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It has been proposed that a heme-peroxide complex is formed as an intermediate state in the enzymatic re-
action. Since the axial position of the heme in tryptophan 2,3-dioxygenase (TDO) is occupied with a nitrogenous
ligand from histidine residue, we studied the heme—peroxide complexes with an axial nitrogenous ligand at the
fifth position in a chemical model for TDO. Addition of N-methyl-imidazole to a ferric high-spin porphyrin ex-
hibited ESR spectrum due to a formation of ferric low-spin complex (complex A). Following addition of tetra-
methylammonium hydroxide to the reaction mixture, the signal due to a different ferric low-spin complex (com-
plex B) appeared. When 3-methylindole (skatole; Sk) was added to the resulting solution followed by introduc-
tion of dry oxygen gas, a new ESR signal due to a ferric low-spin complex (complex C) was detectable. A similar
ESR signal was observed when N-acetyl-tryptophan ethyl ester was used in place of Sk (complex D). Bohan plot-
ting of the crystal-field parameters as a rhombicity—tetragonality diagram obtained from ESR g-values for the
complexes (A, B, C, D) revealed that these heme iron complexes can be classified into three groups having
N-Fe-N (complex A), N-Fe-O (complex B), and N-Fe—-OO (complexes C, D) coordinations. Product analyses for

the same reaction systems demonstrated the conversion of each substrate to the dioxygenated product.

Key words

Tryptophan 2,3-dioxygenase (TDO) catalyzes the oxida-
tive ring cleavage of tryptophan to formylkynurenin at the
heme iron site. The reaction has been proposed to proceed
by addition of O, across the 2,3-bond of the indole ring, in
which the formation of an intermediate state, EMSO,*
(where EM is the resting form of TDO, S is the substrate
tryptophan molecule, and O, is molecular oxygen) ternary
complex has been proposed.” The resting state (EM) of TDO
with a ferrous heme group forms an EM-substrate (EMS)
complex when the substrate molecule binds to the reaction
site, which follows capture of O, at the axial position of
heme to form an EMSO, complex. Then, O, is activated and
inserted into the substrate molecule through the transient in-
termediate EMSO,* complex.** Both TDO and indoleamine
2,3-dioxygenase (IDO)” catalyze the dioxygenation of L-
tryptophan and its analogs. However, there are a few reports
of model systems for evaluating the detailed reaction mecha-
nisms, for instance, O, insertion to 3-substituted indoles to
generate ring-opening products was examined with the (tet-
raphenylporphyrinato)irons, Fe(I)TPP® and Fe(III)TPPCI,”
(tetraphenylporphyrinato)cobalt (Co(II)TPP),® [bis(salicyli-
dene)ethylenediaminonato]cobalt (Co(II)salen),” manganese
phthalocyanine (Mn(I)PC),'” or manganese chiral porphy-
rin.!) Previous studies on TDO and IDO have suggested that
the substrate binds to the reaction site of the enzymes to form
an enzyme—O,—substrate ternary complex (EMSO,*), which
is an intermediate during catalytic cycle of the enzymes.*'?
However, the structures of the intermediate remain ambigu-
ous due to lack of clear evidence on crystal structures of the
enzymes; in contrast, those for cytochrome P450 (P450),'3
catalase'¥ and peroxidases'® in their resting or substrate
binding states have already been determined.

In O, or peroxide activations by P450,' peroxidases'”
and catalase,'® a heterolytic O—O bond cleavage in hydroper-
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oxoiron(III) porphyrin complexes has been proposed to af-
ford an oxoferryl porphyrin cation radical intermediate.'” A
strong electron donation nature such as thiolate ligand in
P450 is expected to destabilize the O-O bond and to facili-
tate its heterolytic cleavage to give an Fe(IV)=0 porphyrin
m-cation radical (compound I).'®) However, lacking a strong
donor, the ratio of the homolytic cleavage over heterolysis is
increased to give a less reactive Fe(IV)=0 porphyrin inter-
mediate (compound II).

A possible model system of dioxygenation system com-
posed of Fe(II[)TPPCI, tetramethylammoniumhydroxide
(TMAOH), 3-methylindole (skatole; Sk), and O, has been
proposed.” The product analysis demonstrated that Sk is ef-
fectively converted to o-formamidoacetophenone (0-FA), in
which two atoms of molecular oxygen are incorporated in
Sk. In addition, Fe(III)TPP-O,~Sk ternary complex as a re-
active ternary complex (EMSO,*) and two kinds of free radi-
cal species (Sk neutral radical and Sk peroxide radical) were
detectable in the reaction cycle.” Since a native TDO has
been proposed to have a protoporphyrin IX—iron complex
(FePPIX) at the active site and a nitrogenous ligand from his-
tidine residue at the fifth position,® similar to those of hemo-
globin, myoglobin, cytochromes, and some peroxidases,"
we expanded our work to construct a new biomimetic model
of dioxygenase. We report here the detection and characteri-
zation of the heme-O,—substrate (3-methylindole and M-
acetyl-tryptophan ethyl ester) ternary complex (EMSO,*)
with an axial nitrogenous ligand at the fifth position of the
FePPIX derivative as well as substrate dioxygenation activity,
proposing a possible reactive intermediate of dioxygenase.

Experimental

Materials Iron(IlI)protoporphyrin dimethyl ester (Fe(III)PPIXDME)
was prepared and purified as reported” TMAOH (10% solution in
methanol) and N-acetyl-tryptophan ethyl ester (N-Ac-TrpE) purchased from
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Nacalai Tesque (Kyoto, Japan) were used without further purification. 3-
Methylindole (Sk) was obtained from Wako Pure Chemicals (Osaka) and
was used after recrystallization from toluene. 2,6-Di-tert-butyl-p-cresol
(butylated hydroxytoluene; BHT) was of special reagent grade from Wako
Pure Chemicals. N-Methylimidazole (N-Melm) was obtained from Tokyo
Kasei Kogyo (Tokyo). Toluene and methanol (Wako Pure Chemicals) were
distilled before use.

Spectral Measurements Visible absorption spectra were recorded on a
spectrophotometer MCPD-1000, Ohtsuka Electronic Co. (Tokyo) at 77K
with an ESR quartz tube (5 mm diameter). ESR spectra were measured with
an ESR spectrometer RE-3X, JEOL (Tokyo), with 100 kHz field modulation.
The microwave frequency applied to the sample at the power of 5.0 mW was
monitored by digital frequency counter, Advantest R5372 (Tokyo). The
magnetic field was calibrated by the hyperfine coupling constant (8.69 mT)
of Mn(II) ion doped in MgO powder. The g-values of the observed ESR
spectra were estimated with Li-TCNQ (Li-tetracyanoquinodimethane) radi-
cal salt (g=2.00252) as standard. ESR spectra were obtained at 77 K.

Preparation of Fe(III)PPIXDME(N-Melm)("O,R) Ternary Complex
Fe(II)PPIXDME (N-Melm)("O,R) as a ternary complex was prepared in an
ESR quartz tube at 195K (dry ice~acetone bath). The sample solution was
composed of Fe(IIHPPIXDMECI (1 mu in toluene, 0.4 ml), N-Melm (0.4 m
in toluene, 0.02 ml), TMAOH (0.02 m in methanol, 0.02 ml), and Sk (0.2 M in
toluene, 0.2 ml) or N-Ac-TrpE (0.2M in methanol, 0.2 ml). A 100% oxygen
gas was slowly introduced into the reaction mixture through a fine capillary
at 195K.™® Instrument conditions for the measurements were as follows:
magnetic field, 270%250 or 300+50 mT; modulation frequency, 0.63 mT;
modulation amplitude, 100kHz; output power, SmW; time constant, 0.1s;
sweep time, 4 min.

Product Analysis in the Reaction Mixture Sk (0.2M in toluene,
0.4ml) or N-Ac-TrpE (0.2m in methanol, 0.4 ml) was added to a mixture
(total volume, 1.28 ml) of Fe(II[)PPIXDMECI (1.0mM in toluene, 0.8 ml),
N-Melm (0.4M in toluene, 0.04ml) and TMAOH (0.02M in methanol,
0.04ml) to start the reaction by stirring under 100% O, atmosphere at
298 K. 0-FA,™?% which is an oxygenated product of Sk, was determined by
GLC method (Shimadzu GC-6AM (Kyoto), silicon OV-17 column), and the
reaction was periodically monitored. The dioxygenation products of N-Ac-
TrpE were determined by HPLC (column: COSMOSIL C18, detection: UV
280 nm) eluted with 40% (v/v) methanol-acetic acid.

Structure Determination of Dioxygenated Products from N-Ac-TrpE
The dioxygenated products from N-Ac-TrpE were separated by a thin layer
chromatoplate Silica gel 60 F,;,, TLC aluminum sheet (Merck, U.S.A\)
using a developing solvent, CH,Cl: CH,OH : CH;COOH=75:20:5. The re-
action mixture composed of Fe(II)TPPCl (1.0mM in toluene, 0.8ml),
TMAOH (0.02 M in methanol, 0.04 ml), and N-Ac-TrpE (0.2 M in methanol,
0.4ml) under O, gave three main products, their Rf values being 0.486,
0.852, and 0.876. The compound at Rf=0.852 was identified as N-Ac-TrpE
by the control experiment. Other products were recovered from the TLC
plates by extraction with ethyl acetate and the structures were determined by
both 'H-NMR and FAB-MS spectrum. The major product at Rf=0.876 was
assigned to ethyl 2-acetoamido-3-(2-formamidobenzoyl)propionate (EAFP)
by 'H-NMR spectra recorded on a JEOL JNM-A500 spectrometer (Tokyo)
with tetramethylsilane as an internal standard and FAB-MS spectra mea-
sured with a JEOL JMS-SX102A spectrometer (Tokyo). The purified EAFP
separated from the model system was used as a standard for evaluation of
the dioxygenation. The obtained NMR data for EAFP were as follows. 'H-
NMR (DMSO-d;) 6 1.16 (t, 3H, J=7.1 Hz, CH,CH,), 1.83 (s, 3H, COCHS,),
3.48 (dd, 1H, J=179, 7.0Hz, COCH,), 3.52 (dd, 1H, J=17.9, 5.8 Hz,
COCH,), 4.08 (q, 2H, J=7.1Hz, CH,CH,), 4.74 (ddd, 1H, J=17.0, 7.0,
5.8 Hz, COCH,CH), 7.25 (ddd, 1H, J=8.0, 8.0, 1.0 Hz, ArH), 7.62 (ddd, 1H,
J=8.0, 8.0, 1.4 Hz, ArH), 8.03 (dd, 1H, J=8.0, 1.4 Hz, ArH), 8.27 (br d, 1H,
J=7.0Hz, NHCOCH,), 8.44 (br d, 1H, J=8.0Hz, ArH), 8.46 (br s, 1H,
CHO), 11.05 (br s, 1H, Ar-NH). The structure of a minor product at Rf=
0.486 is unknown. When Fe(III)TPPC] was lacking in this system, a minor
product was formed, suggesting decomposition of the substrate in the pres-
ence of TMAOH.

Results

Detection of Unstable Intermediate Species in the Fer-
ric Low-Spin State during Dioxygenation of Sk a) ESR
Spectra: Dioxygenation processes of Sk occurring in the re-
action system were examined by ESR measurements. On ad-
dition of N-Melm (0.4M in toluene, 0.02ml) to Fe(Ill)-
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Fig. 1. ESR Spectra of TDO Model System at 77K

The reaction mixture was composed of 0.62 mm Fe(II)PPIXDMECI (dissolved in
toluene), 12.5mm N-Melm (dissolved in toluene), 0.62mm TMAOH (dissolved in
methanol) and 62 mm Sk (dissolved in toluene). The mixing molar ratio of chemicals
was Fe(III)PPIXDMECI : N-Melm : TMAOH : Sk=1:20:1: 100, and the solvent ratio
was toluene : methanol=31:1. Total volume=0.64ml. (a) Fe(Il)PPIXDMECI+N-
Melm; (b) (a)+TMAOH; (c) (b)+Sk+0,.

PPIXDMECI (1 mM in toluene, 0.4 ml) at the ferric high-spin
state (g, =6 and g,=2, data not shown) unaerobically, the
ESR spectrum at 77K exhibited the formation of a ferric
low-spin complex (complex A: g,=2.93, g,=2.25, g;=1.51)
without a ferric high-spin complex (Fig. 1a). When TMAOH
(0.02 M in methanol, 0.02 ml) was added to the resulting solu-
tion, a new ESR spectrum due to a ferric low-spin complex
(complex B: g,=2.59, g,=2.20, g,=1.86) was observed (Fig.
Ib). The reaction mixture was annealed at 195K, then Sk
(0.2 M in toluene, 0.2 ml) was added to the reaction mixture;
following slow introduction of dry O, gas through a fine cap-
illary into the reaction mixture, the color of the solution
gradually turned to bright red from dark red after the induc-
tion period of 3 min. The reaction mixture was frozen and the
ESR spectrum was recorded at 77K. As shown in Fig. Ic,
ESR signal due to the ferric low-spin complex (complex C:
g,=2.320, g,=2.193, g,=1.939) was observed with disap-
pearance of the signal due to complex B.

b) Visible Absorption Spectra: Visible absorption spectra
at 77K for the same solution of ESR experiments composed
of 0.61 mm Fe(IIHPPIXDMECI, 12.2 mM N-Melm, 0.61 mm
TMAOH and 61 mm Sk were measured, the obtained absorp-
tion maxima being as follows: 409, 522, 550 (sh) nm for
complex A, 408, 532, 565 nm for complex B, and 412, 535,
564 nm for complex C (Fig. 2).

Dioxygenation of Sk in the Model System and Effect of
a Free Radical Scavenger Dioxygenation of Sk in the sys-
tem of 0.61mm Fe(IlI)PPIXDMEC], 12.2mM N-Melm,
0.61 mmM TMAOH and 61 mM Sk (complete system I) was ex-
amined in toluene solvent under 100% O, atmosphere at
298 K. As shown in Fig. 3a, a time-dependent dioxygenation
was observed. The product yield of 0-FA on the basis of the
substrate concentration in the complete system [ was about
9% after 60 min of the reaction. However, no o-FA was de-
tectable when Fe(III)PPIXDMECI was absent from the com-
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Fig. 2. Visible Absorption Spectra of TDO Model System at 77 K

Experimental conditions were the same as for Fig. 1. (a) Fe(II[)PPIXDMECI+N-
Melm; (b) (a)+TMAOH; (c) (b)+Sk+0,.
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Fig. 3. Time-Dependent Dioxygenation of Sk in the TDO Model Reaction
System

The reaction mixture contained 0.61 mm Fe(III)PPIXDMECI (dissolved in toluene),
12.2mm N-Melm (dissolved in toluene), 0.6 mm TMAOH (dissolved in methanol),
61 mm Sk (dissolved in toluene) and 0.61 mm BHT (dissolved in toluene). The mixing
molar ratio of chemicals was Fe(III)PPIXDMECI: N-Melm: TMAOH : Sk : BHT=
1:20:1:100:1, and the solvent ratio was toluene:methanol=32:1. Total vol-
ume=1.32ml. The first-order kinetics was used.”® (a) Fe(II)PPIXDMECI+N-
Melm+TMAOH + Sk +0, (complete system I); (b) complete system [—Fe(II)PPIXD-
MECI; (c) complete system I+BHT.

plete system I (Fig. 3b). Addition of a radical scavenger,
BHT (0.61 mm) to the complete system I resulted in com-
plete inhibition of the Sk dioxygenation (Fig. 3c).

Detection of Unstable Intermediate Fe(III)PPIXDME-
(N-MeIm) (TO,N-Ac-TrpE) Ternary Complex by Visible
Absorption and ESR Measurements at 77K Visible ab-
sorption and ESR spectrometries at 77 K were used to know
the dioxygenation processes of N-Ac-TrpE in the reaction
system. An anaerobic reaction mixture composed of 0.61 mm
Fe(IIHPPIXDMECI, 12.2mm N-Melm, 0.6l mm TMAOH
and 61 mM N-Ac-TrpE showed formation of a ferric low-spin
complex (g,=2.59, g,=2.20, g;=1.86 and 408, 532, 565 nm
for absorption maxima). When these spectroscopic parame-
ters were compared with those of the complex B described
earlier, the observed low-spin complex was assignable as
analogous to the complex B. When sufficient dry O, gas was
introduced into the mixture at 195K, an ESR signal due to
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Fig. 4. Visible Absorption Spectrum of TDO Model System at 77 K

Experimental conditions were as for Fig. 1, except the solvent ratio, toluene:
methanol=22:11 and total volume, 0.64 mi. N-Ac-TrpE was used in the place of Sk.
Inset: ESR spectrum at 77 K.

CO,Et Q (o
2 Fe(III)PPIXDME
+ 02 h N)li 7 NHCOMe
| ~NHCOME N-Hielm
N N-CHO
H H

Chart 1. The Formulated Overall Reaction Profile in the TDO Chemical
Model System Consisting of Fe(II)PPIXDMECI, N-Melm, TMAOH, and
N-Ac-TrpE under O,

Table 1. Conversion on Sk or N-Ac-TrpE to the Respective Oxygenated
Product (o-FA or EAFP) in the Model System

System Conversion (%)
Complete system [ 9
Complete system I—Fe(III)PPIXDMECI 0
Complete system I+BHT 0
Complete system 11%) 1.2
Complete system I1—Fe(III)PPIXDMECI 0
Complete system II+BHT 0

a) Fe(l)PPIXDME +N-Melm+TMAOH+Sk, [h. &) Fe(IlI)PPIXDME+N-Melm+
TMAOH+N-ATrpE, 5h

formation of a new ferric low-spin complex (complex D:
£,=2.355, g,=2.219 and g;=1.928) was observed (Fig. 4,
inset). Visible absorption spectrum of complex D at 77K
showed absorption maxima at 408, 532, and 560 nm (Fig. 4).
There was no spectral change of complex B measured by op-
tical absorption and ESR when Sk or N-Ac-TrpE or dry O,
gas was added to the complex B (data not shown).
Dioxygenation of N-Ac-TrpE in the Model System and
Effect of a Free Radical Scavenger Dioxygenation of N-
Ac-TrpE in the system consisting of 0.61 mm Fe(III)PPIXD-
MECI, 12.2mmMm N-Melm, 0.61 mm TMAOH and 61 mm N-
Ac-TrpE (complete system II) was examined under 100% O,
atmosphere at 298 K. A major product from N-Ac-TrpE was
assigned as EAFP by HPLC analyses (Chart 1). Conversion
of N-Ac-TrpE to the dioxygenated product EAFP was found
to be 1.2% for 5h (Table 1). Formation of other minor oxy-
genated products such as ethyl 2-acetoamido-3-(2-aminoben-
zoyl)propionate, ethyl 2-acetoamido-3-(2-isocyanobenzoyl)-
propionate, and ring none-opening products have been re-
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Table 2. ESR Parameters of Six-Coordinate Ferric Low-Spin Porphyrin Complexes

Complex g 2 2 (R/p) Wi Label Ref.

N-Fe-N

Fe(IITPP(ImH), 2.92 230 1.56 0.65 32 1 28

Fe(III)TPP(Im) (ImH) 273 228 1.74 0.65 4.0 2 28

Complex A 2.93 225 1.51 0.56 33 3 @
N-Fe-O

Fe(II)PPIXDBE(py)(OAr) 261 2.19 1.84 0.52 6.2 4 26

Fe(II1)PPIXDBE(OAr)(N-Melm) 2.56 221 1.85 0.61 5.8 5 26

Fe(IIT)(basket-handle Porphyrin)("OCR)(1 Melm) 265 221 1.83 0.56 5.6 6 29

Complex B 2.59 2.20 1.86 0.55 6.2 7 @
O-Fe-OOR

Fe(II)TPP("OMe)(~O, Bu) 2316 2.157 1.952 0.59 9.0 8 30

Fe(II)TPP("OMe)(~O, Sk) 2311 2.160 1.954 0.57 9.1 9 20
Fe—(OOR),

Fe(LI)TPP("O, Bu), 2242 2.157 1.964 0.38 10.1 10 30

Fe(IIH)TPP(" O, Sk), 2.236 2.160 1.965 0.34 10.2 11 20
N-Fe-OOR

Fe(II)Mb(" O, Bu) 2.350 2.196 1.936 0.49 7.6 12 31

Fe(IIHHb(~O, Bu) 2.340 2.188 1.940 0.50 7.9 13 31

Fe(IIHTPP(Im)(" O, Bu) 2.324 2.185 1.940 0.47 8.1 14 31

Fe(III)TPP(4-MeIm)(~ O, Bu) 2323 2.183 1.943 0.48 8.1 15 31

Complex C 2320 2.193 1.939 0.43 7.9 16 o

Complex D 2.355 2.219 1.928 0.41 7.1 17 @

Bu: tert-butyl. a) Present study.

ported.!'® Since the possible products were found to be
within trace amounts in our model system, the other products
were not determined.

Discussion

Coordination Structures of Ferric Low-Spin Porphyrin
Complexes in Dioxygenation Cycle ESR spectroscopy has
been applied for many years as an useful tool to characterize
the coordination structure of paramagnetic heme-iron com-
plexes.'5#?® Both ESR parameters and line-shape provide
valuable information for identifying the axial ligands of the
heme. In fact, several chemical model complexes with imida-
zole as an axial ligand of heme have been proposed to ex-
plain the coordination structure and reactivity of en-
zymes.”* 2 Comparison of ESR g-values of the ferric low-
spin complexes formed in the dioxygenation cycles (com-
plexes A, B, C, D) with those of previously reported com-
plexes?—? shows that the ESR features of complexes C and
D are characterized by their anomalously small g-anisotropy.
As shown in Fig. 1a, the ESR spectrum observed for the sys-
tem of Fe(II[)PPIXDMEC! and N-Melm exhibited a forma-
tion of ferric complex in the low-spin state (complex A:
g2,=2.93, g,=2.25, g,=1.51). A similar ESR spectrum was
recorded in the system containing Fe(III)TPPCI in place of
Fe(IIHPPIXDMECI, as summarized in Table 2. An analo-
gous ESR spectrum was reported by Ozaki and Yoshimura?”
and Quinn et al.?® The ferric low-spin complex A is thus as-
signable to the six-coordinate complex, Fe(II)PPIXDME(N-
Melm),. Addition of TMAOH to the complex A resulted in
formation of the ferric low-spin complex B (g,=2.59,
2,=2.20, g,=1.86) (Fig. 1b). Schaeffer et al. reported the ob-
servation of ESR spectra for the basket-handle porphyrin de-
rivatives, in which O-Fe-N coordination mode was tightly
locked at both axial positions of the iron chromophore.”
Comparison of the ESR parameters with those of related
complexes (Table 2) indicates that the complex B is assigned
as the ferric low-spin six-coordinate Fe(III)PPIXDME(N-

Melm)("OMe). As shown in Fig. 1c as well as Table 2, the
ESR spectrum for complex C (g,=2.320, g,=2.193,
g2,=1.939) with anomalously small g-anisotropy is assigna-
ble due to the formation of Fe(Ill)porphyrin—peroxide com-
plex. We reported earlier” that the reaction of Fe(III)TPPCI,
TMAOH, Sk, and O, resulted in the formation of
Fe(IIT)TPP-O,-Sk (Fe(IINTPP("0,Sk) ) in the low-spin state
which lacked the axial nitrogenous ligand. Being different
from the results,”*" the coordination structure of the new
complex C is proposed to be the six-coordinate Fe(III)-
PPIXDME-peroxide with an axial nitrogenous ligand as
Fe(III)PPIXDME(N-Melm)(~O,Sk).

Crystal-field analysis of ESR g-values for six-coordinate
ferric low-spin porphyrin complexes have been developed by
Griffith®® and Kotani.* Then Blumberg and Peisach?® fol-
lowed by Bohan,*>) and Sakurai and Yoshimura'®® proposed
use of the two crystal-field parameters of rhombicity (R/u)
and tetragonality (u/A), calculated from g-values for various
coordination types of ferric low-spin hemoproteins and their
model complexes.’® The crystal-field parameters of the pre-
sent complexes were calculated according to Bohan’s treat-
ment.>> The parameters for complexes A, B, and C are sum-
marized in Table 2 together with those previously reported
model heme complexes.?%?*%—31 Using the crystal-field pa-
rameters for these complexes, a thombicity—tetragonality dia-
gram was plotted in Fig. 5. The heme complexes are classi-
fied into five axial coordination groups having N-Fe-N,
N-Fe-O, O-Fe-OOR, Fe—(OOR),, and N-Fe—~OOR. Each
group is well separated to discriminate it in the diagram. The
|/A| value shows a stepwise increase with increase in the
number of oxygenous donors ligating at the axial positions.
In fact, the estimated |u/A| value of complex C (7.9 in
N-Fe—OOR coordination mode, No.16) is the largest among
the three complexes A (3.3 in N-Fe-N, No.3), B (6.2 in N—
Fe-O, No. 7), and C, indicating that peroxide anion causes a
strong axial perturbation compared with those by other lig-
ands. In addition, |u/A| and |R/u| values of complex C are
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consistent with those of met-myoglobin (Fe(III)Mb)- and -he-
moglobin (Fe(II[)Hb)-peroxide complexes,*” in which a ni-
trogenous donor from the histidine residue is retained at the
axial position of the heme (Fig. 5). Coordination structures
were also analyzed by visible absorption spectra for the com-
plexes A, B, and C at 77K. As summarized in Table 3, the
optical parameters for these complexes are found to be
slightly dependent on their coordination modes. Complex A
exhibits the Soret absorption maxima at 409 nm with - and
o-maxima at 522 and 550 (sh) nm, respectively, while com-
plex B does so at 408, 532, and 565nm, and complex C at
412, 535, and 564 nm, the shift of B-band appearing to de-
pend on the type of oxygen ligand, whether oxyanion or per-
oxyanion. The a- and B-absorption maxima for complexes B
and C were very close, probably due to their similar axial
perturbation from ligand for absorption. Since a dioxy-
genated product (o-FA) from Sk is periodically formed in
complete system I (Fig. 3, Table 1), O, is incorporated into
Sk through the complex formation. From the spectroscopic
parameters as well as the product analysis, the structure of
complex C was concluded to be imidazole(N)-Fe(IlI)-

0.7
i N-Fe-O 0-Fe-OOR
1) ) ®
%‘ N-Fe-N 49
‘a 05 b\
E L
2
T o4t Fe-(OOR)p
N-Fe-OOR 10
03 A I [ I I i Il I
2 3 4 5 6 7 8 9 10 N

Tetragonality iu/l

Fig. 5. Plot of Rhombicity |R/u| vs. Tetragonality (u/A| Parameters for
Six-Coordinate Ferric Low-Spin Porphyrin Complexes

Labels are as in Table 2.
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PPIXDME-O,-substrate.

On the basis of these results, we extended our work to use
a tryptophan derivative as a substrate, as shown in Fig. 4 and
Tables 1, 2 and 3. The ESR and visible absorption parame-
ters of complex D indicate that Fe(III)PPIXDME(N-Melm)-
(7O, N-Ac-TrpE) is formed in the dioxygenation cycle. The
coordination structure of complex D was also supported by
the |u/A| and |[R/u| parameters (0.41 and 7.1, No.17 in Fig.
5) as calculated from g-values of the ESR spectrum (g,=
2.355, g,=2.219 and g;=1.928) (Table 2). N-Ac-TrpE was
found to be converted to EAFP (Table 1), during which the
imidazole(N)-Fe(III)PPIXDME—-O,—substrate complex was
formed. From the present results together with the previous
data,”**3? the coordination structure of complexes C and D
as a ternary complex (EMSO,*) is illustrated in Fig. 6. Com-
plexes C and D can be expressed as Fe(III)PPIXDME-
O,—substrate ternary complex with an axial nitrogenous lig-
and at the fifth position, in which the central iron and sub-
strate molecule are bridged by O,. It is possible that O, is in-
corporated into substrate through the formation of such a
ternary complex in native enzyme. The electronic structures
of ternary complexes C and D are still controversial, and fur-
ther investigations are now in progress.

Dioxygenation Mechanism In our efforts to determine
the coordination structure and reactivity of intermediate
species in the biomimetic model system for dioxygenase, the
dioxygenation of substrate was found to proceed when a
ternary complex such as complex C or D is detectable in the
reaction cycle. The formation of complex C or D is indis-
pensable for the dioxygenation of substrate.?? We reported
earlier that Fe(III)porphyrin—alkyl peroxide complex with the
character of being reduced to a ferrous state under aerobic
conditions catalyzes the heterolytic cleavage of iron—oxygen
bond.*® Based on these findings it is presumed that com-
plexes C and D are reduced to the ferrous state, and thus
dioxygenation of substrate proceeds. Moreover, the dioxy-
genation of substrates Sk and N-Ac-TrpE was found to be in-
hibited by addition of BHT to the system (Fig. 3, Table 1),

Table 3 Visible Absorption Spectra of Six-Coordinate Ferric Low-Spin Porphyrin Complexes

Complex Substrate Atmospheric temp. (K) A ey (nM) Ref.

N-Fe-N

Fe(II)TPP(ImH), None Air 298 416 456 (sh) 548 580 (sh) 28

Fe(IITPP(Im) (ImH) None Air 298 418 444 (sh) 552 585 (sh) 28

Complex A None Air 77 409 522 550 (sh) @
N-Fe-O

Fe(II)PPIXDBE(py) (OA1) None Air 296 411 530 557 26

Fe(III)PPIXDBE(N-Melm) (OAr) None Air 296 411 528 558 26

Complex B None Air 77 408 532 565 a)
O-Fe-OOR

Fe(II)TPP(-OMe) ("0, Bu) BuOOH Air 77 420 543 573 30

Fe(IITPP(-OMe) ("0, Sk) Sk 0, 77 423 550 589 20
Fe—(OOR),

Fe(II)TPP("O, Bu), BuOOH air 7 424 547 578 30

Fe(IIN)TPP(~0O, Sk), Sk 0, 77 423 550 589 20
N-Fe-OOR

Fe(III)Mb(~ 0, Bu) BuOOH Air 77 415 542 574 31

Fe(II)Hb(" O, Bu) BuOOH Air 77 420 549 580 31

Fe(II[)TPP(Im) ("0, Bu) BuOOH Air 158 418 546 582 31

Fe(III)TPP(4-Melm)("O, Bu) BuOOH Air 158 421 548 582 31

Complex C Sk 0, 77 412 535 564 a

Complex D N-Ac-TrpE 0, 77 408 532 560 a

sh: shoulder, Bu: tert-butyl. a) Present study.
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3

Fig. 6. Possible Coordination Structures of the Six-Coordinate Ferric
Low-Spin Complex C, Fe(III)PPIXDME(N-Melm)(~0,SK), and Complex
D, Fe(IIT)PPIXDME(N-Melm)(~O,N-Ac-TrpE)

R=Me in complex C and=CH,CH,(CO,Et} NHCOMe) in complex D.

N
)
-Fes-+ —_— -Feﬁ
N (N-Melm) ,{l [A]

l,- -OCH3 (TMAOH)

"OCH;
o) Fedt s"
2 - - =
"OCHs >\ /:
-FeZ [B] "OCH, =fPm=
N N
Dioxygenated
Product
“OCHa )‘ \ s
“00IS] o°
] ternary /
= FeX complex - F??;
L Icol N
\ 02:--3' 0, 's./‘02
e bt
- Ffa- - Fle.*.
N N

Chart 2. A Possible Reaction Mechanism for the Dioxygenation

S~ represents substrate anion. Substrate anion formed by substrate and methoxide
anion acts an electron donor.””

suggesting that radical-dependent reactions participate in the
dioxygenation of substrates.’”) On the basis of these results
together with our previous observations,"*” a possible reac-
tion mechanism of the dioxygenation by the present model
system is proposed as shown in Chart 2.

Complexes C and D would be useful ternary complexes to
evaluate the electronic structure and reactivity of the reactive
intermediate of a dioxygenation system, since the imida-
zole(N)-heme-O,—substrate ternary complex has been found
to be essential in the reaction processes of the peroxide-de-
pendent oxygenation of the substrate. Thus, the present
ternary complex as a key intermediate may provide new in-
sight to estimate the reactivity of the hemoproteins.
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