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A 5-(4o-bromoacetamidophenyl)-10,15,20-tritolylporphyrin was incorporated into a single-chain two-a-helix
polypeptide containing 29 amino acid residues via the thiol side chain of a Cys residue. Two molecules of two-a-helix
polypeptide connecting free base porphyrin (H,-porphyrin) were strongly associated to form a four-a-helix bundle
structure by hydrophobic interaction among a-helix segments and porphyrin rings in aqueous solution. The dimer
formation was demonstrated by gel filtration chromatography and various spectroscopic measurements. The Soret
band in the UV/vis spectrum was broadened and red-shifted in aqueous solution. In the fluorescence spectrum with
excitation at the Soret band the emission at 650 nm was quenched to 40% of the intensity measured in methanol.
Especially, at the Soret band was observed a strongly split circular dichroism (CD) signal, which demonstrated

the chiral assembly of a pair of porphyrins in a left-handed sense. With increasing methanol content, the intensity of
this split signal was decreased and finally diminished probably due to dissociation of the porphyrin moieties in the
peptides. The dimerized Fe(III)-porphyrin-linked two-a-helix polypeptide was examined for biomimetic peroxidase-
like activity with H,O, or 3-chloroperbenzoic acid (MCPBA) as the oxidant. The k, /Ky value for the oxidation of
3,7-dimethylamino-10-methylcarbamoylphenothiazine by the polypeptide with MCPBA was increased by 5000
times compared to that with H,O,. This fact suggests that Fe(III) porphyrin was located in the hydrophobic core
and more easily accommodated an organic oxidant than does H,0,. The interior of the four-o-helix bundle structure

may be further designed to mimic various haemproteins.

Haemproteins play important roles in chemical reactions such
as dioxygen transportation, electron transfer, and oxidation in
biological systems.! The active cofactor haem is utilized in a
variety of functions of haemproteins. The diversity of functions
is attributed to the characteristic environment surrounding the
haem. The differences in axial ligand(s), imidazoles (His), thiol
(Cys), and thioether (Met), to the haem result in a variety of
reactivities of the corresponding haemproteins. The pairs His,
Met and His, His in cytochromes ¢ contribute to the electron
transfer reactions. A combination of His and water has been
observed in peroxidases. On the other ligand, Cys™~ (thiolate)
coordinates to the haem in cytochrome P-450 (camphor).!

In the past ten years, a number of metalloporphyrin-bound
polypeptides designed de novo have been synthesized and char-
acterized for the investigation of ligand binding and electron
transfer reaction models.*” DeGrado, Dutton and co-workers
designed and synthesized a multi-haem-protein model by
incorporating four His residues into a disulfide-bridged two-a-
helix peptide, which was further dimerized with four exogenous
haems.? Four haems and cofacial free base (H,) porphyrins were
organized as a photosynthetic reaction center maquette by the
same group.® DeGrado and co-workers designed a disulfide-
bridged four-a-helix peptide which consists of a pair of
antiparallel two-o-helix peptides containing a His residue to
bind an exogenous haem.* Dutton and co-workers incorporated
two His residues into an antiparallel two-a-helix peptide to
accommodate two haems upon dimerization into a four-a-
helix bundle structure.’® A photoactivatable flavocytochrome
model peptide was designed by incorporating an additional
Cys residue using the same dimerized antiparallel two-a-helix
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motif. Haehnel and co-workers assembled four o-helices on a
cyclic peptide template and introduced two exogenous haems to
mimic cytochrome b.” Benson and Mihara and co-workers
designed much smaller disulfide dimerized two-a-helix
peptides which formed 1:1 complexes with exogenous Co(III)
coproporphyrin® and mesohaem,’ respectively.

In addition to these haemprotein models to which haems
were non-covalently introduced and sandwiched by a pair of
His residues, two other approaches have been attempted so far.
Four a-helix bundle polypeptides on a porphyrin template is a
second design, which involves an aniline hydroxylase model by
Sasaki and Kaiser,'® and the flavin-mediated electron transfer
from dihydronicotinamide to Mn(III) tetrakis(o-aminophenyl)-
porphyrin template by Mihara et al.!! The third design is based
on the covalent incorporation of porphyrin derivative into the
side chain of an amino acid residue in an a-helix peptide. For
the covalent connection, a Lys side chain is often employed
and rather short peptides were designed to characterize the
environment of the porphyrin rings in detail. Therefore, differ-
ent from the multi-haem systems mentioned above, Benson,
Pavone and Mihara and co-workers designed merely one-o-
helix peptides, which were doubled on mesohaem,'* Fe(III) and
Co(I1I)-deuteroporphyrins ** or by disulfide,* respectively, to
construct at most two-a-helix peptides in solution.

In the present study, we designed an antiparallel two-a-helix
peptide (Fig. 1), which contains nine Leu to form a strong
hydrophobic environment for the accommodation of the
hydrophobic porphyrin ring and no His to avoid the destabiliz-
ation of a-helicity. Considering the bulkiness of the synthetic
porphyrin derivative, we also presumed dimer formation to
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Fig. 1 Design of porphyrin-linked two-a-helix polypeptides (M =H, (1) or Fe(IlI) (2)). (a) Amino acid sequence of 29-peptide, (b) porphyrin
derivative attached to the thiol side chain of a Cys residue via a thioether linkage, (c) helical wheels of antiparallel two a-helix segments (A = Ala;
a=D-Ala; C=Cys; E =Glu; G =Gly; K =Lys; L = Leu; P = Pro; Naf = L-1-naphthylalanine) and (d) possible dimer of 1 in aqueous solution.

enlarge the hydrophobic core by self-assembly of the porphyrin-
linked two-a-helix peptide. In addition, we attempted to employ
the thiol group of Cys for covalent linkage to the a-helix seg-
ment instead of the use of the amino group of Lys. A porphyrin
derivative, 5-(4a-bromoacetamidophenyl)-10,15,20-tritolyl-
porphyrin (Br-AcPor), was prepared and attached to the thiol
side chain of the Cys residue via a thioether linkage." This
strategy avoided exposure of the porphyrin ring to anhydrous
HF used for final deprotection.

Though the 29-peptide designed in the present study is
equipped with no possible axial ligand, the Fe(IIl)-porphyrin-
linked two-a-helix 29-peptide was also prepared and examined
for peroxidase-like activity. The Fe(III) porphyrin placed in the
hydrophobic environment was expected to behave as a primi-
tive peroxidase before molecular evolution. The evaluation of
peroxidase-like activity may help further polishing of de novo
design by refined incorporation of appropriate ligands.

Results and discussion

Design and synthesis of porphyrin-linked antiparallel two-a-helix
29-peptide

The o-helix segment with eleven amino acid residues was
designed by the amphiphilic a-helix motif as illustrated in
Fig. 1. The hydrophobic Leu residues and two pairs of Glu and
Lys residues were placed at the opposite face of the amphiphilic
a-helix structure to provide hydrophobic and electrostatic
interactions, respectively.'® The a-helix segment was elongated
to the N-terminal by a b-Ala-Pro-Gly sequence, which was used
as an end-cap'’ and a helix-breaking loop unit when two
a-helix segments were connected into the two-a-helix 29-
peptide. The 29th amino acid, L-1-naphthylalanine (Naf) was
introduced for synthetic convenience and as a marker during
purification.’® In order to attach the porphyrin moiety, a Cys
residue was incorporated in the sixth position (first a-helix
segment) which would locate at the boundary between the
hydrophobic face and the hydrophilic face of the first a-helix
segment. The location of the porphyrin moiety at the boundary
rather than the center of the hydrophobic face might hopefully
help dimerization to form a four-o-helix bundle structure with
stacking of porphyrin planes ' in the hydrophobic core.
Synthesis of the 29-peptide was carried out as previously
reported.'®* Two pieces of protected intermediate peptides for
a-helix segments were prepared by solid-phase peptide syn-
thesis on p-nitrobenzophenone oxime resin using Boc chemistry
and stepwise segment condensation using 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (EDC-HCI) and 1-
hydroxybenzotriazole monohydrate (HOBt-H,O) in solution
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(EDC-HOBt method). The side chains of Cys, Glu, and Lys
residues were protected with 4-methylbenzyl (MeBzl), cyclo-
hexyl ester (OcHex), and 2-chlorobenzyloxycarbonyl (ClZ),
respectively, and the a-carboxy group of Naf was protected
by benzyl ester (OBzl). The intermediate fragments were
assembled convergently into two longer peptides, Boc-p-Ala-
Pro-Gly-Glu(OcHex)-Leu-Cys(MeBzl)-Lys(ClZ)-Ala-Leu-Ala-
Glu(OcHex)-Leu-Leu-Lys(C1Z)-OH  (Boc-(1-14)-OH) and
Boc-D-Ala-Pro-Gly-Glu(OcHex)-Leu-Leu-Lys(ClZ)-Ala-Leu-
Ala-Glu(OcHex)-Leu-Leu-Lys(ClZ)-Naf-OBzl  (Boc-(15-29)-
OBzl). They were purified by gel filtration chromatography
(Sephadex LH-20, 2.0 X 90 cm, dimethylformamide (DMF))
and characterized by reversed-phase high-performance liquid
chromatography (RP-HPLC) and fast atom bombardment
mass spectrometry (FAB-MS). Then, these two protected pep-
tides were condensed again with the EDC-HOBt method. The
obtained protected 29-peptide was successfully purified by gel
filtration chromatography (Sephadex LH-60, 2.0 X 90 cm,
DMF). The protecting groups were removed with anhydrous
HF containing anisole for 90 min at 0 °C. The crude peptide
was applied to a column of Sephadex G-50 (2.0 X 90 cm, 40%
acetic acid (AcOH)) and finally purified by HPLC equipped
with a YMC C, semi-preparative column (1.0 X 25 cm) eluted
with a linear gradient of 37-100% CH;CN/0.1% trifluoroacetic
acid (TFA) over 30 min at 3 cm® min~! flow rate.

The Br-AcPor was prepared as reported by Lindsey et al*
It was treated with the thiol side chain of the Cys residue in
the purified 29-peptide under reductive conditions containing
dithiothreitol in an Ar atmosphere. To dissolve unprotected
peptide and porphyrin derivative in high concentration, we
found DMF containing 10% pyridine to be a favorable solvent.
The desired peptide bearing H,-porphyrin (1) was purified by
gel filtration chromatography (Sephadex G-50, 2.0 X 90 cm,
40% AcOH). The H,-porphyrin-linked 29-peptide, 1 was char-
acterized by matrix assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI TOF-MS). The Fe(III) ion
was inserted into the porphyrin planes of 1 with acetate in
AcOH for 1 day at room temperature. Then, the excess of
metal(Il) ions was removed by gel filtration chromatography.
The obtained H,- and Fe(III)-porphyrin-linked two-a-helix 29-
peptides (1 and 2) were subjected to analytical gel filtration
chromatography and various spectroscopic measurements.

Gel filtration chromatography

The two-o-helix 29-peptides, 1 and 2 were examined by gel
filtration chromatography with a Superdex Peptide HR 10/30
column calibrated with the defined two marker proteins apro-
tinin (bovine lung, 6500) and insulin B-chain (bovine, 3496).
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Fig. 2 Apparent molecular mass determination of dimerized 29-
peptides (1 (open circles) and 2 (open triangles)) by gel filtration
chromatography with a Superdex Peptide HR 10/30 column eluted
with water detected at 420 nm at 25 °C. The column was calibrated
by aprotinin (bovine lung, 6500) and insulin B-chain (bovine, 3496)
(closed circles).
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Fig. 3 UV/vis spectra of 1 in aqueous solution (A) and in methanol
(B) at 25°C. [11=1.0 X 10> mol dm~® (5.0 mm path length). Inset
(closed circles and right axis): absorbance at 416 nm plotted as a
function of methanol content. Inset (open circles and left axis):
dependence of self-association constants (K,,) for dimer of 1 on
methanol content.

The apparent molecular masses in solution for 1 and 2 are
shown in Fig. 2. The molecular masses obtained for the two
peptides were twice their theoretical molecular weights. No
peaks were observed at the elution times corresponding to the
monomer and oligomers greater than the dimer. These results
supported the very strong dimerization of the porphyrin-linked
two-a-helix peptides to form a four-a-helix bundle structure in
aqueous solution. The estimation of the association constant
was carried out and described in the following section.

UVlvis spectroscopic studies of H,-porphyrin-linked two-o-helix
29-peptide

The UV/vis spectrum of 1 in aqueous solution at 25 °C exhib-
ited the characteristic four low-energy bands (Q bands) at 650,
594, 553, 518 nm, and the broadened Soret band at 421 nm with
a shoulder at 390410 nm (Fig. 3). With increasing methanol
content, all of the absorption bands in the UV/vis spectra of 1
shifted toward shorter wavelengths. Interestingly, the absorb-
ance of the Soret band at 416 nm was significantly increased at
methanol content higher than 60% (Fig. 3 (inset, right axis)).
Consequently, the UV/vis spectrum of 1 in methanol exhibited
Q bands at 646, 589, 549, 513 nm, and the narrow Soret band at
416 nm with a shoulder at 390400 nm. The broadened and red-
shifted Soret band of 1 at 421 nm in aqueous solution relative
to that in methanol was attributed to the face-to-face associ-
ation of H,-porphyrin planes in a pair of the two-a-helix 29-
peptides. The dimer of 1 was dissociated to the monomer by the
addition of more than 70% methanol.* This coincided with
the increase in absorbance of the narrow Soret band at 416 nm
as shown in Fig. 3 (inset, right axis).
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Fig.4 (a) CD spectra in the far-UV region and the Soret band region
of 1 in aqueous solution (A) and in methanol (B) at 25°C. (b) The
ellipticity at 222 nm (closed circles) and the intensity of the split CD at
Soret region ([0 nax — [Olmin around 410-440 nm, open circles) plotted as
a function of methanol content. [1]=1.7 X 107> mol dm 3.

Since the self-association constant in water (K,) of 1 was too
large to measure correctly, we determined the K, values in
aqueous solution with high methanol contents. The K, values
at 60-80% methanol were obtained by monitoring the decrease
in absorbance at 430 nm with decreasing peptide concentration.
Though a narrow range of methanol contents was explored,
there appeared to be a linear relationship between the In K,
values and methanol contents (Fig. 3 (inset, left axis)). By
extrapolation to 0% methanol content, we roughly estimated
the K, value as 9.0 x 10> dm® mol ™! for dimer of 1 in water.
This large K, value reflects the cooperative effect of the stack-
ing of a pair of H,-porphyrin planes and hydrophobic inter-
action of o-helix segments.

CD studies of H,-porphyrin-linked two-o-helix 29-peptide

The CD spectra of 1 in the amide region showed the typical
a-helix pattern with the double minimum extrema at 222 and
208 nm in both aqueous solution and methanol (Fig. 4a). The
mean residue molar ellipticities at 222 nm of 1 were —24800 deg
cm? dmol ™! in aqueous solution and —30500 deg cm? dmol ™! in
methanol, indicating the a-helicities to be 62 and 76%, respec-
tively.?* Therefore, in methanol, at least seven amino acid
residues, probably N-terminal residues (D-Ala-Pro-Gly-), three
residues (-D-Ala-Pro-Gly-) in the loop, and a C-terminal Gly
residue, may be excluded from the a-helical conformation.
According to Scholtz et al.,** the maximum ellipticity, —30300
deg cm? dmol™!, was estimated with n=7 in [0],,,=(1 —
n/29)40000 deg cm? dmol ™. Though the haem group is reported
to contribute to the ellipticity in the far-UV region,'? the por-
phyrin ring connected via the Cys thiol group in 1 afforded
almost negligible effect on the a-helicity in methanol. On the
other hand, the a-helicity (62%) in aqueous solution suggested
that eleven amino acid residues in the 29-peptide are not
involved in a-helical conformation. This number is larger
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Fig. 5 Fluorescence spectra with excitation at 420 nm of 1 in aqueous
solution (A) and in methanol (B) at 25°C. Inset: plot of the
fluorescence intensity at 650 nm as a function of methanol content.
[1]=5.0 x 10~* mol dm 3.

than expected, at most ten residues (possibly, three N-terminal
residues, four residues in the loop, and three C-terminal
residues) according to Scholtz et al** The reduced o-helicity
from 66% (calculated) to 62% (determined) could be the result
of the destabilizing effect of the bulky H,-porphyrin ring
attached to the Cys residue.

We also examined the methanol content dependence of the
a-helicity of 1 (Fig. 4b). At around 70% methanol the ellipticity
at 222 nm of 1 changed slightly, reflecting the increase in a-
helicity from 62% in aqueous solution to 76% in methanol. This
fact suggests that the dissociation of the dimerized four-a-helix
bundle structure of 1 in methanol was accompanied with the
extension of a-helix segments in the 29-peptide.

The exciton coupled CD method is very useful for determin-
ation of the mutual orientation of chromophores.*2 The
important interactions are between the B, and B, (n—n*) of the
haem and transition dipoles of the polypeptide backbone or
n—n* transition of aromatic side chains. As shown in Fig. 4a, 1
in aqueous solution showed a strongly split CD spectrum
([0]a1s — [0433 = 1.9 x 10° deg cm?* dmol™') consisting of nega-
tive and positive peaks, whose midpoint ([f],,,=0) corre-
sponded to the peak of the Soret band in the UV/vis spectrum
(Fig. 3). Since the CD signal for the Soret band appeared nega-
tively and positively from the longer wavelength, the transition
moments in the porphyrin rings of the dimerized form of 1 may
be in the left-handed orientation according to the exciton chir-
ality principle.** The intensity of the split CD signal at the
Soret band ([0]pax — [Olmin) Of 1 decreased gradually at 0-60%
methanol content and steeply at 60-80% methanol content.
Finally the split CD completely disappeared in 100% methanol.
The midpoint of the change in the splitting intensity appeared
at 65% methanol content, where the broadened Soret band
became sharp as seen in the inset of Fig. 3. The gel filtration
chromatography, UV/vis, and CD spectral data were in good
agreement, indicating that the H,-porphyrin-linked two-a-helix
29-peptide, 1 favorably dimerized to form a four-a-helix bundle
structure with association of the pair of H,-porphyrins oriented
in left-handed chiral position in aqueous solution.

Fluorescence studies of H,-porphyrin-linked two-a-helix
29-peptide

The fluorescence spectra of 1 with excitation at 420 nm in
aqueous solution and in methanol at 25 °C are shown in Fig. 5.
The fluorescence intensity in aqueous solution was quenched to
40% of that measured in methanol. The fluorescence peak in
aqueous solution (652 nm) was slightly blue-shifted in meth-
anol (649 nm). With increase in methanol content in the solution
from 0 to 60% no significant change in fluorescence intensity
was observed. However, at methanol contents higher than 60%,
the fluorescence intensity at 650 nm of 1 was steeply increased
with the midpoint at 70% methanol (Fig. 5, inset). These results
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support the stacking of a pair of H,-porphyrins in the four-a-
helix bundle structure with dimerized 1 in aqueous solution.
The dissociation to the corresponding monomer around 70%
methanol content was in accord with the UV/vis and CD
measurements. The self-assembly of 1 depending on solution
conditions was also probed by fluorescence measurements as
well as by UV/vis and CD studies.

UVlvis spectroscopic and CD studies of Fe(III)-porphyrin-linked
two-a-helix 29-peptide

The UV/vis spectra of 2 was recorded in 2 x 107> mol dm™3

Tris—HCI buffer (pH 7.2) and in methanol (data not shown).
The Soret band in the buffer solution of 2 appeared at 420 nm
and slightly blue-shifted by 3 nm (417 nm) in methanol with an
increase in absorption to 125%. Dimer formation of 2 in the
buffer solution was again suggested but weakly probably due to
the loss of strong stacking by insertion of Fe(III).

The CD spectra of 2 in the amide region also showed the
typical a-helix pattern with the double minimum extrema at 222
and 208 nm in aqueous solution (data not shown). The mean
residue molar ellipticity at 222 nm of 2 was —20000 deg cm?
dmol ™! corresponding to 50% a-helicity, which is again reduced
from that of 1 (62%). The ellipticity at 222 nm of 2 was also
dependent on the methanol content with the midpoint at 50%
methanol which was lower than that of 1. On the other hand, 2
showed split CD at the Soret band in aqueous solution with a
negative band at 437 nm (—8000 deg cm? dmol ') and a positive
band at 417 nm (+4000 deg cm? dmol ™). Though the splitting
intensities were smaller than those of 1 by one order of magni-
tude, the self-assembly of Fe(III)-porphyrins in a left-handed
sense was obviously maintained with 2.

Oxidation of o-methoxyphenol by Fe(I1I)-porphyrin-linked two-
a-helix 29-peptide

The Fe(III) porphyrin haem is a prosthetic group of haem-
proteins such as peroxidase and cytochrome P450.! Peroxidase
catalyses the oxidation reaction with distal and proximal
histidines.?®3! The distal histidine may act as a general acid and
base to cleave the O-O bond ionically to afford an active species
(compound I) by pull effect. The proximal histidine may serve
as a strong electron donor to destabilize the O-O bond by
push effect. Compound I is now recognized as a Fe(IV)-oxo
porphyrin m cation radical. Though the 29-peptide contains
no His or other ligating group in the sequence, an examination
for peroxidase-like activity seemed helpful to understand the
environment where Fe(III) porphyrin was present in a four-
a-helix bundle structure. The evaluation of 2 as a primitive
peroxidase may also afford some clues for further evolution of
artificial haemproteins.

Since o-methoxyphenol (guaiacol) has been employed to
study peroxidase-like activity, we preliminarily subjected this
reductant to 2 according to the literature * in combination with
H,0, as an oxidant and imidazole as axial ligands. The initial
rates (v,) for guaiacol oxidation catalyzed by 2 were given by
measuring the increase in absorbance at 470 nm (&4,9 = 2.66 X
10* dm® mol ! cm™!) corresponding to tetraguaiacol formation
(guaiacol tetramer).?? In the presence of an excess of guaiacol
and 1.0 x 1072 mol dm~3 imidazole, 2 did not oxidize the sub-
strate at all in 2.0 X 107> mol dm™* Tris-HCI buffer (pH 7.2)
(Fig. 6). The tightly packed four-a-helix bundle structure
seemed to prevent the access of substrates added in the aqueous
medium to the Fe(III) porphyrin in the hydrophobic core.
Previously, we introduced flavin derivatives into a single-
chained four-a-helix bundle 53-peptide.®® The flavoenzyme
model showed rate enhancements in the oxidation of 1-benzyl-
1,4-dihydronicotinamide in the presence of sodium n-hexa-
decanesulfonate, sodium n-tetradecanesulfonate, or sodium #n-
dodecanesulfonate, but not significant rate enhancements in
the presence of sodium n-alkanesulfonates with a shorter alkyl
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Fig. 6 Initial rates of guaiacol oxidation catalysed by 2 depending on
sodium n-alkanesulfonate (C,H,, , ,-sulfonate) concentration in 2.0 X
1072 mol dm? Tris—HClI buffer (pH 7.2) at 25 °C. [2] = 2.0 X 107® mol
dm™3, [guaiacol] = 1.0 X 1072 mol dm 3, [H,0,] = 1.0 X 1072 mol dm 3,
and [imidazole] = 1.0 x 1072 mol dm 3.

chain length than n-dodecyl. The surfactant molecules were
assumed to expand the tightly packed hydrophobic core of the
bundle structure. Therefore, we applied a series of sodium n-
alkanesulfonates as additives to the reaction system for
peroxidase-like activity.

Interestingly, 2 showed a large rate enhancement of guaiacol
oxidation in aqueous solution when sodium n-tetradecane-
sulfonate or sodium n-dodecanesulfonate was added to the
reaction mixture. The maximum initial rates for guaiacol oxid-
ation catalyzed by 2 were 0.175 min~' in the presence of
1.5 x 10~* mol dm~? sodium n-tetradecanesulfonate, and 0.125
min~! with 6.0 X 107* mol dm* sodium n-dodecanesulfonate.
Further addition of these surfactants to the reaction mixture
caused reduced oxidation activity of 2. The effect of sodium
n-tetradecanesulfonate on enhancement of guaiacol oxidation
was in a narrower range than that of sodium nr-dodecane-
sulfonate (Fig. 6). However, sodium n-decanesulfonate
appeared ineffective to the catalytic activity of 2. These results
suggest that more than ten methylene groups of the surfactant
and 2 may form a kind of mixed micelle as an appropriate
reaction site for Fe(III) porphyrin and substrates in the four-
a-helix bundle structure of 2 rather than dissociate the dimer
to the corresponding monomer. Although several kinds of
surfactants are known for separating the dimerized and/or
oligomerized water-soluble meso-substituted free base porphy-
rins and metalloporphyrins,* no significant increase of absorp-
tion intensity at the Soret band in the presence of 1.5 % 1073
mol dm* sodium n-tetradecanesulfonate was observed relative
to that in the buffer solution (data not shown). Further addition
of the surfactants caused crowding of the reactive site with
alkyl chains in the mixed micelles, consequently collisions of
the Fe(IIl) porphyrin ring, H,0,, and Fe(III) porphyrin ring
and guaiacol might be disturbed.

Oxidation of 3,7-dimethylamino-10-/V-methylcarbamoylpheno-
thiazine (MCDP) by Fe(I1I)-porphyrin-linked two-a-helix
29-peptide

Based on the observation of peroxidase-like activity examined
by conventional procedures, we improved the assay method
for Fe(IlI) porphyrin in a hydrophobic environment as fol-
lows. 3,7-Dimethylamino-10-N-methylcarbamoylphenothiazine
(MCDP), which has been developed for clinical analysis of per-
oxidase activity, is a sensitive reductant producing the methyl-
ene blue molecule, which exhibits strong absorption at 666 nm
(€666 = 9.6 x 10* dm® mol™* cm™).** Instead of H,0,, m-chloro-
perbenzoic acid (MCPBA) was employed in the oxidation of
MCDP as a hydrophobic oxidant to enhance the accessibility to
the Fe(III) porphyrin in the hydrophobic reaction site of 2. An
additive, 2.0 x 107> mol dm™* N-o-myristoylhistidineamide
(myristoyl-His-NH,), was also used to represent the surfactant
and imidazole in the reaction mechanism, because it seemed to

Table 1 Michaelis-Menten parameters in the measurements of
peroxidase-like activity of Fe(I1I)-porphyrin-linked 29-peptide

Oxidant and Kead Ky/mol KoKy '/dm?
reductant min~! dm™? mol ! min™*
MCPBA*“ 29 7.5x1073 3.9 x10°
H,0, 12 1.5% 10! 8.0 x 10"
MCDP* — 1.3x 1073 —

“[21=2.0x10"® mol dm3 [MCDP]=1.0%x10"* mol dm3, and
[myristoyl-His-NH,] = 2.0 X 1075 mol dm™® in 2.0 x 107> mol dm™*
Tris-HCl buffer, pH 7.2 at 25°C. ?[2]=2.0x10"® mol dm3,
[MCPBA]=1.0x10"* mol dm™3, and [myristoyl-His-NH,] =2.0 x
1075 mol dm *in 2.0 X 1072 mol dm* Tris—HClI buffer, pH 7.2 at 25 °C.

[MCPBA] / 10-6 mol dm-3
0 50 100 150 200

00—
0

0 5 10 15 20

[Ho02]/10-3 mol dm-3

Fig. 7 Initial rates of MCDP oxidation catalysed by 2 as functions
of MCPBA (closed circles) and H,O, (open circles) concentration in
2.0 X 1072 mol dm ™ Tris—HCl buffer (pH 7.2) at 25 °C. [2] =2.0 x 107¢
mol dm™3, [MCDP]=1.0x10"* mol dm™3 and [myristoyl-His-
NH,] =2.0 x 1075 mol dm™3.

be effective to expand the hydrophobic core of the bundle struc-
ture as observed in Fig. 6. Actually, the presence of myristoyl-
His-NH, resulted in twice the enhancement in the initial rate for
MCDP oxidation.

We examined the affinity of H,0, and MCPBA for the
hydrophobic core of the dimerized four-o-helix bundle struc-
ture using MCDP as a substrate in the buffer solution (Fig. 7).
Compound 2 showed saturation kinetics for MCDP oxidation
as a function of MCPBA concentration between 0 and 2.0 X
10~*mol dm 3, but not for MCDP oxidation with H,O,, instead
linearly increasing kinetics as a function of H,0, concentration
in the range between 0 and 2.0 X 107> mol dm*. Lineweaver—
Burk plots of the v, values of MCDP oxidation against oxidant
concentration gave good linear relationships. The Michaelis—
Menten parameters are summarized in Table 1. The ratio (k,/
Ky) (MCPBA): (k.,/Ky) (H,0,) upon MCDP oxidation was
5000:1. The large rate enhancement for MCDP oxidation
catalyzed by 2 with MCPBA was attributed to the small
Ky(MCPBA) value which was approximately 2000 times
smaller than the Ky(H,0,) value, indicating that MCPBA was
more accessible to the hydrophobic core of the four-a-helix
bundle structure than H,0,. The k., (MCPBA) value was 2.4
times greater than k_,(H,0,), probably due to the difference of
the mechanism in activation of Fe(IIl) porphyrin between
MCPBA and H,0O,. Furthermore, MCDP was useful in detec-
ting the peroxidase-like activity of synthetic haemprotein
models because of the small Ky, value (1.3 X 10~° mol dm?).

Peroxidase-like activity of Fe(I1I)-porphyrin-linked two-a-helix
29-peptide under denatured conditions by methanol and guanidine
hydrochloride

The four-a-helix bundle structure with dimerized porphyrin-
linked 29-peptides is formed by hydrophobic interaction of
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Fig. 8 Initial rates of MCDP oxidation catalysed by 2 depending on
methanol (closed circles) and GuHCI (open circles) concentration in
2.0 x 1072 mol dm* Tris-HCI buffer (pH 7.2) at 25°C. [2]=2.0 x 10°¢
mol dm 3, [MCDP] = 1.0 x 10~* mol dm 3, [MCPBA] = 1.0 x 10~* mol
dm™3, and [myristoyl-His-NH,] = 2.0 X 107> mol dm 3.

amphiphilic a-helix peptide segments and stacking of por-
phyrin rings. Such a structure loses its protein-like conform-
ation in the presence of methanol and guanidine hydrochloride
(GuHCl) in different ways. Therefore, the effects of
methanol and GuHCI on the peroxidase-like activity of 2 were
examined using MCDP and MCPBA as reductant and oxidant,
respectively.

Fig. 8 shows the dependence of the initial rates, v, for
MCDP oxidation catalyzed by 2 in the presence of 2.0 X 10~°
mol dm™* myristoyl-His-NH, upon methanol content. At
lower methanol contents (0-40%) no effect on the v, value
was observed. With further addition of methanol to the reac-
tion mixture the rate was enhanced and reached at 75%
methanol the maximum rate (74 min!), which was four times
greater than that in aqueous solution. At 90-100% methanol
the v, values were decreased to 40% of the maximum rate
obtained at 75% methanol. The tightly packed four-a-helix
bundle structure of 2 might exclude the substrates from
accessing its hydrophobic core in aqueous solution. The addi-
tion of the appropriate methanol content (=75%) could modu-
late the bundle structure to allow access of substrates to the
Fe(III) porphyrin. Since methanol contents higher than 80%
dissociated the four a-helices, the loosened hydrophobic core
of 2 could not accommodate substrates efficiently. On the
other hand, the v, values for MCDP oxidation did not change
significantly in the range of GuHCI concentration between zero
and 7.5 mol dm™* (Fig. 8). The relative oxidation activity at 7.5
mol dm* GuHCI was 65% (v, =12.5 min!) based on that in
aqueous solution (v,=18.5 min~!). At this GuHCI concen-
tration, 2 must lose its a-helix conformation. With loss of con-
formation, Fe(III) porphyrin on a random coil also lost the
activity enhancement at the hydrophobic reaction site on the
29-peptide.

Comparison of Fe(I1I)-porphyrin-linked two-a-helix 29-peptide
and horseradish peroxidase (HRP) under various conditions

The comparison of initial rates for MCDP oxidation catalyzed
by 2 and HRP with MCPBA or H,0, as oxidant is summarized
in Table 2. The initial rate with H,O, in the buffer solution of 2
was smaller than that for HRP by six orders of magnitude.
Although the initial rate with MCPBA in the buffer solution of
2 was also smaller than that of HRP, the difference decreased to
two orders of magnitude. The activity of 2 was enhanced by a
factor of 1850 by using MCPBA as an oxidant, while that of
HRP was reduced to Y. Further, the activity of 2 in the
MCDP oxidation well matched that of HRP in the buffer solu-
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Table 2 Initial rates in MCDP oxidation catalysed by Fe(IIl)-
porphyrin-linked 29-peptide and horseradish peroxidase (HRP) under
various conditions

Initial rate of MCDP oxidation/min !

MCPBA
H,0, with 70%
Enzyme in buffer in buffer methanol
2¢ 0.01 18.5 70
HRP’ 17000 4300 200

The initial rates were measured in 2.0 X 10~2 mol dm? Tris—-HCI buffer,
pH 7.2 and in the buffer solution with 70% methanol at 25 °C. Concen-
trations of oxidants and MCDP were fixed at 1.0 X 10™* mol dm 3.
“[2]=2.0x10"° mol dm™® and [myristoyl-His-NH,]=2.0 x 1075
mol dm™3. * [HRP] = 5.5 x 107® mol dm*, determined by using &4; =
102000 dm® mol ™! cm ™! (ref. 36).

tion with 70% methanol. These results suggest that the per-
oxidase model designed de novo might be useful under the
unusual conditions where natural enzyme could not be applied
effectively.

Conclusion

We designed and synthesized porphyrin-linked two-o-helix
29-peptides which dimerized to form the four-a-helix bundle
structure, burying a pair of porphyrin moieties in the hydro-
phobic interior in aqueous solution. The dimer formation of
H,-porphyrin-linked 29-peptide was promoted cooperatively by
stacking of the pair of porphyrin rings and aggregation of
the a-helices of two-a-helix peptides at 0-60% methanol. At
higher methanol contents (60-100% methanol) the dimer was
dissociated to the corresponding monomers.

We also examined peroxidase-like activity of Fe(III)-
porphyrin linked 29-peptide toward guaiacol and MCDP as
reductants. The hydrophobic core of the tightly packed four-a-
helix bundle structure could be modulated by the addition of
surfactants with more than 10 methylene groups and methanol.
A hydrophobic oxidant such as MCPBA was more efficiently
consumed by Fe(IIT)-porphyrin-linked 29-peptide. The interior
made of 18 isobutyl side chains of Leu residues of the dimer-
ized two-a-helix 29-peptides would be suitable to accommodate
more hydrophobic oxidants than H,0,, the natural substrate of
peroxidase.

Experimental
General procedures

Amino acid derivatives and reagents for peptide synthesis were
purchased from Watanabe Chemical Co. (Hiroshima, Japan)
and Wako Pure Chemical Industries, Ltd. (Osaka, Japan),
horseradish peroxidase (type I, RZ 1.1) from Sigma. Analyses
were carried out by high performance liquid chromatography
(HPLC) using a Hitachi HPLC system equipped with a L-6300
Intelligent Pump, L-4200 UV-VIS Detector and D-2500
Chromato-Integrator with a Wakopak C, column (4.6 X 150
mm; 120 A, Wako Pure Chemical Industries, Ltd.), eluted with
linear gradient 37-100% CH;CN-0.1% TFA over 30 min at 1
cm® min~! flow rate, and a Superdex Peptide HR 10/30 column
(Pharmacia Biotech), eluted with water over 60 min at 0.5 cm®
min~! flow rate. Columns of Sephadex LH-20 and LH-60
(2.0 X 90 cm, DMF) and G-50 (2.0 X 90 cm, 40% AcOH) were
employed in purification. FAB-MS spectra were measured on a
JEOL JMS-SX 102A mass spectrometer using Xe ionizing gas.
MALDI TOF-MS was performed on a Shimadzu Kratos III
mass spectrometer. '"H NMR spectra were measured on a JEOL
JNM-AS500 spectrometer.



Syntheses

5-(4a-Bromoacetamidophenyl)-10,15,20-tritolylporphyrin
(BrAc-Por, 3). 5-(4-Nitrophenyl)-10,15,20-tritolylporphyrin
(NTTP) was prepared according to the literature.?! To a solu-
tion of NTTP (434 mg, 0.62 mmol) in conc. HCI (100 cm®) was
added SnCl,-H,O (838 mg, 3.71 mmol) and stirred for 24 h
at room temperature to give 5-(4-aminophenyl)-10,15,20-
tritolylporphyrin (ATTP). The reaction mixture was neutral-
ized by 25% ammonia solution. The obtained solid was filtered
off and washed with water. The crude ATTP was dissolved in
CHCI,, filtered, and evaporated. Yield: 400 mg (96%).

a-Bromoacetic acid (416 mg, 3.0 mmol) and dicyclohexyl-
carbodiimide (DCC) (309 mg, 1.5 mmol) were stirred in CHCl,
(30 cm®) for 30 min at 0 °C to give symmetric anhydride. To a
solution of the anhydride was added ATTP (400 mg, 0.60
mmol), and stirred for 2 h at room temperature. The reaction
mixture was concentrated. The organic layer was washed
with water. The crude 5-(4a-bromoacetamidophenyl)-10,15,20-
tritolylporphyrin (Br-AcPor) was purified by silica gel column
chromatography (3.5 X 20 cm, CHCI,). Yield: 428 mg (90%).
FAB-MS m/z 791 and 793 [(M)*]; '"H NMR (500 MHz, CDCl,,
TMS, 25°C) ¢ —2.78 (s, 2H), 2.70 (s, 9H), 4.20 (s, 2H), 7.55 (d,
6H, J=7.94),7.93 (d, 2H, J=8.24), 8.09 (d, 6H, J=7.93), 8.21
(d, 2H, J = 8.24 Hz), 8.48 (s, 1H), 8.82-8.87 (m, 8H).

Boc-p-Ala-Pro-Gly-Glu(OcHex)-Leu-Leu-Lys(C1Z)-OH (4),
Boc-Ala-Leu-Ala-Glu(OcHex)-Leu-Leu-Lys(CIZ)-OPip 5),
Boc-D-Ala-Pro-Gly-Glu(OcHex)-Leu-Cys(MeBzl)-Lys(C1Z)-
OH (6), and Boc-Ala-Leu-Ala-Glu(OcHex)-Leu-Leu-Lys(CIZ)-
Naf-OBzl (7). Boc-p-Ala-Pro-Gly-Glu(OcHex)-Leu-Leu-Lys-
(ClZ)-resin and Boc-Ala-Leu-Ala-Glu(OcHex)-Leu-Leu-Lys-
(ClZ)-resin were prepared by stepwise elongation on p-nitro-
benzophenone oxime resin using benzotriazol-1-yloxytris-
(dimethylamino)phosphonium hexafluorophosphate (BOP)
and 1-hydroxybenzotriazole monohydrate (HOBt-H,O) accord-
ing to the literature.'®

To obtain Boc-p-Ala-Pro-Gly-Glu(OcHex)-Leu-Leu-
Lys(ClZ)-OH, the peptide-bound resin was shaken with N-
hydroxypiperidine (HOPip) (4.0 equiv.) in DMF for 24 h. The
reaction mixture was filtered and concentrated. The residue was
dissolved in AcOH (15 cm®) and sodium dithionite (5.0 equiv.)
added. After 2 h stirring at room temperature, the reaction
mixture was concentrated. The addition of 10% citric acid
precipitated a white solid, which was filtered off, washed with
water and dried. Yield of Boc-heptapeptide-OH was §0-90%.
Boc-Ala-Leu-Ala-Glu(OcHex)-Leu-Leu-Lys(C1Z)-OPip ~ was
prepared without cleavage of piperidyl ester. To obtain Boc-
Ala-Leu-Ala-Glu(OcHex)-Leu-Leu-Lys(Cl1Z)-Naf-OBzl, Boc-
Ala-Leu-Ala-Glu(OcHex)-Leu-Leu-Lys(ClZ)-resin was shaken
with H-Naf-OBzl tosylate (4.0 equiv.) in the presence of AcOH
(4.0 equiv.) and diisopropylethylamine (DIEA) (4.0 equiv.) in
DMF for 24 h. The reaction mixture was concentrated and
added with 10% citric acid. The precipitated solid was filtered
off and washed with water to give Boc-octapeptide-OBzl. All
protected peptides were reprecipitated with methanol-diethyl
ether (yield, 80-90%). The protected peptides were identified by
FAB-MS: 4, m/z 1100 [(M + Na)*], HPLC R, = 20.2 min; 5, m/z
1191 [(M + H)*], R,=24.0 min; 6, m/z 1180 [(M + Na)*],
R,=21.3min; 7, m/z 1380 [(M + H)"], R,=29.4 min.

Boc-(1-14)-OH (8). Compound 5 (476 mg, 0.40 mmol) was
treated with TFA (3 cm®) for 30 min at 0 °C. After concen-
tration of the reaction mixture, the residue was precipitated
with diethyl ether. The obtained H-(8-14)-OPip-TFA (90%) and
6 (431 mg, 0.36 mmol) were condensed with 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCI)
(104 mg, 0.54 mmol) in the presence of HOBt-H,O (67 mg, 0.43
mmol) and triethylamine (Et;N) (0.05 cm?, 0.36 mmol) in DMF
at 0°C for 24 h. The reaction mixture was diluted with the

same volume of AcOH and then sodium dithionite (5.0 equiv.)
added. The solution was stirred at room temperature for 2 h to
give 8. The crude 8 was purified by gel filtration chromato-
graphy on Sephadex LH-20 (2.0 X 90 cm, DMF). Yield: 680 mg
(87%). FAB-MS m/z 2157 [(M + Na)™].

Boc-(15-29)-OBzl (9). Compound 4 (313 mg, 0.29 mmol)
and H-(22-29)-OBzI-TFA obtained from 7 (457 mg, 0.33
mmol) were condensed in the same manner as in the prepar-
ation of 8. The crude 9 was purified by gel filtration chromato-
graphy on Sephadex LH-20 (2.0 X 90 cm, DMF). Yield: 620 mg
(91%). FAB-MS m/z 2327 [M + H)"].

Boc-(1-29)-OBzl (10). Compound 8 (0.14 mmol) and H-(15-
29)-OBzI-TFA (0.14 mmol) obtained from 9 were condensed in
2,2,2-trifluoroethanol (TFE) (1 cm®) and dichloromethane (3
cm?®) using the EDC-HOBt method. The crude 10 was purified
by gel filtration chromatography on Sephadex LH-60 (2.0 x 90
cm, DMF). Yield: 431 mg (70%).

H-(1-29)-OH (11). Compound 10 (430 mg, 0.098 mmol) was
treated with anhydrous HF (10 cm®) in the presence of anisole
(1 cm®) at 0 °C for 90 min. After removal of HF, the peptides
were extracted with 10% AcOH. Then the aqueous layer was
washed with diethyl ether and lyophilized to give crude 11. This
was applied to a column of Sephadex G-50 (2.0 X 90 cm, 40%
AcOH) and finally purified by HPLC with a YMC C, semi-
preparative column (1.0 X 25 cm) eluted with a linear gradient
of 37-100% CH,CN-0.1% TFA over 30 min at 3 cm® min ! flow
rate. Yield: 200 mg, 66%. FAB-MS m/z 3102.4 [(M + H)*].

Porphyrin attachment (1). Compound 11 (124 mg, 0.04
mmol) and dithiothreitol (6 mg) were dissolved in DMF con-
taining 10% pyridine (20 cm?®) and stirred for 1 h at 0 °C under
an Ar atmosphere. To this reaction mixture was added 3 (95 mg,
0.12 mmol) in DMF solution and the mixture was stirred for 2
days under an Ar atmosphere. The solution was concentrated
and applied to a Sephadex LH-60 column (2.0 X 90 cm, DMF)
to remove unreacted Br-AcPor. The gel filtration chroma-
tography was repeated four times. Then the collected fractions
were evaporated and lyophilized to give 1: 45 mg (30%).
MALDI TOF-MS observed m/z 3816.8; calcd. 3812.7. GPC
analysis R, = 16.30 min.

Iron insertion (2). To a solution of compound 1 (10 mg, 2.7
umol) in AcOH (5 cm®) was added Fe(OAc), (200 equiv.). The
reaction mixture was kept at room temperature overnight, and
then concentrated. The crude peptide was purified by Sephadex
G-50 gel filtration column chromatography (2.0 X 90 cm, 40%
AcOH) to obtain 2: 8.0 mg (78%). MALDI TOF-MS observed
miz 3869.6, calcd. 3866.5. GPC analysis R, = 16.05 min.

Each peptide 1 and 2 was dissolved with a small amount of
TFE and stored as stock solutions.

N-0-Myristoyl-L-histidineamide (myristoyl-His-NH,, 12).
Boc-His(Bom)-NH, (Bom, N™-benzyloxymethyl, 200 mg, 0.53
mmol) was treated with TFA (2 cm®) for 30 min at 0 °C. Myris-
tic acid (145 mg, 0.63 mmol) and H-His(Bom)-NH,-TFA were
coupled with the EDC-HOBt method in DMF at 0 °C.
Mpyristoyl-His(Bom)-NH, was hydrogenated on Pd-C in
AcOH, and then the crude product was purified by silica gel
column chromatography to give pure 12. Yield: 104 mg (60%
overall). TLC: (CHCl;—methanol 9:1) R, 0.23. FAB-MS: m/z
365[(M + H)'].

Gel filtration chromatography

Gel filtration chromatography was performed on the Hitachi
HPLC system described in General procedures, with the
Superdex Peptide HR 10/30 column. A 3.0 X 107> mol dm® of
sample peptide solution in water containing less than 1% TFE
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was prepared. 2.5 X 1072 cm® of this solution was loaded. The
column was calibrated by aprotinin (bovine lung, 6500) and
insulin B-chain (bovine, 3496) purchased from Sigma.

UVlvis spectroscopy

UV/vis spectra were recorded on Hitachi U-3000 and U-2010
spectrophotometers. The concentration of the 1 and 2 peptide
stock solutions in methanol was determined by using &=
400900 dm* mol~' cm™! for 1 and &4, = 102500 dm® mol ™ cm ™!
for 2.

CD measurement

CD spectra were acquired on a JASCO J-500A spectropolarim-
eter, routinely calibrated with (+)-camphor-10-sulfonic acid.
The samples were prepared in water with various methanol con-
tents. The typical CD spectra in the amide region were meas-
ured using 1.0 mm cuvettes at 250 to 200 nm. The Soret CD
spectra were measured using 5.0 mm cuvettes in the wavelength
interval 600 to 350 nm.

Fluorescence spectroscopy

Fluorescence spectra were acquired on a Hitachi F-2500
fluorescence spectrophotometer in water containing various
methanol contents at 25 °C. Spectra excited at 420 nm were
measured using 1.0 cm cuvettes in the wavelength interval 525
to 775 nm.

Kinetic measurements

Peptide 2 was dissolved in TFE as a stock solution. H,0, (0.88
mol dm™*) and MCPBA (8.8 X 107> mol dm™) (oxidants) were
also dissolved in methanol as stock solutions and guaiacol (1.0
mol dm™®) and MCDP (0.01 mol dm™®) (marker molecules)
were dissolved in methanol and DMF, respectively. A 2.0 X 1072
mol dm ™ Tris-HCI buffer was transferred to a 1.0 cm quartz
cuvette followed by peptide, marker molecule, and oxidant
stock solutions, respectively. The final conditions were as fol-
lows: 2.0 x 1072 mol dm* Tris—HCI buffer (pH 7.2) containing
0-100% methanol at 25°C. The cuvette was shaken and
immediately placed in the UV/vis spectrometer (Hitachi U-3000
or U-2010) to measure the absorbance at 470 nm for oxidation
of guaiacol to tetraguaiacol (g4, = 2.66 x 10* dm® mol™* cm™!)
and at 666 nm for oxidation of MCDP to methylene blue
(£666 = 9.6 x 10* dm® mol™! cm™"). The increase in absorbance
upon oxidation was monitored for 15 min to collect the initial
rates (v,). The apparent Michaelis—-Menten parameters (k.
Ky, and k/K,,) were obtained from at least four runs fitted
with the Lineweaver—Burk equation.
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