3’
5’—CGCAATATGCAGTAGGCCGTGATCGCC— 3’
T278V 5’'—CGCTTTGTGAAAGCCGTGACCGGGGCT— 3’

5’—GGCTTTCACAAAGCGTAGCAGTTGGTC— 3’

13



Dye-decolorizing assay

Dye-decolorization activity was determined by spectrophotometric measurement of
the rate of H>O»-mediated decomposition of Reactive blue 19 (RB19). Briefly, 900 uL
hemin-reconstituted protein solution (final concentration of 0.3 uM unless specified
otherwise) was placed in a I mL cuvette along with 10-50 pl substrate solution for testing.
The reaction was initiated by the addition of 100 pL of 2 mM H»O: (final conc. 0.2 mM)
in the same buffer with incubation for 3 min at 25 °C. The substrate concentration was
measured at 595 nm (gs0s = 10 mM™! cm™) using a V-660 spectrophotometer (Jasco,
Tokyo, Japan). H2O: concentrations were determined spectrophotometrically using a
molar extinction coefficient of 43.6 M'cm™! at 240 nm?". Kinetic parameters (Vmax and
Kwm) were assessed by fitting the initial rate (vo) against substrate concentration ([S]) to

the Michaelis-Menten equation as follows:

max

= Vo [S] (1)

- Ky +[S]

The turnover number (kcat) was obtained by dividing Vmax by the enzyme concentration.

Peroxidase assay

Peroxidase activity was measured spectrophotometrically. The standard assay was
performed in a 2 mL reaction volume containing the enzyme, 0.2 mM H>0: and the
appropriate amount of guaiacol (5-150 uM) at 20 °C. The concentrations of the enzyme
for guaiacol oxidation assay were 0.3 uM. Reactions were initiated with the addition of
H»0; and initial rates for guaiacol oxidation monitored at 470 nm (€470 = 26.6 mM™! cm™

14 Data were fitted to the Michaelis-Menten equation.
q
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Electron Transfer Calculation
Possible electron transfer pathways were predicted using the PATHWAY module of the
program HARLEM module "' based on coordination from VeDyP crystal structure

(PDB code 5DEO0)’. All calculations were performed using default setting.

Dye-decolorizing assay using E. coli overexpressed mutant enzymes

E. coli BL21(DE3) transformed with the pET26b(+) VeDyP vector was incubated in
Luria-Bertani (LB) media at 37 °C under shaking at 200 rpm. 0.2 mM of isopropyl-B-D-
1-thiogalactopyranoside (IPTG) and 40 uM RB19 were added when the optical density
at 600 nm (ODeoo) reached 0.6.

After 24 hours of incubation, the supernatant of the culture medium was collected by
centrifugation, and the change in absorbance of RB19 in the supernatant was measured

using a V-570 spectrophotometer (Jasco, Tokyo, Japan).

15



2.3 Results
2.3.1 Introduction of histidine into the heme distal pocket

The low pH preference for the enzymatic activity of VcDyP is believed to derive from
the presence of distal Aspl44 (pKa 3.9). In order to shift the optimal pH of the dye-
decolorizing activity of VecDyP to neutral, Asp144 was replaced with histidine (pKa 6.0)
(D144H). The dye-decolorizing activity of D144H mutant was monitored using Reactive
blue 19 (RB19) as a substrate. The time course of absorbance changes at 595 nm in the
reaction with hydrogen peroxide (H20Oz) at pH 4.0 is shown in Figure 2.1. The D144H
mutant showed almost no change in absorbance at 595 nm at pH 4.0, indicating a
significant loss of enzyme activity. The D144H mutant was also inactivated at pH 7.0.

The data suggested that the histidine at position 144 is not an acid-base catalyst at any

pH.
8 1.0 e
(2]
o
® 0.9
72}
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Figure 2.1 Time-course of dye-decolorizing reaction by VeDyP. pH dependence of
absorbance changes at 595 nm during catalytic activity of WT at pH 4.0 (black), D144H
mutant VcDyP with RB19 at pH 4.0 (ocher), and pH 7.0 (light green).
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Previous studies on the peroxidase activity of mutant myoglobin have demonstrated
that myoglobin enhanced peroxidase activity when distal histidine was optimally
positioned'®!°. The distance between His144 and heme iron was estimated 4.1 A (Figure
2.2A), which was the similar value to that of myoglobin (4.0 A)*. This comparison
proposed that His144 was located too close to work as acid-base catalyst.

In order to allow distal His to work as acid-base catalyst, I constructed two double
mutants, in which His was introduced at a position slightly away from heme iron. In this
case, Asp144 was replaced with Val to avoid catalytic competition.

On the basis of the crystal structure of WT VeDyP’, distances between the heme iron
and side-chain of the introduced histidine in each mutant were estimated as 7.2 and 5.4

A, respectively (Figure 2.2B, C).

(A)D144H (B) D144V/L244H (C)D144V/F246H

His144 Phe246 Valtdd His244 Val144 His246

s S

Figure 2.2 Comparison of the heme distal structures of (A) D144H, (B)
D144V/L244H, (C) D144V/F246H mutant VcDyP. Model structures were
constructed using PyMOL?.
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The time courses of absorbance changes at 595 nm for D144V/L244H and
D144V/F246H mutants at pH 4.0 were slower than that of WT VeDyP but significantly
faster than that of the D144H mutant (Figure 2.3A). The data exhibited that introduction
of histidine at an appropriate position led to restoring of dye decolorization activity.

The pH profiles of the activities of WT, D144V/L244H and D144V/F246H mutant
VeDyP were examined (Figure 2.3B) and compared based on the amount of RB19
degraded in the reaction with H>Oz at 25 °C for 100 s. For WT VeDyP, activity was highest
at pH 4.5 and decreased with increasing pH from 4.5 to 7.0, almost reaching a plateau at
pH > 7.0 (Figure 2.3B, black). The pH profile of the D144V/L244H and D144V/F246H
mutants showed optimal activity at pH 4.0. The estimated position of His244 in the
D144V/L244H mutant appeared to be further from the heme iron (7.2 A) than the desired
range (56 A) (Figure 2.2)'%2!_ but the side chain of His 244 may approach the heme iron
during the binding of H>O: to heme. As a result, the optimal pH of dye-degrading activity
of VeDyP was not shifted to neutral pH by introducing histidine into the heme distal
pocket. These results proposed that distal side-chains, such as aspartic acid and histidine,
do not contribute to the pH dependence of the dye-decolorizing activity of VeDyP.

In DyP from Pseudomonas putida, mutation of distal Asp132 to asparagine led to
shifting the optimal pH of dye decolorizing activity from pH 4.3 to 7.4%. T expected that
replacing Asp144 with Asn would lead to shifting the optimal pH to the neutral condition,
and I additionally examined the pH profile of D144N VcDyP (Figure 2.3B, green).
However, this mutant was almost inactive over a pH range of 3—10. Collectively, our
results support the theory that the distal residues are not involved in determining pH

dependence of the dye-decolorizing activity of VcDyP.
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Abs. at 595 nm (rel. abs. at 0 sec)
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Specific activity (nmol mg™'s™)

Figure 2.3 (A) Time-course of dye-decolorizing reaction by VcDyP. pH dependence
of absorbance changes at 595 nm during catalytic activity of WT at pH 4.0 (black),
D144H mutant VcDyP with RB19 at pH 4.0 (ocher), and pH 7.0 (light green),
D144V/L244H (blue) and D144V/F246H (red) mutant VeDyP at pH 4.0. The reaction
was initiated by the addition of VcDyP (0.3 uM) to RB19 (40 uM) in the presence of
H>0; (0.2 mM) at 25 °C. (B) pH profiles of RB19-decolorizing activities of VcDyPs.
WT (black), D144V/L244H (red), D144V/F246H (blue) and D144N (green)
mutant VcDyP. The reaction was initiated by the addition of VeDyP (0.3 uM) to RB19
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(40 uM) in the presence of H2O> (0.2 mM) at 25 °C.
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2.3.2 pH dependence of compound I formation of VcDyP

As described above, the kind of distal residue in the heme pocket does not contribute
to the pH dependence of the dye degradation activity of VeDyP. To examine pH
dependence of the reaction with H>O», I investigated the pH profile of the rate of
formation of compound I by the reaction of VeDyP with H>O». Firstly, the reactive species
in the reaction of VeDyP with H>O, was confirmed. The change of the absorption
spectrum of ferric WT VeDyP at pH 7.0 is shown in Figure 2.4A. A Soret band at 405 nm
characteristic of the 5-coordinate high-spin heme of VeDyP (Figure 2.4A, black line).
Addition of H>O> led to a significant decrease in Soret absorbance, with a concomitant
blue shift to 397 nm (Figure 2.4A, red line), accounting for the formation of compound I,
as observed for horseradish peroxidase (HRP) and cytochrome ¢ peroxidase®®.

Following the addition of o-methoxyphenol (guaiacol), the Soret band gained in
intensity to nearly the original level (Figure 2.4A, blue lines), with an increasing broad
band at 470 nm from the guaiacol tetramer. A noticeable red shift of the Soret band to 419
nm upon reacting with guaiacol indicated that compound II was formed, as observed in
other DyPs>?*2¢, The pH profile of guaiacol activity exhibited similar to that of dye-
degrading activity. For the dye-decolorizing activity, the maximum value at pH 4.5 (16.1
nmol mg™! s'') was about 30-fold larger than the minimum value at pH 7.0 (0.55 nmol mg"
U's'l) (Figure 2.3B). In contrast, the 75 values for the initial rate with hydrogen peroxide
were maximum at pH 4.5 and minimum at pH 7.5, with a maximum ¥y value of 0.60 pM
min’! at pH 4.5, 4.6 times larger than the minimum Vj value (0.13 uM min™') at pH 7.5
(Figure 2.4B). This data clearly shows that the reaction of VcDyP with H>O> can produce
compound I at any pH. Therefore, the pH dependence of the dye degradation activity of

VeDyP is not related to the formation of compound I.
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Figure 2.4 Guaiacol oxidation activity of V'cDyP. (A) Reaction of VeDyP (0.3 uM) with
H>0, (0.2 mM) before (black) and immediately after (red) the addition HO,. Guaiacol
(40 uM) was added to H20»-treated VcDyP in 50 mM sodium phosphate (pH 7.0). Spectra
were recorded at 4 min intervals for 28 min after the addition of guaiacol (blue). (B) pH
profiles of guaiacol activity of WT VeDyP. VeDyP (0.3 uM) was reacted with 40 uM
guaiacol and 0.2 mM H0- at 25°C.
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2.3.3 Involvement of His178 in pH-dependent dye-decolorizing activity

In previous studies on the dye-decolorizing activity of DyPs’~!!, the heme pocket is not
considered the active site of the dye-decolorizing reaction, in view of the lack of space
for bulky dye compounds near the heme. Data from mutational analyses suggest that the
active site of dye decolorization including Tyr129 and Tyr235, which are located at a
dimer interface ~18 A apart from the heme iron’. For degradation of the bulky substrate,
radicals generated by the reaction of heme with H2O; need to be transferred to this
location.

Previously, the replacement of His178 located near heme leucine led to losing the dye-
decolorizing activity of VeDyP although its guaiacol oxidation activity was similar to that
of WT VeDyP. Hence, His178 is proposed as one of the residues that determine the radical
transfer pathway from heme to the active site. In order to prevent changing the pH-
dependent radical transfer pathway, I constructed three mutants in which His at position
178 was substituted with aromatic residues, such as phenylalanine (H178F), tyrosine
(H178Y) and tryptophan (H178W).

The pH profiles of dye-decolorizing activity of the three His178 mutants are shown in
Figure 2.5. The pH profile of HI78F mutant was similar to that of WT VeDyP. On the
other hand, the activities of HI78Y and H178W mutants at pH 7 were a slightly higher
than that of WT VcDyP despite decreasing the specific activity at pH 3~4. However,
considering the experimental errors, these changes were not significant. These results
indicated that the presence of an aromatic group such as Tyr or Trp at position 178
facilitates catalytic activity at neutral pH but does not lead to significant improvements

of the catalytic activity at neutral pH.
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Figure 2.5 pH profiles of RB19-decolorizing activities of VcDyPs. WT (black),
HI178F (pink), H178W (green), and H178Y (light blue) mutant VcDyP. The reaction was
initiated by the addition of VeDyP (0.3 uM) to RB19 (40 uM) in the presence of
H>02 (0.2 mM) at 25 °C.

2.3.4 Electron transfer pathway between heme and the active site

Mutant studies on the heme distal residue and His178 of VcDyP suggest that the pH
dependence of the dye-decolorizing activity of VeDyP is governed by the radical transfer
from heme to the active site, but not the heme distal residue. In a previous study on VcDyP,
Tyr129 and Tyr235, located at the dimer interface, are the active site of the dye-
decolorizing reaction at acidic pH. On the other hand, at neutral pH, radicals are
transferred to Tyr109 and Tyr133, and consumed by the formation of a covalent bond
between them. I suggested that inhibition of the radical transfer from heme to Tyr109
and/or Tyr133 leads to enhancement of the dye-decolorizing activity at neutral pH. Thus,
I predicted the radical transfer pathway from heme to Tyr109 and/or Tyr133 using
PATHWAY analysis. Since VcDyP is a dimeric protein and Tyr109 is in another subunit,
the radical could be potentially transferred from heme to Tyr133 and then Tyr109 from a

different subunit via a through-space jump. Because Tyr109 is the final destination of
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radical transfer, the electron pathway was calculated by defining Tyr109 as an electron
donor and heme as an electron acceptor.

The predicted electron transfer pathway from Tyrl109 to heme involved Thr108,
Argl12, Met139, Thr140, and Asp138 (Figure 2.6). To inhibit the radical transfer to this
route, I first mutated Met139 to leucine (M139L) because methionine is a possible radical
center. However, the pH profile of RB19 degradation by the M139L mutant showed a
similar shape to that of WT VeDyP with the optimal pH of 4.0 (Figure 2.7) and
comparable specific activity (15 nmol mg! s™! at pH 4.0) to that for WT (16 nmol mg™!
s atpH 4.5). As aresult, Met139 did not seem to contribute the pH-dependence of radical

transfer.

Phe108

Thr140

Figure 2.6 Radical transfer pathway from heme to Tyr109 predicted by PATHWAY

analysis.
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Figure 2.7 pH profiles of RB19-decolorizing activities of VcDyPs. WT (black),
M139L (orange) mutant VcDyP. The reaction was initiated by the addition of VcDyP
(0.3 uM) to RB19 (40 uM) in the presence of H>O> (0.2 mM) at 25 °C.

2.3.5 Dye-decolorizing activity of D138V and T278V VcDyP

Since the PATHWAY analysis predicted electrons are transferred from Asp138 to heme
via through-space jump (Figure 2.7), Asp138 is another possible determinant of the pH-
dependent DyP activity. Furthermore, the crystal structure of VcDyP showed that His178
is positioned within hydrogen bonding distance of Thr278 (2.9 A) and Asp138 (3.1 A)
(Figure 2.8). To confirm whether hydrogen bonds of His178 contribute to the pH profile
of dye decolorization, I replaced Thr278 or Asp138 with valine (T278V or D138V).
Although the maximum specific activity of the T278V mutant was about half that of WT
VeDyP, its pH profile for dye decolorizing activity was similar, with maximal activity at
pH 4.0-4.5 (Figure 2.9), indicating no shift in the optimal pH value of dye-decolorizing
activity. These enzymatic characteristics were similar to those observed for the H178F

mutant (Figure 2.5).
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Figure 2.8 Location of Asp138, His178, and Thr278 in VcDyP (PDB 5DEO).
Predicted hydrogen bonds are presented in the dotted line.

The pH profile of dye-decolorizing activity of the D138V mutant is shown in Figure
2.9. Although the specific activity of this mutant at pH 3—5 was significantly lower than
that of WT enzyme, maximal activity was observed at pH 6.5. Lower activity at acidic
pH may be partly due to partial denaturation during measurements. The specific activity
of the D138V mutant at pH 6.5 was 5.2 nmol mg! s”!, which was approximately a third

that of WT enzyme at pH 4.5.
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Figure 2.9 pH profiles of RB19-decolorizing activities of WT (black), T278V (light
green), and D138V (red) mutant VeDyP. The reaction was initiated by the addition
of VeDyP (0.3 uM) to RB19 (40 uM) in the presence of H>O> (0.2 mM) at 25 °C.
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2.3.6 pH dependence of compound I formation of D138V VcDyP

To investigate the effect of the substitution Asp138 for Val on reactivity with H2O», 1
examined the pH profile of guaiacol activity of D138V VeDyP. Interestingly, Vo of
compound I formation was optimal at pH 4.0 (Figure 2.10), suggesting that the radical
transfer pathway contributes to the shift in optical pH of the dye-decolorizing activity of
the D138V mutant. While His178 forms hydrogen bonds with both Asp138 and Thr278,
the results indicate that only the hydrogen bond between His178 and Asp138 is essential

for dye-decolorizing activity.

18

V, /UM min’

Figure 2.10 pH profiles of guaiacol activity of the D138V mutant VcDyP. VcDyP
(0.3 uM) was reacted with 40 uM guaiacol and 0.2 mM H>O; at 25°C.
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2.3.7 Whole-cell biocatalyst using VeDyP

I attempted to degrade RB19 using E. coli, where VeDyP was overexpressed. wild-type
(WT) VeDyP was expressed in the periplasmic space, where substrates are more easily
accessible than in the cytoplasm. The E. coli was cultured in LB medium with RB19 for
24 hours and the absorbance of the supernatant of the medium was measured. The
difference absorbance at 595 nm (AAbs 595 nm) was 0.165 (Figure 2.11A). On the other
hand, AAbs 595 nm in E. coli expressing D138V mutant was 0.210 (Figure 2.11B), which
was only 1.4-fold higher than in E. coli expressing WT VcDyP. In vitro experiments
showed that the dye-degrading activity of the D138V mutant at pH 6.5 was much higher

than that of WT enzyme at neutral conditions. Thus, RB19 was not degraded by the

enzyme.
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Figure 2.11 Absorbance of the supernatant of culture medium with RB19 (40
uM) of E. coli expressed (A) WT and (B) D138V VeDyP; Oh (black line) and 24h
(red line).
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2.4 Discussion
Effect of distal aspartic acid on pH-dependent dye-decolorizing activity

In a previous study on VeDyP, the substitution of Aspl44 with valine led to almost
complete loss of dye-decolorization activity’. In addition, the optimal pH for the dye-
decolorizing activity of VcDyP is pH 4.5. These data indicate that distal aspartic acid is
essential for dye decolorization. In contrast, the pH profile of guaiacol oxidation shows
that HRP is most active at pH ~6.0, corresponding to the pK. of the side-chain of
histidine?’. In order to shift the optimal pH to neutral, I substituted Asp144 with histidine.
However, this substitution led to the loss of the dye decolorization activity. I also
constructed the mutants with a slightly longer distance between N of the distal histidine
and heme iron (Figure 2.2B, C) because, like myoglobin?’, the distance in D144H mutant
was too short for His144 to work as acid-base catalyst. Although these mutants exhibited
the dye-degrading activity, the pH-dependence of the activity was indistinguishable from
that of WT VcDyP. Therefore, charged residues, such as histidine and aspartic acid, in the
distal pocket do not present a key factor for the pH dependence of the dye degradation by

VeDyP.
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Alterations in the radical transfer pathway through His178

Next, [ focused on the radical transfer pathways. As described above, His178, which is
located 4.3 A apart from the edge of heme (Figure 2.8), is proposed as one of the residues
that determine the radical transfer pathway from heme to the active site in VeDyP.” In
VeDyP, radicals transferred to Tyr133 at higher pH are used to form cross-links with
Tyr109 from a different subunit, but at lower pH, radicals are transferred to Tyr129 and/or
Tyr235 to be used to decolorize dyes. To fix the radical transfer path to active site
regardless of any pH, I introduced three aromatic residues (Phe, Trp, Tyr) at position 178.

In contrast to the H178L mutant’, the H178F mutant was half as active as WT VcDyP,
indicating that an aromatic ring at this position aids in radical transfer from heme for dye
decolorization. However, the pH profile of dye decolorization activity of the H178F
mutant was similar to that of WT VeDyP (Figure 2.5). Introduction of tryptophan or
tyrosine at position 178 led to increasing the dye-degrading activity slightly at neutral pH
(Figure 2.5). These results support the previous proposal that at pH 4.0, radicals generated
at the heme of WT VcDyP move to Tyr129/Tyr235 via His178 where dye substrates are
decomposed, while at pH 7.0, radicals move to Tyr133 and are consumed to form an
intersubunit covalent bond with Tyr109 (Figure 2.12).

Substitution of Asp138 that forms a hydrogen bond with His178 with valine rendered
the protein almost inactive at pH 4.0, but more active that the WT enzyme at pH >6.5
(Figure 2.9). The 80% loss of activity upon incubation at 25°C for 100 s suggests that the
low activity is due to low protein stability at acidic pH. However, the guaiacol oxidation
activity of the mutant at pH 4.0 was significantly higher than that of WT enzyme (Figure
2.10). These results support the previous proposal that radical transfer from heme to active

site is controlled by His178; at pH 4.0, radicals generated at the heme of WT VeDyP move
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to Tyr129/Tyr235 via His178 where dye substrates are decomposed, while at pH 7.0,

radicals move to Tyr133 and are consumed to form an covalent bond with Tyr1097.

Figure 2.12 Putative pH-dependent radical transfer. At pH 7.0, radical transfer
occurs from heme to Tyr109 or Tyr133 to form an intermolecular covalent bond between
tyroshines. At pH 4, radical transfer occurs from heme to Tyr129 and Tyr235 to degrade
dye substrate.

pH dependence of the dye-decolorizing activity of VcDyP

The optimal pH for RB19 decolorization by WT VeDyP is 4.5 (Figure 2.3). Michaelis-
Menten analysis showed that K, of WT enzyme at pH 4.5 (30 = 3 uM) was only ~2-fold
lower than that at pH 7.0 (66 + 34 uM) (Table 2.2), indicating that substrate binding is
not a factor underlying low activity at neutral pH. While the change in Kn does not
account for the enhancement of VcDyP activity at pH ~4, the extremely large ke may be

a contributory factor. Under low pH conditions, the hydrogen bond between His178 and
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Aspl138 is cleaved by protonation of Aspl38, causing conformational changes and
facilitating radical transfer from heme to Tyr129/Tyr235 rather than Tyr109/Tyr133
(Figure 2.12). Minimal changes were observed for the Thr278 mutant (Figure 2.9), which
also forms a hydrogen bond with His178 (Figure 2.6), suggesting that the hydrogen bond
between Asp138 and His178 is necessary for dye decolorization by VeDyP, but not that
between His178 and Thr278. The optimal pH of the D138V mutant was shifted to pH 6.5.
Since aspartic acid with pK, of side-chain of ~4 is absent in the D138V mutant, the shift
in optimal pH towards neutral pH may account for the pKa of Hisl178 (Figure 2.9).
Accordingly, I propose that the pK. of Aspl138, but not Aspl44, contributes to pH
dependence of the dye-decolorizing activity of WT VeDyP (Figure 2.9). Collectively, our
data support a key decisive role of this hydrogen bond in the pH dependence of dye

decolorization activity of DyPs.

Table 2.2: Kinetic constants (Km, kcat, and kcat/ Km) of DyP for RB19.

RB19
Kmn kcat kcat /Kin
DyP pH uM s! stuM!
WT 4.5 30+3 23+0.1 0.077 £0.011
WT 7.0 66 + 34 0.014 £0.003 (2.1 £1.5)x10*
D138V?8 6.5 0.53+0.23 0.47 £0.03 0.89 +£0.45
D138V?8 4.0 29+1.0 0.17+0.02 0.059 + 0.026
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Activation mechanism of D138V VceDyP

Although I expected to increase kcae for RB19 decolorization in D138V VeDyP, no
significant change was observed apart from increased Km (Table 2.2)?8. From the crystal
structure of VeDyP, there are four large pockets for substrate binding’. Pocket 1 is the
heme distal pocket, a small substrate-binding site, such as H,O» and guaiacol. Pocket 3 is
potentially a large hydrophobic substrate-binding site, such as RB19, owing to its location
at the subunit-subunit interface surrounded by Tyrl29 and Tyr235 (Figure 2.13)".
However, Asp138 is located more than 10 A from the edge of Pocket 3 and does not seem
to affect its structure. Asp138 is located near Pocket 2. The absence of Tyr 129 and Tyr235
near Pocket 2 suggests that Pocket 2 is not a RB19 binding. The ~10-fold decrease in Km
for RB19 due to the mutation of Asp138 indicates that the structure of Pocket 2 is altered
by the substitution, leading to a decrease in Km. Considering that Asp138 is located near
the edge of Pocket 2 and mutation of Asp138 results in a decrease in Km, I propose that

Asp138 controls dye-decolorizing activity through the structure of Pocket 2.

Figure 2.13 Ligand binding pocket of V¢DyP predicted using POCASA 3!-32
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Binding affinity of VcDyP to heme in E. coli

I expected that E. coli expressing the D138V VeDyP, which can degrade RB19 at
neutral pH, could regrade the dye, but the activity was low. One possible cause of reduced
activity could be that V'cDyP is mainly expressed in a heme-free form, which cannot react
with H,O,. VeDyP from E. coli requires the reconstruction with hemin in viro.”?8 In the
heterologous expression system using E. coli, VcDyP does not bind heme and instead
Protoporphyrin IX (PPIX), which was absence of heme iron (Figure 2.14). From previous
studies, the value of the dissociation constant K4 of VeDyP for heme was determined to
be 72 + 5 nM’, which was 100-fold higher than that of myoglobin (0.59 nM)?°, which is
expressed with heme in the cell, suggesting that the mutant VcDyP cannot bind a sufficient
amount of heme in E. coli. Therefore, I considered it necessary to create a persistent dye-

degrading enzyme using a protein that is attached to heme in cells.
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Figure 2.14 The absorbance of the purified VcDyP. The small peaks at 500~600 nm
are derived from protoporphyrin IX.
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In summary, I found the key factor of the pH dependence of the dye-decolorizing
activity of VeDyP. Asp144 at the heme distal site is necessary for DyP activity but does
not contribute to pH dependence. Mutation of Asp138 to valine shifted the optimal pH to
6.5, with concomitant ~10-fold higher catalytic efficiency relative to WT VcDyP at pH
4.5. 1 propose that a hydrogen bond between His178 and Asp138 plays a key role in pH-
dependent dye-decolorizing activity, through alterations in the radical transfer pathway.
On the other hand, E. coli expressing D138V VeDyP had low dye degradation activity.
The problem is that heme is not coordinated to this enzyme. To solve this problem, in the
next chapter I describe an artificial enzyme design using cytochrome ¢, which is attached

to heme in cells.
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CHAPTER III
Converting cytochrome c into a DyP-like

metalloenzyme
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Abstract

In this chapter, I present to design an artificial enzyme with high dye-degrading activity
based on cytochrome c (cyt ¢), an electron transfer protein. I found that cyt ¢ can degrade
RB19, but the ability at pH 7.0 was ~60% of that of VcDyP at pH 4.5. To enhance the
activity, I constructed several mutants using three approaches. Initially, to improve the
reactivity with H2O2, Met80 was replaced with a non-coordinating residue, Ala or Val, but
catalytic efficiency (kca/Km) was increased by only ~1.5-fold. Then, to enhance the
substrate binding affinity, I introduced additional Trp at position 76. The catalytic
efficiency of the mutant was ~3-fold larger than that of WT cyt c. Finally, to form a
hydrogen bond to axial histidine, Gly29 was replaced with Asp (G29D). The mutant
exhibited an ~80-fold larger dye-decolorizing activity. Although E. coli expressing the
G29D mutant could not degrade the dye because the heme of this enzyme is readily
degraded intracellularly, these results suggest that cyt ¢ can be converted into a DyP-like

enzyme based on rational design.
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3.1 Introduction

In chapter II, I analyzed the reaction mechanism of VcDyP, and succeeded in
constructing the mutant which can degrade the persistent dye at neutral conditions.
However, the mutant V'cDyP was not suitable for biocatalysts using E. coli because most
DyP was expressed in a heme-free form.

In contrast to DyPs, the heme of cytochrome ¢ (cyt ¢), which is a heme protein
associated with electron transfer in the respiratory chain, is bound to the polypeptide
through covalent bonds. whereas it can also work as peroxidase when Met80, one of the
heme ligands, dissociates from the heme iron!-2. Several studies reported that dissociation
of Met80 from heme is caused by the interaction of cyt ¢ with cardiolipins in the
mitochondrial membrane, leading to a significant increase (>50-fold) in the peroxidase
activity!. This increase is accounted by the formation of pentacoordinate heme or
hexacoordinated heme with a water bound, which increases the accessibility of H2O> to
the heme iron.

From these data, I conceived the idea that the degradation of anthraquinone dye using
E. coli could be achieved by converting cyt ¢ into an enzyme that efficiently degrades the
dye under neutral pH and constructing an E. coli expressing this enzyme. In this chapter,
I tried to design an artificial cyt ¢ which could degrade persistent dye effectively using
several approaches based on the structure of DyP and the dye-degradation reaction
mechanism of DyP. I constructed the mutants according to each approach and analyzed
dye-degradation activities and investigated the dye-degrading activity of E. coli

expressing the mutant cyt c.
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3.2 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

The Escherichia coli strain Rosetta 2(DE3)pLysS cells were transformed with the
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 pre-cultured 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 (ODeoo) of 0.6. Then,
0.1 mM J-aminolaevulinic acid was added to promote heme biosynthesis. After
incubation at 25 °C for additional 24 h, the cells were collected by centrifugation.

The cell pellet was resuspended in 50 mM Tris-HCI, pH 7.5, containing 1 mg m L
lysozyme, 50 mg L ™! DNase I and RNase A, and suspended for 1 h to lysis the cell pellets
completely. The supernatant of the crude extract was obtained by 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 elusion sample
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was concentrated by Amicon ultrafiltration using 3-kDa cutoff membranes. Because
purified cyt ¢ was a mixture of ferric and ferrous forms, it was oxidized by potassium
ferricyanide and further purified by a gel-filtration column (HiLoad 16/60 Superdex 200

pg, Cytiva) equilibrated with 50 mM Tris-HCI 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 WT expression vector as the template. DNA
oligonucleotides were purchased from Eurofins Genomics (Tokyo, Japan). Primers used
for construction of mutants are listed in Table 3.1. Genes were sequenced (Eurofins

Genomics) to ensure that only the desired mutations were introduced.

Table 3.1: Oligonucleotides used for construction of expression vectors for mutants.
The underlined bases signify the introduced mutations.

Mutants Primers (top, sense; bottom, anti-sense)
M8OV 5’— ACGAAAGTGATCTTCGCGGGCATCAAA — 3’
5’— GAAGATCACTTTCGTGCCCGGGATGTA — 3’
Y48H 5’— TTCACGCATACGGACGCGAACAAAAAC — 3’
5’— GTCCGTATGCGTGAAGCCCGGCGCCTG — 3°
Y67H 5’— ATGGAACATCTCGAGAACCCGAAAAAA — 3’
5’— CTCGAGATGTTCCATCAGCGTTTCTTC — 3
Y74H 5’— AAAAAACATATCCCGGGCACGAAAATG — 3’
5’— CGGGATATGTTTTTTCGGGTTCTCGAG — 3’
Y97H 5’— ATCGCGCATCTGAAAAAGGCGACGAAC — 3’
5’— CGCGAAGACCTGATCGCGCATCTGAAA — 3’
P76W 5’— TACATCTGGGGCACGAAAATGATCTTC — 3’
5’— CGTGCCCCAGATGTATTTTTTCGGGTT — 3'
G29D 5’— AAAACCGACCCCAACCTGCACGGCCTG — 3°

5’— GTTGGGGTCGGTTTTGTGTTTGCCGCC — 3’
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Dye-decolorizing assay
Dye-decolorizing activity was determined by spectrophotometrically measuring the
rate of H2Oz-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 a2 mL cuvette,
along with 10-50 pL of the substrate solution to be tested. The reaction was started by the
addition of 3.3 puL of 12 M H»O: (final concentration of 20 mM) in the same buffer, with
incubations normally for 5 min at room temperature. The decomposition of the substrate
was measured at 595 nm (gs0s = 10 mM ! ecm™!) using a JASCO V-550 spectrophotometer.
H>O> concentrations were determined spectrophotometrically using an absorption
coefficient at 240 nm of 43.6 M™! ¢cm !> The curve of initial rates (v) versus H.O»
concentrations was fitted to the Michaelis-Menten equation:
v/[protein] = kca[H202]/(Km + [H202]) (1)
where kcat and K are maximum rate and Michaelis-Menten constant, respectively. The
curve of initial rates versus RB19 concentrations were fitted better to the Hill equation:
v/[protein] = kcat[RB197"/[(Ka)" + [RB19]%] (2)
where / 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 ™",
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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>O», and an
appropriate amount of guaiacol (5-150 uM) at 25 °C. The concentrations of the proteins
were 0.1 uM (M80A, M80V, G29D) or 1 uM (WT and P76 W) for guaiacol. The reaction
was initiated with the addition of H2O», and the initial rate for guaiacol oxidation was
monitored at 470 nm (e470 = 22.6 mM ! cm™!). Data were fitted to the Michaelis—Menten
equation. Rapid reaction of cyt ¢ with HoO, were monitored with a stopped-flow

apparatus (MSP-1000-V; Unisoku, Osaka, Japan).

Dye-decolorizing assay using E. coli overexpressed mutant enzymes

E. coli BL21(DE3) transformed with the pET26b(+) cyt ¢ vector and pEC86 vector
was incubated in Luria-Bertani (LB) media at 37 °C under shaking at 200 rpm. 1 mM of
isopropyl-p-D-1-thiogalactopyranoside (IPTG), 0.1 mM J-aminolaevulinic acid, and 40
uM RB19 were added when the optical density at 600 nm (ODeoo) reached 0.6.

After 24 hours of incubation, the supernatant of the culture medium was collected by
centrifugation, and the change in absorbance of RB19 in the supernatant was measured

using a V-570 spectrophotometer (Jasco, Tokyo, Japan).
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3.3 Results
3.3.1 Dye-decolorizing activity of cyt ¢

I 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 around 595 nm decreased after manually mixing of cyt
¢ with H>O; (20 mM) (Figure 3.1A), and the blue solution turned colorless within 300 s.
The result indicated that cyt ¢ has a dye-decolorizing activity. To determine steady-state
kinetic parameters (maximum rate, kca: 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) (Figure 3.1B), which
provided kcat 202 0 5.6 = 0.4 s7! and Km 202 of 30 £ 4 mM.

I next monitored kinetic of the dye-decolorizing activity of cyt ¢, and the decolorizing
assay was carried out at a fixed concentration of H>O> (20 mM). The initial rates were
plotted against the concentrations of RB19 (Figure 3.1C). Kinetic data were fitted better
to the Hill equation, (equation 2) rather than the Michaelis-Menten equation. The
evaluated kcatrBi9 and Kmrsio values were of 2.3 = 0.1 s7! and 53 + 6 uM, respectively.
The kcatrB19 value of cyt ¢ was close to that of VeDyP at the optimal pH, whereas the
Kmgrsio of cyt ¢ was slightly larger than that of VeDyP (Table 3.2). Therefore, the

keatRB19/Km rB19 Of Cyt ¢ was 57% of that of VeDyP.
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Figure 3.1 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,O> (20 mM) at 25 °C.
(B) Initial rate (k = v/[protein] in eqn (1)) of RB19 (200 uM) oxidation at various
concentrations (protein, 1.0 uM; pH 7.0). (C) Steady-state rates of oxidation as a function
of RB19 concentration (0—150 puM) catalyzed by WT cyt ¢ at pH 7.0.

47



3.3.2 Replacing the sixth axial ligand with a non-coordinating amino acid residue

I confirmed dye-decolorizing activity of cyt ¢, which was comparable (~60 %) to that
of VecDyP at pH 4.5 (Table 3.2). However, this assay was conducted at relatively high
concentration of H>O> (20 mM). The turnover of the dye-decolorizing assay of cyt ¢ was
calculated to be 0.7 min™! at low H»O, concentration (200 uM H»0»), which was only
~2% of that of VcDyP (36 min™!). Thus, the dye-degrading activity of cyt ¢ needs higher
concentrations of H>O than VeDyP. Previous studies have shown that replacing the sixth
axial ligand (Met80) of cyt ¢ with Val increases the accessibility of H2O- to heme, leading
to enhancement (~10-fold) of the peroxidase activity®’. Accordingly, I expected that
replacing Met80 with non-coordinating amino acids, Ala (M80A) or Val (M80OV)
increases the dye-decolorizing activity. The activity of the variants was evaluated by
examining the initial rates of RB19 oxidation (Figure 3.2A). Kinetic data showed that the
keatrB19 Of dye-decolorizing activities of the M8OA and M80V mutants were 2.4 + 0.3 s7!
and 3.4 + 0.1 s™!, respectively. The Kmrp1o of these mutants were 54 + 13 uM, 49 + 3 uM,
respectively (Table 2). The kcac of the M80V mutant was slightly larger than that of WT
(2.3 £0.1 s!) and the Km was similar to that of WT (53 + 6 uM), leading to ~1.5-fold
increase in the catalytic efficiency (kcatrB19/KmRrB19). Although I expected that the
substitution of Met80 would significantly improve the dye-degradation activity of cyt c,
it did not happen.

In order to confirm whether the reactivity of heme with H>O; was enhanced by the
mutation of Met80 as expected, the steady-state kinetics of the M80OA and M80V mutants
were studied using a typical peroxidase substrate, guaiacol (Figure 3.2B). The kinetic data
at pH 7.0 showed that the kcatguaiacol Of peroxidase activities of the M80A and M80OV

mutants were 1.22 +0.04 and 2.6 0.1 s7!, respectively, which were 13 and 27-fold larger
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than that of WT cyt ¢, respectively. The Km,guaiacol 0f the M8OA and M80V mutants were
5.6 £0.9 and 2.9 + 0.4 uM, which were almost the same as and half of that of WT cyt c,
respectively. The Acatguaiacol/Km,guaiacol Values of the two variants were ~14—56-fold larger
than that of WT cyt c¢. The value of the M80A and M80V mutant were ~3 and ~12-fold
larger than that of native HRP ® (Table 3.3), indicating that both mutants are good
peroxidase. Considering that the peroxidase activities (kcat,guaiacol/ K guaiacol) Of the mutants
were ~13-56-fold larger than that of WT cyt ¢, whereas the dye-degrading activities
(kcatrB19/Km,rB19) Of them were less than 2-fold larger than that of WT cyt c¢. Therefore,
elimination of Met80 was effective in enhancing the peroxidase activity, but it did not
contribute to the enhancement of the dye-degradation activity. The comparable Km,rB19
value of the Met80 mutants to WT cyt ¢ suggests that the radicals formed at heme by the
reaction with H>O» are not efficiently transferred to the active site or radicals transferred

to the active site are not utilized well for dye degradation.
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Figure 3.2 Kinetic analysis of the H,O:-dependent reaction of WT (blue), MS80OA

T
100

(red), and M80V (green). (A) Initial rates (k = v/[protein]) of oxidation as a function
of RB19 concentration (0—150 uM) by proteins (protein, 1.0 uM; H202, 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 MS80OV, 0.1 uM; H>O,, 10
mM; pH 7.0).
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Table 3.2 Kinetic parameters of WT cyt ¢ and its mutants for RB19 decolorization

RB19
keat Km kcat /Kin
Proteins (s (UM) (s! mM)
WT 23+0.1 53+6 44+ 6
MS0OA 24+03 54+13 45+ 12
MS8OV 34+0.1 49+3 70+ 5
P76 W 34+0.1 25+2.0 138+ 12
G29D 2.5+0.1 0.70+£0.10 3625 + 483
Y48H/M80OA 1.5+0.1 19+4 77 £ 17
Y67H/MS0OA 2.6+0.1 60+3 44 +3
Y74H/M80OA 2.5+0.1 31+3 808
Y97H/MS0A 1.8 £0.1 52+6 34+4
VeDyP 23+0.1 30+3 77 £ 11
F43Y/F138W/P88W Mb” 9.6 0.2 8+ 1 1200

Table 3.3 Kinetic parameters of WT cyt ¢ and its mutants for guaiacol oxidation

guaiacol
keat K keat/ Kim
Proteins (s (UM) (s' mM)
WT 0.096 + 0.003 59+0.8 16 +2
MS8OA 1.22 £0.04 5.6+£0.9 218 £ 36
M8OV 2.6+0.1 29+0.4 896 £ 13
P76 W 0.085 £+ 0.001 83+0.5 10+1
G29D 1.57£0.03 0.9+0.1 1777 +£ 203
native HRP® 420 £40 5800 + 700 72
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3.3.3 Replacement of surface tyrosine with histidine
According to the previous studies, the active site of dye-decolorizing reaction of DyPs

10-13 "to which radicals formed at heme transfer. In the

is Tyr or Trp at the protein surface
case of VcDyP, Tyr129 and Tyr235 are the putative active site of the dye-decolorizing
reaction!®, Cyt ¢ has four Tyr (Tyr48, Tyr67, Tyr74, and Tyr97), all of which are located
on the protein surface (Figure 3.3) and has also one Trp (Trp59) that is buried inside the
protein. Therefore, I supposed that radicals generated by the reaction of heme with H>O»
is transferred to one or some of these four tyrosine residues. To determine the active site

of dye-degradation by cyt ¢, I prepared four Tyr mutants (Y48H/M80A, Y67H/M80A,

Y74H/M80A, and Y97H/M80A), in which each Tyr and Met80 were replaced with His

and Ala, respectively, and their dye-decolorizing activity was evaluated.

«? Tyr74

A @yrﬂ

Figure 3.3 Location of Tyr48, Tyr67, Tyr74, Tyr97 in cyt ¢ (PDB 6K9I).

Kinetic data analysis provided the kcairB19 Of the dye-decolorizing activities of 1.5 +
0.1 (Y48H/M80A), 2.6 + 0.1 (Y67H/M80A), 2.5 + 0.1 (Y74H/M80A) and 1.8 + 0.1 s™!
(Y97TH/M80A) (Table 3.2). The Km,r19 of these mutants were 19 + 4 (Y48H/M80A), 60

+ 3 (Y6TH/MSO0A), 31 + 3 (Y74H/MSO0A), and 52 + 6 uM (Y97H/MSO0A) (Table 3.2).
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The kcarBio of these mutants are not much larger than that of WT cyt ¢, whereas the
Kmrpioof the Y4A8H/M8OA and Y74H/M80A mutants were ~1/3 and ~1/2 of that of WT,
respectively. A more prominent feature of the Y48H/MS8O0OA and Y74H/M80A mutants is
the presence of a lag-phase at < 20 mM of H>O» (Figure 3.4). In the kinetic
characterization of DyP from Streptomyces lividans, the presence of a lag-phase at low
RB19 concentration is considered that the rate-limiting step of the dye-decolorizing
reaction is the disproportionation between dye radical'®. The Hill plots for Y48H/M80A
and Y74H/M80A mutants suggested that the affinity of cyt ¢ for the substrate at low
concentrations of RB19 was weakened by replacement of Tyr48 or Tyr74 with His and
the disproportionation rate of the dye in the solution would be decelerated. Therefore,

Tyr48 and Tyr74 are the putative active sites of the dye-degradation reaction.

WT

M8OA

Y Y67H/M80A
< Y74H/M80A
Y97H/M80A
0.00 T T ' T T T
0 50 100 150
[RB19)/uM

Figure 3.4 Kinetic analysis of the H,O:-dependent reaction of WT (black), MS80A
(red), Y48H/MS80A (ocher), Y67TH/M80A (blue), Y74H/M80A (purple) and
Y97H/MS80A (green). Initial rates (k = v/[protein]) of oxidation as a function of RB19
concentration (0—150 uM) with H>O> (10 mM) catalyzed by proteins at pH 7.0.
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3.3.4 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 ¢yt ¢!5, Pro76 is located between Tyr48 and Tyr74,
and its side chain is exposed to the solvent (Figure 3.5). Therefore, I constructed a mutant,
in which Pro76 was replaced with Trp (P76 W) and measured dye-decolorizing activity.
The obtained rate constants were plotted against the substrate concentration and fit to the
Hill-equation (Figure 3.6). The kca,rBio was 3.4 = 0.1 s™!, which was slightly higher than
that of WT (2.3 s7!), whereas the Kmrgi9 of the P76W mutant cyt ¢ was 25 + 2 uM, almost
half of that of WT (53 uM) (Table 3.2). As a result, the kcai,rB19/Km,rB19 Value of the P76 W

mutant was 138 s™! mM ™!, ~3-fold larger than that of WT cyt ¢ (44 s ! mM™!) (Table 3.2).

Tyr74
—0{3 Pro76

=

Tyr48

Figure 3.5 Location of Tyr48, Tyr74, and Pro76, in cyt c.
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Figure 3.6 Kinetic analysis of the H,O>-dependent reaction of WT (blue), MS80A
(red), M80V (blue), and P76W (ocher). Kinetic of oxidation as a function of RB19
concentration (0-150 uM) with H>O> (20 mM) catalyzed by proteins at pH 7.0.

3.3.5 Introduction of the proximal hydrogen bond

In most heme peroxidases, the proximal His forms a hydrogen bond with nearby Asp
or Glu'®. The hydrogen bond imparts more imidazolate character to the His ligand,
increasing its electron donating ability and facilitating formation of compound I
intermediate. In order to promote the generation of radicals to improve the dye
degradation activity, I intended to introduce the proximal hydrogen bond into cyt c. On
the basis of the crystal structure of cyt ¢ (PDB code: 6K9I), Gly29 is located ~4 A from
proximal His (the distance between C, of Gly29 and N; of Hisl8 is 4.0 A), and I
constructed a mutant of Gly29 to Asp (G29D), which is presumed to be within hydrogen

bond distance to the proximal His (Figure 3.7).
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Figure 3.7 Location of His18 and Gly29 in cyt c. The distance between His18 and
Gly29 are presented in the dotted line.

To provide insights into the dye-decolorizing activity of the G29D mutant, I measured
the dye-decolorizing activity of the mutant (Figure 3.8A). As shown in Table 3.2, the
G29D mutant exhibited almost the same kcario value and dramatically decreased
Kmrpi9 compared to those of WT cyt ¢, resulting in ~80-fold higher overall catalytic
efficiency (kcat,rB19/Km,rB19). The peroxidase activity of the mutant was also monitored
using guaiacol under the steady state conditions. The obtained rate constants were plotted
against the substrate concentrations and the plots were fit to the Michaelis—-Menten
equation (Figure 3.8B), kcat,guaiacol and Km guaiacol Were 1.57 £ 0.03 s ' and 0.9 + 0.1 uM,
respectively (Table 3.3). As a result, the mutant exhibited a significant large catalytic
efficiency (kcat,guaiacol/ Km,guaiacol) 0f 1777 203 s7' mM™!, which was ~110-fold larger than

that of WT cyt c.
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Figure 3.8 Kinetic analysis of the H>O:-dependent reaction of WT (blue), MS8OA
(red), M80OV (blue), and P76 W (ocher), and G29D (purple). (A) Steady-state rates of
oxidation as a function of RB19 concentration (0-40 uM) catalyzed by proteins at pH

7.0. (B) Steady-state rates of oxidation as a function of guaiacol concentration (0-100

uM) catalyzed by proteins at pH 7.0.
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3.3.6 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 (pEC86) helps cyt ¢
form covalent bonds (thioether bonds) with heme. The decolorizing abilities of E. coli
were monitored as the decrease in absorbance at 595 nm over time (Figure 3.9A and B).
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.

(A) WT + pEC86 (B) G29D + pEC86
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Figure 3.9 Absorbance of the supernatant of culture medium with RB19 (40 pM) of
E. coli expressed (A) WT cyt ¢ + pEC86, (B) G29D cyt ¢ + pEC86 ;0h (black line) and

24h (red line).
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3.4 Discussion
Introduction of additional Trp near the putative RB19 binding site

As described above, the Kmrp19 of the P76 W mutant was reduced by half of that of
WT cyt ¢, as expected (Table 3.2). In the study of myoglobin mutants, the F43Y/F138W
mutant with an additional introduction of Trp88 to the protein surface resulted in a ~10-
fold smaller Kmgrgio 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, which indicates a n-m stacking interaction’. The
kinetics data of the P76 W mutant cyt ¢ suggested that the substrate affinity of the mutant
was increased by the hydrophobic interaction between RB19 and Trp76, but not as
pronounced as the F43Y/F138W/Trp88 mutant.

Cyt ¢ contains three Q-loop regions, namely distal (residues 71-85), central (residues
40-57), and proximal (residues 12-28 and 29-39) Q-loop!'*>!7. The flexibility of the loops
affects the heme pocket structure!®. Pro76 is located in the 71-85 Q-loop. Previous studies
reported that an yeast iso-1-cyt ¢ mutant, whose Phe82 was replaced with Gly, had a 10-
fold higher ability to oxidize polycyclic aromatic hydrocarbons than WT yeast iso-1-cyt
c', and increased the azide binding rate by ~6-fold*’. Recent studies on human cyt ¢
showed that Acatguaiacol Of the mutant of Ile81 in the loop with Ala (I81A) was ~10-fold
larger than that of WT cyt ¢?' , and kcat aBTs Of Pro76 with Cys (P76C) was 13-fold larger
than that of WT cyt ¢?2. These data are interpreted that mutation of amino acid residues
in the 71-85 Q-loop destabilizes coordination of Met80, which contributes to the
increased peroxidase activity. However, the kcat,guaiacol/ Kin,guaiacol Value of the P76 W mutant

was 10 s™! mM™!, which was 60% that of WT (Table 3.3). As a result, introduction of Trp
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near the putative active site for RB19 did not contribute to improvement of the catalytic
efficiency as expected.
Effect of introduction of Asp near the heme on the structure of cyt ¢

In order to introduce this proximal hydrogen bond in cyt ¢, I constructed the G29D
mutant. 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 (Figure 3.10 A). Although the formation
of the proximal hydrogen bond was not clear, the data suggest that the purified G29D
mutant was easily oxidized, indicating the change in the redox potential of heme. The
G29D mutant, which mimic the structural feature of heme peroxidases, dramatically
enhanced kcatrB19/Km,rB19 (Table 3.2) and kcat,guaiacol/ Km.guaiacol (Table 3.3). Gly29 is located
in the 12-39 Q-loop structure. The protein structure and the peroxidase activity of the
heme proximal mutant of human cyt ¢, in which Thr28, a phosphorylation site, was
replaced with Asp (T28D) or Glu (T28E), has been reported®*>*. Both the T28D and T28E
mutants exhibited a peroxidase activity about twice of WT cyt c. The results proposed
that the introduction of the negative charge near the proximal heme may cause structural
change around heme. The introduction of negative charge at position of Gly29, which is
closer to heme, caused a structural change that led to improve reactivity with substrates
near heme. This idea can be supported by the CD spectra (Figure 3.10B). The CD
spectrum of the G29D mutant exhibited two negative bands at 208 and 222 nm (Figure
3.10B). For a globular a-helical protein like cyt ¢, perturbations of the 62220m/6208nm 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 62220m/02080m

ratio is 1.0, smaller than 1.3 determined for WT cyt c. Therefore, it has been postulated

60



that the environment around heme of cyt ¢ was perturbed and enhanced flexibility by
replacing Gly29 with Asp. Moreover, the K rp19 of the G29D mutant was greatly reduced

compared to WT (Table 3.2). The structural change around heme may also increase the
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Figure 3.10 (A) Absorbance of supernatant of lysate of E. coli expressed WT and
G29D cyt c. (B) CD spectra of WT and G29D as purified.

accessibility to bulky substrates such as RB19.
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The stability of the heme of G29D mutant cyt c in E. coli

I tried to degrade RB19 using E. coli expressing G29D mutant cyt ¢ but did not achieve
it. Interestingly, E. coli pellets expressing this mutant did not show the red color derived
from cyt ¢ at 24 hours after induction of protein expression (Figure 3.11A and B). This
result suggested that the heme of G29D mutant cyt ¢ was degraded in cells. 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 ¢ in the absence of RB19
were not affected by the reaction with H>O» except for the appearance of a small peak at
550 nm, which would be derived from the formation of ferrous heme (Figure 3.12A). In
contrast, the Soret band of the G29D mutant rapidly decreased (Figure 3.12B), indicating
that heme was broken by H>Oz. 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 (Figure 3.12C and 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
¢ (Figure 3.12A and B). However, this mutant is not effective as a whole-cell catalyst

because heme is easily broken in the reaction with H>O».
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Figure 3.11 Pellets of E. coli expressing G29D mutant cyt ¢ at (A) 6 h and (B)

24 h after induction of protein expression.
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Figure 3.12 Stopped-flow spectra upon mixing (A) WT, (B) G29D (1.0 pM) and
H>02 (10 mM); (C) WT, (D) G29D (1.0 pM) and RB19 (40 pM) in the presence of
H>02 (10 mM) in sodium phosphate buffer (50 mM, pH 7.0) at 25 °C. Spectra were

measured at 6 sec intervals for 60 s.
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In summary, I designed several cyt ¢ mutants to confer the dye-decolorizing activity.
To form a hydrogen bond to axial His, I replaced Gly29 with Asp. The mutation resulted
in the drastic enhancement (~80-fold) of the dye-decolorizing activity. The results of a
series of mutations indicated that cyt ¢ can be converted into an artificial enzyme that
degrades the dye with high efficiency. On the other hand, the heme is easily degraded,
which may reduce its activity in the bacteria, indicating the need for further studies,

including the search for mutants with enhanced heme stability.
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CHAPTER 1V

Conclusions
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DyPs can degrade persistent dyes, so they have potential application for bioremediation.
However, its low optimal pH of the activity hinders the industrial use of DyP, and
increasing activity under neutral conditions is required. In the present thesis, I aimed to
rationally design an artificial enzyme with persistent dye-degrading activity that can be
used for environmental purification. The results and conclusions drawn from

experimental data are summarized below.

1. pH-dependence of dye-degrading activity of DyP

To shift the optimal pH of dye-degrading activity of VeDyP, I identified the key factor
for pH-dependence of the activity. Replacing Asp138 with Val led to a shift in the optimal
pH to 6.5 and exhibited 9-fold higher specific activity that of WT VeDyP at pH 7. 1
proposed that the hydrogen bond between Asp138 and His178 plays a key role in the pH
dependence of dye-decolorizing activity of VeDyP. The introduction of a mutation that
inhibits the hydrogen bonding may have fixed the orientation of the side chain of His178,
which may have led to the transfer of radicals to the substrate binding site in the neutral
region, resulting in the increased dye-degrading activity of DyP in the neutral region. In
conclusion, by introducing mutations based on the reaction mechanism, I succeeded for
the first time in the rational design and creation of a mutant DyP with a neutral pH

optimum for dye-degrading activity.
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2. Converting cytochrome c into a DyP-like enzyme

E. coli expressing D138V mutant VeDyP had a low RB19 degrading activity due to the
absence of heme-bound enzymes. In order to create the artificial enzyme which can
degrade RB19 in cells, I constructed cyt ¢ mutants based on the structural information of
peroxidases and DyPs. Mutational studies showed that introducing Asp into the proximal
heme decreased Km of dye-degrading activity and enhanced 80-fold catalytic efficiency.
In addition, the dye-degrading activity of WT cyt c required a high concentration of H>O»,
20 mM, while that of G29D mutant cyt ¢ proceeded at 0.2 mM H>O», like that of VcDyP,
and exhibited a higher specific activity at pH 8.5 than that of D138V mutant VcDyP at
pH 6.5 (Figure 4.1). These results provide a new perspective for the future design of

artificial DyP.
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Figure 4.1 pH profiles of RB19-decolorizing activities of WT VcDyP (black circle),
D138V mutant VceDyP (black square), and G29D mutant cyt ¢ (orange). The
reaction was initiated by the addition of proteins (0.3 uM) to RB19 (40 uM) in the
presence of H2O2 (0.2 mM) at 25 °C.
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Conclusion remarks

In conclusion, I demonstrated that a highly active dye-degrading enzyme can be created
by rational design using DyP, whose structure and dye-degrading reaction mechanism are
already known. However, these mutants have low intracellular heme binding and heme
stability, making their use as whole-cell biocatalyst difficult. Several studies have focused
on improving the thermal stability and reusability of enzymes by immobilizing them on
mesoporous materials'~, amino-functionalized nanosilica®*’ . In the future, not only to
explore mutants having high dye-degrading activity and high protein stability, but also to
examine the immobilization of enzymes on polymeric materials such as mesoporous
materials will be expected to lead to the creation of new treatment technologies for

effluents containing synthetic dyes, using enzymes.
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