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General Introduction

Hemoprotein

Proteins play various important roles in biological events. Especially, hemoproteins having
iron-porphyrin (heme) as a cofactor have attracted special interests because they have various
functions such as transporting/storing oxygen molecule and mediating electron transfer, and catalytic
properties as an enzyme in nature (Figure 1).I For examples, myoglobin (Mb) is an
oxygen-binding protein located in muscle tissue that accepts and stores dioxygen,” catalase is an
enzyme to catalyze the disproportionation of hydrogen peroxide to water and dioxygen for
protecting the cell from oxidative damage by reactive oxygen Species,3 cytochrome ¢ is a
hemoprotein to carry an electron and control apoptosis,4 nitric oxide synthase (NOS) is a family of
enzymes that produce nitric oxide (NO) from L—arginine,5 and cytochrome P450 is one of the most
powerful enzymes that oxidize various substrates.’

An amino acid residue, which acts as an axial heme-ligand dramatically, affects
physicochemical performance and reactivity of heme. Three amino acids, histidine, cysteine, and
tyrosine are typical axial ligands to the iron atom of the heme cofactor:’ Histidine is a common axial
ligand often used for Mb, HRP and so on, the sulfur atom of the cysteine coordinates to the iron
atom of cytochrome P450 and NOS, and tyrosine is found for the axial position of the heme cofactor
of catalase. These examples demonstrate that the amino acid residues are capable of switching the
function of hemoproteins, although those hemoproteins have same iron porphyrin. Furthermore, it
is known that the surrounding amino acid residues which form the heme pocket also have an
influence on the physicochemical properties and reactivities of the hemoproteins. The heme pocket
provides not only the substrate binding site but also the second coordination share which assists the
enzymatic reactions.

Another notable feature of hemoproteins is self-assembly to provide their quaternary structure
or protein—protein binding. In the former, some representative examples are catalase and NOS,
which form tetramer and dimer structures, respectively. Another well-known quaternary structure

is shown in hemoglobin where the formation of the tetramer of the hemoproteins is essential to show



its efficient allosteric function to bind and release dioxygen.” By contrast, the latter example is
cytochrome c¢ that not only transports the electron in mitochondria through intrinsic assembling
structure with cytochrome ¢ oxidase® but also binds to any appropriate domains for forming
apoptosome to induce apoptosis. In the following sections, the author briefly reviews the recent
advances in the rapidly developing research fields in hemoprotein engineering, and then summarizes

the outline of his achievements.

a) y o
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Figure 1. (a) Molecular structure of heme. Crystal structures and schematic representations of heme

molecules and the axial ligands of (b) Mb, (c) catalase, and (d) cytochrome P450.

Modification of hemoproteins by reconstitution and mutagenesis

It has been classified into two approaches to modify the hemoproteins for improving
performance of the original function of hemoproteins (Figure 2): one is “the reconstitution method”,
in which artificially-designed and synthesized cofactors are inserted into the heme pocket of the

apo-hemoproteins, while the other is “the mutagenesis method”, where some specific amino acid



residues of the native enzymes are replaced by other suitable amino acid residues via a genetic

technology.
a)
Artificial cofactor
Hemoprotein Reconstituted hemoprotein
Heme
b)
Mutation
@ I —
Hemoprotein Hemoprotein mutant

Figure 2. Schematic representation of (a) the reconstitution method and (b) the mutagenesis method

to modify the hemoprotein.

Over the last few decades, the reconstitution method has been mostly utilized for modifying
hemoproteins. In addition, it is known that the combination of two methods leads to more efficient
variants for catalysis. The representative example was a report of Hayashi and Hisaeda ef al. who
demonstrated that Mb reconstituted with iron porphycene, a constitutional isomer of porphyrin,
showed 1400-fold enhancement of O, binding affinity compared with that of native Mb (Figure
3a)."" In addition, Mb reconstituted with iron corrole showed 180-fold higher peroxidase reactivity
toward the oxidation of 2-methoxyphenol than that of native Mb (Figure 3b)."' Hayashi ez al.
focused on the reconstitution of the heme of Mb with manganese porphycene that exhibited
unexpected catalytic performance for the H,O,-dependent hydroxylation of ethylbenzene to
1-phenylethanol with a turnover number of 13 at 25 °C in pH 8.5 (Figure 3c¢), in stark contrast to the

observed no catalytic activity of native Mb and other modified Mb for C—H bond hydroxylation of



alkanes.'” This pioneering work prompted by Zhang et al. to conduct replacement of the iron atom
by the manganese atom at the native heme cofactor, protoporphyrin IX; however, such the simple
reconstituted manganese myoglobin had no catalytic reactivity for the epoxidation of styrene using
H,0; as an oxidant, and they finally found that the L29H/F43H mutant showed the catalytic
reactivity for epoxidation of styrene using Oxone” (triple salts of 2KHSOs/KHSO4/K;SO4) as an

oxidant (Figure 3d).13

Heme
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Figure 3. Representative examples for reconstitution of Mb with (a) Fe porphycene, (b) Fe corrole,

(c) Mn porphycene and (d) Mn porphyrin.

Several groups have been particularly interested in carbene-mediated cyclopropanation using
the artificial metalloenzymes based on the reconstituted hemoprotein. Hartwig et al. replaced the
iron atom of the cytochrome P450 enzyme CYP119 by the iridium atom to form a reconstituted
cytochrome P450 with iridium porphyrin that exhibited a high catalytic activity for the insertion of
1

carbene into C—H bond with up to 98% enantiomeric excess, 35000 turnovers, and 2550 hours

turnover frequency (Figure 4a).14 Fasan et al. independently conducted the modification of



myoglobin by replacing the original heme with Fe-chlorin e6 which uniquely mediated the
carbene-mediated cyclopropanation of aryl-substituted olefins under aerobic conditions to give the
corresponding aryl-substituted cyclopropane derivatives in high turnover frequency (up to 6970) and

an excellent diastereo- and enantioselectivity (up to 99%) (Figure 4b).15
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Reconstituted cytochrome Reconstituted Mb mutants with
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Figure 4. (a) Carbene insertion reaction catalyzed by reconstituted cytochrome P450 with Ir

porphyrin. (b) Cyclopropanation reaction catalyzed by reconstituted Mb mutant with Fe choline e6.
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Figure 5. Representative examples for site directed mutations of (a) Mb and (b) cytochrome P450.

The mutagenesis method also provided unique variants of native metalloenzymes. Watanabe

et al. reported that the FA3W/H64L Mb mutant assisted the selective hydroxylation of Trp43 residue



close to the heme (Figure 5a).'"® Green ef al. applied the mutgenesis method to cytochrome P450
by replacing the axial cysteine residue with a seleno-cysteine residue to prepare the
selenolate-ligated cytochrome P450, in which the axial seleno-substitution dramatically enhanced

the reactivity toward C-H bond activation reactions (Figure 5b)."”

Modification of hemoproteins by supramolecular assembling

Supramolecular assembling has been tunably controlled by the same two methods, the
reconstitution method and the mutagenesis one. Hayashi et al. found a unique assembling of
heme-modified Mb, in which the heme cofactor was covalently attached to the Mb surface, and the

heme of the modified protein was accordingly inserted to the other heme-binding site to form the

a) Conjugation Heme
and removal

of heme Self-assembly
e YY)
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—

Figure 6. Examples of artificial hemoprotein assemblies. (a) Self-assembly of covalently
heme-modified Mb with the interaction between heme-binding site and externally attached heme. (b)
Self-assembly of cytochrome cbsg, mutants by the metal coordinations with introduced histidine
residues and Zn ions. (¢) Formation of cytochrome ¢ trimer by the domain swapping.

supramolecular assembling of the heme-modified Mb (Figure 6a).» Tezcan et al. prepared surface

histidine-modified cytochrome cb.. where various histidine residues were introduced on the surface



of cytochrome cb..(Figure 6b). Histidine moieties of each cytochrome cb..coordinated to zinc ions
in an intermolecular manner to form one-dimensional nanotubes as well as two- or
three-dimensional crystalline arrays.19 Hirota et al. prepared and characterized the trimer of
cytochrome ¢ with the domain swapping method, in which alcohol-dependent denatured cytochrome

¢ proteins were trimerized spontaneously (Figure 70).%°

Hexameric tyrosine-coordinated hemoprotein (HTHP)

The author focuses on a circular hexameric heme protein, hexameric tyrosine- coordinated
heme protein (HTHP, Figure 7), which is first reported by Dobbek et al. in 2007.*' Marine bacteria,
silicibacter pomeroyi, contains HTHP, which is a relatively small protein and whose molecular
weight is approximately 9 kDa as a monomer and approximately 53 kDa as a hexamer. The six
heme molecules are oriented in the protein matrix at intervals of 1.8 nm between the iron atoms of
heme and fixed in a same orientation. The hexameric structure of HTHP is constructed by
supramolecular interaction such as hydrogen bonding and hydrophobic interaction between
neighboring monomers. The narrowest portion of the center pore of HTHP is several A and covered
by glutamines. HTHP is thermally stable even above 90 °C and whose surface charges are highly
distributed due to the presence of charged amino acid residues on the surface of HTHP. Notably, a
positive charge was located around the heme-binding site, while the furthest side from the
heme-binding site was surrounded by a negative charge. Additional feature was an axial ligation of
tyrosine, which coordinates to the iron center of the heme and whose oxygen atom forms a
hydrogen-bonding network with the neighboring arginine (Arg42). Another arginine (Arg25) on
the distal side of the heme molecule interacts with the heme via n—cation interaction, making the
heme accessible to solvent and substrates. Consequently, HTHP shows both of catalase activity
and peroxidase activity; however, these activities are relatively low compared with those of other
natural hemoenzymes. Furthermore, details of HTHP’s function in nature have not been well

elucidated.
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Figure 7. The crystal structure of wild type HTHP (PDB ID: 20YY).



Outline of this thesis

The author has focused attention on the unique features of HTHP and modified HTHP with
two approaches: construction of photosensitizer assembly within the HTHP matrix by
supramolecular and covalent linkage (Chapters 1 and 2, Figure 9a) and substitution of axial ligand of
the heme in HTHP from tyrosine to histidine for enhancing peroxidase activity (Chapter 3, Figure

9b).

Y45 F45
mutation

Figure 9. Schematic representation of (a) assemblies of photosensitizers within the HTHP matrix

and (b) the substitution of axial ligand of HTHP.

Chapter 1: Assembly of photosensitizer within the HTHP matrix toward artificial
light harvesting system

HTHP was employed as a suitable scaffold to construct an array of porphyrinoid
photosensitizers by replacing the native heme of HTHP with Zn protoporphyrin IX (ZnPP) and Zn
chlorin e6 (ZnCe6), leading to the synthesis of two-types of the hexameric proteins reconstituted

with photosensitizers. Flash photolysis along with a fluorescence quencher titration provided an



insight into the successive and rapid energy migration process, which mainly occurred within the
Zn-cofactor-substituted HTHP, suggesting that these assembled photosensitizers have a light

harvesting ability.

Chapter 2: Assembly of multiple photosensitizers within the HTHP matrix and
evaluation of energy transfer mechanism

The HTHP served as a scaffold of a light harvesting model for understanding the successive
energy transfer within photosensitizer assemblies in natural systems. Six ZnPP molecules were
arrayed at the heme-binding site of HTHP through supramolecular assembling, and five fluorescein
(Flu) molecules and one Texas Red (Tex) molecule were further introduced to the HTHP
reconstituted with six ZnPP molexules as the donor and acceptor photosensitizers respectively to
enhance the light harvesting ability. Fluorescence spectroscopy and fluorescence lifetime
measurement revealed that the excited energy originating at five Flu and six ZnPP molecules was

collected at one Tex molecule as a funnel-like bottom for light harvesting.

Chapter 3: Substitution of axial ligand from to enhance the peroxidase activity of
HTHP

An originally tyrosine-coordinated heme was modified to histidine-coordinated heme in
HTHP, where Tyr45, a residue coordinating to the heme cofactor, and Arg25, a residue located at
the distal site, were replaced with Phe45 and His25, respectively. Comparison of UV-vis
absorption spectra of the ferric-, ferrous-, CO- and CN-forms of HTHP*™"Y*F wyith those of several
well-known His-ligated hemoproteins suggested that the heme was coordinated by the His25 residue.
The Michaelis—Menten kinetics showed that peroxidase activities of HTHPR#WY4F for
H,0,-dependent oxidation of ABTS and guaiacol were 10- and 100-fold higher, respectively,

compared with those of wild type HTHP.
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Chapter 1
Assembly of photosensitizer within the HTHP matrix
toward artificial light harvesting system

1-1. Introduction

An array of natural pigments achieves efficient capture of sunlight in natural photosynthetic
Systems.] For example, LH2, a simple light harvesting complex from purple bacterium containing a
precise array of eighteen Mg-bacteriochlorin molecules, demonstrates energy migration via
successive and rapid energy transfer within protein matrices (Figure 1—1).2 To mimic such a
structure and function, a number of efforts to reproduce an array of photosensitizers (especially
porphyrin  derivatives) have been undertaken using synthetic,3 supramolecular,4 and
coordina‘cion—bonding5 approaches. Several proteins have also been found to provide appropriate
scaffolds for accumulating photosensitizers by supramolecular interactions® or covalent
modifications.” In this chapter, the author focuses on the use of the native oligomer of hexameric
tyrosine-coordinated heme protein (HTHP)8 as a scaffold for construction of a new array of
photosensitizers. Reconstitution of the hemoprotein with zinc porphyrinoid complexes’ provides
an array of photosensitizers with well-defined orientations in the HTHP matrices (Figure 1-2). The
modified HTHP is found to provide a model of the light harvesting complex which demonstrates
energy migration within an array of chromophores. The present system will serve as the versatile

strategy to create a light harvesting complex based on a series of porphyrinoid photosensitizers.
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Figure 1-1. Light harvesting complex of Rhodopseudomonas virdisxs (LH1 and LH2).
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Figure 1-2. (a) Molecular structures of Zn porphyrinoids, ZnPP and ZnCe6. (b) Schematic

representation of the preparation of reconstituted HTHP.

1-2. Results and discussion
Preparation and characterization of reconstituted HTHP with ZnPP

HTHP is expressed in a recombinant E. coli system and purified by anion exchange and size
exclusion chromatography (SEC). The obtained HTHP was characterized by the UV-vis
spectroscopy (Figure 1-3) and ESI-TOF MS, which showed the desired mass numbers of the
multiply ionized holo-hexameric species (Figure 1-4): found m/z = 3318.2 and 3539.4; calcd m/z =
3318.5 (z = 16+) and 3539.7 (z = 15+). Analytical SEC (Figure 1-5) and DLS (dynamic light
scattering, Table 1-1) reveal a monodisperse species with a hydrodynamic diameter of 5.4 nm, which
is consistent with the value expected from the hexameric structure observed in X-ray
crystallography,® and the apo-form of HTHP (apoHTHP) was prepared by a conventional method
using acid and 2-butanone,'’ and the resulting protein has no absorption in the visible region (Figure
1-3). The hexameric structure in the apo-form was confirmed by analytical SEC and DLS
measurements. In addition, the CD spectrum of apoHTHP in the far-UV region is consistent with
that of HTHP, showing that the a-helices are maintained in the absence of the heme cofactors
(Figure 1-6). Addition of excess amounts of Zn protoporphyrin IX (ZnPP) into an apoHTHP
solution under pH-neutral conditions yields reconstituted HTHP (rHTHPZ"PP(%)), where 6/6

represents the complete incorporation of the zinc complex into the six heme pockets in apoHTHP.
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The titration curve supports the 1 : 1 binding of a ZnPP molecule into a heme pocket (Figure 1-7).
The affinity of ZnPP to apoHTHP are approximately K, > 10° M™', because the characteristic UV-vis
absorption spectrum of ZnPP bound in the HTHP matrices completely remains under highly diluted
conditions (<1 mM). The UV-vis absorption spectrum of rHTHP?"""®® has maxima at 421, 548,
and 584 nm (Figure 1-3). This pattern is similar to that of tyrosine-coordinated ZnPP in human

serum albumin.'!  Analytical SEC measurements for rHTHP?""F(¢/®
y

indicate that the protein has the
same elution volume as HTHP (Figure 1-5). DLS measurements indicate a hydrodynamic diameter
of 5.6 nm and confirm that the thermodynamically stable hexameric structure is maintained (Table

1-1).

ost /)
300 400 500 600 700 800
Wavelength (nm)

Figure 1-3. UV-vis spectra of HTHP (red), apoHTHP (green) and rHTHP?"PP¢/0) (blue).

3318.2
3539.4
———
BOIOO 32100 3400 3600 3800
m/z

Figure 1-4. ESI-TOF mass spectrum of the holo-hexameric form of HTHP. The sample was
dissolved in 10 mM NH4OAc aqueous solution at pH 6.9. Multiply ionized species were observed:
found m/z = 3318.2 and 3539.4; calcd m/z = 3318.5 (z=16+) and 3539.7 (z = 15+).
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Figure 1-5. Analytical SEC traces of HTHP (red), apoHTHP (green) and rHTHPZ""P® (blue).

Black traces show protein standards. Red, green, blue, and black traces were detected by absorptions

at 402, 280, 421, 418 and 280 nm, respectively.

Table 1-1. Hydrodynamic diameters estimated from dynamic light scattering measurements “

HTHP apoHTHP rHTHP#"PP(®

Hydrodynamic diameter (nm) 54 6.2 5.6

“ Protein samples were dissolved in 100 mM potassium phosphate buffer, pH 7.0, at 25 °C.

[6] x 104 (deg mol-' dm-1)

200 220 240 260 280 300
Wavelength (nm)

Figure 1-6. CD spectra in far-UV region of HTHP (red), apo-HTHP (green) and rHTHP?"PPE®)
(blue) in 100 mM potassium phosphate buffer, pH 7.0, at 25 °C.
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Figure 1-7. ZnPP titration experiments of apoHTHP (17 pM as monomer concentrations,

respectively) in 100 mM potassium phosphate buffer, pH 7.0, at 25 °C.

Evaluation of photosensitizer assembly within the HTHP matrix
To evaluate the effect of photosensitizer assembly, incompletely-reconstituted HTHP were
prepared. Addition of apoHTHP into a rHTHP*""P(©0) aqueous solution increases the intensity of

fluorescence derived from ZnPP moieties (Figure 1-9), indicating re-equilibration toward

ZnPP(n/6)

reconstituted HTHP with less than six ZnPP molecules, rtHTHP , where n represents the

apparent number of the photosensitizer molecules in the six heme pockets. Here, the apparent

number of n is determined by the amount of apoHTHP added into a solution of rHTHP?""P®0),

The fluorescence lifetime (7) of rtHTHP“"®9 was determined to be 1.43 ns, which is slightly

shorter than that of rHTHP?"*"/6) (t=1.56 ns). Taken together with lower fluorescence intensity

in tHTHP“""®® it appears that singlet-singlet annihilation occurs in the protein hexamer.****

ZnPP(n/6) ZnPP(6/6)

The visible absorption spectrum of rHTHP is similar to that of rtHTHP , indicating that

the coordination environments of the two proteins are similar (Figure 1-10). In the CD

ZnPP(1/6)

spectroscopy, rHTHP shows only a positive Cotton effect in the region from 360 nm to 480

nm and is generally consistent with that of rHTHPZ"PPO-7/)

, indicating a lack of cooperative binding

of the cofactor molecules for adjacent monomers. This re-equilibration is also confirmed by a

differential CD spectrum obtained by subtracting the spectrum of rHTHP™™ " from that of

rHTHP”™"®® " The observed split type Cotton effect (Figure 1-11) induced by ZnPP—ZnPP

exciton coupling strongly suggests the formation of conformationally-defined Zn porphyrin
12,13

arrays. These findings also indicate that the ZnPP molecules can be incorporated into each

subunit of apoHTHP while maintaining the intrinsic hexameric structure, whereas re-equilibration

17



upon addition of apoHTHP provides a mixture of incompletely-reconstituted

photosensitizer-containing proteins.

E
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Figure 1-9. Fluorescence spectra of tHTHP?P™® in 100 mM potassium phosphate buffer, pH 7.0,

at 25 °C. The intensities were normalized by absorbance at 421 nm.

Normalized absorbance

300 400 500 600 700
Wavelength (nm)

Figure 1-10. UV-vis absorption spectra of tHTHP?™"®® (solid blue line) and rHTHP?""""® (pink

broken line) in 100 mM potassium phosphate buffer, pH 7.0, at 25 °C.
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Figure 1-11. CD spectra of (a) rHTHP?""P™® and (b) differential CD spectra generated by
subtraction of rHTHP™ 9 from rHTHP*""™® and UV-vis spectrum of rHTHP“""®® The

samples were dissolved in 100 mM potassium phosphate buffer, pH 7.0, at 25 °C.

Singlet-singlet annihilation

The transient absorption spectral changes which occur 3 ns after excitation by a femtosecond
pulse laser at 420 nm were recorded (Figure 1-12) and the time courses of absorption at 500 nm are
shown in Figure 1-12. Table 1-2 summarizes the lifetimes of the absorption decay at 500 nm,
which are derived from triple- or double-exponential fitting. Interestingly, rapid singlet—singlet

ZnPP(6/6)

annihilation was observed for rHTHP with a lifetime of 4 ps, whereas such rapid absorption

decay was not observed in rHTHP?""P(/0),

The level of the rapid decay species clearly depends on
the excitation laser power per pulse (Table 1-3). This indicates that the annihilation event occurs
through energy migration. The lifetime of the rapid annihilation event is comparable with those
reported for other synthetic or supramolecular photosensitizer arrays (0.5 — 20 ps).3a'°’4c The

lifetime 7, is also accelerated in the case of rHTHP“"""(®/6)

, possibly as a result of the annihilation. It
is a challenging effort to assign the decays with lifetimes around 100 ps. However, the decays may
be caused by water-induced vibrational relaxation'* or electron transfer between the photosensitizer
molecule and the ligated Tyr residue in the heme binding site'’ because free Zn-porphyrin in organic

solvent generally decays on the order of nanoseconds, which is dominantly caused by intersystem

crossing to the triplet excited state.
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Figure 1-12. Transient absorption spectra of (a) rHTHP?™" % (b) rHTHP?"""® and time courses
of the absorption at 500 nm after excitation for (c) rtHTHP™®, (d) tHTHP“"""®. Solid lines
are triple- or double-exponentially fitted curves: A4bs(t) = yo + Aiexp(—t/T1) + Arexp(—t/T) +
Asexp(—t/t;) for tHTHP?P® and Adbs(t) = yo + Asexp(—t/1s) + Asexp(—t/t3) for tHTHP PO,
where 4 and ¢ are population and lifetime of the decay, respectively. For 73, each fluorescence
lifetime was applied. Conditions: [ZnPP] = 10 uM in 100 mM potassium phosphate buffer, pH 7.0,
at 22 °C under N; atmosphere, fwhm = 130 fs, laser power = 24 pJ pulse'l.

Table 1-2. Transient absorption decay parameters for evaluation of annihilation. ab

Protein T, (ps) T, (ps) T (ns) ¢
rHTHPZ P60 4 [23%)] 79 [46 %) 1.4 [31%]
rHTHP?"PP(/0) 4 n. d. 117 [58 %] 1.6 [42 %]

“ Parameters are derived from the fitting curves in Figure 1-13. Populations are shown as the
percentage in square brackets. » Excitation laser power =24 uJ pulsefl. ¢ Fluorescence lifetime. ¢ The

residual population is assigned as the slow decay over the experimental range.
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ZnPP(6/6)

Table 1-3. Population of ultra fast decay in transient absorption decay of rtHTHP excited by

various laser power.

24 uJ 18 uJ 12 nJ

Population (7, < 10 ps) 23 = 2% 18 = 2% <5%

“ Conditions: [ZnPP] = 10 uM in 100 mM potassium phosphate buffer, pH 7.0, at 22 °C under N,

atmosphere.

Fluorescence quenching measurements

To reveal the energy transfer efficiency within assembled ZnPP molecules, fluorescence
quenching measurement were preformed with methyl viologen dichloride (MVH) as a quencher.
Stern—Volmer plots of steady-state and time-resolved emission against the concentration of MV
are shown in Figure 1-13 and Figure 1-14, respectively. Quenching of steady state fluorescence by
MV (Figure 1-13) was observed at relatively high concentrations ([MV%] >1 mM), whereas no
changes in lifetimes upon the addition of MV were observed (Figure 1-14).'®  This indicates static
quenching of fluorescence of rHTHPZ""P® by MV>".  The slopes of the Stern—Volmer plots for
steady state fluorescence of rHTHP ZnPP(I) ere determined to be 21 M (n=6)and 9.2 M (n=1)
as apparent binding constants. The actual binding constant of MV?*" for tHTHP“™® evaluated
by UV-vis spectral changes to form the charge-transfer complex (Figure 1-15) is consistent with that
of tHTHPZ""P(/® (ca. 9 M"). Taken together, these results indicate that the higher apparent value
of the protein hexamer fully occupied by photosensitizers is a result of efficient quenching which

occurs due to the energy migration within the ZnPP molecule array.20
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Figure 1-13. Fluorescence spectra of (a) rHTHP”""P® and (b) rHTHP?"™P"® with various
concentrations of methyl viologen. (c) Stern-Volmer plots of steady-state fluorescence against the
concentration of methyl viologen as a quencher molecule for tHTHP?"P™®_ Solid lines show

corresponding least square fitting. Conditions: [ZnPP] = 4.0 uM in 100 mM potassium phosphate

buffer, pH 7.0, at 25 °C under N, atmosphere, Aex =421 nm , A, = 592 nm.
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Figure 1-14. Stern-Volmer plots of steady-state (closed circle) and time-resolved (closed triangle)
fluorescence emissions of (a) rHTHP?™"®® and (b) rHTHP?"""® by titration of methyl viologen.
Conditions (steady-state experiments): [ZnPP] = 4.0 uM in 100 mM potassium phosphate buffer, pH
7.0, at 25 °C under N, atmosphere, A = 421 nm, A, = 592 nm. Conditions (time-resolved

experiments): [ZnPP] = 3.1 pM in 100 mM potassium phosphate buffer, pH 7.0, at 25 °C under N,

atmosphere, Aex = 390 nm and A, = 592 nm.
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Figure 1-15. The Benesi-Hildebrand plots of (a) rHTHPZ™"®®  (b) rHTHP®™"® at 547 nm
absorption against various concentrations of methyl viologen. The plots were analyzed by the
following equation: (AAbs)f1 = (Ka(A,s)[ZnPP]O[MVer])fI + ((Ag)[ZnPP]O)fl, where K, and Ae is the
binding constant and differential extinction coefficient by subtraction of that of the MV*'-free
photosensitizer from that of the MV*"- bound photosensitizer, respectively. Conditions: [ZnPP], =

4.0 uM in 100 mM potassium phosphate buffer, pH 7.0, at 25 °C.
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Assembly of ZnCe6 within HTHP matrix
Similar results were obtained using Zn chlorin e (ZnCe6) instead of ZnPP (Figure 1-2). The

reconstituted protein, rHTHP?"<**®/6)

, was also characterized by analytical SEC, DLS, UV-vis and
CD spectroscopic measurements (Figure 1-16 and Table 1-4). The fluorescence intensity of
rHTHP?**™® s found to depend on the n value, the ratio of the bound photosensitizer for
apoHTHP (Figure 1-17). Furthermore, a lifetime of 9 ps for the rapid singlet—singlet annihilation
(24 W) pulse’: 36 + 2%) was determined for rHTHP?**“® (Figure 1-18, Table 1-5). The

apparent binding constants of MV?>" derived from the Stern—Volmer plots for steady state
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Figure 1-16. (a) Analytical SEC trace and (b) UV-vis absorption and spectra of rHTHP"C¢/6)
(orange). In (a), the black traces show various protein standards and orange and black traces were
detected by absorptions at 418 and 280 nm, respectively. In (b), the upper orange line is a
differential CD spectrum generated by subtraction of the CD spectrum of rHTHP?**"® from that
of tHTHP?"“*“®)_(¢) ZnCe6 titration experiments of apoHTHP (29 pM as monomer concentrations,

respectively) in 100 mM potassium phosphate buffer, pH 7.0, at 25 °C.
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fluorescence of tHTHP?"“*®® and rHTHP?"“*"® are 1.2 x 10> M and 4.7 x 10> M, respectivel
Y y

(Figure 1-19, 1-20). In contrast, the actual binding constants of MV>" for tHTHP?"“**™® determined

by UV-vis spectral changes (Figure 1-21) are 5 X 10> M (n = 6) and 4 x 10> M (n= 1).17

ZnCe6(6/6)

Therefore, the 2.6-fold greater apparent binding constant of rHTHP relative to

rHTHP?"Ce6(/®) suggests that the energy migration occurs within the ZnCe6 array as well as

HTHPZ"PP©/6) 20

Table 1-4. Hydrodynamic diameter of rHTHP ZnCe6(60) ostimated from dynamic light scattering

measurements *

HTHPZCeo(c/6)

Hydrodynamic diameter (nm) 5.6

“ Protein samples were dissolved in 100 mM potassium phosphate buffer, pH 7.0, at 25 °C.
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Figure 1-17. Fluorescence spectra of rHTHP?"“**™® in 100 mM potassium phosphate buffer, pH 7.0,

at 25 °C. The intensities were normalized by absorbance at 418 nm.
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Figure 1-18. Transient absorption spectra of (a) tHTHP?"“*““®) (b) tHTHP?"“**"® and time courses
of the absorption at 500 nm after excitation for (c) tHTHP?"“**“® (d) rHTHP?“**"®_ Solid lines
are triple- or double-exponentially fitted curves: A4bs(t) = yo + Aiexp(—t/T1) + Arexp(—t/T) +
Asexp(—t/t;) for tHTHP? *®9) and Adbs(t) = yo + Asexp(—t/T) + Asexp(—t/3) for tHTHPZ*6(®),
where 4 and ¢ are population and lifetime of the decay, respectively. For 73, each fluorescence
lifetime was applied. Conditions: [ZnCe6] = 14 uM, 100 mM potassium phosphate buffer, pH 7.0, at
22 °C under N, atmosphere, fwhm = 130 fs, laser power = 24 pJ pulse".

Table 1-5. Transient absorption decay parameters for evaluation of annihilation. ab

Protein T, (ps) T, (ps) T (ns) ¢
rHTHP " Ce60/6) 4 9 [36 %] 106 [33 %] 1.9 [17 %]
rHTHP?"Ce8(/6) ¢ n. d. 122 [35 %] 1.9 [27 %]

“ Parameters are derived from the fitting curves in Figure 1-18. Populations are shown as the
percentage in square brackets. b Excitation laser power =24 pJ pulsefl. “ Fluorescence lifetime.

“ The residual population is assigned as the slow decay over the experimental range.
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Figure 1-19. Fluorescence spectra of (a) rHTHP?"“*® and (b) rHTHP?*® /9 with various

concentrations of methyl viologen. (c) Stern-Volmer plots of steady-state fluorescence against the

concentration of methyl viologen as a quencher molecule for rHTHP?"**/9 Solid lines show

corresponding least square fitting. Conditions: [ZnCe6] = 2.0 uM in 100 mM potassium phosphate

buffer, pH 7.0, at 25 °C under N, atmosphere, Aex = 418 nm , A, = 645 nm.
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Figure 1-20. Stern-Volmer plots of steady-state (closed circle) and time-resolved (closed triangle)
fluorescence emissions of (a) THTHP?"“**®® and (b) tHTHP?"“*"® by titration of methyl viologen.
Conditions (steady-state experiments): [ZnCe6] = 2.0 uM in 100 mM potassium phosphate buffer,
pH 7.0, at 25 °C under N, atmosphere, Aex = 418 nm, A, = 645 nm. Conditions (time-resolved
experiments): [ZnCe6] = 1.6 uM in 100 mM potassium phosphate buffer, pH 7.0, at 25 °C under N,

atmosphere, Aex = 390 nm and A, = 645 nm.
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Figure 1-21. The Benesi-Hildebrand plots of (a) rtHTHP?“*““®) (b) tHTHP™“**"® at 417 nm
absorption against various concentrations of methyl viologen. The plots were analyzed by the
following equation: (AAbs)f1 = (Ka(A,s)[ZnPP]O[MVer])fI + ((Ag)[ZnPP]O)fl, where K, and Ae is the
binding constant and differential extinction coefficient by subtraction of that of the MV* -free
photosensitizer from that of the MV*"- bound photosensitizer, respectively. Conditions: [ZnCe6]y

= 2.7 and 2.8 pM for rHTHP“*®9 and rHTHP? "% respectively, in 100 mM potassium

phosphate buffer, pH 7.0, at 25 °C.
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1-3 Summary

Photosensitizers, Zn protoporphyrin IX and Zn chlorin e6, are completely inserted into each heme
pocket of a hexameric apohemoprotein. The singlet—singlet annihilation within the assembled
ZnPP and ZnCe6 molecules was confirmed by transient absorption spectroscopy with femtosecond
pulse laser. The fluorescence quenching efficiencies upon addition of methyl viologen are 2.3 and
2.6 fold-higher than those of the partially photosensitizer-inserted proteins, respectively, indicating

that the energy migration occurs within the proteins.

1-4. Experimental section
Instruments

UV-vis spectral measurements were carried out with a Shimadzu UV-3150 or UV-2550
double-beam spectrophotometer, or a Shimadzu BioSpec-nano spectrometer. Fluorescence spectra
were recorded with a JASCO FP-8600 fluorescence spectrometer. Circular dichroism (CD) spectra
were recorded at 25 °C on a JASCO spectropolarimeter (Model J-820). ESI-TOF MS analyses were
performed with a Bruker Daltonics micrOTOF-II mass spectrometer. ICP-OES (inductively
coupled plasma optical emission spectroscopy) was performed on a Shimadzu ICPS-7510 emission
spectrometer. The pH measurements were made with an F-52 Horiba pH meter. Size exclusion
column chromatography was performed using an AKTApurifier system equipped with Superdex 200
10/300 GL (GE Healthcare) at 4 °C. Air-sensitive manipulations were performed in a UNILab
glove box (MBraun, Germany). Fluorescence lifetime measurements were recorded by a HORIBA
Fluoromax-4 fluorescence spectrophotometer by excitation at 390 nm. Dynamic light scattering
was measured by a Malvern Zetasizer pV light scattering analyzer with 830 nm laser at 25 °C. The

equipment used for flash photolysis experiments is described below.

Materials

Syntheses of Zn protoporphyrin IX, ZnPP,'® and Zn chlorin ¢6, ZnCe6,"” were reported in
previous papers. The pUC19 plasmid containing optimized hexameric tyrosine-coordinated heme
protein (HTHP) gene was purchased from FASMAC. Distilled water was demineralized using a
Millipore Integral 3 apparatus. Other all reagents were of the highest guaranteed grade commercially
available and were used as received unless otherwise indicated. A standard zinc solution for

ICP-OES was purchased from Wako Pure Chemical Industries.
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Amino acid sequence of HTHP (monomer)
SETWLPTLVTATPQEGFDLAVKLSRIAVKKTQPDAQVRDTLRAVYEKDANALIAVSH
FAVVATQTIAAANDYWKD (75 residues)

Experimental procedures

Expression and purification of HTHP. The pUC19 plasmid containing the optimized HTHP
gene was used as a template for PCR with oligonucleotide primers:
(1) 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAG-3’ and
(i1) 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTC-3".
The PCR product was inserted into a pDONR vector and then a pDESTI14 expression vector
according to standard protocols for Gateway technology (InvitrogenTM). DNA sequencing was
performed to verify the correct insertion of the gene sequence into the expression vector. The
resulting expression plasmid was transformed into E. coli BL21(DE3). 1 L volumes of a LB
medium containing ampicillin (100 mg) were inoculated with 10 mL of the culture (OD = 0.5) of the
relevant transformed cells. After the cells were grown aerobically with vigorous shaking at 37 °C
until the OD600 reached ~0.5, isopropyl-B-D-1-thiogalactopyranoside (IPTG) was added to a final
concentration of 1.0 mM to induce the protein expression. The incubation was continued at 37 °C for
approximately 8 h. The cells were harvested by centrifugation at 4000 x g for 10 min. The
harvested cells from 4 L of culture were re-suspended in ca. 50 mL of a 10 mM Tris-HCI buffer (pH
8.0) containing ImM EDTA and lysed by freeze—thaw cycles with subsequent sonication for 30 sec
x 10 times at 4 °C. The lysate was then centrifuged and the supernatant was collected. The
solution was loaded onto a DEAE Fast Flow (GE healthcare) anion-exchange column which was
pre-equilibrated in a 10 mM potassium phosphate buffer (pH 6.0). The fraction of the target
protein was collected by a 10 mM potassium phosphate buffer (pH 6.0) containing 0.3 M NaCl, and
concentrated using an Amicon stirred ultrafiltration cell with a 30-kDa molecular weight cut-off
membrane (Millipore). The concentrated solution was passed through a Sephadex G-150 size
exclusion column equilibrated with 100 mM potassium phosphate buffer, pH 7.0. The fractions with
Rz > 2.8 (Rz is the ratio of absorbance values at 402 nm and 280 nm) were collected and
concentrated. The obtained HTHP was characterized by SDS-PAGE and ESI-TOF MS (Figure
1-4), and stored at —80 °C.

Analytical SEC measurements

For SEC analysis, 100 mM potassium phosphate buffer at pH 7.0 was used as an eluent. The
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analysis was performed at 4 °C at a flow rate of 0.5 mL min" with monitoring of the absorbance at
280, 402, 418 or 421 nm for detection. The Superdex 200 column was calibrated using the
following reagents: Blue Dextran (2000 kDa, used to determine the void volume of the column),

ferritin (400 kDa), catalase (232 kDa), albumin (67 kDa), and chymotrypsinogen (25 kDa).

Preparation of apoHTHP

Removal of heme was performed using Teale’s method as follows. A solution of HTHP (50
UM as a monomer) in 100 mM of L-histidine solution at 4 °C was acidified to pH 1.7 by addition of
1 M HClag. Unbound heme was extracted with 2-butanone (5 times) and the colorless aqueous
solution was neutralized by dialysis with 100 mM potassium phosphate buffer, pH 7.0, (3 times) at 4

°C. The resulting solution was readily used for experiments.

Reconstitution of HTHP with ZnPP or ZnCe6

rHTHP?™"®®. A DMSO solution of ZnPP (2 mM, 180 pL) was added to a solution of
apoHTHP (30 pM equivalent as a monomer, 10 mL) in 100 mM potassium phosphate buffer, pH 7.0.
After standing overnight under an N, atmosphere at 4 °C, the solution was loaded onto a DEAE FF
column equilibrated with 100 mM potassium phosphate buffer and the reconstituted protein was
eluted with the same buffer containing 500 mM NaCl. The buffer was exchanged to 100 mM
potassium phosphate buffer, pH 7.0 using a HiTrap Desalting column. The purified protein was
characterized by UV-vis, CD, DLS and SEC measurements. The molar extinction coefficient was
determined by ICP-MS analysis: €)= 2.4 x 10°M 'em ™.

rHTHP?"“*%¢®; An aqueous solution of ZnCe6 (0.23 mM, 0.65 mL) in glycine-NaOH buffer
at pH 10 was added to the apoHTHP solution (15 uM equivalent as a monomer, 10 mL) in 100 mM
potassium phosphate buffer, pH 7.0, in the dark. The obtained mixture was dialyzed with 100 mM
potassium phosphate buffer, pH 7.0, (3 times) at 4 °C. The purified protein was characterized by
UV-vis, CD, DLS and SEC measurements. The molar extinction coefficient was determined by

ICP-MS analysis: g4;3 = 1.8 x 10°M 'em ™.

Titration experiments of photosensitizer molecules to apoHTHP

To a cuvette containing a solution of apoHTHP (17 or 29 pM as a monomer for titration of
ZnPP or ZnCe6, respectively) in 100 mM potassium phosphate buffer, pH 7.0, at 4 °C, various
equivalents of ZnPP or ZnCe6 solutions in 0.1 M NaOHaq were added. After 12 h under an N,

atmosphere in the dark, UV-vis spectra were measured (Figure 1-7, 1-16c¢).
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Preparation of rHTHP”"**"® or yHTHP?"C0(/®

In the dark, an apoHTHP solution (30 uM equivalent as a monomer, 1.67 mL) in 100 mM
potassium phosphate buffer, pH 7.0, was added to tHTHP“""®® or tHTHP“"“**®® solution (10 mM
equivalent as a monomer, 1 mL) in the same buffer at 25 °C. After standing for 24 h, equilibration

was confirmed by fluorescence measurements.

Flash photolysis measurements

Transient absorption spectroscopy measurements after photoexcitation by femtosecond pulse
laser were conducted using an ultrafast source: Integra-C (Quantronix Corp.), an optical parametric
amplifier: TOPAS (Light Conversion Ltd.) and a commercially available optical detection system:
Helios provided by Ultrafast Systems LLC. The source for the pump and probe pulses were derived
from the fundamental output of Integra-C (A = 786 nm, 2 pJ per pulse and fwhm = 130 fs) at a
repetition rate of 1 kHz. 75% of the fundamental output of the laser was introduced into TOPAS for
excitation light generation at A = 420 nm, while the rest of the output was used for white light
generation. The laser pulse was focused on a sapphire plate of 3 mm thickness and then a white
light continuum covering the visible region from A = 410 nm to 800 nm was generated via self-phase
modulation. A variable neutral density filter, an optical aperture, and a pair of polarizers were
inserted in the path in order to generate a stable white light continuum. Prior to generating the
probe continuum, the laser pulse was fed to a delay line that provides an experimental time window
of 3.2 ns with a maximum step resolution of 7 fs. In the experiments, a wavelength at A = 420 nm of
SHG output was irradiated at the sample cell with a spot size of 1 mm diameter where it was merged
with the white probe pulse in a close angle (< 10°). The power of the pump pulse ranging from 12
pJ to 24 uJ was regulated by a variable neutral density filter. The probe beam after passing through
the 2 mm sample cell was focused on a fiber optic cable that was connected to a CMOS
spectrograph for recording the time-resolved spectra (A = 450 - 800 nm). Typically, 3000
excitation pulses were averaged for 3 seconds to obtain the transient spectrum at a set delay time.
Kinetic traces at appropriate wavelengths were assembled from the timeresolved spectral data. All

measurements were conducted at room temperature, 22 °C.
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Chapter 2
Assembly of multiple photosensitizers within the HTHP matrix and
evaluation of energy transfer mechanism

2-1. Introduction

A light-harvesting system which is composed of chlorophyll and carotenoid pigments in
purple bacterium absorbs sunlight and transfers the excited energy to a reaction center for
photosynthesis.1 In the array, two different types of chlorophyll molecules, B800 and B850, and
carotenoid pigments collectively absorb a wide spectrum of visible light and energy migration
subsequently occurs. Several pathways from excited photosensitizers to a reaction center have
been reported.2 Efficient energy transfer from multiple photosensitizers to the reaction center enables
the light harvesting function to utilize solar energy. While much remains to be done in terms of
understanding the energy transfer mechanism, a number of efforts to replicate the sophisticated
photosensitizer arrays have been reported and have provided artificial light harvesting systems. To
demonstrate continuous energy transfer between multiple donor and acceptor photosensitizers,
covalently linked photosensitizer arrays,3 clay scaffolds,” membrane scaffolds,’ metal-organic
frameworks,” self-assembled supramolecules7, and DNA scaffolds® have been reported. In this
decade, several proteins have been found to provide appropriate scaffolds for accumulating
photosensitizers by supramolecular interactions’ or covalent modifications.'” A protein-based
system would have the advantage of utilizing the protein’s intrinsically large and sophisticated
structure to achieve a well-defined photosensitizer assembly. However, examples of controlling
the ratio of the donor and acceptor photosensitizers in protein matrices have had limited success.

In chapter 1, the author has developed an artificial light harvesting system with a hexameric
tyrosine-coordinated heme protein (HTHP)'' as a scaffold. ~An array of photosensitizers within the
HTHP matrix can be assembled. A supramolecular interaction was observed in the HTHP matrix.
The HTHP system allows expansion of covalent conjugation with donor and/or acceptor
photosensitizers. This paper describes the construction of a multiple photosensitizer assembly based
on a hexameric hemoprotein scaffold using supramolecular and covalent interactions and a
mechanistic evaluation of successive energy transfer as a sophisticated light harvesting model.
Figure 2-1 schematically illustrates the strategy of this study using fluorescein (Flu) and Texas Red
(Tex) as donor and acceptor photosensitizers for ZnPP, respectively. The combination of the three
photosensitizers enables use of the entire spectrum of visible-light. In the present work, the author

constructed three systems using the HTHP scaffold: (i) a Flu-attached ZnPP array, (ii) a
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Tex-attached ZnPP array, and (iii) a Flu- and Tex-attached ZnPP array. Control of the ratio of

donor and acceptor photosensitizers for the latter was established.

a)
0 COOH
O:(ifo O%oH  HO™O

Fluorescein  Zn protoporphyrin IX Texas Red  Energy { i

(Flu) (ZnPP) (Tex) transfer _
£ = 68000 cm-'M-1 € = 236000 cm-1M-1 £ = 126000 cm-1M-1 ST ED,
b) (ZnPP)p  (Flu) A .- . (Tex) £nce
0 Energy
SR e transfer\
e e Texas Red
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Wavelength (nm)

Figure 2-1. (a) Molecular structures of photosensitizers (fluorescein, Zn protoporphyrin IX, and
Texas Red) used in this study. (b) Normalized absorption (solid line) and emission (dotted line)
spectra; orange: Flu, blue: ZnPP, and pink: Tex. (c) Schematic diagram of energy transfer in the

assembled photosensitizers, Flu, ZnPP, and Tex, within the HTHP matrix.

2-2. Results and discussion
Preparation and characterization of cysteine-introduced HTHP mutants

© mutants, a thiol-maleimide

To introduce the photosensitizers onto the surfaces of the HTHP
coupling reaction was employed for site-selective modification because there are no cysteine
residues in the sequence of the native protein. Two helices of each monomer unit in the crystal
structure of HTHP are exposed to solvent molecules. Three residues within one of the helices, T12,
D18, and K29, were selected as mutation sites (Figure. 2-2). Each mutant has six cysteine residues
because HTHP is a homohexamer. The mutants were prepared by an E.coli recombinant expression
system and purified by anion exchange and size exclusion chromatography (SEC) in the presence of
DTT, a reductant for cleavage of disulfide bonds. The three mutants, HTHPTIZC, HTHPDISC, and
HTHP**, were characterized by MALDI-TOF MS, UV-vis spectroscopy, and analytical SEC

(Table 2-1 and Figure 2-3, 2-4).
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Figure 2-2. The schematic representation of site directed mutation and he three mutated residues are

shown as purple in the crystal structure of each monomer of HTHP.
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Figure 2-3. UV-vis absorption spectra of (a) HTHP' "¢, (b) HTHP""*¢, and () HTHP**in 100
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Figure 2-4. Analytical SEC traces of (a) HTHP'*¢ (red), Flu-HTHP""*¢ (orange) and
Flu-apoHTHP"' "> (blue); (b) HTHP""* (red), Flu-HTHP”"*¢ (orange) and Flu-apoHTHP”"*¢ (blue);
and (c) HTHP**¢ (red), Flu-HTHP***¢ (orange) and Flu-apoHTHPK29C (blue). The black profiles
were obtained by various protein standards. Red, orange, blue, and black profiles were detected by
absorptions at 402, 495, 495, and 280 nm, respectively. Eluent is 100 mM potassium phosphate
buffer at pH 7.0 and 4 °C at a flow rate of 0.5 mL min.
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Table 2-1 MALDI-TOF MS results of HTHP*® mutants and Flu-HTHP®*® mutants

Protein Found m/z Calcd m/za
HTHPT12C 8231.7 8232.3
Flu-HTHPT12C 8658.8 8659.6
HTHPD18C 8221.2 8218.3
Flu-HTHPD18C 8665.3 8668.60
HTHPX29C 8204.7 8205.2
Flu-HTHPX29C 8633.0 8632.5

“z = 1. Heme was removed from the heme binding site of HTHP mutants under the ionization

condition. “The value was calculated as a sodium adduct.

Preparation and characterization of fluorescein-attached HTHP
The scheme for the preparation of the series of Flu-attached proteins is shown in Figure 2-5.
To conjugate Flu onto the HTHP surface, HTHP®® mutants were reacted with 2 eq of

fluorescein-5-maleimide, and the obtained Flu-HTHP®**

mutants were purified by SEC (Figure 2-4).
The apo-forms of the HTHP®® mutants (Flu-apoHTHP®® mutants) were prepared by the
conventional 2-butanone method.'” A solution of ZnPP in DMSO was added to each solution of
Flu-apoHTHP®® mutant at pH 7.0 to yield Flu-HTHP®® mutants reconstituted with ZnPP
(Flu-tHTHP®”® mutants). The 1:1 binding of ZnPP within each heme pocket was confirmed by the

C .
¥ mutants after reduction

titration experiment (Figure 2-6). The analytical SEC traces of the HTHP
with DTT, Flu-HTHP®* mutants, and Flu-apoHTHP®*® mutants show the single peak at the same
elution volume as the wild type protein, indicating maintenance of the hexameric structure in this
series of modified proteins (Figure 2-4). Representative UV-vis spectra of these proteins are shown
in Figure 2-7 and 2-8. HTHP®”® mutants have a heme Soret band at 402 nm and Flu-HTHP®"®
mutants have another peak at 498 nm arising from the Flu moiety attached to the protein surface.
Completion of conjugation was confirmed by comparing UV-vis spectra of the Flu-HTHP®"*
mutants to simulated spectra using the extinction coefficients of HTHP and Flu (Figure 2-7). In the
spectra of the Flu—apoHTHPCyS mutants, the absence of the peak at 402 nm indicates removal of the
heme. After reconstitution of Flu-HTHP®*® mutants with ZnPP, the characteristic Soret band of
ZnPP at 421 nm was observed. The MALDI-TOF mass spectra of Flu-HTHP®* mutants only have a

peak indicating the presence of the apo-form of the Flu-attached monomer, as a result of the

ionization conditions (Table 2-1). Thus, a series of Flu-HTHP®*® mutants were successfully prepared
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and characterized.
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Figure 2-5. Schematic representation of the preparation of Flu-rHTHP
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Figure 2-6. ZnPP titration experiments of (a) Flu-apoHTHP''*“, (b) Flu-apoHTHP"'*“, and (c)

Flu-apoHTHP**. The protein concentrations are 1.3 pM, 1.0 pM, and 2.8 uM as a monomer,

respectively, in 100 mM potassium phosphate buffer at pH 7.0 and 25 °C.

L)
S

Normalized absorbance

e

Wavelength (nm)

b

Normalized absorbance ~~

300 400 500 600 700 300 400 500 600 700
Wavelength (nm)

c)

Normalized absorbance

S~

300 400 500 600 700
Wavelength (nm)

Figure 2-7. UV-vis spectra of (a) Flu-HTHP''*“, (b) Flu-HTHP""*, and (c) Flu-HTHP** in 100

mM potassium phosphate buffer at pH 7.0 and 25 °C. Solid lines were obtained by experimental

spectra and dotted lines are simulated spectra by the sum of HTHP and photosensitizer spectra with

the extinction coefficients. (Heme: 95000 M'cm™ at 402 nm and fluorescein: 68000 M™'cm™ at 497

nm).
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Figure 2-8. UV-vis spectral changes of (a) Flu—apoHTHPmc, (b) Flu—apoHTHPDISC and (c¢)
Flu—apoHTHPK29C (The protein concentrations are 1.0 uM, 2.0 uM, and 2.0 pM as a monomer,
respectively) occurring upon adding ZnPP at 0 (red), 0.5 (purple), and 1.0 equivalent (blue) in 100

mM potassium phosphate buffer at pH 7.0 and 25 °C under a nitrogen atmosphere.

Energy transfer from fluorescein to ZnPP within fluorescein-attached HTHP reconstituted
with ZnPP

C
¥ mutants and

Fluorescence spectra and fluorescence excitation spectra of Flu-apoHTHP
Flu-rHTHP®"® mutants measured under a nitrogen atmosphere are shown in Figure. 2-9 and 2-10,
respectively.”” The Flu molecule attached to the surface of HTHP has an absorption peak at 498 nm,
while there is no absorption derived from ZnPP in the heme binding site of HTHP in the range
between 460 and 520 nm. Thus, the Flu moieties within the Flu-rHTHP®® mutants were selectively
excited at 460 nm to measure the Flu emission of the reconstituted protein. Grater fluorescence
intensity of Flu-apoHTHP®* mutants was observed relative to that of Flu-rHTHP®Y® mutants. The

fluorescence quenching efficiency, £y, is evaluated by the fluorescence intensity changes of Flu

according to the following equation (1): 14

I
— 1 — -FluzZnPP 1)

4 IFIu

Cys at 520 nm and Ip]u.anp is

where [y, is fluorescence intensity (Aex = 460 nm) of Flu-apoHTHP
fluorescence intensity (Aex = 460 nm) of Flu-rHTHP®”® at 520 nm."” The Eq4 values are 62% for
Flu-tHTHP' ">, 69% for Flu-rHTHP""*" and 56% for Flu-rHTHP**“ (Table 2-3). However, no

correlation of the £ values against the expected distances between the donor and the acceptor was

observed (vide infra).
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Figure 2-9. Fluorescence spectral changes of (a) Flu—apoHTHPmC, (b) Flu—apoHTHPDIgC, and (c)
Flu-apoHTHP***“ upon addition of ZnPP ([ZnPP] / [Flu-apoHTHP*® mutants as monomers] = 0
(red), 0.5 (purple), 1.0 (blue)). The intensities were normalized at the fluorescence maximum of the
Flu-apoHTHP*® mutants. Conditions: [Flu-apoHTHP®** mutants as monomers] = ca. 1 uM in 100

mM potassium phosphate buffer at pH 7.0 and 25 °C under a nitrogen atmosphere. Aex =460 nm.
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Figure 2-10. Fluorescence excitation spectra of (a) Flu—apoHTHPmC, (b) Flu—apoHTHPDlSC, and (c)
Flu-apoHTHP***“ upon addition of ZnPP ([ZnPP] / [Flu-apoHTHP®”* mutants as monomers] = 0
(red), 0.5 (purple), 1.0 (blue)). Conditions: [Flu—apoHTHPCys mutants as monomers] = ca. | pM in
100 mM potassium phosphate buffer at pH 7.0 and 25 °C under a nitrogen atmosphere. Ay, = 590

nm.

In addition to steady state fluorescence spectroscopy, time-resolved fluorescence spectra of
Flu-apoHTHP*® mutants and Flu-rHTHP®”® mutants were measured to determine the fluorescence
lifetime values (Figure 2-11). Table 2-2 summarizes the fluorescence lifetime values of the Flu

Cys

moieties in the series of the HTHP mutants. The reconstitution of Flu-apoHTHP™" mutants with
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ZnPP accelerates the Flu decay to shorten the fluorescence lifetime of Flu. Each fluorescence decay
was analyzed by double or triple exponentially fitting curves to determine the lifetime. There
appears to be one or more metastable conformations in each protein and the shorter lifetime (< 1 ns)
is attributed to quenching amino acids such as tryptophan,16 whereas the lifetime of Flu is typically >
2 ns."” Since the fluorescence decays were found to be multiexponential, average lifetime constants,
<tpp> and <Tp.zopp>, determined by the sum of the o,7; products, are utilized for the investigation.
Flu-apoHTHP""*“ and Flu-apoHTHP**“ both have two components in fluorescence decays and
average lifetimes of 2.11 and 1.55 ns were determined, respectively. In contrast, three components

were found in the fluorescence decay curve of Flu-apoHTHP'*¢

and the average lifetime is 1.01 ns.
This finding suggests that the DI8 residue should be wunsuitable for conjugation of
donor-photosensitizer in the mutants because the short average lifetime is a disadvantage for
efficient energy transfer. Changes of the average lifetime upon addition of ZnPP provide the

efficiency (E) of the FRET from Flu to ZnPP. The E value is calculated according to the following

equation (2):I4

E=1— (TF1u.zZnPP) ©)

(TF1u)

where <tp,> and <zp.zopp> represent the averages of the fluorescence lifetimes for Flu—apoHTHPCyS

mutants, and Flu-rHTHP®"® mutants, respectively. The quenching efficiency value (E£;) evaluated
from steady state and the energy transfer efficiency value (F) evaluated from time-resolved
fluorescence experiments, and distances between the Zn center and the a carbon of mutated residue
are summarized in Table 2-3. The E values of Flu—apoHTHPTI2C and Flu—apoHTHPK29C derived
from the fluorescence lifetime are generally consistent with the corresponding £y values. However,
in the case of Flu-apoHTHP"'*, the Eq value is different from the E value. Here, the fluorescence
quantum yields of Flu—apoHTHPCys mutants are strongly dependent on the position modified with
the Flu molecule (Table 2). The mutant with the higher quantum yield shows the longer averaged
lifetime, which is typical in the fluorescence molecules.' These results indicate that the
conformation and the surrounding residues of the attached Flu molecule significantly influence the
fluorescence property. It means that the £ value should be more plausible. Hence the difference
between Eq and £ within Flu-tHTHP"'"®*® is derived from the occurrence of the new quenching
pathway. Next, the fluorescence intensities of ZnPP within Flu-rHTHP""®*® and Flu-rHTHP**“

upon excitation of the Flu-moiety were smaller than the intensity expected by Eq and @ (< 3%) of
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ZnPP in tHTHP . In addition, the distances between donor and acceptor were estimated with
values of E (Table 2-4) using Forster theory. In the case of Flu-rHTHPP"*® and Flu-rHTHP***", the
estimated distances are much deviated from the structurally plausible donor—acceptor distances. It is
speculated that the large deviation are caused by quenching with the electron transfer and
non-negligible conformational changes of the Flu molecules by insertion of ZnPP into the protein
matrix, which affects the quantum yield of the Flu molecules. In contrast, the distance estimated for
Flu-tHTHP' "> is mostly corresponding with the structurally plausible donor—acceptor distance. This
result suggests that the condition of the residues around Flu moiety within Flu-rHTHP' " is
maintained upon the insertion of ZnPP into the protein matrix. Hence, the quenching within
Flu-THTHP''*® is due to the FRET system. These findings indicate that HTHP'*C is a better
scaffold than HTHP"'* and HTHP*®C for a model of the light harvesting system. Thus,

HTHP"'*“ was used in the following experiments.

a) b) c)
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Figure 2-11. Time-resolved fluorescence decay profiles of (a) Flu—alpoHTHPT12C (red) and
Flu-rHTHP''*  (blue); (b) Flu-apoHTHP'*® (red) and Flu-rHTHP?"*® (blue); and (c)
Flu—apoHTHPK29C (red) and Flu-rHTHP***¢ (blue). The instrument responses are shown by the black
broken lines. Decay plots were analyzed by double- or triple-exponentially fitted curves (solid lines):
v =y0 + A1exp(—t/1)) + A2exp(—t/12), or y = yo + A1exp(—t/T)) + Arexp(—t /Ty) + Asexp(—t/13), where A4
and ¢ are population and lifetime of the decay, respectively (Table 2-2). Conditions: The samples are
dissolved in 100 mM potassium phosphate buffer at pH 7.0 and 25 °C under a nitrogen atmosphere.

Aex = 464 nm and Aey = 550 nm.
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Table 2-2 Decay parameters of Flu-apoHTHP®Y® mutants and Flu-rHTHP®® mutants in the

time-resolved fluorescence measurements” and fluorescence quantum yields (@) of

Flu-apoHTHPY® mutants

Protein <Tpn>  OF 7 (ns) o 7 (ns) o 7 (ns) o3¢ X @
<TFlysZnPP~ (“S)b

Flu-apoHTHP™'>  2.11 0380 042 3369 0.58 1.076 34 %
Flu-rHTHP™'* 0.76 0219 081 3013 0.19 0.971
Flu-apoHTHPP®#¢  1.01 0.105 034 0621 039 2725 027 1162 13%
Flu-rHTHPP'¥¢ 0.75 0.092 058 0520 024 3.151 0.18  1.024
Flu-apoHTHP**¢  1.55 0382 052 2823 048 1.197  18%
Flu-rHTHP**¢ 0.71 0243 076 2201  0.24 0.988

“ Conditions: [protein as a monomer] = ca. 1 uM in 100 mM potassium phosphate buffer, pH = 7.0
and 25 °C under a nitrogen atmosphere, Aex = 464 nm. b Average fluorescence lifetime determined by

the sum of the a;#; products .  a is population for each component.  Jex = 460 nm.

Tabale 2-3 FRET efficiency and donor—acceptor distance of Flu-rHTHPY® mutants

Protein Eya Eb Distance (nm) ¢
Flu-rHTHPT12C 62% 64% 2.3
Flu-rHTHPD18C 69% 26% 1.3
Flu-rHTHPX29C 56% 54% 0.9

“ Eq values were determined with steady state fluorescence results (Figure 2-9). " E values were
determined with time resolved fluorescence results(Table 2-2). “Distances between the Fe center and

the a carbon of the mutated residue in the crystal structure of wild type HTHP.

Table 2-4 Expected distances between Fluorescein and ZnPP

Protein Expected distance Maximum possible Ry (nm)
(nm) distance (nm)*

Flu-rHTHPT12C 33 3.0 3.6

Flu-rHTHPD18C 3.7 2.1 3.1

Flu-rHTHP K29C 3.1 1.7 3.2

“The maximum possible distance was estimated as the sum of distances from the Fe center to the o
carbon of the mutated residue in the crystal structure of wild type HTHP and distances from the o
carbon to fluorescein. The distance between the o carbon to fluorescein was estimated with

ChemBio3D® Ultra.
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Preparation and characterization of Texas Red-attached HTHP'*¢

Tex was utilized as an acceptor photosensitizer for ZnPP. According to the results obtained

T2¢ was employed as a scaffold protein. Tex-attached

Flu as a donor photosensitizer, HTHP
HTHP"'*“ (Tex-HTHP''*“) was successfully obtained by coupling Texas Red C, maleimide with
HTHP"'"* in the same manner used in preparations and purification of Flu-HTHP'"*“ (Figure 2-12).
The UV-vis spectrum of Tex-HTHP''*“ includes the characteristic two absorption peaks at 402 nm
and 593 nm, which are derived from heme and Tex moieties, respectively (Figure 2-13a).
Completion of conjugation was confirmed by comparing the UV-vis spectrum of Tex-HTHP''*¢

with its simulated spectrum using the extinction coefficients of HTHP and Tex. In MALDI-TOF MS

(Tex) (Heme) (ZnPP)

LNE W e

Cys-HTHPT12C Tex-HTHPT12C Tex-apoHTHPT12C Tex-rHTHPT12C
Figure 2-12. Schematic representation of the preparation of Tex-rHTHP' .
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Figure 2-13. (a) UV-vis spectra of Tex-HTHP"*“ in 100 mM potassium phosphate buffer at pH 7.0
and 25 °C. Solid lines were obtained by experimental spectra and dotted lines are simulated spectra
by the sum of HTHP and photosensitizer spectra with the extinction coefficients. (Heme: 95000
M'em™ at 402 nm and Texas Red: 112000 M'em™ at 593 nm). (b) UV-vis spectral changes of
Tex-apoHTHPT12C ([Protein as a monomer] = ca. 0.5 pM) occurring upon adding ZnPP at 0 (red),
0.5 (purple), and 1.0 equivalent (blue) in 100 mM potassium phosphate buffer at pH 7.0 and 25 °C

T12C

under a nitrogen atmosphere. (¢) ZnPP titration experiments of Tex-apoHTHP “~. The protein

concentration is 1.0 uM in 100 mM potassium phosphate buffer at pH 7.0 and 25 °C.
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of the obtained protein, the desired mass number was observed as a monomer without heme (found:
mlz = 8964.9, caled: m/z = 8961.1). The apo-form of Tex-HTHP''*“ (Tex-apoHTHP''*“) and
Tex-HTHP reconstituted with ZnPP (Tex—rHTHPmC) were prepared by the same method described
above and the UV-vis spectra are shown in Figure 2-13b. The 1:1 binding of ZnPP for a monomer

unit of Tex-apoHTHP was confirmed by the titration experiment (Figure 2-13c).

Energy transfer from ZnPP to Texas Red within Texas Red-attached HTHP"'* reconstituted
with ZnPP

The fluorescence intensity of Tex in Tex-rHTHP''*¢

excited at 421 nm, which corresponds to
the Soret band of ZnPP, was dramatically enhanced upon addition of ZnPP (Figure 2-14) due to
energy transfer from ZnPP to Tex within the protein. The energy transfer efficiency, Ezpp.1ex, Was

calculated according to the following equation (3):18

JFRET A
E _ 421 € 593 (3)
ZnPP.Tex — 1A D
593 421

where I RET42| is the fluorescence intensity of Tex measured at 680 nm with excitation at the peak of
the Soret band of ZnPP (421 nm), IA593 is the fluorescence intensity at 680 nm with excitation at the
absorbance peak of Tex (593 nm), £A593 and €D421 represent the extinction coefficient of Tex at 593
nm (126000 M cm'l) and ZnPP at the peak of the Soret band at 421nm (236000 M' em™ ),
respectively.” This equation ignores the contribution of Tex absorption due to its insufficient
excitation coefficient at 421 nm (Figure 2-13b). The Ezpp.rex value was determined to be 35 %,
indicating moderately efficient energy transfer. The energy transfer efficiency from ZnPP to Tex
within Tex-rHTHP'"* was also determined by fluorescence excitation spectra of Tex-rHTHP''*
(Figure 2-15). The comparison of the absorbance and excitation intensity at 421 nm, a peak in the
absorption spectrum of the donor moiety, provides 36% efficiency using the normalized spectra.
This value is mostly consistent with the above efficiency, supporting the fact that the obtained value
is correct. Additionally, the @ (19%) of Tex—apoHTHPT]2C was measured and the distance between
ZnPP and Tex was estimated by Forster theory. The distance in Tex-rHTHP''* is mostly consistent
with the structurally possible distance (Table 2-5). Here, two excited states of ZnPP, S; and S, (S, is
the higher order excited state than S;), should be considered. The excited states S; and S, are

generated by excitation at the Q and Soret bands, respectively. In the process of energy transfer from
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ZnPP to Tex, excited energy at the S, state could be transferred to Tex after relaxation from S; to Sy,
because the relaxation occurs rapidly (< 10 ps). Thus, this estimated energy transfer efficiency
includes relaxation efficiency from S; to S; within the arrayed ZnPPs. Although the non-negligible
overlap of the absorption region of the Q band and Tex prevent direct evaluation of the energy

transfer from the excited ZnPP at the S; state to Tex, the efficiency appears to be higher than the

Intensity (a.u.)

500 600 700 800
Wavelength (nm)

Figure 2-14. Fluorescence spectral changes of Tex—apoHTHPT12C occurring addition of ZnPP
([ZnPP] / [Tex-apoHTHP''*“ as monomer] = 0 (red), 0.5 (purple), 1 (blue)). Conditions:
[Tex-.apoHTHPT12C as a monomer] = ca. 1 uM in 100 mM potassium phosphate buffer at pH 7.0 and

25 °C under a nitrogen atmosphere. A =421 nm.
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Figure 2-15. (a) Fluorescence excitation spectral changes of Tex-HTHP occurring addition of

ZnPP ([ZnPP] / [Tex-apoHTHP''* as a monomer] = 0 (red), 0.5 (purple), 1 (blue)). (b) UV-vis

spectra (solid line) and fluorescence excitation spectra (dotted line) of Tex-THTHP''*¢ were

T12C _
as a monomer]| = ca.

normalized at the acceptor excitation at 593 nm. Conditions: [Tex-apoHTHP
0.5 uM in 100 mM potassium phosphate buffer at pH 7.0 and 25 C under a nitrogen atmosphere, Aen

= 680 nm.
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calculated energy transfer value at 421 nm excitation. In addition, reverse energy transfer from Tex
to ZnPP was also confirmed by observation of a decrease in the fluorescence intensity of Tex
moieties excited at the absorbance peak of Tex (595 nm) upon addition of ZnPP (Figure 2-16).
These results indicate that Tex works as an acceptor and a weak donor photosensitizer for ZnPP. Its
energy transfer efficiency appears to be due to relaxation from S, to S; and the reverse energy

transfer.

Table 2-5 Expected distances between ZnPP and Texas red

Protein Expected distance Maximum possible Ry (nm)
(nm) distance (nm)*
Tex-rHTHPT12C 4.0 3.5 3.7

“The maximum possible distance was estimated as the sum of distances from the Fe center to the a
carbon of the mutated residue in the crystal structure of wild type HTHP and distances from the o

carbon to Texas red. The distance between the o carbon to Texas red was estimated with

ChemBio3D® Ultra.

[ZnPP] / [Tex]

Intensity (a.u.)

650 700 750 800
Wavelength (nm)

Figure 2-16. Fluorescence spectral changes of Tex—apoHTHPT12C occurring upon addition of ZnPP
([ZnPP] / [Tex—apoHTHPTIZC as a monomer] = 0 (red), 0.5 (purple), 1 (blue)). Conditions:
[Tex—apoHTHPT12C as a monomer] = 0.5 uM in 100 mM potassium phosphate buffer at pH 7.0 and

25 °C under a nitrogen atmosphere. Aex = 593 nm.
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Preparation and characterization of fluorescein- and Texas Red-attached HTHP"*¢

To construct a model of a light harvesting system collecting excited energy from multiple donor
molecules at a single acceptor photosensitizer, five Flu and one Tex molecules were conjugated to
the HTHP''*® surface according to the procedure shown in Figure 2-17. First, a disulfide dimer of
HTHP"'*“ was prepared by oxidation of HTHP''*“ upon addition of potassium ferricyanide. After
purification of the disulfide dimer with SEC, fluorescein-5-maleimide was reacted with the
HTHP"'"*“ dimer. Reductive cleavage of the disulfide bond in the obtained dimer using DTT yielded
HTHP''*“ with five attached Flu moieties and one free cysteine residue. The protein was then
reacted with excess Texas Red C, maleimide. The product HTHP''*“ has five attached Flu moieties
and one attached Tex moiety (Flus-Texl-HTHPTIZC). F1u5-Texl-HTHPT12C was purified by SEC and
characterized by UV-vis spectroscopy (Figure 2-18a). In MALDI-TOF MS the desired mass
numbers were observed, indicating the presence of monomers of Flu-HTHP''*“ and Tex-HTHP''*¢
(found: m/z = 8656.9, calcd: m/z = 8654.4 and m/z = 8957.5, caled: m/z = 8955.5, respectively). The
apo-forms of Flu5-Texl-HTHPT12C (Flu5-Tex1-ap0HTHPmC) and Flu5-Tex]-HTHPT12C reconstituted
with ZnPP (Flus-Tex;-rtHTHP" *) were also prepared and the UV-vis spectra are shown in Figure
2-18b. The 1:1 binding of ZnPP for the monomer unit of Flus-Tex;-apoHTHP was confirmed by the

titration experiment (Figure 2-18c).

Oxidation

Reduction
—_—  ——._

DTT

Cys-HTHPT12C

?‘(Tex)

Flus-Tex1- Flus-Tex1- Flus-Tex1-
HTHPT12C apoHTHPT12C rHTHPT12C

Figure 2-17. Schematic representation of the preparation of Flus-Tex;-HTHP' .
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Figure 2-18. (a) UV-vis spectra of Flus-Tex;-HTHP""*“ in 100 mM potassium phosphate buffer at
pH 7.0 and 25 °C. Solid lines were obtained by experimental spectra and dotted lines are simulated
spectra by the sum of HTHP and photosensitizer spectra with the extinction coefficients. (Heme:
95000 M'cm™ at 402 nm, fluorescein: 68000 M'em™ at 497 nm, and Texas Red: 112000 M'em™ at
593 nm). (b) UV-vis spectral changes of Flus—Texl—apoHTHPTIZC ([Protein as a monomer] = ca. 0.7
uM) occurring upon adding ZnPP at 0 (red), 0.5 (purple), and 1.0 equivalent (blue) in 100 mM
potassium phosphate buffer at pH 7.0 and 25 °C under a nitrogen atmosphere. (¢) ZnPP titration

T12C

experiments of Tex-apoHTHP “~. The protein concentration is 0.7 uM in 100 mM potassium

phosphate buffer at pH 7.0 and 25 °C.

Energy transfer from fluorescein to Texas Red within fluorescein- and Texas Red-attached
HTHP""* reconstituted with ZnPP

Fluorescence excitation spectra of Flus-Tex;-apoHTHP and Flus-Tex;-rHTHP were measured.
The emission wavelength at 615 nm represents a peak in the fluorescence spectrum of Tex (Figure
2-19). The peak absorptions for the Flu and Tex moieties were observed in the fluorescence
excitation spectrum of Flus-Tex;-apoHTHP. Figure 2-20a shows an overlay of fluorescence

excitation and absorption spectra for Flus—Texl-apoHTHPT12C

, in which the emission intensity and
absorbance are normalized at 593 nm, a peak in the absorption spectrum of the acceptor moiety. The
energy transfer efficiency from Flu to Tex within Flus-Tex;-apoHTHP'"*“ was determined to be
42% by comparison of the absorbance and excitation spectra at 497 nm, a peak in the absorption

spectrum of the donor moiety (Figure 2-20a). Similarly, the apparent energy transfer efficiency from

Flu to Tex within Flus-Tex;-rHTHP was also determined to be 38% (Figure 2-20b).19
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Figure 2-19. Fluorescence excitation spectral changes of Flus-Tex;-HTHP"'* occurring addition of
ZnPP ([ZnPP] / [FluS—Tex]—apoHTHPTI2C as a monomer] = 0 (red), 0.5 (purple), 1 (blue)).
Conditions: [Flus—Texl—apoHTHPT12C as a monomer] = ca. 0.7 pM in 100 mM potassium phosphate
buffer at pH 7.0 and 25 °C under a nitrogen atmosphere, Ae,, = 615 nm. Green solid line is the
reference spectrum of buffer solution without protein, indicating the negligible scattering of

excitation light at 615 nm.
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Figure 2-20. UV-vis spectra (solid line) and fluorescence excitation spectra (dotted line, Aep, = 615
nm) of (a) Flu5—Tex]—apoHTHPTIZC and (b) Flus-Tex;-THTHP"'*“ were normalized at the acceptor
excitation at 593 nm and 607 nm, respectively. Conditions: [protein as a monomer] = ca. 0.7 uM in

100 mM potassium phosphate buffer at pH 7.0 and 25 °C under a nitrogen atmosphere.

Energy transfer pathway from fluorescein to Texas Red within fluorescein- and Texas
Red-attached HTHPT12C reconstituted with ZnPP
In energy transfer from Flu to Tex within Flus-Tex;-tHTHP" ", two pathways were proposed:

Path 1 is direct energy transfer from Flu to Tex and path 2 is a two-step pathway via ZnPP. The
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energy transfer mechanism of Flus-Tex,-THTHP' "> was kinetically evaluated using a series of
results of steady state and time-resolved fluorescence measurements (Figure 2-21). The relaxation
rate of the excited Flu moiety within Flus-Tex;-rtHTHP" " is expressed by three rate constants (ki,
ky, and k3). ki is the rate of the sum of the fluorescence transition and the non-radiative transition of
Flu on the HTHP'"?® matrix. The value of ki was calculated to be 0.47 ns with the following

equation (4):

(Tma) = “)

where <7p;,> is the average of fluorescence lifetime for Flu—apoHTHPT12C (Table 2-2). k, is the rate
of energy transfer from Flu to Tex. The value of k, was determined to be 0.34 ns' with the

combination of following equations (5) and (6):

1
<TFlu0TeX> = m )

( ue eX)
Erlyetex = 1 — TZTZ) (6)

where <tpp.rex> 1is the average of the fluorescence lifetime of the Flu moiety within
Flu5—Tex|—ap0HTHPmC. In this case, the energy transfer efficiency from Flu to Tex within
Flu5—Tex]—apoHTHPT12C (EFnetex) 1s determined to be 42% (vide supra). ks is the rate of energy

transfer from Flu to ZnPP, and calculated to be 0.85 ns” with following equation (7):

1
(TFlueznpp) = T @)

where <tpj.znpp> 1s used as the average fluorescence decay for the Flu moiety within Flu-rHTHP'"*¢

(Table. 2-2).
The relaxation of Tex also consists of two processes. One is the sum of the fluorescence and the
non-radiative transition of Tex on the HTHP matrix and the rate was defined as k4. k4 was

determined to be 0.43 ns™ with the following equation (8):
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(Trex) = 1o (8)

where <7r.> is the average of the fluorescence lifetime for the Tex moiety within Tex-apoHTHP
(Figure 2-22 and Table 2-6). Another constant is represented by the energy transfer from Tex to
ZnPP. The apparent rate of the energy transfer, ks, was determined to be 0.15 ns™ with the following

combination of equations (9) and (10):

1
k4+k5

©)

<TTeXOZnPP> =

(TTexsznPP) (10)

Etexeznpp = 1 — p—

where <Trex.znpp> 1S the average of the fluorescence lifetime of the Tex moiety within
Flus-Tex;-tHTHP''*.  The energy transfer efficiency from Tex to ZnPP within
Flu5—Tex]—rHTHPmC, Etex-znpp, Was determined to be 26% (Figure 2—19).20 <Trex> is the average of
fluorescence decay for the Tex moiety on the HTHP matrix.

The relaxation of the excited ZnPP moiety consists of two processes. One is the sum of the
fluorescence and the non-radiative transition of the excited ZnPP in the HTHP matrix and the rate

was defined as k. k¢ was determined to be 1.05 ns™ with following equation (11):
1
(Tznpp) = P (11)
6

where <7z,pp> is the average of the fluorescence lifetime for HTHP reconstituted with ZnPP (Figure
2-23 and Table2-7). Another constant is represented by the energy transfer from ZnPP to Tex within
the HTHP matrix and the rate was defined as k7. k7 is the rate of energy transfer from the excited
ZnPP at the S; state to Tex. This value cannot be calculated by comparing the two spectra in Figure
2-20b due to the severe overlap of spectra of the photosensitizers. Thus, the value of k; was
calculated to be 0.86 ns” with the value of energy transfer efficiency from Flu to Tex within

Flus-Tex;-rtHTHP""*“ and the combination of following equations (12), (13), and (14):
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Ey = (k1 + ’1: +k3) (k::ks) (12)

E, = (k1 + ,1: +k3) (kélj:k) (13)

E=E + E, (14)

where E; and E, are represented by energy transfer efficiency from Flu to Tex via paths 1 and 2,
respectively. E is the energy transfer efficiency from Flu to Tex within Flus-Tex;-THTHP""*® (vide
supra). These results provide an estimation of the ratio of two energy transfer pathways from Flu

to Tex within Flus-Tex;-apoHTHP' "> to be path 1:path 2 = 39:61.

k1= 0.47 ns-1
- o S - k2=0.34 ns-"
k3= 0.85 ns1 W Zn aua 70 W
ks = 1.05 ns* S
ks=0.15 ns-1

k4 =0.43 ns-1 Texas Red

Figure 2-21. Energy transfer rate between photosensitizers within Flus-Tex,-rHTHP" %€,
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Figures 2-22. Time-resolved fluorescence decay profiles of Tex—apoHTHPmC. The instrument
response is shown by the black broken line. Decay plots were analyzed by double-exponentially
fitted curve (solid line): y = yo + Aexp(—t/t) + Aexp(—t/T,), where 4 and ¢ are population and
lifetime of the decay, respectively (Table 2-6). Conditions: [Tex—apoHTHPT12C as a monomer] = 2
puM in 100 mM potassium phosphate buffer at pH 7.0 and 25 °C under a nitrogen atmosphere. Aex =
509 nm and A¢, = 613 nm.

108

Counts

102¢

3 4 5 6
Time (ns)

Figure 2-23. Time-resolved fluorescence decay profiles of wild type HTHP reconstituted with ZnPP

(rHTHP). tHTHP is prepared by the same method as in chapter 1. The instrument response is

shown by the black broken line. Decay plots were analyzed by a double-exponentially fitted curve

(solid line): y = yo + A1exp(—t/71) + A2exp(—#/172), where 4 and T are population and lifetime of the

decay, respectively (Table S1). Conditions: [THTHP as a monomer] = 4 uM in 100 mM potassium

phosphate buffer at pH 7.0 and 25 °C under a nitrogen atmosphere. Aex = 404 nm and Aep, = 592 nm.
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Table 2-6. Decay parameters of Tex—apoHTHPTI2C

Protein <> (ns) * 71 (ns) o’ 7, (ns) o’ X

Tex-apoHTHP''*¢ 2.33 0.628 0.378 3.36 0.622 1.004

“Average fluorescence lifetime determined by the sum of the o,7; products. b o is the population for

each component. © A = 509 nm.

Table 2-7 Decay parameter of rHTHP

Protein <> (ns)” 71 (ns) a’ 7 (ns) a’ X

rHTHP 0.95 0.839 0.94 2.774 0.06 1.100

“ Average fluorescence lifetime determined by the sum of the a,7; products. "o is the population for

each component. ¢ Aex = 404 nm.

2-3. Summary

The hexameric hemoprotein, HTHP, is employed as a scaffold for multiple photosensitizers attached
to the protein via supramolecular and covalent conjugation. One of the advantages of this system is
that it allows convenient attachment of two or three different photosensitizers into the proteins with a
controlled ratio. Flu- and Tex-attached HTHPs reconstituted with ZnPP are found to exhibit energy
transfer efficiency from Flu to ZnPP up to 65% and from ZnPP to Tex up to 34%, respectively.
These findings indicate that Flu and Tex molecules work as a donor and acceptor moieties for ZnPP.
Furthermore, in the Flus-Tex;-rHTHP triad system, successive energy transfer from five Flu
molecules to one Tex molecule via ZnPP was demonstrated, indicating collection of the photoenergy

at the funnel-like bottom location of the Tex molecule (Figure 2-1c).

2-4 Experimental section

Instruments

UV-vis spectral measurements were carried out with a UV-2550 or UV-3150 double-beam
spectrophotometer (Shimadzu), a V-670 UV-vis-NIR spectrophotometer (JASCO) or a
BioSpec-nano spectrophotometer (Shimadzu). Fluorescence spectra were recorded with a JASCO
FP-8600 fluorescence spectrophotometer. MALDI-TOF MS analysis was performed with a Bruker

Daltonics Autoflex III mass spectrometer. The pH measurements were made with an F-52 Horiba pH
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meter. Size exclusion column chromatography was performed using an AKTApurifier system
equipped with a Superdex 200 Increase 10/300 GL column (GE Healthcare) at 4 °C. Air-sensitive
manipulations were performed in a UNILab glove box (MBraun). Time-resolved fluorescence
measurements were carried out using a picosecond fluorescence lifetime measurement system
C11200 equipped with a picosecond light pulser PLP-10 as an excitation light source (Hamamatsu
Photonics). Fluorescence quantum yield measurements were carried out with Quantaurus-QY

C11347-01 (Hamamatsu Photonics).

Chemicals

ZnPP was prepared with same methods as in chapter 1. Ultrapure water (Milli-Q) was using a
Millipore Integral 3 apparatus. Fluorescein-5-maleimide and Texas Red C, maleimide were
purchased from TCI and Thermo Fischer Scientific, respectively. Other all reagents were of the
highest guaranteed grade commercially available and were used as received unless otherwise

indicated.

Protein sequences of HTHP mutants

HTHPT]ZC_
SETWLPTLVTACPQEGFDLAVKLSRIAVKKTQPDAQVRDTLRAVYEKDANALIAVSAVVAT
HFQTIAAANDYWKD

HTHPP'C.
SETWLPTLVTATPQEGFCLAVKLSRIAVKKTQPDAQVRDTLRAVYEKDANALIAVSAVVAT
HFQTIAAANDYWKD

HTHPX2C.
SETWLPTLVTATPQEGFDLAVKLSRIAVCKTQPDAQVRDTLRAVYEKDANALIAVSAVVAT
HFQTIAAANDYWKD

Expression and purification of HTHP mutants

The gene expression system for wild type HTHP was shown in chapter 1. Site-directed
mutagenesis was performed by the polymerase chain reaction (PCR) using the LA PCR in vitro
Mutagenesis Kit (Takara) according to the protocol of the manufacturer. The HTHP gene cloned into
pDEST14 was used as a template to introduce T12C, D18C, or K29C single mutations into the
HTHP matrix. The primer sequences used to generate each mutant were are:

T12C: (5'-GTTACCGACGTTGGTAACCGCATGCCCGCAGGAAGGCTTTGAT C-3") and the
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complementary primer;

D18C: (5’-GCAACACCGCAGGAAGGCTTTTGCCTGGCCGTGAAACTGTCG CGC-3’) and the
complementary primer;

K29C: (5’-GAAACTGTCGCGCATTGCGGTCTGCAAAACCCAGCCAGATGC CC-3’) and the
complementary primer.

After PCR, the template DNA plasmids were digested with Dpn I (Thermo Fisher Scientific). E. coli
DH5a competent cells were transformed with the PCR products. After the cultivation, the plasmids
were purified with PureLink™ Quick Plasmid Miniprep Kit (Thermo Fisher Scientific). DNA
sequencing was performed to verify each correct mutation in the gene sequence. The resulting
expression plasmid was used to transform E. coli BL21 (DE3). LB medium (4 L) containing
ampicillin (400 mg) was inoculated with 50 mL of the culture (OD = 0.5) of the transformed cells.
After the cells were grown aerobically with vigorous shaking at 37 °C until the ODggg reached ~0.5,
isopropyl-p-D-1-thiogalactopyranoside (IPTG, 1 mM as a final concentration) was added to the
culture for induction of protein expression. The culture was continued at 37 °C overnight. The cells
were harvested by centrifugation at 3200 x g for 10 min. The harvested cells from 4 L of culture
were re-suspended in ca. 50 mL of a 10 mM Tris-HCI buffer, pH 8.0, and lysed by freeze-thaw
cycles with subsequent sonication for 30 sec x 10 times at 4 °C. The lysate was then centrifuged and
the supernatant was collected. The solution was incubated at 80 °C for 10 min and the precipitate
was removed by centrifuge. The solution was loaded onto a DEAE Fast Flow (GE Healthcare)
anion-exchange column pre-equilibrated with 10 mM potassium phosphate buffer at pH 6.0. The
fraction of the target protein was collected by a 10 mM potassium phosphate buffer at pH 6.0
containing 0.3 M NaCl and 10 mM dithiothreitol (DTT). The obtained solution was concentrated
using an Amicon stirred ultrafiltration cell with a 30-kDa molecular weight cut-off membrane
(Millipore). The concentrated solution was passed through a Sephacryl S-200 column equilibrated
with 100 mM potassium phosphate buffer at pH 7.0. The fractions with R, > 2 (R, is a ratio of
absorbance values at 402 nm and 280 nm) were collected and concentrated. The obtained
Cys-introduced HTHP mutants (HTHPCys mutants) were characterized by SDS-PAGE and
MALDI-TOF MS (Table 2-1), and stored at —80 °C.

Analytical SEC measurements
For SEC analysis, 100 mM potassium phosphate buffer at pH 7.0 was used as an eluent. The
analysis was performed at 4 °C at a flow rate of 0.5 mLmin™' with monitoring of the absorbance at

280, 402, 495 or 593 nm for detection. The Superdex 200 Increase 10/300 GL column was calibrated
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using the following reagents: Blue Dextran (2000 kDa, used to determine the void volume of the

column), ferritin (400 kDa), catalase (232 kDa), albumin (67 kDa), and chymotrypsinogen (25 kDa).

Preparation of fluorescein-attached HTHP

The HTHP®® mutants were reduced by 20 mM DTT and purified using the Superdex 200
Increase 10/300 GL column (eluent: 100 mM potassium phosphate buffer at pH 7.0 and 4 °C). A
dimethylsulfoxide (DMSO) solution of fluorescein-5-maleimide (2.3 mM, 260 pL) was added to a
solution of each mutant (100 uM as a monomer, 2 mL) and mildly mixed for 2h at 4 °C. The excess
dye was removed using a HiTrap desalting column and purified using the Superdex 200 Increase
10/300 GL column (eluent: 100 mM potassium phosphate buffer at pH 7.0 and 4 °C). The obtained
protein was characterized by analytical SEC measurements, UV-vis spectroscopy, and MALDI-TOF
MS (Figure 2-4, 2-7 and Table 2-1).
Preparation of Texas Red-attached HTHP"*¢

HTHP""*“ was reduced by 20 mM DTT and purified by Superdex 200 Increase 10/300 GL
column (eluent: 100 mM potassium phosphate buffer at pH 7.0 and 4 °C). A DMSO solution of
Texas Red C, maleimide (2.0 mM, 300 pL) was added to a solution of HTHP''*¢ (100 uM
equivalent as a monomer, 2.0 mL) and mildly mixed for 2h at 4 °C. Excess dye was removed by
HiTrap desalting column and purified by Superdex 200 Increase 10/300 GL column (eluent: 100
mM potassium phosphate buffer at pH 7.0 and 4 °C). The obtained protein was characterized by
UV-vis spectroscopy (Figure 2-7, 2-13a, and 2-18a) and MALDI-TOF MS.

Preparation of fluorescein- and Texas Red-attached HTHP

HTHP""*“ was reduced by 20 mM DTT and purified with the Superdex 200 Increase 10/300
GL column (eluent: 100 mM potassium phosphate buffer at pH 7.0 and 4 °C) to reduce all cysteine
residues in the HTHP matrix. A 10 mM potassium ferricyanide solution was added to a solution of
HTHP"“ and mildly mixed for 2h at room temperature. The disulfide dimer of HTHP''* was
purified with the Superdex 200 Increase 10/300 GL column (eluent: 100 mM potassium phosphate
buffer at pH 7.0 and 4 °C). A DMSO solution of fluorescein-5-maleimide (2.3 mM, 50 pL) was
added to the solution of HTHP""*“ dimer (30 uM, 2.0 mL) and mildly mixed for 2h at 4 °C. Excess
Flu derivative was removed with the Superdex 200 Increase 10/300 GL column (eluent: 100 mM
potassium phosphate buffer at pH 7.0 and 4 °C). Reductive cleavage of the disulfide bond in the
obtained dimer using 20 mM DTT in 100 mM potassium phosphate buffer at pH 7.0 and 50 °C,
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yielded five Flu moieties-attached HTHP''*¢

each possessing one unreacted cysteine residue. The
obtained protein (15 uM, 3.0 mL) in 100 mM potassium phosphate buffer at pH 7.0 and Texas Red
C, maleimide in DMSO (2.0 mM, 12 pL) were mildly mixed to afford HTHP''*“ which has five Flu
moieties and one Tex moiety attached (Flus—Texl—HTHPmC). Flus-Tex;-HTHP' "> was purified
using the Superdex 200 Increase column 10/300 GL (eluent: 100 mM potassium phosphate buffer at
pH 7.0 and 4 °C). The obtained protein was characterized by UV-vis spectroscopy and MALDI-TOF

MS.

Preparation of fluorescein-attached apoHTHP, Texas Red-attached apoHTHP, and
fluorescein- and Texas Red-attached apoHTHP

Removal of heme was performed using Teale’s method'? as follows: a solution of Flu- and/or
Tex-attached HTHP (20 uM as a monomer) in 200 mM of L-histidine solution at 4 °C was acidified
to pH 1.7 by addition of 1 M HCl,,. Unbound heme was extracted with 2-butanone (5 times) and the
solution was neutralized by dialysis with 100 mM potassium phosphate buffer at pH 7.0 and 4 °C (4
times). The obtained apo-form of each protein was lyophilized and stored under a nitrogen

atmosphere at 4 °C.

Reconstitution of fluorescein-attached HTHP, Texas Red-attached HTHP, and fluorescein-
and Texas Red-attached HTHP with ZnPP

One equivalent of ZnPP (0.6 mM, 3.3 pL) in DMSO was added to a solution of the apo-form
of Flu- and/or Tex-attached HTHP (1.0 pM, 2.0 mL) in 100 mM potassium phosphate buffer at pH
7.0 and incubated for 2 h at 25 °C under a nitrogen atmosphere. Completion of reconstitution was

confirmed by UV-vis spectroscopy.

Titration experiments of ZnPP to fluorescein-attached apoHTHP, Texas Red-attached
apoHTHP, and fluorescein- and Texas Red-attached apoHTHP

Various equivalents of ZnPP in a DMSO solution were added to a cuvette containing a
solution of the apo-form of Flu- and/or Tex-attached HTHP in 100 mM potassium phosphate buffer
at pH 7.0 and 25 °C. UV-vis spectra were measured after standing for 2 h under a nitrogen

atmosphere (Figure 2-6, 2-13c, and 2-18c).
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Chapter 3
Substitution of axial ligand from to enhance
the peroxidase activity of HTHP

3-1. Introduction
Axially coordinated amino acid residues in the heme pocket of hemoprotein are a prime
example of such protein matrix control.' In the case of horseradish peroxidase, the coordinated
imidazole functional group of the histidine residue forms a hydrogen bond with an aspartic acid
group to afford imidazolate-like coordination, which induces efficient formation of the high valent
reactive intermediate, compound I species (Few—oxo porphyrin m-cation radical) in a reaction with
hydrogen peroxide.2 Cytochrome P450s, which are heme-dependent monooxygenases, employ
cysteine as the axial ligand.3 The strong push-effect and the radical character in the compound I
species collectively enable highly efficient activation of inert C—H bonds. Tyrosine is axially
coordinated to heme in catalase, which promotes the disproportionation of hydrogen peroxide.4
The phenolate-type coordination to the heme provided by the tyrosine side chain also appears to
provide a strong push-effect for the formation of a compound I species. Thus, the axial ligand is
extremely important for regulating the reactivity of high-valent catalytic species and mutations
focusing on axial ligands in hemoproteins have been inves‘cigated.5
Hexameric tyrosine-coordinated heme protein (HTHP) has a heme molecule in each subunit
which is coordinated by Tyr45 as an axial ligand to form a five-coordinate structure. The
peroxidase and catalase activities of HTHP are relatively low compared with typical peroxidase and
catalase activities. In contrast to these enzymes, the heme in HTHP is highly exposed to solvent.®
In chapter 3, the author focuses on proximal ligation of heme for modification of HTHP and
demonstrate that substitution of the axial ligand from tyrosine to histidine enhances the peroxidase

activity of HTHP (Figure 3-1).

Y45 F45

o©) mutation ©)
|
—Fe— [ > —Fe—

HoN.NH Ny
NH \
~~ NH
R25 H25

Figure 3-1. Schematic heme pocket structure of HTHPY" and HTHPRPHYHF,
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3-2. Results and discussion
Mutant design

The crystal structure of wild type HTHP (HTHPWT) suggests that direct replacement of Tyr45,
an axial ligand to the heme molecule in the protein, with His45 is inappropriate for constructing a
His-coordinating hemoprotein because the distance between the heme Fe ion in heme and the
a-carbon of the axially coordinated residue Tyr in the protein is significantly longer than the
analogous distance observed in a series of His-coordinated hemoproteins. In contrast, it is found that
Arg25 in the distal site of the heme pocket is relatively close to the heme iron: the distances from
Ca (Tyr45) or Ca (Arg25) to Fe (heme) in HTTP"" are 8.5 and 5.8 A, respectively (PDB ID:
ZOYYG), whereas the distances from Ca (His93) or Ca. (His64) to Fe (heme) in Mb are 6.6 and 8.6
A, respectively (PDB ID: 1YMB7). Therefore, we prepared a double mutant HTHP (HTHPRZSHN45F)
where Tyr45 and Arg25 were replaced with Phe45 and His25, respectively. As a result, the
engineering allows swapping of proximal and distal sites in this hemoprotein as shown in Figure 3-1.
Purification and characterization of HTHPR?>"Y4¥

HTHPR#WYSF wag expressed in a recombinant E. coli system and purified by ion exchange

R25H/Y45F

chromatography and SEC. The purity of HTHP isolated from cultured cells was confirmed

by SDS-PAGE (Figure 3-2a). The band of HTHPR»YSF as only at about 6 kDa, which is

consistent with the molecular weight of the monomer of HTHPR»HY4F

. This is an expected result
because HTHP**"Y*F disassembles to the apo-form monomer in the presence of SDS. ESI-TOF
MS (Figure 3-2b) shows the desired mass numbers of the multiply ionized apo- and holo-forms of
the monomer: found m/z = 2732.5 and 2938.3; calcd m/z = 2732.4 (z = 3+, apo-form) and 2938.2 (z
= 3+, holo-form). The observed isotopic pattern of the apo-form (z = 3+) matched well with the
simulated pattern. Dynamic light scattering measurements revealed a monodispersed species with a
hydrodynamic diameter of 6.26 nm, which is consistent with the value expected from the reported

WT 6 Support for the formation of the hexameric structure in solution is

crystal structure of HTHP
also provided by analytical SEC with several protein standards as shown in Figure 3-3: the elution
volume of HTHP**™Y#F at 149 mL indicates a molecular weight of approximately 50 kDa.
Furthermore, the SEC trace for HTHP**"Y*¥ monitored by measuring absorbance at 280 nm (for
protein matrices) is clearly consistent with that monitored at 400 nm (for heme), indicating that the

heme molecules are bound to the matrix of HTHPR*HY#F,
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Figure 3-2. (a) SDS-PAGE electrophoretogram of HTHPR#HY4F (left lane) and several protein

standard markers (right lane). (b) ESI-TOF mass spectrum of the monomer of HTHPR*WY4F Th

e
sample was dissolved in 10 mM NH4OAc aqueous solution at pH 6.9. Multiply ionized species were
observed: found m/z = 2732.5 and 2938.3; caled m/z = 2732.4 (z = 3+, apo-form) and 2938.2 (z = 3+,
holo-form). Inset: The simulated (red, upper) and experimental (black, lower) isotopic distribution

patterns for [C370Hss:NosO112]*" + 3H" (z = 3+, monomer of apo-form of HTHP®*"Y*F),

»
>

400 nm

280 nm

400 67 44 25kDa
Protein
Standards
10 12 14 16 18 20
Elution volume (mL)

Normalized absorbance

Figure 3-3. Analytical SEC traces of HTHP*"Y*F (red and green). The black traces were obtained
by various protein standards. Red, green and black profiles were observed at 400, 280 and 280 nm,

respectively.
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UV-vis spectroscopic study
The UV-vis absorption spectra of several states of HTHP*™"Y*F and HTHP™ " are shown in

RISHYASE is almost identical to that of HTHP™",

Figure 3-4. The spectrum of as-isolated HTHP
although the peak of the Q-band at 528 nm in HTHP™" is absent in the spectrum of HTHPRPHYHF,
Interestingly, a similar result has also been observed in the engineered heme-binding human serum
albumin (HSA“42H/Y'61L) where the proximal and distal sites are swapped in a double mutation
(Table 3—1).5d’8 These findings support the evidence indicating that the heme pocket of
HTHPRPHYHF provides a coordination environment which is similar to that of His-ligated
heme-binding HSA 2161, Additionally, the characteristic features of the spectrum of
HTHP*?™Y*F are almost identical to those of wild type met-Mb with high-spin ferric heme, which

has a His residue as an axial ligand. Reduction of HTHPRPHY4F

upon addition of a small excess
of Na,S,0, affords the characteristic red-shift of the Soret band (Figure. 3-4) which is seen for Mb
and heme-binding HSA! YIS indicating the formation of deoxy HTHP*™Y*F which has a
His-ligated five-coordinate structure.®  Next, bubbling of CO into the sample of deoxy
HTHPR#HY4F yields a sharp Soret band at 420 nm and two peaks in the Q-band region (Figuew 3-4

and Table 3-1). These are typical features of CO-ligated heme as seen in heme-binding

[142H/Y161L R25H/Y45F
HSA

and Mb. The addition of potassium cyanide to ferric HTHP also produces
clear spectral changes of the Soret and Q-band as shown in the formation of cyanide complex of
met-Mb.”  This behavior is sharply different from that observed for HTHP" ': the wild type ferric
protein with the Tyr ligand does not bind cyanide.® Taken together, these results indicate that the
introduced His25 residue undoubtedly coordinates to the heme iron in the heme pocket of

HTHP*™Y4F since HTHP®*"Y*F does not have other accessible His residues in the protein

matrix.
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Figure 3-4. UV-vis absorption spectra of ferric, ferrous, CO- and CN-forms of (a) HTHP"" and (b)

HTHPRZSH/Y45F
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Table 3-1. Ay in the UV-vis absorption spectra of HTHP"", HTHP®**"Y*F and reported

hemoproteins
Protein State Amax at Soret band (nm) Amax at Q-band (nm)
HTHP"' Fe’* 402 501, 528, 616
Fe** 431 560, 592
Fe*" +CO 420 535, 566
Fe’" + CN 413 523,553,591
HTHPR>HWY4F Fe’* 405 495, 620
Fe** 432 554, 589(sh),
Fe*" + CO 421 539, 568, 615(sh)
Fe’ + CN 420 542
heme-binding Fe’* 405 501, 534, 624
HSAVT“ Fe** 419 538, 559(sh), 570
Fe*" +CO 416 539, 568
heme-binding Fe'* 402 533,620
HSA#HY161La Fe*' 426 531(sh), 559
Fe*" +CO 419 538, 565
Mb ¢ Fe’* 409 503, 548(sh), 632
Fe** 434 557
Fe*" +CO 423 541, 579
“Ref. 8

Reaction with cumene hydroperoxide

To evaluate the reaction behavior of ferric HTHPR*HWY4¥F

with hydroperoxide, the O—O bond
cleavage of cumene hydroperoxide (CHPO) was investigated. In this reaction, it is known that two
possible products, cumyl alcohol and acetophenone, are produced after protein-assisted heterolytic
and homolytic cleavage of the O—O bond, respectively (Scheme 3-1). The product ratio (cumyl

RISHIY4SE a5 determined to be 2.3 + 0.3, whereas the ratio

alcohol/acetophenone) provided by HTHP
of Mb was reported to be 3.3." The obtained lower ratio for HTHP*®"Y*F indicates that
approximately 1/3 heme-peroxide provides the oxoferryl species (Fe(IV)=0), compound II, via O-O

bond homolysis. These findings suggest that the push-effect of the proximal His to the heme in
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HTHPR"Y5F is lower than that of Mb. In contrast, it is found that HTHP™" does not react with

CHPO.

Ph Q Ph
)& Heterolysis . )Q

H /O — FolV — + OH
o Compound |  Cumylalcohol
CHPO I

— Colll e— ﬁ — Folll —

Resting state \ ﬁ \n/Ph

. — FolV m— +
Homolysis O
Compound Il Acetophenone

Scheme 3-1. Reaction of heme in HTHP with cumene hydroperoxide (CHPO).

Peroxidase activity of HTHP®**"/Y*F

The steady-state kinetics of ABTS and guaiacol oxidation by HTHP**"Y*F " and HTHPY"
horseradish peroxidase (HRP) were evaluated to understand the effects of the axial ligand
substitution on peroxidase activity. After addition of H,O, to a solution of HTHPR¥WYSF op
HTHP"' containing the substrate, the absorbance changes derived from the resulting products were
observed. The initial reaction rates (v) were used to determine the values of Michaelis-Menten
kinetic parameters, k. and K, (Figure 3-5, 3-7 and Table 3-2, 3-3).

The k., values of HTHPR?WYSF for ABTS and guaiacol oxidation (Scheme 3-1, 3-2) are 10- and
100-fold higher than those of HTHP", respectively. It is possible that the improvement of the
peroxidase activity is due to the substitution of the axial ligand. However, the k. value of
HTHP*?™Y*F a5 found to be much lower than that of HRP, primarily because HTHPR#HY4F
lacks the imidazolate-formed proximal His and distal His supporting the H,O, activation. The K,

values for the ABTS and guaiacol oxidation reactions with HTHPR>*"Y#F

are only 3-fold lower and
higher than those of HTHP"', respectively. The present modification of HTHP does not
significantly affect the affinity between the substrates and protein. The values of overall catalytic
efficiency, kca/Km, of HTHPR?WYSF are 30-fold higher than that of HTHP" for both substrates,

suggesting that the replacement of the tyrosine axial ligand with histidine clearly enhances

peroxidase activity of HTHP" .
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Scheme 3-2. H,0,-dependent ABTS oxidation mediated by HTHP.
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Figure 3-5. Michaelis-Menten plots for ABTS oxidations catalyzed by (a) HTHPR>HWY4F (red) and
HTHP"" (blue) and (b) HRP. Conditions: [protein] = 1 uM, [H,05] = 5 mM in 100 mM potassium

phosphate buffer at pH 7.0 and 25 °C.

Table 3-2. Kinetic parameters of HTHP"" and HTHP**"Y*F from the Michaelis-Menten equation

for the oxidation of ABTS “

Protein ket (s Ko (mM) kea/ K (mM-s™)
HTHP"' 0.54 0.12 4.5
HTHPR#HY4F 5.2 3.8%107 1.4 % 107

HRP 4.0 x10° 5.8 5.1x10°

“Reaction conditions: [protein] = 1 uM, [H,0,] = 5 mM, [ABTS] = 0.05 to 1 mM in 100 mM

potassium phosphate buffer at pH 7.0 and 25 °C.
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Scheme 3-3. H,0,-dependent guaiacol oxidation mediated by HTHP.
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Figure 3-7. Michaelis-Menten plots for Guaiacol oxidations catalyzed by (a) HTHPR®HY4F (red)

and HTHP"" (blue) and (b) HRP. Conditions: [protein] = 1 pM, [H0,] = 5 mM in 100 mM

potassium phosphate buffer at pH 7.0 and 25 °C.

Table 3-3. Kinetics parameters of HTHP™ " and HTHP***"Y*F from the Michaelis-Menten equation

for the oxidation of guaiacol “

Protein ket (s K (mM) kea/ K (mM-s™)
HTHP"' 3.0x 107 0.11 0.27
HTHPR#HY4F 2.8 0.34 8.1

HRP" 5.5%10° 6.0 92

“Reaction conditions: [protein] = 1 uM, [H,O0,] = 5 mM, [Guaiacol] = 0.05 to 1.5 mM in 100 mM

potassium phosphate buffer at pH 7.0 and 25 °C.

Sulfoxidation activity of HTHPR*H/Y4F

To evaluate the two-electron oxidation ability of HTHP**"Y*F and HTHPY", thioanisole was

employed as a substrate for an H,O,-dependent sulfoxidation reaction (Scheme 3-4). The turnover
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numbers of HTHP**"Y*F and HTHP™" were found to be 43 and 23, respectively, at pH 7.0 (Table
3-4). Over-oxidation products such as sulfone were not detected after 12 h. These results indicate

that axial-ligand substitution in HTHP is also effective for promotion of catalytic sulfoxidation.

HTHP 9 HTHP
o —x—> @
HzOz H202

Scheme 3-4. H,0,-dependent thioanisole oxidation catalyzed by HTHP"" and HTHPR*"Y*F,

Table 3-4. Turnover numbers for thioanisole sulfoxidation catalyzed by HTHP"" and HTHPR*"Y4F

Protein Turnover number
HTHPW! 23
HTHPREH/Y45F 43

3-3. Summary

To convert an originally tyrosine-coordinated heme to histidine-coordinated heme in
hexameric tyrosine-coordinated hemoprotein, HTHP, Tyr45, a residue coordinating to the heme
cofactor, and Arg25 located in the distal site are replaced with Phe45 and His25, respectively in each
of the subunits of the protein. The obtained HTHP mutant (HTHPRzSH/Y45F) maintains its stable
hexameric structure with the altered ligation of each of the heme cofactors. Comparison of UV-vis
absorption spectra of the ferric-, ferrous-, CO- and CN-forms of HTHP*™"Y*F wyith those of several
well-known His-ligated hemoproteins indicates that heme is coordinated by the His25 residue.

Peroxidase activity of HTHPR?WY#F

is found to follow Michaelis—Menten kinetics. The k., values
of HTHPR¥WY#F for H,0;-dependent oxidation of ABTS and guaiacol are 10- and 100-fold higher,
respectively, than those of wild type HTHP (HTHPWT). The kea/Kom values of HTHP*™Y*F for both
substrates are increased 30-fold relative to that of HTHP™ . Moreover, HTHP®»"Y%F g capable of
promoting catalytic sulfoxidation of thioanisole with H,O, with a turnover number ca. 2-fold higher

than that of HTHP™". The present findings demonstrate that proximal His ligation to the heme is

significantly effective to increase the peroxidase activity in the HTHP matrix.
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3-4. Experimental section
Instruments

UV-vis spectral measurements were carried out with a UV-2700 double-beam
spectrophotometer (Shimadzu), a V-670 UV-vis-NIR spectrophotometer (JASCO) or a
BioSpec-nano spectrophotometer (Shimadzu). ESI-TOF MS analysis was performed with a Bruker
Daltonics micrOTOF-II mass spectrometer. The pH measurements were made with an F-52 Horiba
pH meter. Size exclusion chromatography was performed using an AKTApurifier system equipped
with a Superdex 200 Increase 10/300 GL column (GE Healthcare) at 4 °C. Dynamic light scattering
was measured using a Malvern Zetasizer pV light scattering analyzer with an 830 nm laser at 25 °C.
HPLC analysis was conducted with a Shimadzu HPLC Prominence system equipped with a
YMC-Triart C18 column (150 %X 4.6 mm I.D.). The measurements for evaluation of peroxidase
activity were conducted with a rapid scan stopped-flow system (Unisoku) using a Xe or halogen
light source. The GC/FID measurements were made with a Shimadzu GC-2010 gas chromatography

system.

Materials

Ultrapure water (Milli-Q) was prepared using a Millipore Integral 3 apparatus. Other all
chemicals were of the highest guaranteed grade commercially available and were used as received
unless otherwise indicated. Mb and HRP were purchased from Sigma Aldrich and Wako,

respectively.

Amino acid sequence of the monomers of HTHP"" and HTHPR?WYHF

HTHPY;

SETWLPTLVTATPQEGFDLAVKLSRIAVKKTQPDAQVRDTLRAVYEKDANALIAVSAVVAT

HFQTIAAANDYWKD

HTHPRSHY4SF,

SETWLPTLVTATPQEGFDLAVKLSHIAVKKTQPDAQVRDTLRAVFEKDANALIAVSAVVAT

HFQTIAAANDYWKD

Expression and purification of HTHP"®**"/Y#F
The gene expression system for HTHP" ' was reported in chapter 1. Site-directed mutagenesis

was performed using the polymerase chain reaction (PCR) and the LA PCR in vitro Mutagenesis Kit

(Takara) according to the manufacturer’s protocol. The HTHP gene cloned into pDEST14 was used
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as a template to introduce mutations into the HTHP matrix with primers (5-5i). After PCR, the
template DNA plasmids were digested with Dpn I (Thermo Fisher Scientific). E. coli DH5a
competent cells were transformed with the PCR products. After cultivation, the plasmids were
purified with PureLink™ Quick Plasmid Miniprep Kit (Thermo Fisher Scientific). The obtained
plasmid was further used as a template for site-directed mutagenesis with the primers (ii). The
desired plasmid containing the gene for the double mutant of HTHP (R25H/Y45F) was obtained
using the same method.

DNA sequencing was performed to verify each correct mutation in the gene sequence.

The primer sequences used to generate the mutant were:

(1) R25H: (5- GGCCGTGAAACTGTCGCACATTGCGGTCAAGAAAAC -3") and the
complementary primer;

(i1) Y45F: (5’- GCGATACTCTCCGTGCTGTGTTCGAGAAAGATGCGAATGCGC

TG -3”) and the complementary primer.

The resulting expression plasmid was used to transform E. coli BL21 (DE3). LB medium (4 L)
containing ampicillin (400 mg) was inoculated with 50 mL of the culture (OD = 0.5) of the
transformed cells. After the cells were grown aerobically with vigorous shaking at 37 °C until
OD600 was reached ~0.5, isopropyl-p-D-1-thiogalactopyranoside (IPTG, final concentration: 1 mM)
was added to the culture for induction of protein expression. The culture was continued at 37 °C
overnight. The cells were harvested by centrifugation at 4000xg for 10 min. The harvested cells from
4 L of culture were re-suspended in ca. 50 mL of a 10 mM Tris-HCI buffer, pH 8.0, and lysed by
freeze-thaw cycles with subsequent sonication for 30 sec x 10 times at 4 °C. The lysate was then
centrifuged and the supernatant was collected. The solution was diluted 10-fold with 100 mM
potassium phosphate buffer at pH 7.0 and loaded through a CM Fast Flow (GE Healthcare)
cation-exchange column pre-equilibrated with 100 mM potassium phosphate buffer at pH 7.0. The
flow-through solution was loaded onto a DEAE Fast Flow (GE Healthcare) anion-exchange column
pre-equilibrated with 100 mM potassium phosphate buffer at pH 7.0. The fraction of the target
protein was collected with a 100 mM potassium phosphate buffer at pH 7.0 containing 0.3 M NaCl.
The obtained solution was concentrated using an Amicon stirred ultrafiltration cell with a 30-kDa
molecular weight cut-off membrane (Millipore). The concentrated solution was passed through a
Superdex 200 Increase 10/300 GL column with 100 mM potassium phosphate buffer at pH 6.0. The
fractions with R, > 2 (R, is a ratio of absorbance values at 402 nm and 280 nm) were collected and
loaded on a Hitrap Q HP 5 mL (GE Healthcare) anion-exchange column pre-equilibrated with 100

mM potassium phosphate buffer at pH 6.0. The fraction of the target protein was eluted with 100
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mM potassium phosphate buffer at pH 6.0 containing 0.35 M NaCl. The obtained HTHP mutant
(HTHP*®"Y%F) \was characterized by SDS-PAGE (Figure 3-2a), ESI-TOF MS (Figure 3-2b),
analytical size exclusion chromatography (Figure 3-3), and UV-vis spectroscopy (Figure 3-4a), and
stored at —80 °C. The concentration of heme was determined by characteristic absorbance as a
pyridine hemochrome complex (&ssq =34.4 mM"-om"). The extinction coefficient (495 = 111
mM"°cm") of HTHP*®"Y®F was determined from the plots of the absorbance at 405 nm of

HTHP*"Y%F for the concentration of heme (Figure 3-8).

2 4 6 8 10
[heme] (uM)

Figure 3-8. Plots of the absorbance of HTHPR*"Y*F 4t 405 nm for the concentration of the heme

molecule. The concentration of heme was determined using the pyridine hemochrome method.

Analytical size exclusion chromatography

For SEC analysis, 100 mM potassium phosphate buffer at pH 7.0 was used as an eluent. The
analysis was performed at 4 °C and a flow rate of 0.5 mL.min"" with monitoring of the absorbance at
280 and 400 nm for detection. The Superdex 200 column was calibrated using the following
reagents: ferritin (400 kDa), albumin (67 kDa), ovalbumin (40 kDa), and chymotrypsinogen (25
kDa).

Preparation of ferrous-, CO- and cyanide-forms of HTHP" " and HTHP®*>"Y4¥

To obtain the ferrous-forms of HTHP™ " and HTHPRzSHN“F, a small excess amount of Na,S,04
was added to the protein solution. The CO-forms were prepared by bubbling the ferrous-form
solutions with CO gas for 2 min. To solutions of ferrous-HTHP™" and ferric HTHP**"Y*F in 100
mM potassium phosphate buffer at pH 7.0 potassium cyanide solution was added (final

concentration: 10 mM), giving cyanide-ferrous HTHPY' and cyanide-ferric HTHP®*"Y4F,
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respectively.

Reaction of HTHP™" and HTHP***"Y*** with cumene hydroperoxide

A cumene hydroperoxide, CHPO, solution was added to the protein solution ([protein] = 20 uM,
[CHPO] =2 mM, 100 pL) in 100 mM potassium phosphate buffer at pH 7.0 and 25 °C for 2 h. The
reaction mixture was filtered using a Millix®-GV filter (0.22 pm), and the filtrate was analyzed
using an HPLC system equipped with a C18 column to determine the amounts of produced

acetophenone and cumyl alcohol.

Peroxidase activity

A mixture of protein (2 uM) and substrate dissolved in 100 mM potassium phosphate buffer at
pH 7.0 was incubated at 25 °C for 10 min. UV-vis spectral changes were recorded upon addition of
H3034q (10 mM). The final concentrations of guaiacol or ABTS as a substrate were from 0.05 to 1.5
mM. After mixing the same volume (125 pL) of these two solutions, absorbance changes were
recorded and the initial rates within 1 s were determined using the extinction coefficients of the
oxidized products: €479 = 26.6 mM 'scm ! for guaiacol and e7,3 = 15.0 mM 'scm! for ABTS. The
plots of initial rates, v, per protein against substrate concentration were fitted with the following

Michaelis—Menten equation to estimate the kinetic parameters for the oxidation reactions.

v _ keat[substrate]
[protein] = K, + [substrate]

Sulfoxidation of thioanisole

The reactions were carried out in 100 mM potassium phosphate buffer at pH 7.0 and 25 °C. A
buffer solution of protein and thioanisole was incubated prior to the addition of H,O, to initiate the
reaction. The final concentrations of each component was follows: [protein] = 10 uM, [thioanisole]
=2.0 mM and [H,0;] = 1 mM. After the reaction was complete at 12 h, benzyl alcohol as an internal
standard and ether were added, and the reaction mixture was vigorously shaken using a vortex mixer
to extract the organic materials. The separated organic phase was evaporated by N, gas flow,

dissolved in CH3CN and analyzed with a GC/FID system equipped with a DB-1 column.
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Conclusions

The author demonstrated the modification of hexameric tyrosine-coordinated heme protein
(HTHP) since it has a relatively small, rigid, highly thermal stability and ring-shaped hexameric
structure with tyrosine-coordinated heme molecules. Each heme molecule is fixed in the
heme-binding site of each subunit with same orientation and shortest distance between the heme iron
centers in HTHP is 1.8 nm. Inspired by a sophisticated array of chlorophyll photosensitizers in the
light harvesting system of purple bacteria, the protein matrix of HTHP was utilized for the scaffold
to assemble the photosensitizers. In addition, the tyrosine coordination was converted to histidine
coordination toward a new-type of hexameric hemoprotein with the different axial ligand of heme.

In chapter 1, the author investigated the construction and evaluation of an artificial light
harvesting system with HTHP as a scaffold. The heme cofactor in HTHP was successfully replaced
with porphyrinoid photosensitizers, Zn protoporphyrin IX (ZnPP) and Zn Chlorin e6 (ZnCe6). The
obtained photosensitizer array was characterized by UV-vis and CD spectroscopy. The energy
migration within these Zn-cofactor-substituted HTHPs was evaluated by titration measurement with
a fluorescence quencher. The fluorescence quenching efficiencies of the assembled ZnPP and ZnCe6
molecules are 2.3 and 2.6 fold-higher than those of the partially photosensitizer-inserted proteins,
respectively. In the present system, the orientations of assembled photosensitizers are fixed at the
same situations and insertion of other porphyrinoid photosensitizer is applicable to be assembled
within a HTHP scaffold. This model contributes to constructing the efficient artificial light
harvesting system and photo-catalysts.

In chapter 2, the author prepared an array of multiple photosensitizers to HTHP scaffold. In
this system, six ZnPP molecules were arrayed at the heme-binding sites of HTHP by supramolecular
interaction and five fluorescein (Flu) molecules and one Texas Red (Tex) molecule as donor and
acceptor photosensitizers, respectively, were covalently conjugated on the HTHP matrix. One
advantage of this system is to allow the convenient attachment of two- or three-types of the different
photosensitizers into the protein scaffold. In Flu- and Tex-attached HTHPs reconstituted with

ZnPP, the energy transfer efficiencies from Flu to ZnPP and from ZnPP to Tex were determined to
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be 64% and 35%, respectively. In the case of three photosensitizers assembled system, the
evaluation of successive energy transfer from five Flu molecules to one Tex molecule via ZnPP
indicates the collection of the photo-excited energy at the Tex molecule from Flu and ZnPP
molecules. Thus, the HTHP-based artificial light harvesting system modified with multiple
photosensitizers contributes to making a new strategy for generating a much effective artificial light
harvesting system for collection of excited solar energy with a wide range of visible light at a
reaction center.

In chapter 3, the modification of the proximal heme-ligand of HTHP was demonstrated to
increase the peroxidase activity. Tyr45, a residue originally coordinating to the heme cofactor, and
Arg25 locating in the distal site are substituted with Phe45 and His25, respectively, to produce a
HTHP mutant, HTHPRPWYSF  gTHPRWYSF aintained its stable hexameric structure with the
altered ligation of each of the heme cofactors. UV-vis spectra of HTHPR»HY4F clearly support the
fact of the His-coordination to the heme cofactor. The H,0,-dependent peroxidase activities of
HTHPY Y5 \vere evaluated with the Michaelis—Menten analysis. The k., values, the catalytic rate
constant, of HTHP*®"Y*F for ABTS and guaiacol oxidations are 10- and 100-fold higher than those
of wide type HTHP, respectively. In the sulfoxidation reaction of thioanisole via a two-electron

oxidation step, the turnover number of HTHPR»HY4F

is ca. 2-fold larger than that of wild type
HTHP. These results indicate that the HTHP engineering focusing on the axial ligand exchange is
a versatile tool for development of new biocatalysts.

Taken together, the author successfully demonstrates that HTHP is modified by two
approaches to construct artificial light harvesting systems and enhance the peroxidase activity.
Especially, HTHP is a promising template toward an artificial light harvesting system due to six
closely adjacent heme-binding sites and rigid HTHP matrix. Furthermore, the author believes that

these findings lead to the constructions of photocatalyst system driven by the sun light energy and

elucidation of the mechanism of native enzyme.
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