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We have designed and synthesized two series of amphiphilic two-a-helix peptides, that bound Fe

"_mesoporphyrin

(haem) through a ligation of two His residues. The interaction between the peptides and the haem was characterized
by UV-VIS and circular dichroism (CD) measurements. The first series of peptides, designed on the basis of the
coiled-coil motif, showed a unique haem binding property which was dependent on the concentration of trifluoro-
ethanol (TFE) present. The peptides bound the haem effectively only when the two-a-helix structures were controlled
by the addition of 10-25% TFE. These results indicated that the haem binding ability of the peptides could be
regulated by the change in peptide conformation with TFE. The second series of two-a-helix peptides, designed on
the basis of the amphiphilic a-helix motif, but not of the coiled-coil motif, formed an o-helix structure and bound the
haem in a buffer. Furthermore, in the presence of peptides, the haem showed strong induced CD peaks at the Soret
region, implying that the haem chromophore was highly oriented in the peptide structures. The catalytic activity of
the haem bound to the peptides, which was similar to that of peroxidase, was significantly depressed with increased
binding constants and the Soret-CD intensities. It was demonstrated that the catalytic activity of the haem was
correlated with the rigidity and orientation of the b-type haem in the polypeptides.

Introduction

A variety of haemproteins display diverse functions in
nature, such as oxygen carrier/storage, electron transfer, redox
catalysis’? and transmission of information,® though they
employ a simple iron porphyrin as a common cofactor.
Each specific function of haemproteins is regulated by environ-
ments around a haem formed by polypeptides, including axial
ligands, arrangements of amino acids and polypeptide three-
dimensional (3D) structures.* Over the years, in order to eluci-
date the control mechanisms of haemprotein functions, many
studies using small porphyrin model compounds and mutated
proteins have been carried out. Small model porphyrin com-
pounds have been useful tools in proposing the reaction mech-
anisms of haemproteins.>® However, they cannot reproduce
special environments provided by polypeptides, which are
essential for the specific recognition and reaction of natural
haemproteins. Site-directed mutagenesis has been also a basic
method for the study of the structure—function relationships of
natural proteins. It is not easy, however, to understand the
detailed mechanisms of diverse haemprotein functions, due to
the large size and structural complexity of the natural proteins.
Thus, it is necessary to establish a structural model system
which has more native-like properties and which can remove the
complexity of the natural counterpart.

Considerable effort has also been devoted to the construction
of de novo designed polypeptide 3D structures®'® and to
the conjugation of porphyrin molecules via chelation'®?* or
covalent linkages** with peptides. For example, Dutton,
DeGrado and co-workers have succeeded in the design and syn-
thesis of artificial polypeptides which have Fe—protoporphyrin
IX and other functional chromophores in four-a-helix bundle
structures as models of electron transfer proteins.'” As an
example of a covalently attached haem—peptide, Pavone et al.
recently reported the circular dichroism (CD) and NMR
characterization of a designed helix-haem-helix structure.?’
Because these artificial haem-conjugated peptides are charac-
terized as having a well defined 3D structure with relatively

simple amino acid compositions, they will be a powerful tool in
studying the structural roles of polypeptides in the function of
proteins. In the present study, to develop a mini-haemprotein
that meets the minimal requirements for the function, we have
synthesized two series of originally designed polypeptides
which were composed of two a-helices and which could bind
the haem (Fig. 1 and 2). The first series of peptides were
designed to find the conformational requirements for effective
haem-binding. By using these peptides, we examined the differ-
ence in haem-binding ability with the conformational changes
of the peptides in trifluoroethanol (TFE)-buffer solutions.
Next, we have constructed stable haem—peptide conjugates in
a buffer, on the basis of the results obtained from the first
series of peptides. Furthermore, the catalytic activity of the
haem—peptide conjugates, which resembled that of peroxidase,
was examined, in order to know how the haem activity was
regulated by the polypeptide binding.

Results
Design and synthesis

For frameworks of the peptides capable of binding a haem, we
used structures with two a-helices (2a-helix), because of their
relatively simple 3D structure.'* At the first stage, in order to
evaluate haem binding properties depending on the peptide
length, we designed three peptides, H2u(14), H2a(17) and
H2a(21), which have different chain lengths and different num-
bers of Leu residues. The 14-, 17- and 21-peptide segments were
constructed from amino acid sequences of coiled-coil pro-
teins,?® which have heptad repeats (abcdefg), with hydrophobic
residues, such as Leu, at the ¢ and d positions. Each peptide
segment consists of repeats of the heptad sequence where the «
and d residues are Leu, fis hydrophilic Gln, b and ¢ are Ala, e is
Glu and g is Lys. To construct a structure consisting of two
parallel o-helices, the two segments were dimerized by the
disulfide linkage of Cys residues at the C-terminals with a flex-
ible spacer of B-Ala. As axial ligands of haem, His residues
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Fig. 1 Structure of the first series of peptides designed on the basis of coiled-coil motif. (¢) Amino acid sequence of the H2a(14), H20(17) and
H2a(21). (b) Illustration of the 2a-helix peptide structure bound to the haem. (¢) Helix wheel drawings of the 14-, 17- and 21-peptides in coiled-coil

form.
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Fig. 2 Designed structure of the second series of peptides. (¢) Amino acid sequence of the H20(17)-L6, H2a(17)-L4, H20(17)-L4S, cH2a(17)-L4
and cH20/(17)-L4S. (b) Illustration of helix wheel and net drawings of the 17-peptides.

were introduced at the 6th, 9th and 14th position in each pep-
tide instead of Leu to coordinate a haem inside a hydrophobic
pocket between two a-helices. In the designed structure, a haem
would be deployed parallel to the helix.

The second series of peptides, H2a(17)-L6, H2a(17)-L4,
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H20(17)-L4S, were also designed to form a parallel 2a-helix
structure by the linkage of Cys residues. The 17-segments in the
peptides were designed to take an amphiphilic o-helix structure
(Fig. 2), although the arrangements of hydrophobic Leu resi-
dues were not ordered by the heptad rule like the coiled-coil



motif. As axial ligands of haem, His residues were also
deployed at the 9th position to coordinate a haem inside a
hydrophobic pocket between two a-helices. In the new designed
structure, His® was positioned at the center of the hydrophobic
region on the amphiphilic a-helix as shown by the wheel and
net drawings of the 17-segments (Fig. 2). The 17-segment in
H20(17)-L6 was initially designed, in which 6 Leu residues were
deployed on the hydrophobic face of the amphiphilic a-helix.

In order to evaluate the haem binding property due to the
hydrophobicity of the sequence, the related 17-segment in
H2a(17)-L4 was designed on the basis of H2a(17)-L6 to reduce
the hydrophobicity of the peptide using two Ala residues
instead of Leu residues at the 5th and 12th positions. In the case
of H2a(17)-L4, the structure of a spacer B-Ala was replaced by
a more flexible and longer spacer -Gly-Gly-Gly-. The peptide
H2a(17)-L4S was designed on the basis of H2a(17)-L4 to
stabilize the a-helix structure with intrahelix (i, i + 4) salt
bridges*® by replacing Ala®, Glu*, Lys' and Ala® in the L4
segment with Glu?, Ala* Ala' and Lys" in the L4S segment.
As a result of these replacements, H20(17)-L4S would possess
two (7, i + 4) Glu-Lys ion pairs at the (3, 7) and (11, 15) posi-
tions. Additionally, to attain further structural stabilization of
the peptides, we designed two cyclic peptides, cH2a(17)-L4 and
cH20(17)-L4S. The peptides, cH20(17)-L4 and cH20(17)-L4S
had the same 17-peptide segments as H20(17)-L4 and H2a(17)-
L4S, respectively. In addition, the peptides had the second
disulfide linkage®' at the N-terminal with a flexible spacer of
-Gly-Gly-Gly-.

All the peptides were synthesized by the solid-phase method
using the Fmoc-strategy (Fmoc, fluoren-9-ylmethoxycarb-
onyl). The disulfide bond at the C-terminals was formed
by air-oxidation to give the parallel 20-helix structure. The
cyclic peptides, cH2a(17)-L4 and cH2a(17)-L4S were syn-
thesized in a manner similar to that described above. However,
in order to form specific intramolecular cross-linkages, select-
ively cleavable sulfhydryl protecting groups were employed [Cys
at the N-terminal was protected with the acetamidomethyl
(Acm) group and Cys at the C-terminal was protected with the
trityl (Trt) group]. Formation of the second cross-linkage was
simultaneously achieved with detachment of two Acm groups
at the N-terminals by treatment using trichloromethylsilane in
the presence of diphenyl sulfoxide in TFA.** All peptides were
purified with HPLC to high purity (>98% on HPLC). The pep-
tides and intermediates were identified by amino acid analysis
and matrix assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOFMS).

Far-UV CD Study of H2a(14), H2a(17) and H2a(21)

CD spectra of H2a(14), H2a(17) and H2a(21) in 2.0 X 1072 mol
dm™? Tris HCI buffer, pH 7.4, containing various amounts of
TFE, were examined. CD studies of H20/(14) in the TFE-buffer
solutions were reported in the previous communication.** CD
spectra of H2a(17) showed a dependence on the TFE concen-
tration similar to that of H2a(14). In the buffer, the conform-
ations of H20(14) and H2a(17) were almost random due to the
introduction of His residues, having a helix-breaking nature 3
(Fig. 3). The a-helicity of the peptide was estimated from the
ellipticity at 222 nm.* With an increasing percentage volume of
TFE, which is known to be an a-helix stabilizing solvent,?* the
a-helicities of H2a(14) and H2a(17) were gradually increased
(Fig. 3). In the presence of haem (1.0 equiv.), a further increase
in the a-helicity of both peptides was obtained at 10-20% TFE
(Fig. 3, closed circles). The largest increase of the a-helicity of
H2a(14) and H20(17) by the addition of haem was obtained at
around 15% and 10% TFE, respectively.

To confirm that the improvement in a-helicity was due to
the haem binding by the His residues in the 2a-helix peptides,
I-methylimidazole was added to inhibit coordination of the
haem with the peptide. With increasing concentration of the
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Fig. 3 Effect of TFE content on the a-helicity of (¢) H2a(14), (b)
H2a(17) and (¢) H2a(21) in the absence (O) and presence of haem
(2.0 X 1075 mol dm ™3, 1.0 equiv.) (®) in 2.0 X 107> mol dm™* Tris HCI
buffer, pH 7.4 at 25 °C [peptide] = 2.0 X 10~° mol dm 3. The a-helicity
(%) was estimated by the equation of Scholtz et al.*®

exogenous ligand, the a-helicity of H20(14) was decreased to
40%, which coincided with the value of H2a/(14) in the absence
of the haem [Fig. 4(a)]. Furthermore, the increase in a-helicity
was sensitive to the solution pH. No increase of a-helicity was
observed by the addition of haem at acidic pH (2.0-6.0) [Fig.
4(b)]. The midpoint of a-helix improvement was approximately
pH 6.6. Because the pK, of His in a random peptide is about
6.4,% the pH effect is attributed to the protonation of His side
chains such that they cannot act as a ligand. Broo et al
reported that the pK, of the His residue in the folded peptide
was changed by the environment around the His residue.'’>¢ In
our case, however, the pK, of the His residue seemed not to be
significantly affected by the residues in the vicinity of the His
upon folding or by the presence of 15% TFE. Therefore, we
conclude that the increase in a-helicity of H2a(14) and H20(17)
took place via haem binding by ligation with the His
residues. The haem binding of H2a(14) and H2a(17) was regu-
lated by the helix annealing with an appropriate amount of
TFE.

In contrast to the two peptides, H20(21) took an a-helical
structure in the buffer. Because H20(21) was the longest peptide
among three and had five Leu residues in a segment, introduc-
tion of hydrophilic His residues did not significantly affect the
hydrophobic interaction between the amphiphilic a-helix seg-
ments. H20(21) did not bind the haem in the buffer, although
it was a-helical. As for H2a(14) and H2a(17), TFE addition
assisted the haem binding. With an increasing percentage
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Fig. 4 (a) Ellipticity change at 222 nm of H2a(14) with 1.0 equiv. of
haem with increasing 1-methylimidazole concentration in the buffer
containing 15% TFE at 25 °C. (b) o-Helix improvement of H2a(14) by
the addition of the haem (1.0 equiv.) in 15% TFE at pH ranging from
2.0 to 10.0 at 25 °C. Data are fitted by an equation for pH titration.
[peptide] =2.0 X 1075 mol dm 3.

volume of TFE, the o-helicity of H20(21) with the haem
was slightly increased [Fig. 3(¢)]. However, the increase of the
a-helicity of H2a(21) was lower than that without the haem in
the 10-20% TFE range. Presumably, insertion of a bulky haem
group into the hydrophobic pocket in the H2a(21) might per-
turb the coiled-coil packing and destabilize the a-helix struc-
ture. The largest decrease of a-helicity of H2a(21) with the
addition of haem also occurred at around 10% TFE. The
haem binding of H20(21) was attained by the loss of the helix
packing with an appropriate amount of TFE.

UV-VIS spectra of haem with H2a(14), H20(17) and H2a(21)

UV-VIS titration of the haem with H2a(14), H20(17) and
H2a(21) was carried out in buffer containing various amounts
of TFE. The results for H2a(14) were reported in the previous
communication.” As for H2a(14), H2a(17) and H2a(21)
showed the unique haem-binding property which was depend-
ent on the concentration of TFE. As shown in the CD studies,
the binding constants for the haem with the peptides, deter-
mined from the absorbance change at the Soret band (401 nm)
using a single site binding equation,*” were strongly dependent
on the concentration of TFE (Fig. 5). The three peptides
showed the highest binding constants at around 15% TFE [K,:
H20(14), 5.8 x 10° mol™" dm?; H2a(17), 5.3 X 10° mol™! dm?;
H20(21), 1.1 x 10° mol™! dm®]. Among the peptides, H2a(17)
was the strongest haem-binder. UV-VIS spectra of the haem
bound to the peptides in 15% TFE indicated that the iron(1r)
was predominantly low-spin, consistent with bis-His coordin-
ation.*® Spectral features included the sharp Soret band at 401
nm and a broad o/p band near 530 nm.

In contrast, the peptides could not bind the haem effectively
at <10% and >25% TFE. These TFE titrations revealed that the
20-helix structure and the consequent formation of a hydro-
phobic pocket were important for the haem-binding. In the
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Fig. 5 Effect of TFE content on the binding constant for («) H2a(14),
(b) H2a(17) and (¢) H2a(21) with the haem.

cases of H2a(14) and H2a(17), because the conformation of
the peptides is predominantly random at lower TFE concen-
trations (<10%), the hydrophobic pocket for the haem-binding
is not formed. On the other hand, at higher TFE concentrations
(>25%), the 2a-helix structure is destroyed so that each a-helix
segment is free to move.!* Additionally, it is expected that
hydrophobic interactions between the peptide and haem are
also weakened at higher TFE concentrations. Because there is
no hydrophobic pocket at either lower or higher TFE concen-
tration, the peptides cannot bind the haem effectively. The
monomer peptide Hla(14) and 1-methylimidazole needed a
concentration of ca. 107* mol dm™? for the haem-binding and
did not show such TFE dependencies. These results also con-
firm that the formation of the 2a-helix structure is essential
for haem-binding at the ~107® mol dm ™3 level. In the case of
H2a(21), which took a 70% a-helix structure in the buffer, tight
helix-helix packing of the 2a-helix structure at the lower TFE
concentration (<10%) seemed to inhibit the insertion of haem
into the hydrophobic pocket. With the addition of 10-20%
TFE, H2a(21) could bind the haem effectively, because the
hydrophobic interaction between the helices was reduced.
Although the excess amounts of TFE (>25%) inhibited the
haem binding due to the disruption of the 2a-helix structure
and/or the weakened hydrophobic interaction between the
haem and the peptide, an appropriate amount of TFE (10—
20%) could assist the haem binding. These results indicated that
the haem binding ability of the peptides was controlled by the
peptide conformation with TFE. This characteristic feature of
the peptides seemed to be due to the His orientation in the 2a-
helix structures constructed by the coiled-coil motif [Fig. 1(c)].

Far-UV CD study and thermal denaturation of H2a(17)-L6,
H20(17)-L4, H20(17)-L4S, cH20(17)-L4 and cH2a(17)-L4S

In order to construct a haem—peptide conjugate in an aqueous
solution, the second series of 2a-helix peptides were designed



Table 1 o-Helix contents and midpoints of thermal transition (7,)®
of the peptides in the absence and presence of haem

a-Helix content (%) T,/°C

Without  With Without  With

Peptide Haem Haem Haem Haem AT,/°C
H20(17)-L6 69 70 n.d.c n.d.c n.d.c
H2a(17)-L4 46 61 35 58 23
cH20(17)-L4 62 74 46 70 24
H2a(17)-L4S 67 75 42 63 21
cH2a(17)-L4S 89 90 n.d.c n.d.c n.d.c

“ a-Helix contents were estimated from the molecular ellipticity at 222
nm according to the equation of J. M. Scholtz et al. [ref. 35], [pep-
tide] = 1.0 x 1075 mol dm™3; [haem] = 1.0 X 107°> mol dm 3, 25°C. * T},
of peptides was taken as the temperature at which half of the peptide
was unfolded. ¢ Not determined.
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Fig. 6 (a) CD spectra of peptide, H2a(17)-L4S in the absence (——-)
and presence (——) of haem (1.0 equiv.) in the buffer, pH 7.4, at 25 °C.
[peptide] = 1.0 X 1075 mol dm 3. (b) Temperature denaturation profiles
of H2a(17)-L4S in the absence (O) and presence of haem (1.0 x 1073
mol dm~3, 1.0 equiv.) (®) in the buffer, pH 7.4. [peptide] = 1.0 x 10~°
mol dm 3,

based on the amphiphilic a-helix motif. In the buffer, all the
peptides showed a typical o-helical CD pattern with double
negative maxima both in the absence and presence of haem
[Fig. 6(a)]. The a-helical contents® of these peptides are sum-
marized in Table 1. The a-helicity of H2a(17)-L4 was decreased
compared with the original peptide H2a(17)-L6. The replace-
ment of two Leu to Ala residues might decrease the hydro-
phobic interaction stabilizing the 20-helix structure. Although
the substitution decreased the a-helicity, this decrease might be
reversed by the introduction of intrahelix electrostatic inter-
actions® or cyclization of the 2a-helix structure by the second
disulfide linkage.?! The peptide H2a(17)-L4S was designed
based on H2u(17)-L4, to form the intrahelix (i, i + 4) salt
bridges by changing the position of Glu, Lys and Ala. Addi-
tionally, the peptides cH2a(17)-L4 and cH2a(17)-L4S have the
second disulfide linkage at the N-terminals. Indeed, the a-
helicity of H2a(17)-L4S and cH2a(17)-L4 was increased by
a factor of 1.5 and 1.3, respectively, compared with that of

H2a(17)-L4. Furthermore, the cyclic peptide cH20(17)-L4S,
which bore both a-helix stabilizing factors, took an almost
complete o-helical structure (89%), 1.9 times higher than
H2a(17)-L4. Interestingly, the helical contents of the peptides,
except for H20(17)-L6 and cH2a(17)-L4S, increased signif-
icantly with the addition of haem, similarly to H2a(14) and
H2a(17). These results demonstrated the importance of the
haem cofactor for the peptide folding.

The thermal stability of the second series of peptides in the
absence and presence of haem was examined by CD measure-
ments [Fig. 6(b) and Table 1]. Unfortunately, both in the
absence and presence of haem, the peptides H20(17)-L6 and
cH2a(17)-L4S were so stable that they were not completely
denatured in the temperature range. However, the other
peptides exhibited a cooperative thermal denaturation in the
absence of haem. The CD spectra of these peptides at various
temperatures had an isodichroic point at around 203-205 nm,
suggesting that denaturations occurred in a cooperative two-
state process. The midpoint of thermal transition (7,,) for
cH2a(17)-L4 and H20(17)-L4S (46 °C and 42 °C, respectively)
were larger than that of H2a(17)-L4 (35 °C) (Table 1), which
had a lower a-helicity than the other peptides. As shown in Fig.
6(b) and Table 1, the haem binding remarkably increased the T,
value of the three peptides by 21-24 °C. These results indicated
that the haem binding enhanced the stability of the 2a-helix
structure, as well as the a-helicity. Similar conformational sta-
bilization of the peptides by the introduction of a cofactor has
been reported in the case of some artificial haem-conjugated
polypeptides '**?*23 and natural haemproteins, such as myo-
globin,* cytochrome ¢,* cytochrome bs*' and cytochrome
bse,.** The peptides and proteins were almost fully folded and
stabilized by the haem-binding via the formation of a metal—
ligand bond and/or the hydrophobic interaction between haem
and the helical segments.

UV-VIS spectra of haem with H2a(17)-L6, H2a(17)-L4,
H2a(17)-L4S, cH20(17)-L4 and cH20(17)-L4S

UV-VIS titration of the haem with the second series of peptides
was carried out in the buffer and 15% TFE solution, respect-
ively. As an example, the result for H2a(17)-L4S in buffer is
shown in Fig. 7(a). In the buffer, with increasing concentration
of H2a(17)-L4S, an increase of the Soret band at 405 nm and
a/p band near 530 nm, and a decrease of the band around 355
nm were observed. That is, with the addition of the peptide, the
Fe™ in haem was converted from the high-spin to predomin-
antly the low-spin form, with an isosbestic point at 390 nm.*
These spectral features of the haem in the presence of H2a(17)-
L4S were almost the same as those of haem bound to the first
series of peptides. On the addition of other peptides to the
haem, similar results were observed (Table 2). These results
indicated that the peptides could bind the haem in the buffer via
the ligation of two His residues.

The plots of absorbance change in the Soret band as a func-
tion of peptide concentration showed the bending point to be at
the 1/1 [peptide]/[haem] ratio, suggesting that the peptides bind
the haem with 1/1 stoichiometry. The binding constants deter-
mined from the absorbance change at the Soret band using a
single site binding equation,*” were in the order of 10°-107
mol~! dm? (Table 2). The cyclic peptide cH20/(17)-L4S showed
the highest affinity for the haem (K, =1.0 x 10" mol™! dm?).
The most hydrophobic H2a(17)-L6 showed the lowest binding
constant (K, = 5.6 X 10° mol™! dm®) among the peptides, sug-
gesting that the tight helix-helix packing of the 2a-helix
structure prevented the smooth insertion of haem into the
hydrophobic pocket, as in the case of H2a(21). This suggestion
was also confirmed by the titration experiments in 15% TFE
solution, in which H2a(17)-L6 showed a binding constant
(K, =3.0 x 10" mol! dm®) comparable to that of the other pep-
tides (K, = 1.4-3.5 x 107 mol~! dm®) (Table 2). The addition of
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Table 2 UV-VIS spectral data of the haem bound to the peptides and binding constants (K,)“ of the peptides with the haem in the buffer and 15%

TFE solution
UV-VIS Soret, A,/nm UV-VIS 0/, Jma/nm K /mol™ dm?*
Peptide Ferric Ferrous® Ferric Ferrous® Buffer 15% TFE
H2a(17)-L6 403 413 526 546/519 5.6 x 10° 3.0 x 107
H2a(17)-L4 404 413 529 550/521 7.3 x 10° 3.5%x 107
cH20(17)-L4 404 413 528 549/520 7.3 x 10° 1.4 x 107
H2a(17)-L4S 405 413 527 550/520 8.3 x 10° 1.7 x 107
cH20(17)-L4S 405 413 526 550/520 1.0 x 107 1.3x 107

“ Binding constants were estimated from absorbance changes at the Soret band using a single site binding equation, [haem] = 1.0 x 107> mol dm 3,
25 °C. ® Iron(i) of the haem bound to the peptides was reduced with dithionite.
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Fig. 7 (a) UV-VIS spectra of the haem with increasing H2a(17)-L4S
concentration in the buffer at 25 °C. [haem] = 1.0 X 10~° mol dm 2. (b)
CD spectra of haem at the Soret region in the presence of H2a(17)-L4S
in the buffer ( ) and 15% TFE-buffer solution (——-) at 25°C.
[haem] = 1.0 X 107* mol dm 3, [peptide] = 1.2 X 10> mol dm>.

15% TFE would loosen the tight packing of helices, resulting in
the increase of binding constant.

CD spectra of haem bound to the peptides

The CD features of haem bound to the peptides were investi-
gated in the Soret band region (300-500 nm) in the buffer and
the 15% TFE-buffer solution. In the buffer, with the addition
of peptides H2a(17)-L6, H20/(17)-L4, H2a(17)-L4S, cH2a(17)-
L4 and cH20(17)-L4S (1.2 equiv.), the haem showed induced
CD peaks, which were characterized by a strong positive peak
at around 405-410 nm ([0] . = 7.8-21.8 x 10° deg cm? dmol !)
and a negative peak at around 390 nm ([f],..=—1.0 to
—9.7 x 10* deg cm* dmol ") [Fig. 7(b)]. Since the haem group is
a symmetrical chromophore, the haem itself should exhibit no
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inherent optical activity. Thus, the obtained CD feature con-
firmed that the haem was chirally localized and oriented in the
20-helix peptides.

So far, Cotton effects arising from haem have been studied in
a number of haemproteins and some haem-conjugated pep-
tides. #2283 A great variety in the signs, magnitudes and
shapes of the CD curves have been observed for the haem-
transitions in these proteins and peptides, depending on the
protein environments around the haem and the oxidation and
coordination states of the central iron. The haem Soret band
has been characterized essentially as a m—n* transition of por-
phyrin, two nearly degenerate electronic transitions (B, and B,)
which are polarized perpendicular to each other and which are
of opposite signs.*® Various possible mechanisms have been
proposed for the origin of the Soret-Cotton effect. For
example, Hsu and Woody have shown that the shape of the
Soret-CD band depends on the direction of polarization of the
B, and B, components in the haem framework.” Additionally,
Mizutani et al. reported that the complexes between zinc
porphyrin and amino acid esters exhibited split type induced
CD in the Soret region.* They have argued that the coupling
interactions between porphyrin and the carbonyl group are
important contributors to the Soret-Cotton effect in their
model systems and that the relative geometries of the porphyrin
plane and the carbonyl group determine the shape of the Soret-
CD curves. The obtained Soret-CD band in our peptide-haem
conjugates might be caused by a coupling interaction of m—n*
haem transitions with n—n* and n-n* transitions localized in
the polypeptide backbone. In other haem—peptide conjugates
reported independently by Pavone et al.*” or Benson et al.,”® it
was also indicated that the interaction between the Soret transi-
tion dipoles and the peptide backbone amides is possibly
responsible for the induced Soret—Cotton effect. Because there
is no detailed information about the relative geometry of the
haem and peptide, including the His side chains and helix axis
orientations, we cannot exclude other possibilities for the origin
of the Soret-CD bands, such as an asymmetrical axial ligation
around the iron or the distortion (nonplanarity) of the haem
plane upon binding to the peptides. However, the haem bound
to the peptides was predominantly in its low-spin form, in
which the axial ligands were identical His residues on the iden-
tical two a-helices. Therefore, the induced Soret-CD signal in
our case probably does not arise from an asymmetrical axial
ligation of the haem iron. Furthermore, it is also unlikely that
the large distortion of the porphyrin ring was induced by the
binding to the peptides, because high energy will be required to
distort iron porphyrins.*

When the intensity of the Soret-CD band is compared
among the haem—peptide complexes (Table 3), the haem bound
to the peptides, except H20(17)-L6, showed large and compar-
able values. On the other hand, H2a/(17)-L6, which has six Leu
residues per helix, showed only one third of the Soret intensity
of the haem bound to the other peptides. These results sug-
gested that the haem bound to the peptides H2a(17)-L4,
H20(17)-L4S, cH20(17)-L4 and cH2a(17)-L4S, existed in more
fixed orientation in the peptide 3D structure compared to



Table 3 CD spectral data of the haem bound to the peptides at the
Soret band in the buffer and 15% TFE solution at 25 °C*

[0]max/10* deg cm? [0]min/10* deg cm?

dmol ™ (A,/nm) dmol ™! (4,/nm)
Peptide Buffer 15% TFE Buffer 15% TFE
H2a(17)-L6 774 (408) 4.8 (404) —1.02(391) —0.69 (390)
H2u(17)-L4  21.8(409)  6.63 (406) —9.71(393) —1.35(390)
cH20(17)-L4  19.8(408) 13.1(406) —8.84 (393) —4.42(391)
H2u(17)-L4S  17.9(406)  7.99 (405) —6.83(390) —1.28 (389)
cH2a(17)-L4S 19.3(407) 13.1(405) —8.31(390) —3.55(392)

“[haem] = 1.0 X 107> mol dm 3, [peptide] = 1.2 X 107> mol dm>.

H2a(17)-L6. The orientation of the haem bound to the peptides
seemed to be determined by the amino acid composition
around the haem binding site, because there was a significant
difference in the sequence between H2a(17)-L6 and other
peptides in the arrangement and number of Leu residues.
Generally, when the haem is bound to an apoprotein, such as
apomyoglobin, in different orientations, the haem shows a
weaker CD intensity relative to that when the haem exists in the
“correct” conformation. For example, in natural haemproteins,
a time-dependent increase in the Soret-CD band following
reconstitution of haem to apoproteins has been reported and
this is also considered as evidence for the haem reorientation
between two interconvertable haem configurations.** In our
case, the haem bound to H2a(17)-L6 might take several orient-
ations in the peptide structure, because H20(17)-L6 had a large
hydrophobic face in its interior with six Leu residues per helix
arranged around the haem-binding site. On the other hand,
the hydrophobic area of the other peptides was composed of
four Leu residues per helix with the same arrangement. The
restricted interaction between the haem and the o-helices might
require the haem to take fewer preferable orientations. The
weaker intensity of the Cotton effect of the haem bound to
H2a(17)-L6 relative to the other four peptides might be inter-
preted as the result of the haem taking various orientations. On
the other hand, in our opinion, the haem bound to the peptides
H20(17)-L4, H20(17)-L4S, cH2a(17)-L4 and cH2a(17)-L4S
seemed to be fixed in the peptide structure with one major
orientation.

In the buffer containing 15% TFE, the haem bound to the
peptides also showed induced CD peaks similar to the spectra
in the buffer. However, the intensity of the Soret-CD band of
haem bound to the peptides in 15% TFE was only 1/2~2/3 of
that in the buffer [Fig. 7(b) and Table 3]. Dissociation of the
haem from the peptides cannot explain the reduced Soret-CD
band, because the titration experiments indicated that the
binding constants of the peptides to the haem were not signifi-
cantly different from those in the buffer (Table 2). In the 15%
TFE solution, it is expected that the hydrophobic interactions
between the helices and the haem were weakened. Therefore,
the haem could be free to take any orientation in the peptide
structure and the number of the adaptable haem orientations in
the binding site would increase. This would be responsible for
the decrease in the intensity of the Soret-CD band in the 15%
TFE solution relative to that in the buffer solution.

The CD features of haem bound to the coiled-coil type pep-
tides H2a(14), H2a(17) and H2a(21), were also investigated in
the 15% TFE-buffer solution. Interestingly, the haem bound to
H2a(14), H20(17) and H20(21) in 15% TFE did not show a
pronounced CD peak in the Soret band. These results also
implied that these peptides bound the haem with more variable
orientations than the other peptides. Because the orientation of
the haem was not regulated in the peptide, the haem bound
to H2a(14), H20(17) and H2a(21) seemed not to show a
significant Soret-CD band. The results of the Soret-CD studies
demonstrated that the hydrophobic interaction between the

haem and the peptide was important for the orientation of the
haem, which could be regulated by the amino acid composition
around the haem binding site.

Peroxidase-like activity of haem bound to the peptides

The diverse biological functions of haem seem to be determined
by the axial ligands, 3D structure and the arrangements of
amino acid residues surrounding the haem active site. In order
for the haem to fulfill a specific function, natural proteins pre-
vent other haem-functions. For example, natural electron-
transfer proteins, cytochrome b or cytochrome ¢, contain haem
characterized by His/His or His/Met bis-axial coordinations,
respectively. The tight 6-coordination of haem prevents the
direct reaction with an oxygen molecule or hydrogen peroxide
which is characteristic of myoglobin or peroxidase, respectively,
and therefore the proteins having only a physiological role
in the electron transfer reaction. In our design of haem-
conjugated peptides, haem was fixed in the polypeptide 3D
structure by the bis-His coordinations, similar to natural b-type
haemproteins. Thus, as the peptide binds the haem more
tightly, the haem reacts less readily with a substrate, such as
hydrogen peroxide. According to this assumption, we examined
the catalytic activity of the haem bound to the peptides in 0.1
mol dm ™3 Tris HCI buffer, pH 7.4, and in the 15% TFE-buffer
solution using an oxidation reaction of o-methoxyphenol to its
tetramer, tetraguaiacol, which is one of the typical reactions
catalyzed by peroxidase or monooxygenase in the family of
haemenzymes.*’ The determined initial rates are summarized in
Fig. 8. In the buffer [Fig. 8(a)], the initial rate, v, of the reaction
in the presence of peptide H2a(17)-L4S (0.76 x 107¢ mol dm?
min~'), was suppressed to a relative activity of 0.15 [relative
activity, 1.0 in the absence of peptide (5.1 X 107® mol dm™3
min~")]. The reaction rates of haem bound to peptides H2a-
(17)-L4, cH20(17)-L4 and cH2a(17)-L4S, were also diminished
to 0.77-0.96 x 107° mol dm™* min~'. These o-methoxyphenol
oxidation activities were comparable to that of the natural
electron transfer protein cytochrome ¢ (0.32 x 107 mol dm™?
min1).*” These results suggested that the haem was tightly fixed
in the polypeptide 3D structure at a level similar to the natural
bis-ligated haemproteins. In contrast, the reaction was weakly
suppressed by the addition of H20(17)-L6 (3.4 X 107° mol dm 3
min~?, 0.66). The moderate suppression of haem reactivity by
H2a(17)-L6 appeared to reflect a looser coordination by the
axial ligands relative to the other peptides. As described above,
the smaller K, and weaker Soret-CD band intensity were attrib-
uted to the loosened coordination by the axial ligands in
H2a(17)-L6. On the other hand, the peptides H2a(14), H2a/(17)
and H2a/(21), which did not bind the haem in the buffer, did not
influence the reaction rate of haem at all. These results con-
firmed that the suppression of catalytic reactivity by the add-
ition of peptides was due to the formation of a peptide—haem
complex in the solution.

In the 15% TFE solutions [Fig. 8(b)], the initial rate of
reaction in the presence of the peptides H2a(17)-L4, H20(17)-
L4S, cH20(17)-L4 and cH20(17)-L4S, was also diminished to
relative activities of 0.6-0.3. However, the suppression effects
by the peptides in 15% TFE were weaker than those in the
buffer. These results, in accordance with the CD results, sug-
gested that the addition of TFE reduced the hydrophobic inter-
action between the haem and peptides, resulting in the haem
reactivities in the peptides being slightly enhanced. On the other
hand, the catalytic activities of haem bound to H2a(14),
H20(17) and H2a(21) in 15% TFE, were accelerated by factors
of 2.0-2.6, relative to that in the absence of the peptides. These
o-methoxyphenol oxidation activities of haem—peptide conju-
gates were comparable to that of bilayer-bound cytochrome ¢
as reported by Hamachi et al.’ These authors suggested that
the activity of cytochrome ¢ was generated by a small structural
change around the haem, such as dissociation of the axial
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Fig. 8 [Initial rates of tetraguaiacol formation catalyzed by the haem
in the presence of peptides in (@) 0.1 mol dm* Tris HCI buffer, pH 7.4,
and (b) 15% TFE-buffer solution at 25 °C. [haem]= 0.5 X 10~° mol
dm™3, [peptide] = 1.0 x 10~° mol dm 3, [o-methoxyphenol] = 1.0 x 1072
mol dm 3, [H,0,] = 0.5 X 1073 mol dm .

ligand (Met®), via the bilayer interaction of the protein. In our
case, since the coordination of the axial His ligand in 15% TFE
appeared to be weaker than that in the natural haemproteins,
the haem bound to the peptides H2a/(14), H20(17) and H2a(21)
allowed easier coordination of H,0, to one side of the axial
sites of haem and subsequent reaction at the haem center. It
was suggested that the rate-determining step in our case was the
formation of the active intermediate from the haem and H,O,,
because the initial rate was dependent on the concentration of
H,0,, but not on that of the substrate. Therefore, the peptide
could enhance the activity by isolating the haem in the peptide
structure from the haem-aggregates in solution, and form the
active intermediate more easily. The catalytic activity acceler-
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ated by the disordered structure of cytochrome ¢ or the 2a-helix
peptides could be characterized as that of a catalytic molten
globule suggested by DeGrado.*® The results observed by using
our designed peptides demonstrated that the catalytic activity
of haem was correlated to binding and fixing abilities of the
peptides observed by UV-VIS and CD studies (Fig. 9) and that
the catalytic activity could be regulated by the simply designed
polypeptide structures.

Discussion

It has been demonstrated that two series of 2a-helix peptides,
which bound a haem cofactor through the ligation of two His
residues, were successfully designed and synthesized. The first
series of peptides, which were designed on the basis of the
coiled-coil motif, showed a unique haem binding property
which was dependent on TFE concentration. These peptides
demonstrated some structural requirements for effective haem
binding. For example, the peptides H20(14) and H2a(17)
bound the haem only when the 2a-helix structure was annealed
by the addition of 10-25% TFE, indicating that the 2a-helix
structure and consequent formation of hydrophobic pockets
were essential for the haem binding. In addition, the construc-
tion of the 20-helix structure and the presence of His at the
hydrophobic face of two a-helices appeared to be insufficient to
achieve the haem binding, because it was needed for the haem
binding of the peptide H2a(21) to lose the tight helix—helix
interaction by the addition of TFE. Although an excess amount
of TFE caused a decrease of the binding constant due to the
destruction of the peptide 3D structure and the loss of the
hydrophobic interactions between the haem and peptides, the
appropriate amount of TFE seemed to induce the structural
refinement of the peptide and to assist the haem binding. These
results showed that the peptide conformation, the rigidity of
the helix-helix interaction at the haem binding site and the
topology of the His residues were important for effective haem
binding. The Soret-CD study of the haem bound to the pep-
tides in 15% TFE suggested that the haem was randomly
oriented in the binding site. This result also implied the struc-
tural insufficiency of the peptides for fixed haem binding.

In accordance with the above results, an amphiphilic a-helix,
but not a coiled-coil, was used in the design of the second series
of peptides, in which a His ligand was positioned at the center
of the helix and in the hydrophobic region. In contrast to the
first series of peptides, the peptides with the improved design
took an a-helix structure in the buffer and bound the haem with
higher affinities. The UV-VIS and CD properties of haem
bound to the peptides indicated that the haem was predomin-
antly in the low-spin state with two axial His ligands and was
highly oriented in the haem binding pocket. However, among
the second series of peptides, H2a/(17)-L6 showed a lower affin-
ity for haem and the intensity of the Soret-CD band for haem
bound to L6 was smaller than other peptides, suggesting the
haem binding state in H2a(17)-L6 was subtly flexible. A more
successful design was achieved by H2a(17)-L4S, which showed
a higher o-helix content, a larger binding constant and a
stronger induced Soret-CD band. These results demonstrated
that the number and arrangement of Leu residues forming the
haem binding site in the 2a-helix structure were important in
determining strong haem binding and fixing abilities to the
peptide.

The difference in the binding and the fixing abilities for the
haem by the peptides was significantly reflected by the per-
oxidase activity of haem. That is, the peptide possessing a
stronger binding ability (larger K,) and fixing ability (stronger
Soret-CD peak) of the haem more effectively prevented the sus-
ceptibility to the oxidant, H,O, (Fig. 9). Contrary to the
expected properties for the b-type haem design, the first series
of peptides accelerated the reactivity of the haem in the 15%
TFE solution. These peptides bound the haem rather more
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of haem bound to the peptides.

loosely than the second series of peptides, which was suggested
by the smaller K, and no significant Soret-CD peak. The
acceleration of haem reactivity might be due to this weaker
interaction between the haem and peptides. On the other hand,
except H2a(17)-L6, the second series of peptides significantly
suppressed the haem catalytic activity. These peptides showed a
larger K, and a larger Soret-CD peak, suggesting that these
peptides bound the haem more tightly than the others. Possibly,
suppression of the catalytic reactivity of the haem—peptide con-
jugates was due to the tight packing of two a-helices with the
haem. The tightness was accomplished by the arrangement of
the His residue as a ligand and the hydrophobic Leu residues
forming the haem binding site. Although detailed examination
of the 3D structure of haem—peptide conjugates will be needed,
further systematic substitution of amino acids forming the
haem-binding site, including the axial ligands, will lead to
the design of artificial haemproteins with a variety of specific
functions with minimum structural elements.

Experimental
Peptide synthesis

The peptides were synthesized by the Fmoc solid-phase method
according to the reported procedure'* using benzotriazol-1-
yloxytris(dimethylamino)phosphonium hexafluorophosphate
and 1-hydroxybenzotriazole hydrate as coupling reagents.
H2a(14), H20(17), H2a(21) and H2a(17)-L6 were synthesized
using acetamidomethyl (Acm) as a protecting group for Cys at
the C-terminal to obtain la-peptides. The Acm group in these
peptides was removed according to the method of Yoshida et
al®® H2a(17)-L4 and H20(17)-L4S were synthesized using
triphenylmethyl (Trt) as a protecting group of Cys at the
C-terminal. The disulfide bond was formed by air-oxidation.
cH2a(17)-L4 and cH20(17)-L4S were synthesized using dif-
ferent sulthydryl protecting groups to form intramolecular
disulfide bonds selectively (Cys group at the N- and C-terminals
were protected with the Acm and Trt groups, respectively). The
disulfide bond at C-terminal in these peptides was formed by
air-oxidation. The intramolecular second disulfide linkage at
the N-terminal in cH2a/(17)-L4 and cH2a(17)-L4S was formed
using the silyl chloride-diphenylsulfoxide system reported by

Akaji et al*® Peptides were purified with HPLC to give the
products with a single peak on analytical HPLC using a linear
gradient of acetonitrile-0.1% trifluoroacetic acid (TFA).
Peptides were identified by MALDI-TOFMS and amino acid

analysis; TOFMS; H2u(14), m/z 3529.6 [(M + H)']
(caled. =3529.1);  H2u(17), mlz 4039.1 [(M + H)']
(caled. =4039.8); H2a(21), m/z 50369 [(M + H)]
(caled. = 5036.9); H20(17)-L6, miz 4001.3 [(M + Na)']
(caled. =4001.8); H2a(17)-L4, m/z 4011.8 [(M + H)']
(caled. =4011.7); H20(17)-L4S, m/z 40114 [(M + H)']
(caled. =4011.7); cH20u(17)-L4, m/z 4558.8 [(M + H)"]
(caled. = 4558.5); cH2a(17)-L4S, mi/z 45583 [(M + H)']

(calcd. =4558.5).

CD measurements

CD spectra were recorded on a Jasco J-600 or J-720 spectro-
polarimeter using a quartz cell with a 1.0 mm pathlength in the
amide region (190-250 nm) and 10 mm in the Soret region
(300-500 nm), respectively. H2a(14), H20(17) and H2a(21)
were dissolved in 2.0 X 1072 mol dm~* Tris HCI buffer (pH 7.4)
containing various amounts of TFE in a peptide concentration
of 2.0 x 10~° mol dm™3. H2a(17)-L6, H2a(17)-L4, H2a(17)-
L4S, cH2a(17)-L4 and cH20(17)-L4S were dissolved in the
buffer in a peptide concentration of 1.0 X 107 mol dm™.
Unfolding transitions were followed by plotting the ellipticity at
222 nm as a function of temperature (0-100 °C). The fraction
of peptide in the folded state was calculated as the fraction of
the molar residue ellipticity at each temperature relative to the
initial molar ellipticity at 0 °C. The melting temperature, 7T,
was then taken as the temperature at which half of the peptide
was unfolded.

UV-VIS measurements

UV-VIS spectra were recorded on a SHIMADZU UV-3100
spectrophotometer using a quartz cell with a 10 mm pathlength.
Mesoporphyrin IX was converted to the ferric complex by
refluxing with excess Fe(OAc), in acetic acid.®® Iron meso-
porphyrin in the buffer was titrated with peptides in increments
of about 0.2 equiv. After each addition of peptide, samples were
equilibrated for 30 min at 25 °C, then UV-VIS spectra (250-700
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nm) were measured. The increase in absorbance at the Soret
band with increasing peptide concentration was corrected for
dilution and fitted by a single site binding equation®” using
Kaleida Graph (Synergy Software).

Assay for o-methoxyphenol oxidation

The o-methoxyphenol oxidation activity of haem in the pres-
ence or absence of the peptides was assayed by measuring the
amount of the produced tetramer.*” The reaction was initiated
by the addition of hydrogen peroxidase (the final concentration,
0.5 x 107° mol dm™%) to mixtures of o-methoxyphenol (sub-
strate) (1.0 X 1072 mol dm~%), haem (5 X 10"® mol dm®) and
peptide (1.0 x 107> mol dm?) in 0.1 mol dm* Tris HCI buffer,
pH 7.4, or 15% TFE-buffer, pH 7.4, at 25 °C. The reaction was
followed by monitoring the absorbance change at 470 nm
(6=2.66%10*cm ' M™).
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