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We succeeded in combining multiple-histidine peptides with porphyrins; that is to say, we synthesized three pep-
tide porphyrins consisting of au-meso-tetrakis(o-aminophenyl)porphyrin, o4-H>TAPP, and amphiphilic peptide, as-
(PepAis)n(AG)4—n-HoTAPP (n = 1, 3, and 4; PepA;s = EEALEKHEKALEKHEKAG), in the liquid phase. These
compounds were designed to construct multiple porphyrin systems; in other words, each peptide attached on the H, TAPP
was designed to contain two histidines. The stability of the porphyrins, (AG)s-H, TAPP and (AG); (Boc-AG)3;-H, TAPP, as
well as the coupling conditions between the porphyrin fragments and the 16-residue peptide, EEALEKHEKALEKHEK,
to give ou-(PepAig)n(AG)s—n-H2TAPP (n = 1, 3, and 4) were studied in detail with respect to the temperature, solvents,
coupling reagents, additives, and amines. This search revealed that the combination of DMF/benzotriazol-1-yl-oxy-
tris(pyrrolidino)phosphonium hexafluorophosphate (PyBOP)/N,N-diisopropylethylamine is suitable for the purpose. The
search also clarified that it is possible to synthesize as-(PepAis)s-HoTAPP and au-(PepAi3)3(AG):-H, TAPP selectively by
choosing the coupling additives 1-hydroxy-7-azabenzotriazole (HOAt) and 1-hydroxybenzotriazole (HOBt), respectively.

All of the compounds showed 40% helicity in a solution (phospate buffer, pH = 7.0) containing 2,2,2-trifluoroethanol
(TFE). The UV-vis and circular-dichroism spectrophotometric titrations of Fe(Ill) protoporphyrin IX chloride, B, with o4-
(PepAi5)4-ZnTAPP, A, indicated that up to three equivalents of B were incorporated into A in a buffer solution containing
15% TFE. Sedimentation-equilibrium ultracentrifugation experiments showed that A is a dimer in the solution, and that
this dimer is transformed to a trimer when B is incorporated into A. These results suggest that A achieves a 12-porphyrin
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system consisting of different kinds of metalloporphyrin.

In the de novo design of artificial proteins, porphyrins oc-
cupy an important situation as effective prosthetic groups
owing to their superior functionality and processibility.!—'4
In natural proteins, porphyrins (including their derivatives
and chlorines) take important roles in electron transfer,'>'®
energy transfer,''® and primary charge separation.'” These
functions are brought about by the integrated forms of
porphyrins. For example, in the photosynthetic reaction
center,'” four chlorophylls and two pheophytins are in close
contact to achieve rapid and effective primary charge sepa-
ration. In light-harvesting complex!” and the bacteriochlo-
rophyll a-protein,'® 27 and 21 chlorophylls, respectively, are
also in contact with each other, or, packed in narrow molec-
ular spaces to achieve effective energy transfer. Hemes in
cytochrome c3," the photosynthetic reaction center,'” and
hydroxylamine oxidoreductase'® are also arranged in a sim-
ilar manner to achieve effective electron transfer. From this
point of view, it is necessary to prepare multiple porphyrin
systems in order to mimic the energy/electron transfers in

nature. Although a number of artificial proteins containing
porphyrins have been reported, the hexachromophore sys-
tem reported by Rabanal et al. was the record of porphyrin
integration.’® The purpose of this study is to provide new

Abbreviations used are: Boc, t-butoxycarbonyl; CD, circular
dichroism; ClZ, 2-chlorobenzyl; DIEA, N,N-diisopropylethyl-
amine; EDC-HCI, 1-ethyl-3-(3-dimethylaminopropyl)- carbodi-
imide hydrochloride; ESI, electrospray ionization, HATU, O-
(7- azabenzotriazol- 1-y)- 1, 1, 3, 3- tetramethyluronium hexafluo-
rophosphate; HOAt, 1-hydroxy-7-azabenzotriazole; HOBt, 1-
hydroxybenzotriazole; H>TAPP, meso- tetrakis(o- aminophenyl)-
porphyrin; Im, imidazole; NMM, N-methylmorpholine; NMP,
N-methylpyrrolidone; OBu’, z-butyl ester; OBzl, benzyl es-
ter; OPac, phenacyl ester; PyBOP, benzotriazol- 1-yl-oxy-tris-
(pyrrolidino)phosphonium hexafluorophosphate; PVA, polyvinyl
alcohol; TBTU, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyl-
uronium tetrafluoroborate; TMSOTY, trimethylsilyl trifluorometh-
anesulfonate; TEA, triethylamine; TFA, trifluoroacetic acid; TFE,
2,2,2-trifluoroethanol;
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artificial proteins in which multiple porphyrins are in contact
with each other, or packed in narrow molecular spaces.

There are three strategies for the integration of porphyrins
in artificial proteins. In strategy (A), porphyrins are prece-
dently (a priori) incorporated into the artificial proteins
through covalent bond.'— In strategy (B), porphyrins are
a posteriori incorporated into the postulated hydrophobic
area of the host proteins as guests through coordination
bonds.>'? In strategy (C), porphyrins are incorporated into
artificial proteins through covalent and coordination bonds.'?
(A) is a well-founded strategy for the incorporation of por-
phyrins into artificial proteins; however, the syntheses are
generally complicated and the number of synthetic steps be-
comes large. (B) is a strategy based on solid-phase synthesis,
and generally enables easy insertion of porphyrins; however,
it is difficult to integrate different kinds of porphyrin. (C) is
a strategy which is the most complicated, requiring a large
number of steps in the liquid phase, at present. However,
by using (C) it is possible to combine different kinds of por-
phyrin with each other; hence, increases degree of freedom
in integrating porphyrins. This is advantageous for the ex-
tension of artificial proteins which are suitable in order to
study electron and energy transfers.

It should be emphasized that the syntheses of mul-
tiple and hetero porphyrin systems need to bind mul-
tiple-histidine peptides to porphyrins. This causes se-
rious problems in syntheses, because imidazole bleachs
porphyrin chromophores in the presence of oxygen un-
der illumination.”®?" Thus, details concerning the synthe-
ses on such systems were not yet known. In a pre-
vious communication, we reported on the synthesis of
ay-(PepAig)s-H, TAPP, 9-4, (n = 4; Fig. 1A),”» where
a,-Hy TAPP = ay-meso-tetrakis(o-aminophenyl)porphyrin®®
and PepA;3 = EEALEKHEKALEKHEKAG, according to
strategy (C) based on the template-assembled synthetic pro-
teins (TASP).?¥ The zinc compound of 9-4, a;-(PepAig)s-
ZnTAPP achieved a new record (12 porphyrins) in integrat-
ing Zn(Il) and Fe(1ll) porphyrins.

This paper describes the experimental details concerning
the syntheses of ay-(PepAis).(AG)4_,-H,TAPP (n = 1, 9-
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Multiple Porphyrin Systems

1; n = 3,9-3; and n = 4, 9-4). This paper also describes the
aggregation of as-(PepAig)s-ZnTAPP, A, and Fe(Ill) proto-
porphyrin IX, B, in buffer solutions.

Figures 1B and 1C show the helical wheel and diagram of
the amino acid sequence of the amphiphilic peptide PepA;s,
where lysines and glutamic acids are aligned in striped
forms along the postulated helical axis. This enables us
to expect a two-dimensional arrangement of ay-(PepAig)s-
MTAPP (M = H, and divalent metal ions) in the solid state
or in adsorbed forms on flat faces, as well as helix-bun-
dle formation. The conformational parameters of helix and
sheet (Chou-Fasman®’) calculated for this sequence were

< Py > =130and < Pg > =74, respectively, and the
free-energy decrease for ideal four-helix-bundle formation
calculated from the solvent-accessible surface area®® was
ca. 20 kcal mol~!.2” Molecular modeling® by the use of
computer graphics® and molecular-dynamics calculations
on AMBER 3.1°? showed that the distance between the two
imidazole groups and that between the lower imidazole and
the a;-H,TAPP were about 11 A, whereas that from N-ter-
mini to the upper histidine were about 12 A (Fig. 1).

Synthetic Strategy

PepA 3 was designed to include two repetitive parts made
of seven residues in order to reduce the number of synthetic
steps. Scheme 1 shows the synthetic route for the target
compounds, 9-1, 9-3, and 9-4. All of the compounds in
this scheme (1 to 8, 9-1, 9-3, and 9-4) were synthesized in
the liquid phase instead of the solid phase®*» by the Boc
strategy using phenacyl ester® as a C-terminal protecting
group. The reason for using the liquid phase was that, from
a statistical point of view, the final couplings of 6-OH** to
(AG)4-H,TAPP, 7, and (AG)(Boc-AG)3-H, TAPP, 8, require
a high purity of 6-OH.

There was a fear that direct coupling between PepA;g
and ay-H,TAPP is difficult due to a steric hindrance, as we
previously pointed out.”® Therefore, we divided the sequence
of PepA s into two parts consisting of 16 and 2 residues, and
introduced the dipeptide, Ala~Gly, to the amino groups of ay-
H,TAPP to obtain 7 and 8. This pretreatment was expected to
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Fig. 1. (A) ou-(PepA1s)s-HoTAPP. (B) Helical wheel of PepA . (C) Helical diagram of PepA s.
PepAis = Glu-Glu-Ala-Leu-Glu-Lys—His—Glu—Lys—Ala-Leu—Glu—Lys—His—Glu—-Lys—Ala—Gly.
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Boc-Glu(OBzl)-Glu(OBzl)-OPac 4 4-OH

Boc-Ala-Leu-Glu(OBzl)-Lys(ClZ)-OPac 1 — 1-OH |‘ 5 —5-OH
]— 3—H,N-3 e

Boc-His(Boc)-Glu(OBzl)-Lys(CIZ)-OPac 2 — H,N-2 -OH

3 H,N-3

9'1protected’ 9'3protected- 9'4protected

|

91, 9-3, 94

7: (AG)4-H,TAPP, R,=R,=R;=R,=AG

8: (AG)(Boc-AG);-H,TAPP, R;=AG, Ry=R;=R,=Boc-AG
9-1: (PepAqg)(AG);-H,TAPP, R,=PepAqq, R,=R3=R,=AG
9-3: (PepAy5)3(AG);-H,TAPP, R,=R,=R;=PepA,g, R=AG
9-4: (PepAqg)e-HoTAPP, R{=R,=R;=R,=PepA;

PepA,g = Glu-Glu-Ala-Leu-Glu-Lys-His-Glu-Lys-Ala-Leu-Glu-Lys-His-Glu-Lys-Ala-Gly

Scheme 1. Synthetic route for 9-1, 9-3, and 9-4.

increase the flexibility of the reaction points of the porphyrin
side, and thereby to increase the collision frequency between
the peptide and porphyrin.

Because porphyrins having imidazole groups in the neigh-
borhood are unstable, as mentioned above,?*?? and also be-
cause our compounds have numbers of histidine, it may pre-
ferred to employ protected histidines to increase the sta-
bility of the porphyrins. However, appropriate protecting
groups, which tightly protect the imidazole groups during
synthesis, and can be removed efficiently at the end of the
synthesis, were not found. For example, benzyloxymethyl
(Bom) enables stable protection of histidine in general; how-
ever, its deprotection requires much time in some cases.*>
In addition, we observed that hydrogenolysis decomposed
porphyrin chromophores probably via porphyrinogens.*® It
is generally recommended to use TMSOTY for the depro-
tection of Bom; however, this reaction remains 10% of
uncertainty.*”*® This value leads to approximately 57% of
by-products for an 8-histidine system, such as 9-4;rotected-
On the other hand, in many cases of peptide synthesis in-
volving histidines, protection of the imidazole group is only
employed at the introductory time of histidyl residue;*”
hence, unprotected histidines are actually used in peptide
synthesis.****—3 In consequence, in our preparation of 9-
1, 9-3, and 9-4, we used the protected form of His, namely
Boc-His(Boc),* only at the starting point, in the synthesis of
2. The imidazolyl Boc group of Boc—His(Boc) was cleaved
during the next TFA deprotection step together with the N%-
Boc group. We made efforts to search for reaction conditions
which achieved stable coupling of 7 and 8 to 6-OH.

Results and Discussion

1. Syntheses.  1.1. Syntheses of Peptide Fragments:
We observed that the synthesis of Boc—Glu(OBzl)-Lys-
(C1Z)-OPac is accompanied by a significant side reaction.
This side reaction was efficiently suppressed according to

a method of Xue et al.* Boc—-Glu(OBzl)-Lys(CIZ)-OPac
was elongated to Boc—Ala-Leu-Glu(OBzl)-Lys(C1Z)-OPac,
1, and Boc-His(Boc)-Glu(OBzl)-Lys(ClZ)-OPac, 2,
from which Boc—-Ala—Leu—Glu(OBzl)-Lys(ClZ)-His—Glu-
(OBzl)-Lys(ClZ)-OPac, 3, was synthesized by the
coupling.*>

The coupling of Boc—Glu(OBzl)-Glu(OBzl)-Ala—Leu—
Glu(OBzl)-Lys(ClZ)-His-Glu(OBzl)-Lys(C1Z)-OH, 5-OH,
and Ala—Leu—Glu(OBzl)-Lys(ClZ)-His—Glu(OBzl)-Lys-
(C1Z)-OPac, H);N-3, to obtain Boc—Glu(OBzl)- Glu-
(OBzl)- Ala— Leu—- Glu(OBzl)- Lys(ClZ)— His— Glu(OBzl)-
Lys(ClZ)-Ala—Leu—Glu(OBzl)-Lys(ClZ)-His—Glu(OBzl)-
Lys(ClZ)-OPac, 6, showed the side reaction giving an
isomer.**® In order to minimize this side reaction, various
conditions were examined (Table 1).

As can be seen in Table 1, the use of HATU,*~® which
is a well-known effective coupling reagent, not only failed
to increase the yield of 6 (in DMF and DMSO), but also
generated by-products other than the target compound and
its isomer at room temperature. Especially, in DMSO, these
side reactions became predominant, and the yield of the tar-
get compound was markedly decreased. On the other hand,
the use of PyBOP in DMF achieved a sufficient yield of
the target suppressing the side reaction at low temperature.
Under the final conditions which we found, the reaction mix-
ture was cooled down to —40 °C in the presence of HOBt,
and gradually raised up to —25 °C for 23 h;*" then, the
temperature was allowed to increase to room temperature
overnight.

We also observed that PyBOP caused a significant side re-
action in the coupling of 3-OH to H,N-3 at room temperature,
which was examined as an alternative way to the method
mentioned above to obtain 6 via 14-residue peptide. Py-
BOP generally gives sufficient results at room temperature,
like BOP;*>%® indeed, the syntheses of 3 and 5 proceeded
smoothly even at room temperature. The side reactions ob-
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Table 1. Reaction Conditions for the Couplings of Peptide

Entry Condition® Solvent 1/°C? time/h Y/%
1 5-OH+H;N-3+PyBOP+DIEA DMF R.T. 2 85
2 5-OH+H,N-3+HATU +DIEA DMF " R.T. 1.5 41
3 5-OH+H,N-3+HATU + DIEA DMSO R.T. 1 <10
4 5-OH+H,N-3+PyBOP+DIEA DMSO R.T. 1 72
5 5-OH+H,N-3+PyBOP+DIEA DMF -30—R.T. 6.5 90
6 5-OH+H,N-3+PyBOP+HOBt+DIEA DMF —40—15 20 96
7 3-OH+H,N-3+PyBOP+DIEA? DMSO R.T. 1 69

a) All the mixing ratios of carboxyl component/amino component/coupling reagent/amine were set at 1/1/1.2/3.  b) Re-
action temperature. R.T.; room temperature. Even when the reactions were carried out at R.T. DIEA was added at 0 °C.
c) Yield, as analyzed by HPLC. d) The alternative route for obtaining 6.

served in the coupling of 3-OH and H,;N-3, as well as that
of 5-OH and H;N-3, may be explained by the amino acid
sequence of the carboxyl components, 3-OH and 5-OH, con-
sidering that they commonly contain His—-Glu(OBzl)-Lys-
(C1Z)-OH.#>—®

Fragment 6 was purified by preparative RP-HPLC
(Asahipak ODP-50, PVA gel support) using an aqueous
acetonitrile solution containing TEA as the eluent,” then
deprotected to 6-OH with zinc/90% acetic acid. It is note-
worthy that the post-treatment of this step should be carefully
performed, because crude 6-OH is easily contaminated with
Zn?*, acetic acid, and the acetate anion which bind to the his-
tidyl imidazolate cations. The acetate group remaining on
the imidazolate makes the next step; namely, the couplings
of 6-OH to 7 and 8 fall into significant failures. These con-
taminants of crude 6-OH were removed by careful washing
with water, ether, and an 1 M HCl aqueous solution (1 M = 1
mol dm—3) several times.

1.2. Syntheses of Porphyrin Fragments: ¢4-H,TAPP
was prepared according to literature methods.”>% This was
coupled to Boc—Gly with EDC-HCI in dichloromethane to
give a4-(Boc-G)4-H, TAPP, 10. Removal of Boc from this
compound and subsequent coupling of Boc—Ala gave -
(Boc-AG)4-H,TAPP, 11. This was identified to be the ay-
atropisomer from a 'H NMR experiment, which showed all-
singlet S-pyrrole hydrogens. Generally speaking, tetraphen-
ylporphyrins with bulky o-substituents are stable to atropiso-

merization at room temperature;>>” therefore, there should
be no fear of atropisomerization under the usual conditions
of peptide synthesis, because they do not require heating.
Finally, the controlled removal of Boc groups from 11 was
performed by TFA-thioanisole to give 7 and 8.

1.3. Condensation of the Peptide and Porphyrin Frag-
ments:

1.3.1. Stability:  In our first attempts to synthesize pep-
tide porphyrins, the coupling of 6-OH to 7 was done under
the usual conditions (PyBOP, DMFE, and room temperature)
without any coupling additives. However, HPLC analyses
of the reaction mixture showed many porphyrin by-products
that were produced concomitantly by the decomposition of
7. This is in contrast to the coupling of Boc—Ala to H;N-
10, which showed no side reactions at all. The by-products
observed in the coupling of 6-OH to 7 were attributable to
destabilization of the porphyrin triggered by the imidazole
groups on 6-OH. Thus, we searched the stability of por-
phyrin for solvent, amine, coupling reagent, and the reaction
temperature, which were prerequisite for the coupling of 6-
OH to 7. Table 2 summarizes the result of this search. Ta-
ble 2 shows that the porphyrin slightly decomposes even in
DMEF, itself, but is not affected by the imidazole. On the other
hand, the porphyrin is remarkably unstable in DMF at room
temperature in the presence of excess DIEA,*® which works
as an initiator of the coupling reactions. The instability of
porphyrin at room temperature was effectively suppressed at

Table 2. Stability of Porphyrin Fragments under Various Conditions

Entry Condition Mixing ratio Solvent T/°CY Result”
1 7 DMF RT. B
2 7 THF RT A
3 7+Im 1/8 DMF R.T B
4 7+6-OH+DIEA 1/4/12 DMF —15—RT B
5 7+PyBOP+DIEA 1/4.6/8 DMF —15—RT C
6 7+DIEA 1/8 DMF —15—R.T. C
7 7+NMM 1/8 DMF —15—RT A
8 7+PyBOP 1/4.3 DMF —15—R.T. A
9 7+TBTU 1/4.3 DMF —15—RT C

a) R.T. means that the temperature was maintained at room temperature for over the reaction period.
—15—R.T. means that the temperature was maintained at —15 °C for several hours, then allowed to

stand to increase up to room temperature.

Partially decomposed after 15 h; C, Decomposed within several hours.

was stable after 15 h.

b) Classified on the basis of HPLC: A, Stable for 15 h; B,

¢) It was observed that 6-OH
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low temperatures below —15 °C.

1.3.2. Coupling of 6-OH and 7 (8):  Considering the
results of the condition search for peptide coupling (Table 1)
and porphyrin stability (Table 2), we selected PyBOP as the
coupling reagent for the reaction between 6-OH and 7 (8) to
obtain the protected forms of ay-(PepA 3),(AG)s—,-H, TAPP
(n=1, 9'1protected; n=23, 9'3pr0tected; and n = 4, 9'4protected)-
EDC-HCI was not preferable because of the formation of
a considerable amount of by-products. The other coupling
conditions were, then, searched for obtaining the optimum
combination of the solvent, amine, reaction temperature, and
coupling additive. The results are given in Table 3. The
reaction efficiency was estimated from the RP-HPLC peaks
of the deprotected products (those of protected compounds
were not used for this estimation because of the insufficient
peak detectability).

Among the solvents examined here (DMF, THF, and
NMP), THF was not suitable for the reaction, because it
decomposed 7 in the presence of PyBOP (see Table 1), al-
though 7 was stable in THF without PyBOP. DMF and
NMP are recognized to be similar to each other as solvents
for peptide synthesis; however, considering the results of the
presearch in Tables 1 and 2, DMF was selected because of its
low freezing point. In practice, DMF allowed us to lower the
reaction temperature sufficiently to diminish the amount of
by-products in the coupling of 6-OH to 7 and 8. In the final
procedure, the reaction temperature was set at —45 °C at the
starting point, similarly to the coupling of 5-OH to H,N-3
(Table 1), then, gradually raised up until completion of the
reaction.

The use of coupling additives, HOBt and HOAt, together
with PyBOP was effective in diminishing the by-products.

Bull. Chem. Soc. Jpn., 72, No. 6 (1999) 1355

The combination of PyBOP and HOAt gave a sufficient yield
for the synthesis of 9-4potecied, Whereas that of PyBOP and
HOBt caused by-products together with 9-dyrotecied. HOW-
ever, it is noticed that the latter combination was effective
to give 9-3protected Within several hours below —10 °C. As
pointed out in the literature,*>® HOAt enhances the effi-
ciency of peptide couplings in the presence of PyBOP, espe-
cially when the reactions do not complete by HOBt due to a
large steric hindrance. Thus, it is possible to synthesize 9-
Bprotected and 9-dprotecied independently by the choice of HOBt
and HOAt.

It should be emphasized that the coupling reaction between
6-OH and 8 to obtain 9-1 was very sensitive to the impurities
(CH3COOH and Zn**) included in 6-OH. These contami-
nants gave such by-products as acetylated compounds, ou-
(Ac-AG)(AG)3-H,TAPP, and the zinc porphyrins. Fur-
thermore, we observed an inclusion compound consisting of
8 and pyrrolidine, which originated from PyBOP in some
cases. .

1.3.3. Deprotections and Purifications:  Final depro-
tections of 9'1protected, 9'3protected, and 9'4protected to 9-1, 9-
3, and 9-4, respectively, were carried out using TMSOTY-
thioanisole in TFA.*”*® The target compounds were purified
on an RP-HPLC (Fig. 2). The observed mass numbers by
ESI mass spectrometry for the purified compounds agreed
with theoretical ones, as shown in Fig. 3.

Compound 9-1 was easily purified by HPLC, whereas
the separation of 9-3 and 9-4 was significantly dependent
on the types of the columns applied. In the cases of 9-
3 and 9-4, the peak separations among these compounds
and the by-products were insufficient, and their peak exhib-
ited remarkable line broadenings for some columns. Thus,

Table 3. Reaction Conditions for the Coupling of Peptide Fragment 6-OH to Porphyrin Fragment 7

Entry Condition Mixing ratio Solvent T/°C? Result”
1 6-OH+7+PyBOP +DIEA 8/1/10/20 DMF 0—R.T. b C
2 6-OH+7+PyBOP+DIEA 4/1/4.4/12 DMF —40—R.T. b C
3 6-OH+7+PyBOP+DIEA 4/1/4.3/12 DMF —40 — -5 b BY
4 6-OH+7+PyBOP+DIEA 4/1/4.3/12 THF —40 — 15 b —
5 6-OH+7+PyBOP+NMM 4/1/4.3/12 DMF —40— 15 b BY
6 6-OH+7+PyBOP+DIEA 4/1/4.3/12 DMF —15—15 b —
7 6-OH+7+PyBOP+DIEA 4/1/4.3/12 NMP —15—15 b —
8 6-OH +PyBOP+DIEA 1/1.1/2 NMP —15—15 c—

9 6-OH+EDC-HCl+HOBt 1/1.1/1.1 NMP —15—15 c —
10 6-OH +7+PyBOP+HOBt+DIEA 4/1/4.3/4.3/12 DMF —45——-10 aB
11 6-OH+7+PyBOP+HOBt+DIEA 4/1/5/6/12 DMF —15—40 b AY
12 6-OH +7+PyBOP+HOBt+DIEA 6/1/8.3/9/16 DMF —45 —R.T. a A9
13 6-OH+7+PyBOP+HOBt+DIEA 3/1/4/4.5/10 DMF —45 — -8 a B
14 6-OH+7+PyBOP+HOAt+DIEA 6/1/8.3/9/16 DMF —45—R.T. a A
15 6-OH+7+PyBOP+HOAt+DIEA 4/1/5/16/12 DMF —45—R.T. aB

a) Reaction temperature: 0—R.T. means that the temperature was maintained at 0 °C for several hours, then allowed to stand

to increase up to room temperature.

b) Classifications of the results on the basis of HPLC. The left column shows the results

on the coupling reaction: a, Major products gave the target compounds, 9-3,otected and 9-dprotected although small amounts
of by-products were observed in HPL.C; b, Increased amount of by-products were observed comparing with the cases a; c,
Partially decomposed after several hours. The right column shows those on the deprotection reaction: A, 9-4 was mainly

formed; B, 9-3 was mainly formed; C, Many by-products were formed.

of the target compound was low.

¢) Many by-products were observed and the yield



1356 Bull. Chem. Soc. Jpn., 72, No. 6 (1999)
50 [

40} (A) ..

30t s

20‘ - o

10} _

30 40 25 30 35

% acetonitrile

501
401
30}

20t

% acetonitrile

10

0.

100¢

oo
(=}

r
.
.

.
.
-
.
-
-
-
-
.
-

o Ll

0 —
0 10

% acetonitrile
L
=

30 25 30
RT / min

Fig. 2. Analytical RP-HPLC of (A) crude 9-4, (B) purified
9-4, (C) crude 9-3, (D) purified 9-3, (E) crude 9-1, and
(F) purified 9-1. Chromatography was performed using
a gradient of aqueous acetonitrile containing 0.05% TFA
(acetonitrile concentration is represented by dotted line);
0.8 ml min—!; 210 nm detection.

eight commercially available columns were inspected with
respect to alkyl chain length (C;g and C;), micropore sizes
(100 and 300 A), supports (silica and PVA), and mobile
phases (TFA and phosphate). Although the relationship be-
tween these properties and the separation ability was not

clear, used Shim-pack CLC-ODS(M) (Shimadzu) and Shim- -

pack PREP-ODS(H) (Shimadzu) and newly purchased CAP-
CELLPAK C;s SG300 (Shiseido) gave satisfactory results.
Considering that CAPCELLPAK C;g SG300 adopts highly
pure silica gel with very low metal contents as its support, the
column dependence mentioned above may be explained by
the interaction between the coordinative residues in PepAs,
such as glutamic acid and histidine, and by metal impurities
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Fig. 3. ESI mass spectra: (A) ou-(PepAig)s-H,TAPP, 9-

4 (Mcaca = 8908); (B) aq-(PepAis)3(AG),-H,TAPP, 9-
3 (Meaea = 6978); (C) cu-(PepAis)1(AG)s-HoTAPP, 9-1
(Mcaca = 3118). Left side: multiple-charge state. Right
side: reconstructed single-charge state.

in the support.””$® However, CAPCELLPAK C;3 UG120
(Shiseido), which adopts a highly pure silica gel, showed
broad peaks. UG120 is different from SG300 in the pore
sizes (120 A for UG120 and 300 A for SG300), suggesting
that the micropore size also affects the separability.

2. Aggregation Properties. The hexaporphyrin system
reported by Rabanal et al.'® (designed as a maquette of the
photosynthetic reaction center) was constructed in a four-
helix bundle by incorporating two Fe protoporphyrin IX,
hemin, as the prosthetic groups. The bundle is composed of
dimeric artificial proteins, each of which contains copropor-
phyrin and a disulfide-bridged two-helix peptide. Robertson
et al. reported a tetraporphyrin system, which contains four
Fe protoporphyrins as prosthetic groups,'” intending for a
metalloprotein maquette. Rau et al. reported a diporphyrin
system in order to model Cytochrome b,® and Mihara et al.
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Fig. 4. CD spectra of target compounds 9-1 (¢ = 3x107°

M), 9-3 (c = 1x107° M), and 94 (c = 1x 10~ > M). Solvent:
a, 25 mM phosphate buffer pH 7.0; b, 25 mM phosphate
buffer pH 7.0 containing 40% TFE.

reported a disulfide-bridged two-helix peptide, which real-
ized a chiral assembly of two tetraphenylporphyrin deriva-
tives at the lysine residues.”

In this study, we adopted Fe(Ill) protoporphyrin IX (B) as
the prosthetic group to be incorporated into the hydrophobic
multiple-histidine area of ay-(PepAig)s-ZnTAPP (A). This
combination is suitable for studying the aggregation prop-
erties by spectrophotometric methods, as well as of photo-
induced redox reaction, because of the clear difference in
Amax and the line shape. Thus, UV-vis absorption and CD
titrations were performed in order to clarify the number of B
incorporated into A and the conformational change of pep-
tides and porphyrins, respectively. The molecular weights
of the aggregates were also studied by sedimentation-equi-
librium ultracentrifugation.

2.1. CD Spectra. The CD spectra of the metal-free
bases (9-1, 9-3, and 9-4) in solutions are shown in Fig. 4.
In buffer solutions, they show strong negative bands below
200 nm, which indicates that the peptide moieties of these
compounds are predominantly in random coil conformations.
In a buffer solution containing 40% TFE, which is known to
be a helix-enhancing reagent,’” each spectrum shows two
minima near 222 and 206 nm and a maximum near 190 nm.
The helicities calculated from the mean residue ellipticity at
222 nm ([ 0]222),5%%® were ca. 40% for all the cases of 9-1, 9-
3, and 9-4. This means that the conformational behavior of
9-1, 9-3, and 9-4 are independent on the number of peptides
on the porphyrin. This also means that there would be no
increase in helicities due to helix bundle formation among the
helices of 9-3 and 9-4. The low helicity seems to be caused
by multiple histidine residues, which generally destabilize
the helix formation.

2.2. Incorporation of Hemin. A preliminary study on
as-(PepA3)s-ZnTAPP, A, by CD spectroscopy revealed that
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Fig. 5. UV-vis spectral changes. 21 uM of B was titrated

by 75 uM of A at A/B ratios = 0.0, 0.04, 0.09, 0.13, 0.18,
0.22, 0.27, 0.31, 0.35, 0.40, 0.44, 0.49, 0.53, 0.57, 0.62,
0.71, 0.88, 1.1, 1.2, 1.4, 1.6, 1.8, 1.9, and 2.0. Spectra
for A/B ratio = (.53 and above are not shown here for
clarity. Arrows show the trends of changes on titration.
Inset: titration curves monitored at 364 (a, O), 389 (b, A),
410 (c, O), and 560 nm (d, @). The plots of the 560 nm are
shown as the fourfold values of measured absorbances.

this compound has 7-—38% helicity (calculated from [6]1;7)
in the buffer solution containing 0—50% TFE similarly to
those of the free bases, 9-1, 9-3, and 9-4. The spectropho-
tometric titrations on A/B, described below, were performed
in a solution with 15% TFE, in which A alone showed 16%
helicity.

The titrations were performed in the manner B into A
according to the literature on the reconstitution of apo-
myoglobin,®” which has been adopted for hemin titration
in the field of de novo designed proteins.'®'® Considering
that the pK, value of the His imidazole group is 6.0, we con-
ducted the incorporation at pH 7.0 using a phosphate buffer,
where the theoretical charge number of A, calculated from
the pKjs of the amino-acid residues, equals —3.

The results of the UV-vis titration of B with A are shown
in Fig. 5, where B shows broad bands at 364 and 389 nm
suggestive of aggregates formation. When A was succes-
sively added into the solution of B, the intensities of these
broad peaks gradually decreased while new peaks gave rise
to at 410 and 428 nm. This result suggests that the hemin
molecules transfer from the aggregates to A. The titration
curves observed at appropriate wavelength points show that
their turning points lie at about A/B = 1/3 (Fig. 5, see inset).
This indicates that up to three equivalents of B molecules are
incorporated into A.

The CD spectral changes in vis and UV regions corre-
sponding to those of absorption changes mentioned above
are shown in Figs. 6A and 6B. In the Soret band region
(Fig. 6A), the titration curves at appropriate wavelengths
show that their turning and inflection points exist at about
A/B = 1/3, corresponding to the absorption changes (Fig. 5,
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Fig. 6. CD spectral changes. 21 pM of B was titrated with 75
puM of A at A/B ratios = 0.0, 0.05, 0.10, 0.15, 0.20, 0.25,
0.30, 0.35, 0.40, 0.46, 0.51, 0.56, 0.61, 0.66, 0.71, 0.81,
1.0, 1.2, 1.6, and 2.0. Arrows show the trends of changes
on titration. (A) Spectral changes in vis region. Spectra
for A/B ratios = 0.35, 0.46, 0.56, 0.66, and 0.71 are not
shown here for clarity. Inset: titration curves monitored at
403 (a, O), 417 (b, A), 435 (¢, O), and 438 (d, ®) nm.
(B) Spectral changes in UV region. Spectra for A/B ratios

= 0.0, 0.05, 0.46, 0.56, and 0.66 are not shown for clarity.
Inset: titration curves monitored at 195 (a, O), 206 (b, A),
and 222 (¢, O) nm.

inset). On the other hand, the CD spectral change in the
Soret band region seems to have several isodichroic points
accompanied by changes in the peak positions, linewidths,
and intensities. Although it may be difficult to understand
from the figures, these complicated changes in the CD spec-
tra correspond to those in the UV-vis absorptions in Fig. 5.
These changes can be attributed to those originating from
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exciton couplings. They suggest that A and B are located
close to each other in the molecular space and change their
mutual configurations when the A/B ratio is increased.

The CD spectral change in the UV region (Fig. 6B) shows
an increase of the helicity of A in the presence of a sufficient
amount of B (A/B <0.3). The helicity change was from 16
to 45% (calculated from [],5,). Hemin promotes helix for-
mation when it incorporates into A, as mentioned in other
reports.!%? The titration curves also show inflection points at
about A/B = 1/3. The observed low helicities are explained
by the existence of His residues which are free from coordi-
nation to B in PepAg. The histidyl residue is well known to
generally destabilize helix formation, and A was designed to
contain a number of His residues, thus sacrificing helicity in
order to incorporate multiple porphyrins.

Sedimentation- equilibrium ultracentrifugation experi-
ments were performed for buffer solutions containing only

-0.5
(A) A only

15
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Fig. 7. Profiles of sedimentation-equilibrium ultracentrifu-

gation of (A) A only, (B) A/B = 1/1, (C) 1/2, and (D) 1/3.
Data are presented as plots of In(c) vs. radius’, where ¢
represents the absorbance at 562 nm.

Table 4. Measured and Calculated Molecular Weights of
the Aggregates Derived from the Observations of Sedi-
mentation-Equilibrium Ultracentrifugation

A/B ratio Mound M arca Formula
A 17942 17942 Ay
A/B=1/1 28070 28763 A;3B;
A/B=1/2 31606 30612 AsBg
A/B=1/3 32952 32463 AsBy
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A and the A/B = 1/1, 1/2, and 1/3 solutions. The In(c) vs.
radius? plots of these solutions are shown in Fig. 7. The
linearity of these plots indicates the homogeneities of these
solutions in molecular weight. The molecular weights de-
rived from this experiment are given in Table 4 along with
those calculated for a comparison. The partial specific vol-
ume of the peptide moiety was calculated to be 0.736 from the
amino acid composition of PepA g using those of individual
residues. However, this value was not adopted here, since
it did not take into account ZnTAPP and hemin. Instead,
analyses were carried out using the value (0.761), which was
recalculated to reproduce the theoretical molecular weight
of A, within the rational range of the partial specific vol-
ume for the solution that contains only A. On the other hand,
the effect of TFE on the partial specific volume of individ-
val amino acid is not yet understood; however, the effect is
small according to the literature.®® Although the contribu-
tion of hemin was not taken account into the partial specific
volume 0.761, the fact that the molecular weights derived
for A3Bs, A3Bg, and AsBg were close to the calculated ones
indicates the small contribution from hemin, as reported by
Choma.'? '

As a consequence, the results suggest that A exists as a
dimer in solution, and that the aggregation number changes
from 2 to 3 when B is incorporated into A (Fig. 8), thus
achieving a 12-porphyrin system. The total aspect in the
solution can be described by the following equation:

18B
3A2 — 2A3B9. (1)

Our result that A forms a dimer in a TFE-containing buffer
solution may recall the behavior of the coproporphyrin pep-
tide by Rabanal et al., who also found the dimerization of
porphyrin peptides without hemin.”® However, the mecha-
nisms of dimerization seem to be different from each other.
In their system, the peptide itself tends to form a dimer, that is
to say, a four-helix bundle; this tendency is strengthened by
a face-to-face interaction between the two coproporphyrins,
as exhibited by the large (about 20 nm) blue shift of the Soret
band. On the contrary, our compound A shows only a slight
shift (2 nm) and small broadening of the Soret band; there-
fore, the motive force of the dimerization of A is probably
attributed to interactions among the peptide moieties. On
the other hand, the dimer-to-trimer transformation observed
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in our system upon the incorporation of hemin is similar to
the result by Choma et al., who reported that a monomer
was transformed to a dimer along with the incorporation of
hemin.'?

In summary, 1) we succeeded in combining multi-
ple-histidine peptides with porphyrins, and synthesized
three compounds, a4-(PepAi3),(AG)4—n-H,TAPP (n=1,
3, and 4), consisting of ay-atropisomer of tetrakis(o-
aminophenyl)porphyrin and one, three, and four pep-
tide fragments. 2) We found that the combination
of DMF/PyBOP/HOAt(HOBt)/DIEA was effective to the
coupling of Boc—Glu(OBzl)-Glu(OBzl)- Ala—Leu-Glu-
(OBzl)-Lys(ClZ)-His—Glu(OBzl)-Lys(ClZ)-Ala—Leu—Glu-
(OBzl)-Lys(Cl1Z)-His-Glu(OBzl)-Lys(CIZ)~OH to (AG)s-
H,TAPP or (AG);(Boc-AG);-H,TAPP at low temperature
(starting from —45 °C). 3) The obtained compounds showed
about 40% helicity in phosphate buffer solutions (pH = 7.0)
in the presence of TFE. 4) as-(PepAis)s-ZnTAPP incorpo-
rated up to three equivalents of Fe(Ill) protoporphyrin IX
chloride. 5) a4-(PepA;g)s-ZnTAPP exists as a dimer in the
buffer solutions containing TFE; however, it transforms to a
trimer when incorporates Fe(Ill) protoporphyrin IX chloride
into it.

Experimental

1. Materials. All of the amino acids derivatives (L form) were
purchased from Peptide Institute Inc. PyBOP and TBTU were pur-
chased from Calbiochem-Novabiochem. HOAt and HATU were
purchased from Millipore Co. The other reagents and solvents
were obtained commercially and were used without further purifi-
cation, except for the cases noted below. CH>Cl,, DIEA, NMM,
TEA, and acetonitrile for synthetic use were distilled from CaHs.
DMSO was distilled under reduced pressure from CaH,. DMF was
distilled under reduced pressure from CaH, and then from BaO
below 60 °C. NMP was dried over molecular sieves and distilled
under reduced pressure. Diethyl ether and THF were distilled from
LiAlH;. Boc-His(Boc)*® and Boc-amino acid phenacyl esters®
(Boc—Lys(C1Z)-OPac and Boc—Glu(OBzl)-OPac) were prepared
according to the reported procedures.

In the syntheses of the intermediates, Boc groups were depro-
tected with TFA or 4 M-HCV/dioxane, and Pac esters were cleaved
with Zn powder in 90% AcOH according to the literature.*” The
coupling reactions were carried out by the usual procedure unless
otherwise noted. The reaction mixture was concentrated and treated
in the following way. When compounds are soluble in chloroform,
they were successively washed in the liquid phase with a 10%

Fig. 8. Dimer-trimer transformation upon addition of hemin chloride.
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citric acid aqueous solution, saturated sodium hydrogencarbonate
(NaHCO3) aqueous solution, and water. In the other cases, com-
pounds were washed in the solid phase on a fine glass filter. The
preparation of H;TAPP and the separation of the as-atropisomer
were done according to the literature. > All experiments in-
volving porphyrins were performed in the dark.

2. Analyses.  Elemental analyses were performed by Yanaco
CHN CORDER MT-5. TLC analyses were carried out on silica-
gel 60 F254 (Merck) precoated plates using the following eluents:
A, CHC13-MeOH (90: 10); B, CHCl3-MeOH (97: 3). ‘Silica-gel
column chromatographies were performed with Wakogel C-200
(Wako). HPLC analysis was carried out on a Shimadzu equipment
consisting of two LC-6A pumps, a SCL-6A controller, a SPD-
6AV variable-wavelength UV monitor, and a C-R6A data processor
chart recorder. The columns used were: Shim-pack CLC-ODS(M)
(Shimadzu; 4.6x250 mm) for the analyses of all compounds and
the calculation of k'value; Shim-pack PREP-ODS(H) (Shimadzu;
20x250 mm) for the preparative of 9-1, 9-3, and 9-4; Asahipak
ODP-50 (Shodex; 4.6x250 mm; 21.5x300 mm) for the analy-
sis and preparative of 6; CAPCELLPAK C;s SG300 (Shiseido,
4.6x250 mm), CAPCELLPAK Cig UG120 (Shiseido, 4.6x250
mm), Vydac C4 (The Separations Group, 4.6x250 mm), COS-
MOSIL 5C;3-AR (nacalai tesque, 4.6 x 250 mm), and COSMOSIL
5C3-AR-300 (nacalai tesque, 4.6x250 mm) for the analyses of
9-3 and 9-4. HPLC analyses were performed using the follow-
ing eluents: a, acetonitrile—water (80:20); b, acetonitrile—water
(72 :28) containing 0.05% TFA; c, acetonitrile—water (78 : 22) con-
taining 0.05% TFA; d, acetonitrile—water (82 : 18) containing 0.05%
TFA; e, MeOH. '"H NMR data were recorded on JEOL JNM-EX270
and JNM-GX500 spectrometers. The spectra were assigned by
2D COSY. Chemical shifts were reported in parts per million (ppm)
downfield form. Multiplicities are abbreviated as follows: singlet
(s), doublet (d), triplet (t), quartet (q), multiplet (m), and broad (br).
FAB mass spectra were obtained with a JEOL JMS-SX102A mass
spectrometer using glycerol/3-nitrobenzyl alcohol (1:1) as a ma-
trix. ESI'mass spectra were obtained with a Finnigan MAT TSQ700
mass spectrometer using 50% aqueous methanol as solvents.

3. UV-vis Spectra. Spectra were measured on a Shimadzu
UV-2200A spectrophotometer. The temperature was maintained
at 25.0 °C (£0.1 °C) with a Peltier-effect thermomodule equipped
with a computer-controlled power MOS FET (homemade). The
concentrations of the stock solutions of au-(PepAis)4-ZnTAPP were
determined by comparing the integrated intensities of the peaks of
the Soret band in solutions, containing 50 mM Triton X-100 and
20 mM phosphate buffer (pH 7.0), with that of au-(Boc-AG)s-
ZnTAPP in methanol, containing 50 mM Triton X-100 and 150
mM imidazole. The practical formula of as-(Boc-AG)s-ZnTAPP
was determined by elemental analysis.

4. Circular Dichroism. Circular dichroism spectra were
recorded on JASCO J600 and J725 spectropolarimeters using a
quartz cell with 0.1 cm optical-path length at 25.0 °C (£0.1°C).
The instrument was calibrated with ammonium d-camphor-10-sul-
fonate. The ellipticities are expressed as mean residue ellipticities,
unless otherwise noted.

5. Sedimentation Equilibrium Ultracentrifugation. - Sedi-
mentation equilibrium ultracentrifugation analyses were performed
using a Beckman XL-I analytical ultracentrifuge equipped with an
An60Ti rotor. The cell was assembled from double-sector center-
pieces and sapphire windows, then loaded with samples (13 pM
A only, A/B=1/1, 1/2, and 1/3). A buffer containing 15% TFE,
100 mM NaCl, and 20 mM sodium phosphate at pH 7.0 was used.
The samples were centrifuged at 25 °C and 28000 rpm for 20 h
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for equilibration. The distribution of the species equilibrated under
centrifugal force within the cell was determined by measuring the
absorbance at 363, 410, 530, and 562 nm with an optical scan-
ner. The establishment of equilibrium was judged when successive
radial scans were identical. The UV-vis spectra (300—700 nm),
which were recorded at four appropriate radial positions, were al-
most identical to those of the initial samples before centrifugation.
The rotor speed was then increased to 50000 rpm to obtain the base-
line optical density for analyses. The data at the four wavelength
points, which were analyzed using the XL-A/XL-I Data Analysis
Software Version 4.0 (Beckman Instruments), yielded the same re-
sults. The density of the buffer solution (25 °C) used to determine
the molecular weights was 1.072. The partial specific volume was
determined from the theoretical molecular weight (see section of
Results and Discussion).

6. Synthesis. Boc-Glu(OBzl)-Lys(CIZ)-OPac. Boc-Lys-
(C1Z)-OPac (24.1 g, 45.2 mmol) was treated with TFA. The salt
was dissolved in DMF (40 ml), which was immediately added to
the HOB ester of Boc—Glu(OBzl) preformed from Boc—-Glu(OBzl)
(17.7 g, 52.7 mmol), HOBt (7.12 g, 52.7 mmol), and EDC-HCI
(10.1 g, 52.7 mmol) in CH,Cl,.-DMF (40 ml, 1:1) at 0 °C. DIEA
(23.0 ml, 132 mmol) was then slowly added to this solution and the
mixture was stirred for 16 h. The product was recrystallized from
CH,Cly—diethyl ether. Yield 28.7 g (38.2 mmol, 84.5%); TLC R¢(A)
0.82; HPLC k' (a) 1.7; "HNMR (DMSO0) 8 =8.29 (d, /=11 Hz, 1H,
Lys—NH), 7.94 (d, J = 8 Hz, 2H, OPac-ArH), 7.69 (t, /=11 Hz, 1H,
OPac-ArH), 7.55 (t, /=8 Hz, 2H, OPac-ArH), 7.47 (t, /=3 Hz, 2H,
ClZ-ArH), 7.32 (m, 8H, Lys—eNH, OBzl-ArH, C1Z-ArH), 6.95 (d,
J=5.5Hz, 1H, Glu-NH), 5.19(dd, J = 16, 32.5 Hz, 2H, OPac-CHy),
5.09 and 5.06 (2s, 4H, OBzI-CH,, C1Z-CH,), 4.37 and 4.03 (2m,
2H, Lys—aCH, Glu-aCH), 3.02 (m, 2H, Lys—eCHy), 2.40 (t, J =5.5
Hz, 2H, Glu—yCH,), 2.00—1.61 (m, 4H, Lys—fCH,, Glu—fCH>),
1.44 (sbr, 4H, Lys—yCH,, §CH»), and 1.35 (s, 9H, Boc—CH3). FAB
MS Found: m/z 752. Calcd for C3oHyCIN3Oyp+H : (M+H)*, 752.

Boc-Leu~Glu(OBzl)-Lys(C1Z)-OPac. Boc-Glu(OBzl)-Lys-
(C1Z)-OPac was deprotected, then coupled to Boc—-Leu-H,O with
NMM, HOBt, and EDC-HCI in DMF. The product was recrystal-
lized from CH,Cl,—~CHCl;~diethy] ether. Yield 18.5 g (21.4 mmol,
99.5%); TLC R:(A) 0.70; HPLC k'(a) 2.3; "HNMR (DMSO) 6 =
8.40 (d, J =8 Hz, 1H, Lys-NH), 7.95 (d, J = 8 Hz, 2H, OPac—-ArH),
7.84 (d, J =8 Hz, 1H, Glu-NH), 7.70 and 7.55 (2t, J=J =8
Hz, 3H, OPac-ArH), 747 (t, J=5.5 Hz, 2H, ClZ-ArH), 7.33
(m, 8H, Lys—eNH, OBzl-ArH, C1Z-ArH), 6.97 (d, /=8 Hz, 1H,
Leu-NH), 5.51 (dd, J = 16, 30 Hz, 2H, OPac—CH>), 5.09 and 5.04
(2s, 4H, OBzI-CH,, C1Z—CH,), 4.37 and 3.95 (2m, 3H, Leu—aCH,
Glu-aCH, Lys-aCH), 3.01 (m, 2H, Lys—eCH3), 2.39 (t, /=8
Hz, 2H, Glu—yCH>), 2.05—1.50 (m, 5H, Leu—-yCH, Glu—-SCHa,
Lys—BCH,), 1.41 (m, 6H, Leu—3CH,, Lys—yCH,, 6 CH,), 1.35 (s,
9H, Boc—CH3), and 0.84 (t, J = 5.5 Hz, 6H, Leu—d CH3). FAB MS:
Found: m/z 865. Calcd for C4sHs;CIN,O1+H": (M+H)*, 865.

Boc—-Ala-Leu-Glu(OBzl)-Lys(C1Z)-OPac, 1. Boc-Leu—
Glu(OBzl)-Lys(C1Z)-OPac was deprotected, then coupled to
Boc—Ala with NMM, HOBt, and EDC-HCI in DMF. The product
was recrystallized from CH,Cl,—diethy! ether. Yield 19.8 g (21.1
mmol, 99.0%); TLC R:(B) 0.36; HPLC £'(a) 1.8; "HNMR (DMSO)
6 =8.35(d,J=8Hz, 1H, Lys-NH), 7.95 (d, /=8 Hz, 3H, Glu-NH,
OPac—-ArH), 7.81 (d, J =8 Hz, 1H, Leu—NH), 7.70 and 7.55 (2t,
J =J' =8 Hz, 3H, OPac-ArH), 7.47 (t, J = 5.5 Hz, 2H, C1Z-ArH),
7.33 (m, 8H, Lys—eNH, OBzl-ArH, C1Z-ArH), 6.97 (d, J = 8 Hz,
1H, Ala-NH), 5.51 (dd, J =16, 31 Hz, 2H, OPac—CH,), 5.09 and
5.04 (2s, 4H, OBzI-CH,, CIZ-CH;), 4.34 (m, 3H, Leu—aCH,
Glu—aCH, Lys—aCH), 3.95 (m, 1H, Ala—aCH), 3.02 (m, 2H,
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Lys—eCHy), 2.38 (t, J = 8 Hz, 2H, Glu-yCHy), 2.05—1.55 (m, 5H,
Leu-yCH, Glu—CH,, Lys—3CH,), 1.44 (s br, 6H, Leu—SCHa,
Lys—yCH,, 6 CH>), 1.35 (s, 9H, Boc—CH3), 1.14 (d, J = 5.5 Hz, 3H,
Ala—fCH3), and 0.82 (dd, J =5.5, 9.5 Hz, 6H, Leu—-6CH3). FAB
MS Found: m/z 936. Calcd for C4sHes CIN5O1p+H*: (M+H)*, 936.
Found: C, 6129, H, 661, N, 7.68%. Calcd for C48H62C1N5O121 C,
61.56; H, 6.67; N, 7.48%.

Boc-His(Boc)-Glu(OBzl)-Lys(C1Z)-OPac, 2. Boc—Glu-
(OBzl)-Lys(C1Z)-OPac was deprotected, then coupled to Boc-His-
(Boc)-DCHA with NMM, HOBt, and EDC-HCl in DMF. The prod-
uct was recrystallized from MeOH—-CH,Cl,—diethyl ether. Yield
16.4 g (16.6 mmol, 82.0%); TLC R¢(A) 0.54; HPLC K'(a) 2.4,
'HNMR (DMSO) 6 =8.52 (d, J =8 Hz, 1H, Lys—-NH), 8.08
(s, 1H, His—ImH), 7.94 (m, 3H, OPac—ArH, Glu-NH), 7.69 and
7.55 (2t, J = J' = 8 Hz, 3H, OPac-ArH), 7.46 (t, J = 5.5 Hz, 2H,
ClZ-ArH), 7.33 (m, 8H, Lys—eNH, OBzl-ArH, Cl1Z-ArH), 7.21 (s,
1H, His-ImH), 6.92 (d, /=8 Hz, 1H, His-NH), 5.52 (dd, J = 16, 31
Hz, 2H, OPac-CH,), 5.09 and 5.05 (2s, 4H, OBzl-CH,, C1Z-CH,),
4.37 (m, 2H, Glu-aCH, Lys—aCH), 4.21 (m, 1H, His—aCH), 3.01
(m, 2H, Lys—CH>), 2.78 (m, 2H, His—CH,), 2.40 (t, / =8 Hz,
2H, Glu-yCH>), 2.06—1.63 (m, 4H, Glu—-CH,, Lys—fCH), 1.55
(s, 9H, His—Boc—CH3), 1.44 (s br, 4H, Lys—yCH,, 6CH,), and
1.32 (s, 9H, Boc—CHj3). FAB MS Found: m/z 989. Calcd for
CsoHe1 CINgO13+H": (M+H)", 989. Found: C, 59.74; H, 6.09;
N, 9.14%. Calcd for C50H61C1N60]3~DMFZ C, 59.91; H, 6.45; N,
9.23%.

Boc-Ala-Leu-Glu(OBzl)-Lys(C1Z)-OH, 1-OH.  Obtained
from 1 by the deprotection of its Pac group. Yield 8.60 g (10.5
mmol, 89.7%); TLC R¢(B) 0.16; HPLC £’ (a) 2.0; "H NMR indicated
the disappearance of the phenacyl ester by the absence of peaks at
5.51 ppm.

Boc—-Ala-Leu-Glu(OBzl)-Lys(ClZ)-His—Glu(OBzl)-Lys-
(C1Z)-OPac, 3.  Obtained by the coupling of the deprotected 2
with 1-OH in DMF using PyBOP and DIEA. The product was pu-
rified by a silica-gel column chromatography with CHCI;-MeOH
(100:3) as the eluent. Yield 4.50 g (2.83 mmol, 84.7%); TLC
Re(A) 0.55; HPLC &' (b) 2.4; "THNMR (DMSO) 8 =8.73 (s br, 1H,
Lys—NH), 7.99 (m, 4H, His-NH, Glu-NH, Lys-NH), 7.95 (d, /= 8.5
Hz, 2H, OPac-ArH), 7.83 (d, J = 8.5 Hz, 1H, Leu-NH), 7.69 (t,
J=8Hz, 1H, OPac-ArH), 7.63 (s, 1H, His-ImH), 7.55 (t, / =8 Hz,
2H, OPac-ArH), 7.46 (m, 4H, C1Z-ArH), 7.33 (m, 16H, Lys—eNH,
OBzl-ArH, CIZ-ArH), 6.95 (d, J=7.5 Hz, 1H, Ala-NH), 6.84
(s, 1H, His-ImH), 5.51 (dd, J =17, 50 Hz, 2H, OPac—CHy), 5.08
and 5.05 (2d, J =5.5 Hz, J' = 10 Hz, 8H, OBzl-CH,, C1Z-CH,),
4.48 (m, 1H, His—aCH), 4.41—4.24 and 4.18 (2m, 5H, Leu—aCH,
Glu—aCH, Lys—aCH), 3.95 (m, 1H, Ala—aCH), 3.05—2.85 (m,
6H, His—SCH,, Lys—CH»), 2.37 (m, 4H, Glu-yCH»), 2.06—
1.17 (m, 19H, Leu—CH,, yCH, Glu—CH,, Lys—fCH,, yCH,
6CHby), 1.35 (s, 9H, Boc—CH3), 1.14 (d, J = 7 Hz, 3H, Ala— CH3),
and 0.829 (dd, J = 6.5, 18 Hz, 6H, Leu—6CH3). FAB MS Found:
mlz 1590. Calcd for CgoHooCl;N11019+H: (M+H)*, 1590. Found:
C, 58.97; H, 6.26; N, 9.66%. Calcd for C80H99C12N11019-2H201
C,59.10; H, 6.39; N, 9.48%.

Boc-Glu(OBzl)-Glu(OBzl)-OPac, 4.  Obtained by the cou-
pling of Boc-Glu(OBzl) and Glu(OBzl)-OPac in DMF by using
TBTU and DIEA. The product was purified by a silica-gel col-
umn chromatography with CHClz;-MeOH (100: 1) as the eluent.
Yield 6.80 g (10.1 mmol, 67.3%); TLC R¢(A) 0.43; HPLC k'(a)
1.7; "THNMR (DMSO) & = 8.39 (d, J = 8 Hz, 1H, Glu-NH), 7.96
(d, J =8 Hz, 2H, OPac-ArH), 7.70 and 7.56 (2t, J =J' =8 Hz,
3H, OPac-ArH), 7.33 (m, 10H, OBzl-ArH), 7.00 (d, J =8 Hz,
1H, Glu-NH), 5.53 (dd, J = 16, 38 Hz, 2H, OPac—CH,), 5.12 and
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5.06 (2s, 4H, OBz1-CH,), 4.50 and 3.99 (2m, 2H, Glu-aCH), 2.60
and 2.40 (2t, J =J =8 Hz, 4H, Glu-yCH>), 2.29—1.68 (m, 4H,
Glu—-8CHy), and 1.34 (s, 9H, Boc). FAB MS Found: m/z 675.
Calcd for C37HyoN,Oo+H : (M+H)", 675.
Boc—Glu(OBzl)-Glu(OBzl)-OH, 4~OH. Obtained from 4.
Yield 3.28 g (5.89 mmol, 93.4%); TLC R¢(A) 0.11; 'HNMR indi-
cated the disappearance of Pac group (peak at 5.53 ppm).
Boc—Glu(OBzl)-Glu(OBzl)-Ala-Leu—Glu(OBzl)-Lys(CIZ)—
His-Glu(OBzl)-Lys(CI1Z)~OPac, 5. The heptapeptide 3 was
deprotected, then coupled to 4-OH in DMF using PyBOP and
DIEA. The product was reprecipitated from DMF-water. Yield
1.85 g (0.912 mmol, 98.4%); TLC R¢(A) 0.50; HPLC k'(c) 3.0;
FAB MS Found: m/z 2028. Calcd for C104H125C12N13025+H+2
(M+H)*, 2028. Found: C, 58.77; H, 5.88; N, 8.94%. Calcd for
C104H125C12N]3025'CF3COOH'H201 C, 5894, H, 5.97; N, 8.43%.
Boc—Glu(OBzl)-Glu(OBzl)-Ala-Leu—Glu(OBzl)-Lys(C1Z)—
His-Glu(OBzl)-Lys(C1Z)-OH, 5-OH. Obtained from 5 by the
cleavage of the Pac group. Yield 0.887 g (0.464 mmol, 94.2%);
TLC R¢(A) 0.29; HPLC ¥'(c) 1.6; "THNMR indicated the disappear-
ance of Pac group (at 5.52 ppm).
Boc-Glu(OBzl)-Glu(OBzl)-Ala—Leu—Glu(OBzl)-Lys(CIZ)-
His~Glu(OBzl)-Lys(ClZ)-Ala-Leu—Glu(OBzl)-Lys(Cl1Z)-His—
Glu(OBzl)-Lys(C1Z)-OPac, 6. The heptapeptide 3 was de-
protected with TFA. The TFA salt (639 mg, 0.372 mmol) and the
nonapeptide 5-OH (730 mg, 0.372 mmol) were dissolved in DMF
(13 ml), to which HOBt (60.3 mg, 0.446 mmol), PyBOP (232 mg,
0.446 mmol), and DIEA (0.20 ml, 1.1 mmol) were added. The
mixture was stirred for 20 h, which was set at —40 °C at the start-
ing point, then gradually raised up to 15 °C. The solution was
concentrated and the residue was taken up in chloroform. It was
washed with saturated NaHCOQ; solution and brine. The product
was purified by a preparative RP-HPLC (Asahipak ODP-50, elu-
ent: acetonitrile~water 9 : 1 containing 0.031% TEA). Yield 930 mg
(0.275 mmol, 73.9%); TLC R¢(A) 0.47; HPLC £'(d) 4.9; 'HNMR
(DMSO) 6 =8.81 and 8.57 (2s br, 2H), 8.22—6.74 (m, 72H), 7.69
and 7.55 (2t, J =J' =8 Hz, 3H, OPac-ArH), 5.50 (dd, J =17, 50
Hz, 2H, OPac—CHy), 5.05 (m, 20H, OBzI-CH,, C1Z-CHy), 4.48—
3.90 (m, 16H, ¢CH), 3.03—2.83 (m, 12H, His—fCH,, Lys—eCH,),
2.45—2.28 (m, 12H, Glu—yCH,), 2.05—1.10 (m, 57H), and 0.79
(dd, J =6, 25 Hz, 12H, Leu—-6CH3). FAB MS Found: m/z 3381.
Calcd for C171H203C14N24040+H+3 (M+H)+, 3381.
Boc-Glu(OBzl)-Glu(OBzl)-Ala-Leu—Glu(OBzl)-Lys(CIZ)-
His-Glu(OBzl)-Lys(C1Z)-Ala-Leu—Glu(OBzl)-Lys(Cl1Z)-His—
Glu(OBzl)-Lys(CIZ)-OH, 6-OH. Obtained from 6 by the cleav-
age of Pac group. Yield 358 mg (0.110 mmol, 93.2%); TLC R¢(A)
0.22: HPLC k'(d) 2.7; '"HNMR indicated the disappearance of the
Pac group (5.50 ppm). FAB MS Found: m/z 3263. Calcd for
C163H202C14N24039+H+1 (M+H)+, 3263. .
as—(Boc—Gly)s-H, TAPP, 10. oy-H, TAPP (300 mg, 0.445
mmol) was dissolved in CH,Cl, (15 ml) to which NMM (0.39 ml,
3.6 mmol), Boc—Gly (624 mg, 3.56 mmol), and EDC-HCI (819 mg,
4.27 mmol) were added. After stirring for 2 h at —5 °C, then for
2 d at room temperature, the reaction mixture was diluted with 100
ml of chloroform. This solution was washed with 10% citric acid
solution (3x 100 ml), water (100 ml), saturated NaHCOs3 solution
(3% 100 ml), and water (100 ml), then dried in vacuo. The product
was obtained in quantitative yield. This crude product was used
for the next synthesis without further purification. The material
purified on a silica-gel column (eluent: CHCl;-MeOH 100 : 2) was
subjected to '"HNMR, FAB MS, and elemental analysis.®® TLC
R:(A) 0.66; HPLC k'(e) 1.9.
as—(Boc—Ala-Gly)s-H, TAPP, 11.

Compound 10 (100 mg,
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77.0 umol) was treated with CH,Cl,~thioanisole-TFA (1ml; 3:4:3
(v/v/v)). The TFA salt (90.5 mg, 66.6 umol) was dissolved in DMF
(4 ml), to which DIEA (47 ul, 270 pmol), Boc-Ala (101 mg, 534
umol), HOBt (86.5 mg, 640 pmol), and EDC-HCI (123 mg, 640
umol) were added. After stirring for 2 h at —5 °C and overnight at
room temperature, the solution was treated by the same procedure as
described in the section of 10. The product was purified on a silica-
gel column with CHCl;—MeOH (97 : 3) as the eluent. Yield 82.6 mg
(52.1 pmol, 78.2%); TLC R¢(A) 0.58; HPLC k'(e) 2.0; '"HNMR
(DMSO) 6 =8.88 (s, 4H, ArNH), 8.66 (s, 8H, pyrrole-fCH),
8.11 and 7.96 (2d, J=J' =8 Hz, 8H, ArH), 7.84 (t, J =8 Hz,
4H, ArH), 7.64 (m, 4H, Gly-NH), 7.59 (t, J =8 Hz, 4H, ArH),
7.62 (d, J =5 Hz, 4H, Ala-NH), 3.56 (m, 4H, Ala—aCH), 2.94
(s, 8H, Gly-aCHy), 1.26 (s, 36H, Boc), 0.61 (d, J =8 Hz, 12H,
Ala—-BCH3), and —2.76 (s, 2H, pyrrole-NH); FAB MS Found: m/z
1588. Calcd for CgsHosNisO16+H™: (M+H)*, 1588. Found: C,
57.56; H, 6.08; N, 12.56%. Calcd for Cs4HogN16016-CHCl3-3H;0:
C, 57.96; H, 6.01; N, 12.73%.

os~(Ala—Gly)s—H;TAPP, 7.  Obtained from 11 (45 mg, 28.0
umol) by deprotecting the Boc group with CH,Cl,-thioanisole-TFA
(0.7 ml; 3:4:3 (v/v/v)); TLC Re(A) 0; 'THNMR (DMSO) & =9.15
(s, 4H, ArNH), 8.69 (s, 8H, pyrrole-5CH), 8.31 (s br, 4H, Gly-NH),
8.24 (d, J = 8 Hz, 4H, ArH), 7.89 and 7.84 (2d, J =J' = 8 Hz, 8H,
ArH), 7.65 (s br, 8H, Ala-NH,), 7.56 (t, J =7 Hz, 4H, ArH), 3.54
(s br, 4H, Ala-aCH), 3.15 (s br, 8H, Gly—aCH>), 1.09 (m, 12H,
Ala-CHj3), and —2.79 (s, 2H, pyrrole-NH).

as-(Ala—-Gly);(Boc-Ala—Gly);-H,TAPP, 8.  To a cold (—20
°C) solution of compound 11 (245 mg, 154 umol) in CH,Cl, (18
ml), thioanisole (0.9 ml, 7.7 mmol) and TFA (0.6 ml, 7.7 mmol)
were added. The mixture was stirred for 7 h, which was set at
—20 °C at the starting point, then gradually raised up to 0 °C
(the reaction was monitored on TLC). The solution was neutral-
ized with TEA, and concentrated. The residue was purified by
a preparative silica-gel TLC (developing solvent: CHCl3-MeOH
(9: 1)), which afforded two major bands. The first band was the
starting compound 11, (134 mg, 54.8%). The second band was the
target compound. Yield 94.7 mg (59.2 pmol, 38.4%); TLC R¢(A)
0.49; '"HNMR (DMSO) & = 8.88 (s, 4H, ArNH), 8.69, 8.67 and
8.59 (3s, 8H, pyrrole-CH), 8.29—7.50 (m, 14H, ArH, Gly-NH,
Ala-NH,), 7.99 (t, J =8 Hz, 4H, ArH), 7.85 (t, J =8 Hz, 4H,
ArH), 6.66 (m br, 3H, Ala-NH), 3.58 (s br, 4H, Ala—aCH), 3.04
and 2.94 (2s br, 8H, Gly-aCH,), 1.27 (s, 27H, Boc), 0.70 (m, 9H,
Ala—f3CHs), 0.27 (s br, 3H, Ala—-fCHs), and —2.77 (s br, 2H, pyr-
role-NH); FAB MS Found: m/z 1487. Calcd for C7oHgoN16014+H":
(M+H)*, 1487. Found: C, 59.40; H, 5.79; N, 13.67% Calcd for
C19HgoN16014-CHCI3-H,O: C, 59.13; H, 5.77; N, 13.79%.

0o4-(Glu~Glu-Ala-Leu—-Glu-Lys-His—-Glu-Lys—Ala-Leu-
Glu-Lys—His-Glu-Lys-Ala—Gly)s-H, TAPP, ay-(PepA;s)s-Hz
TAPP, 9-4. To a cold (—45 °C) solution of the peptide fragment
6-OH (59.2 mg, 17.5 pmol) and the porphyrin fragment 7 (4.8 mg,
2.92 pmol) in DMF (1 ml), HOAt (3.6 mg, 26.3 umol), PyBOP
(12.6 mg, 24.2 pmol), and DIEA (8.1 pl, 46.7 pmol) were added.
After 31 h stirring, which was set at —45 °C at the starting point and
then gradually raised up to room temperature, the solution was con-
centrated. The residue was treated with CH,Cl,~thioanisole—TFA
(7 mi; 2:3:2 (v/vlv)) for 1 h at 0 °C and for 20 min at room tem-
perature to deprotect Boc groups; the solvents were then removed
in vacuo. The residue was dissolved in TFA (3.9 ml), to which

thioanisole (620 ul, 5.3 mmol), m-cresol (25 ul, 0.23 mmol), and

TMSOTS (1.0 ml, 5.3 mmol) were added at —5 °C. The solution
was stirred for 1.5 h at 0 °C, and diethyl ether was added. The
resulting green powder was collected by centrifugation and washed

Multiple Porphyrin Systems

with diethyl ether. The deprotected compound was dissolved in
a small amount of water and the solution was adjusted to pH 8
with TEA. After the addition of 1 M NHF (485 pl), the solution
was stirred for 30 min at 0 °C. Next, it was desalted on a Sep-
Pak tCig (Waters, eluent: 0.05% aqueous TFA and 32% aqueous
acetonitrile containing 0.05% TFA). Purification was carried out by
a preparative RP-HPLC (Shim-pack PREP-ODS(H), eluent: wa-
ter—acetonitrile (0.05% TFA) with acetonitrile gradient from 10 to
40%). The eluate corresponding to the main peak was collected and
lyophilized. Yield 11 mg (1.2 umol, 42%); ESI MS Found: m/z
8909.3. Calcd for CagoHe10N1120120: M, 8902.5 (monoisotopic),
8907.9 (average). :

a3-(Glu—-Glu—-Ala-Leu—Glu-Lys—His—Glu—Lys-Ala-Leu—
Glu-Lys-His—Glu-Lys-Ala-Gly);(Ala—Gly):-H, TAPP, o4-
(PepAis)s(Ala—Gly);-H, TAPP, 9-3. To acold (—45 °C) solution
of the peptide fragment 6-OH (18.5 mg, 5.5 umol) and the porphyrin
fragment 7 (2.3 mg, 1.4 pmol) in DMF (0.8 ml), HOBt (0.80 mg,
5.9 pmol), PyBOP (3.1 mg, 5.9 umol), and DIEA (2.9 ul, 164
umol) were added. After 6 h stirring, which was set at —45 °C
at the starting point and then gradually raised up to —10 °C, the
solution was concentrated. The deprotection was carried out as
described in the section of 9-4 with CH,Cl,—thioanisole-TFA (1.4
ml; 2:3:2 (v/v/v)), then with TFA (1.7 ml), thioanisole (290 pl,
2.5 mmol), m-cresol (12 pl, 110 pmol), and TMSOTS (480 pl, 2.5
mmol). Purification was carried out by a preparative RP-HPLC
(eluent: water—acetonitrile (0.05% TFA) with acetonitrile gradient
from 10 to 40%). Yield 2.8 mg (0.40 umol, 29%); ESI MS Found:
mfz 6978.0. Caled for C316Ha74NggOg2: M, 6973.5 (monoisotopic),
6977.8 (average). 9-4 was also formed and purified, yield 1.3 mg
(0.15 pmol, 11%).

o4-(Glu—-Glu—Ala-Leu-Glu-Lys-His-Glu—Lys—-Ala—Leu—
Glu-Lys—His—Glu-Lys~Ala~Gly); (Ala—~Gly);-H, TAPP, os-
(PepAis)1(Ala—Gly)s-H, TAPP,9-1. To acold (—50 °C) solution
of the peptide fragment 6-OH (2.0 mg, 0.59 pmol) and the porphyrin
fragment 8 (0.95 mg, 0.59 pmol) in DMF (0.1 ml), HOBt (0.096
mg, 0.71 pmol), PyBOP (0.37 mg, 0.71 umol), and DIEA (0.31 ul,
1.8 pmol) were added. After 5 h stirring, which was set at —50
°C at the starting point and then gradually raised up to —25 °C,
the solution was concentrated. The deprotection was carried out
as described in the section of 9-4 with CH,Cl,—thioanisole-TFA
(0.7 ml; 2:3:2 (v/v/v)), then with TFA (0.7 ml), thioanisole (45
ul, 380 umol), m-cresol (1.8 ul, 17 umol), and TMSOTT (73 ul,
380 wmol). Purification was carried out by a preparative RP-HPLC
(eluent: water—acetonitrile (0.05% TFA) with acetonitrile gradient
from 10 to 90%). Yield 1.8 mg (0.58 pumol, 98%); ESI MS Found:
miz 3117.7. Caled for CiagH202N40O36: M, 3115.5 (monoisotopic),
3117.5 (average).

0o4-(Glu—-Glu-Ala-Leu—-Glu-Lys-His—Glu-Lys—Ala-Leu—
Glu-Lys-His—Glu-Lys—Ala—-Gly)4-ZnTAPP, a4-(PepAis)s-Zn
TAPP, A.  The solution of 9-4 (1.8 mg, 0.2 pmol) and ZnCl,
(0.27 mg, 2.0 pmol) in 12 mM ammonium acetate buffer pH 7.0
(0.8 ml) was gently stirred at r.t. for 3 h. The metalation was
monitored on RP-HPLC and UV-vis spectrophotometer. Then,
100 mM EDTA-2Na (0.5 ml) was added. The solution was ap-
plied to Sephadex G25 (eluent: 10 mM ammonium acetate pH
7.0). The eluate corresponding to the main peak was collected and
lyophilized. Yield 1.7 mg (0.19 umol, 95%); ESI MS Found: m/z
8971.0. Calcd for CapoHe0sN1120120Zn: M, 8964.4 (monoisotopic),
8971.3 (average).
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