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Heme oxygenase (HO) catalyzes the catabolism of heme (iron- Scheme 1.  Three Possible Pathways and Their Expected
protoporphyrin 1X) to biliverdin, CO, and free irdn3 The substrate ~ Froducts for the Verdoheme Ring-Opening by HO When Using

. . . . . H>0, (Cyan) and ROOH (Red) as Oxygen Sources?
heme itself reductively activates ,Qduring three successive 202 (Cyan) (_ d())H(R) yo

oxygenations of the HO catalysis: the firsbesehydroxylation T%D o Wz
of heme; the second, conversion to verdoheme; and the third, ring- FeZ;’: o+ —_— @
opening of verdoheme to yield biliverdin. The first heme hydroxy- S “‘Fez\;‘" X, MOz 0r == \ alkoxy BV
lation has been extensively studied to identify ar-B®OH heme 72X _ZY=>  ROOH ﬁ?“‘“’ — e
as an active speciés.The verdoheme ring-opening has been the verdoheme Fez/jgo — g::\"/gg
least understood step in the HO catalysis, even though this third L ” . SoS
oxygenation is considered as the rate-determining step to regulate ﬁk biliverdin (BY)
HO enzyme activityin viv0.8 [ o—0 H ] )

While the HO enzyme was originally reported to exclusively Fe{j’ X - te';faz;,eﬁ,rle
utilize O, for the conversion of verdoheme to biliverdifye have i =S ]

recer_ltl){ dgmonstrated that_ZG% also supports thls_ “”Q‘OPe”'”g @ Peripheral substituents and a left-half of the macrocycle are omitted
reactionin vitro, and possiblyn vivo under severe oxidative stréss.  for clarity.

The HO, reaction proceeds in a manner similar to that of the O

reaction, and the two reactions are initiated by binding of either oed =22 (A) | 32
0, or H,0, to verdohemé&.The HO, reaction indicates that the 05 [| MegOHI/ Ol
dioxygen species bound to verdoheme can be protonated prior to 20‘4_ ‘s'o
its ring cleavage. On the basis of the inhibitory and mutational £ 05 401 e
studies, we have proposed a mechanism involving an@@H §0_2_
verdoheme complex which adds its terminal OH tocapyrrole 0414
carbon (Scheme 1pp).8 We cannot rule out, however, a nucleo- 0.0 , . : 68? . . <
philic attack of HO, to thea-pyrrole carbod (Scheme 1middle 300 400 waﬁg?eng‘:‘g;’nm 700 800 400 wa?l?e?eng?g?nm 700 800
and formation of a bridged intermediate by putative deprotonation _ . ) ) .
. . . Figure 1. Absorption spectral changes during the anaerobic reactions of
of th_e Fe-OOH or rlng—OOH Intermed_laté(SCheme 1botton). the ferrous verdohemeHO-1 complex (12«M) with MeOOH. (A) Spectra
In this study, we have examined reactions of a verdohekt@-1 before and after addition of 84M MeOOH (black andred, respectively)

complex with alkyl hydroperoxides, namely MeOOH, to discrimi- and following addition of sodium ascorbatg/@n). (B) Spectra after addition
nate the three possible pathways for the ring-opening mechanismef the indicated amounts of MeOOH in the presence of 2 mM sodium
(Scheme 1yed). The Fe-OOR pathway could add the alkoxy ascorbate. Arrows indicate directions of the spectral change.

moiety to one end of biliverdin, while the ringDOR pathway 72
would give normal biliverdin. When the ring-opening requires the N (A) ras.zs (B)
bridged intermediate, no linear tetrapyrrole should be observed £ ,
because the alkyl group is hardly liberated. S 15.5._16.0 % _597.27
Reactions of the verdoheme dX%rat HO-1 complek were 8 M_JL 8
performed under anaerobic conditions in 0.1 M HEPES, pH 7.5 at § PP = L P
20°C. An aqueous solution of MeOOHPwas treated by catalase ' Itim ( |
and then bubbled by Ngas to remove kD, and Q. The ferrous !
verdoheme-HO-1 complex (Figure 1Ablack) reacted with MeOOH 0 5 10 15 20 25 560 580 600 620
to exhibit an absorption spectrum similar to that of tleeric retention time / min m/z
verdoheme compléx(Figure 1A,red). While following addition Figure 2. Product analysis of the MeOOH-dependent reaction of the

; : verdoheme-HO-1 complex. Panel A shows HPLC chromatograms of
of sodium ascorbate partially regenerate the starfiegous o v biverdin fop), the HO/MeOOH productsniiddle, and the

yerd_oheme complex (Figure 1Ayan), its incomplete_ recovery  yerdoheme/NaOMe productddtton). Panel B exhibits ESI-MS spectra
implicates the presence of product(s) other than ferric verdoheme.of biliverdin (top) and “15.5 min” and “16.0 min” species of the

The second product was successfully accumulated by the HO/MeOOH productsrtiddle and bottom respectively).
MeOOH reaction in the presence of excess sodium ascorbate (Figure
1B). Repetitive addition of MeOOH up to 30 equiv caused a spectral analysis of the reaction mixture (Figure 2#jddle showed two
change with distinct isosbestic points. The final spectrum (Figure peaks at 15.5 and 16.0 min with a negligible amount of biliverdin
1B, red) is similar to but slightly different from that of biliverdin (7.4 min). The two HO/MeOOH products seem to be an isomeric
(Amax(biliverdin): 381 and 690 nm). A reversed phase HPLC mixture of 1- and 19-methoxy-deoxy-biliverdin ¢X(1- and 19-
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a Peripheral substituents of the macrocycle are omitted for clarity.

MeOBYV in Chart 1) because of their similar absorption spectra
(data not showpand their monocationic mass signals both at 597.27
(Figure 2B,m/z: calculated for [G4H3sN4Os + H'], 597.27).
Authentic MeOBVs were prepared by chemical ring opening of
verdoheme IX according to a method reported for a corresponding
reaction of octaethylverdohemkTreatment of the ferrous ver-
doheme X pyridine complex with sodium methoxide (NaOMe)
followed by acidification with acetic acid under anaerobic conditions

the critical water molecule which may activate thef&0OH species
and/or can block the escape of the OH group from the activéite.
This critical interaction with the nearby water should be weaker in
the Fe-OOMe species due to its terminal methoxy group. In
addition, the small OH group can be more easily attached to the
a-pyrrole-carbon than the larger methoxy group. As the size of
the alkyl group increases, the rebinding efficiency of the alkoxy
group is further lowered: ethoxy biliverdin formation with EtOOH
requires more peroxide (40 equiv) than in the MeOOH reaction,
and t-BuOOH and Ph(CE)COOH did not afford any linear
tetrapyrrolesdata not showhn A very similar peroxide-dependence
was reported for the firshesehydroxylation in the HO catalysist®
Here we present the first evidence for the alkoxy rearrangement
of FE*—0OO0R verdoheme to the-pyrrole carbon in HO. The
corresponding OH transfer of the #e-OOH species is highly
probable in the verdoheme degradation usingDH The Q-
dependent reaction is also proposed to involve the OH transfer step;
however, there remains some ambiguity in the oxidation state of
the reactive intermediate. The Fe-OOH formation in the @
reaction requires reduction of a putativeFeOOH complex, and
the O-O bond of the ferric complex may be cleaved without
generating the ferrous species. Although the different redox state
might affect the mode of the ring cleavage, our mutational study
has pointed out a mechanistic similarity between the@ HO,
reactions Characterization of the “peroxy-verdoheme” would
clarify the complex @-dependent reaction.

Acknowledgment. This work has been supported by Grants-
in-Aid for Scientific Research (M.I.-S., 18370052, 17GS0419, and
T.M., 18770103) from JSPS and MEXT, Japan.

gave two products. These products, designated as verdoheme/

NaOMe products, are essentially the same as the HO/MeOOH
products in terms of HPLC retention times (Figure Zistton),
absorption spectraléta not show); andm/z values of the molecular
ions (597.28)!H NMR spectra of the isolated verdoheme/NaOMe

Supporting Information Available: Detailed procedures of product
analysis andH NMR spectra of MeOBVs. This material is available
free of charge via the Internet at http://pubs.acs.org.
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