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Dioxygen reactivity of mesehydroxylated hemes: intermediates in
heme degradation process catalyzed by heme oxygenase
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Abstract. Heme oxygenase (HO) is the only enzyme in mammals known to catalyse the physiological
degradation of unwanted heme into biliverdin, Fe ion and CO. The process involves introduction of the
hydroxyl group at one of itmiesepositions as the first fundamental step of the heme cleavage process. It
was also found thaheseamino heme undergoes similar ring-cleavage process while reacting with di-
oxygen in presence of pyridine as an axial ligand. The present paper briefly reviews the reactions of
modelmesoehydroxylated heme and its analogues with dioxygen, and their relevance in the heme degra-
dation process.
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1. Introduction Studies of the reaction mechanism were primarily
carried out with a model coupled oxidation process

Porphyrins are well documented for their stability

towards oxidation. In particular, iron porphyrins are v Me

used biologically to carry out numerous oxidations

OH

\4 Me

with dioxygen and hydrogen peroxide where highly " v N Me v
oxidized forms participate without undergoing por- by

phyrin ring degradatioh. Considerable effort has

been expended to detect and isolate the reactive irc me Me Me Ve
porphyrins in highly oxidized statésHowever, to ! Pr Pr Pr
control the level of heme, Nature utilizes heme oxy- " lleme Meso-hy droxyheme
genase (HO) which catalyses the physiological dec KZ%T‘C‘E con

radation of heme into biliverdin, CO (a potential e 0|0,

neurotransmitter) and free iron in a reaction that re
quires Q, NADPH and cytochrome P450 reduct&se.

It also provides a mechanism for the recovery an
reutilization of the iron atom. This is important be-
cause only 1-3% of the ironilized daily in the

synthesis of red blood cells is obtained from the
diet. The rest of the daily iron requirement is met by

recycling the iron in the body, most of which is pre- Pr Pr Pr Pr
sent in hemoglobin, myoglobin and other heme pro NADPH | _Tem Verdoheme
teins.

Heme oxygenase (HO) is highly unusual since i
uses heme as both its substrate and prosthetic grot
Mammalian heme oxygenases are membrane-bout
and are relatively difficult to purify and study’
This makes investigation of the enzyme structure
and mechanism difficult. The overall transforma-
tions of heme into biliverdin catalysed by heme Pr Biliverdin P"
oxygenase (HO) are shown in schenfe®l. Scheme 1.
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5
(An unidentified product) N

Et Et e £t
[(py),Fe"'(HETP)], 4 [CIFe"(HETP)], 6

Scheme 2.

in which the HO-bound heme could be converted ®. Mescohydroxylated hemes and its reaction
verdoheme and biliverdin by ascorbic acid or hydrawith dioxygen

zine in the absence of NADPH and cytochrome

P450 reductase via the formation of similar intermérhe six-coordinate complex, [(ppe" (OEPO)], 1,
diates observed during the biological oxidation aéis shown in scheme 2, is a widely studied model in
heme by HO:' The process involves initiaheso the heme-degradation process by either the coupled
hydroxylation of the heme to form a reactive irorxidation process or heme catabolism as mediated
oxophlorin which is the fundamental step in théy heme oxygenaseThis reactive molecule has
heme degradation process. The addition of an oxlgeen characterized by several spectroscopic methods
gen function at theneseposition of porphyrin re- including X-ray crystal structure of the molecule as
sults in an oxophlorin macrocycle with significantlyshown in figure 1-° The porphyrin, in figure 1, is
different properties from the original porphyrin. almost planar with the pyridine ligands parallel to
The present paper briefly reviews the reactions ohe another and I¥ away from the neighbouring
model mesehydroxylated heme and its analoguese—N bond. Also, it has been found that the nature
with dioxygen in order to understand the electroniof the axial ligand alters the distribution of electrons
and geometrical requirements leading to heme ddgetween the metal and the porphyrin within the

radation. complexe®*0-13
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Although [(py)}F€e"(OEPO)], 1, is sufficiently -
stable for isolation when handled carefully under d / =
nitrogen atmosphere, it is also reactive in solutic l
towards dioxygen where it undergoes a series ‘
changes that have been followed ¥ NMR spec-
troscopy as shown in figure'2.Trace A shows a
portion of the paramagnetically shiftétH NMR
spectrum of [(pyFe"(OEPO)], 1. The two promi-
nent resonances arise from the two of the fot
chemically distinct methylene groups tdfand the
other methylene and methyl resonances occur in t
crowded 0-10 ppm range, whereas the meso re:
nances occurs far upfield® Upon addition of dry
dioxygen, the spectrum converts to B after 4 h. /
this point, the resonances bfhave vanished com-

pletely, while several new resonances have dev ‘ure 1. A perspective view of [(PyFe" (OEPO)] at

. 12
oped_. Th.e- most mtense. of these arﬁ labelled 2 ai[’(gK showing 30% thermal contours. Taken from[i&if.
are identified as belonging to [(p#e" (OEB)], 2,

while several other unidentified species are also pre- ©
sent as seen in trace B. The formation of diamag- 4
netic verdoheme3 in the oxidation process cannot
be seen in figure 2, since it falls in the crowded 4

. . . . 5 4m
diamagnetic region but its presence are detected A : 4m
through its characteristic UV-Vis spectrdrlt has 100 20 0 20
been also found that the pyridine solutions of octa- () 2
ethylverdoheme can be converted by exposure 2
to dioxygen* 22

After one day, the spectrum B again changes to a
completely new spectrum as shown in trace C of
figure 21 This sample is stable on further exposure
to dioxygen or air for several days. The pattern of
resonances for 4 seen in trace C is consistent with : : . .
the structure [(pyF€" (HETP)], 4, which shows six 100 30 0 -0
signals from six chemically distinct methylene (@)
groups and twanesoprotons of equal intensity. A
minor signal at 8@ ppm in trace C of figure 2 cor-
responds to an unidentified produst,

Attempts to crystallizet directly from the pyri-
dine solution have not been successful. However,
upon addition of tetrantbutyl) ammonium chloride, . . 2 .
a chloride-ligated specids as in scheme 2, is formed 100 50 0 -50
whose anionic structure (counter catioBu,N" is 8, ppm

not Sthown)f(lss_ d(épllacéed_ n ;‘]lgure_f%.;l_'he HL,F"}I_IMhR Figure 2. 500 MHz 'H NMR spectrum of [(pyFe
Spectrum olo In . b__'s shown in . |gure_ : e OEPO)],1, in pyridineds at 23°C, &) before addition of
spectrum shows significant hyperfine shifts for the,, (b) 4 h after exposure to,Oand €) 1 day after expo-
methylene protons and produces 10 resonances (tsue to Q. Resonances labelled 1 are assigned to the me-
with twice the intensity) and also two equally inthylene resonances of [(pFE" (OEPO)], 1, those labelled

tense meso resonances. The methyl resonances af®d 2 m are assigned to the methylene and meso reso-
found in the crowded diamagnetic rg ion. Howeveh2"ces of [(pyFe"(OEB)], 2 and those labelled 4 and

. o ) 1 9 gion. " ~24m are assigned to the methylene and meso resonances of
6 in pyridineds gives '"H NMR spectrum that is [(py),Fe"(HETP)], 4. Label 5 is assigned fds. Taken

identical to that of [(pyFée" (HETP)], 4.** from ref. [14].
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Addition of reducing agents such as zinc amalgam, ()
and hydrazine to the pyridine solution of [(g#"
(OEPO)] under dinitrogen atmosphere produces a
bright-red diamagnetic [(pyFe'(OEPOH)] com-
pound within a minuté? Once exposed to dioxygen, e
the reduced species immediately converts again to e
[(py).F€"(OEPO)] as shown in figure 5 and heme
degradation starts after thgtScheme 2 summarizes
all the transformations in the ring cleavage process
as discussed.

o
|
x O\
o

3. Mesocamino hemes

In order to search for the reactive heme with compo-

sition [(py)Fé'(meseR-OEP)] that undergoes heme m
degradation upon reaction with dioxygen, investiga- N,
tions were carried out taking variooeseR-substi- -OH hm /
tuted hemes. It was found that even when R 5,NH I :
heme degradation takes pldceé® In order to get 12.0 8.0 4.0
more insight into this, the stable [ClFenesoNH,- 6, ppm

Figure 5. 'H NMR spectrum of a pyridinés solution
of [(py).F€'(OEPOH)] @) before andl) after the addi-
tion of dioxygen. Taken from ref. [12].

Figure 3. A perspective view of anion [CIEGHETP)T,

6, showing 30% thermal contours. Counter catieBu,N"
and solvent molecules are omitted for clarity. Taken from
ref. [14].

LU

m
I 1 1 |
60 20 -20 -60
5, ppm =,
Figure 4. Portions of the 500 MHZH NMR spectrum ) ]
of 6 in CDCl; at 23C. The meso proton resonances arkigure 6. Two perspective views of [CIF¢meseNH,-
labelledm, while other resonances are assigned to tH&EP)] showing 30% thermal contours. Taken from ref.
methylene protons. Taken from ref. [14]. [16].
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OEP)] were synthesized and structurally character-

[CIFe!ll(OEP)] . . o al
207 ized for thorough investigation.
0- ‘/\i,/\r/’\w/\v/\/ X-ray structure of [CIF&(meseNH,-OEP)] is
. \J u U u shown in figure 6 where the porphyrin ring is un-
-20- [CIFel!limeso-CN-OEP)] usually distorted. This is best appreciated by turning
20— 4y to figure 7 where the out-of-plane displacements (in
1 ™ units of @01 A) of the core atoms of [CIE¢meso
0T <7 < NH,-OEP)] are compared with those of [ClFe
204 (OEP)], [CIF€'(meseNC-OEP)] and [CIFé(mese
[CIFe”'(meso-NOz—OEP)]
20
i C A
0 7 1 T=333K
-20- B
- \L[CIFeHI(meso—NHZ—OEP)] m
40 BNH l Bm'
. 2 .
2] T A
] //\\ 50 25 40 80 -120
O - - -
20- </ W NN g B
] NH2 1o298k
Figure 7. Out-of-plane displacements (in units of A Bm
001 A) plot for the porphyrin core atoms from the mean | |
plane of the porphyriMesosubstituents attached to the B
carbon atoms are denoted by arrows as shown on the top.
Taken from ref. [16]. k Am Amy
T T T
coals | N A T=233K
Bm
Be [ 1
Be ™ Be
I ! I I |
1" 9 7 5 3
BNH,
B'n
B
1A ) 40 B0 20
S, ppm

o, ppm

Figure 8. Portions of the 500 MHZH NMR spectrum
of [CIFE"(meseNH,-OEP)] in chloroformd at 25°C.
Resonances are labelled m andfan themesoprotons,

Figure 9. 500 MHz'H NMR spectra of [CIF&(mese
NH,-OEP)] in pyridineds at A, 233 K; B, 298 K; and C,
333 K. Resonances due to [(p@)F€" (meseNH,-OEP)]

are labelledA, while those of [(pyF€' (meseNH,OEP)[

are labelled. Subscripts m and 'ndenote thenesapro-
tons, M denotes the methyl protons, e denotes the me-

M for methyl protons, and e for the methylene protonshylene protons, and NHdenotes the amino protons.

Taken from ref. [16].

Taken from ref. [16].
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Figure 10. 500 MHz 'H NMR spectra of the reaction of [CIE@neseNH,-OEP)] in
pyridine-ds at 25C: (a) before addition of dioxygenp} 12 h after the addition of dioxy-
gen; €) one week after the addition of dioxygen. The numbers in the figure represent the
complexes shown in scheme 3. Subscripts m denoten#s®protons, e denotes the me-
thylene protons. Taken from ref. [16].

3- the dom conformation found for the parent, [Clffe
(OEP)]*® The largest displacements occur in the vici-
nity of the amino group.

'H NMR spectra in CDGlfor [CIF€" (meseNH,-

2 ] OEP)] is shown in figure & As expected, there are

400

600

Ainm

800

two resonances in the far up field region with a2
intensity ratio that are assigned to thesoprotons,

and seven resonances, one with twice the intensity
of the other, are assigned to the methylene protons.
The resonance at 14 ppm is assigned to the amino
protons. Two resonances with aI3relative inten-
sity ratio are assigned to the methyl protons.

'H NMR spectrum of [CIF&(meseNH,-OEP)] in
pyridine-ds solution looks different and studied at
three different temperatures as shown in figuré 9.

It has been found that the spectrum shows the pres-

Figure 11. UV/vis absorption spectra of a pyridine so-8Nce Of two specied and B, in which the relative
lution of [(py)F€'(meseH,N-OEP)] before (red line) intensities changes with temperature since they are
and immediately after (green line) exposure to dioxygem dynamic equilibriums. At high temperaturg,

Taken from ref. [15].

dominates, while at low temperatuig,is the major
species. Eight methylene resonances and two meso

O,N-OEP)]. In [CIF€'(meseNH,-OEP)] the por- resonance of up field shifts fér are observed clearly
phyrin core assumesraf conformation rather than at high temperature and the spectral pattern is best
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Et
Et

[CIFe'!(meso-NH,-OEP))

(An unidentified product)

[(py),Fe"'(HETP)], 4

Scheme 3.

explained as high-spin [(pyIF€" (meseNH,-OEP)] pyridine solutions are unstable in the presence of di-
wheren=0 or 1. In case oB two resonances at oxygen and the progress of the reaction are demon-
—-885% and -9 ppm with 2 1 intensity ratio are as- stratedvia 'H NMR spectroscopy as shown in figure
signed to the meso protons, while the resonance 14.*® Trace A represents the spectrum before the ad-
-309 is assigned to theneseNH, protons. Four dition of dioxygen, whereas trace B shows the spec-
equally intense resonances at[3, 148, 43, and trum 12 h after the addition of dioxygen. During this
22 ppm are assigned to the methylene resonandise, the resonances of [(p@IF€" (meseNH,-OEP)]
and also four equally intense resonances@t 32, (n=0, 1) and [(pyFe" (meseNH,-OEP)]CI vanish
28, and 2% ppm are assigned to the methyl resazompletely while a set of new resonances develop.
nances as seen in the inset to trace A. This NMRhe reactive intermediate have been isolated care-
spectral pattern and the positions of signals therdilly and characterized as an open-chain tetrapyrrole
indicates thaB is a six-coordinate low-spin complexcomplex8 as shown in scheme 3. Further exposure
and formulated as [(py¥€" (meseNH,-OEP)]CI*®  to dioxygen over a period of one week shows the
completely new resonances which are very similar
3.1 Reactions with dioxygen to the spectrum seen in trace C of figurg i trace
C, two sets of resonances have been identified. Those

Chloroform solutions of [CIPE(meseNH,-OEP)] labelled 4 are due to the presence ofzﬁd})(HE_TP)].
are very stable in dioxygen atmosphere whereas ftsand the prominent resonance atZ8ppm signals
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occur due to another unidentified spedesvhich is Addition of zinc amalgam to a pyridine solution

also found in the oxidation process of [(&" of [CIF€" (meseNH,-OEP)] under dinitrogen atmo-

(OEPO)] but as a minor product only. sphere produces a bright-red diamagnetic solution
within a minute and air-sensitive [(pfe'(mese
NH,-OEP)] have been isolated from the solution.

(d) 5¢ Iil Exposure of the red pyridine solution to air immediately

changes the color to green, whereas jps)\OEP)],
€ under identical conditions, remains unchan{ed.
4e Relevant UV/vis absorption spectra are shown in

J\ 4m 4 figure 11, where the drop in the intensity of the

(©)

! characteristic Soret band at 420 nm indicates that the
porphyrin has undergone a ring-opening process.
Figure 12 shows the effects of dioxygen addition on
the'H NMR spectra of a solution of [(pype' (mese
NH,-OEP)] in pyridineds at 298 K° Trace A shows

4
ﬂM 8e the spectrum before the addition of dioxygen. Upon

O
1

Ul

(]

100 50

8¢

—

exposure to dioxygen, the spectrum of the complex
transformed immediately showing completely new
spectrum as shown in trace B of figure 12. The
overall pattern of resonances with 16 methylene

O
1

19,1

[e»)

(b) 76

-50
(@ A "\ l
N\
\ N3 N2 /)
03
N4 ’ &
N5 /07 < /
3, ppm e @ § U N1 \
Figure 12. 500 MHz"H NMR spectra of the reaction of & N\ /
[(py).F€'(meseNH,-OEP)] in pyridineds at 25C (a) be- 02

fore addition of dioxygen;k) 2 min after the addition of ) \

dioxygen; €) 20 min after the addition of dioxygend)( A

one week after the addition of dioxygen. Numbers in th.

figure represent the complexes shown in scheme 3. Stigure 13. Two perspective views of the open chain
scripts m and fmdenote thenesoprotons, M denotes the tetrapyrrole complex showing 30% thermal contours.
methyl protons, e denotes the methylene protons, afdr clarity the ethyl groups have been removed in part B.
NH, denotes the amino protons. Taken from ref. [16]. Taken from ref. [16].
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Figure 14. Portions of the 500 MHZH NMR spectrum of the open chain tetrapyr-
role complex8 in pyridineds. at: @) 245 K and ) 298 K. Taken from ref. [16].
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Figure 15. A plot of chemical shift versus T/for the
open-chain tetrapyrrole compled (A) for methylene
resonances and (B) for theesoresonances. The number
1, 2, 3... etc. are the same numbers used to mark the
nals in figure 14. Taken from ref. [16].

resonances and three equally intemssoresonances
indicates the significant lowering of the symmetry
of the porphyrin and is consistent with the formation
of either of the two hypothetical intermediafe,as
shown in scheme 3. Attempts to isold@té&om solu-

tion by precipitation have not been successful be-
cause of its very high reactivity. On further exposure
to dioxygen it changes again and after 20 min pro-
duces a spectrum as in trace C. The resonances of
the open-chain tetrapyrrole compl&are clearly
present along with others. Further exposure to dioxy-
gen over a period of a week produces the spectrum
shown in trace D of figure 12. Resonances due to
[(py).F€" (HETP)], 4, are clearly observed as well as
the resonance at &lppm due t®.

In pyridine solution, the iron(ll) complex [(py)
Fd'(meseNH,-OEP)] consumes dioxygen more rap-
idly than the iron(lll) complex, [CIF&(meseNH,-
OEP)]. The reaction of [(pyF€'(meseNH,-OEP)]
with dioxygen initially produces the green radial
which has not been observed from the oxidation of
iron(l1) complex of [CIFE'(meseNH,-OEP)] in
pyridine. Both [(py)F€'(meseNH,-OEP)] and
[CIFE" (meseNH,-OEP)] react with dioxygen in
pyridine to produce the open-chain tetrapyrrole
complex8. Addition of ethanol to the solution &
and subsequent slow evaporation gives the single
crystals suitable for X-ray structure determination

@and the perspective view is shown in figure'13.

dgrtions of the'H NMR spectrum oB dissolved in
pyridine-ds are shown in figure 14 in which trace A
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shows the spectrum at 245 K, while trace B shovehows that axial ligation plays an very important
the spectrum at 298 ¥.Since there is an asymmetricrole in controlling the reactivity of these synthetic
carbon at themeso carbon C15, each methyleneheme.

group is diastereotopic. Thus sixteen methylene Figure 7 shows the largest out-of-plane displace-
resonances from eight chemically distinct ethyhent occurs in the vicinity of amino group in case of
groups are observed in thd NMR spectrum which [CIF€" (meseNH,-OEP)]. To investigate the role of
is consistent with the solid state structure of the

complex 8. Two meso hydrogen resonances have

been observed at -9 and —48 ppm in the spectrum | meso-NH,-OEPH,

obtained at 245 K but not in 298 K, since they move
downfield upon warming and a Curie plot of the 20 /\\

chemical shifts of the meso and methylene protons
{ [CIFelllmeso-NH,-OEP)]

(=]

of 8 are shown in the figure 1'8. 0

_ -40
4. Degradation pathways

40
The 'H NMR spectrum shown in trace C of figure
10 and trace D of figure 12 shows that oxidation of
either [CIF&'(meseNH,-OEP)] or [(py)F€'(mese 0
NH, OEP)] in pyridine eventually results in the for- -20
mation of not only the same mixture of complexes
and5, but also almost in the same ratio. It was found
that4 and5 are also formed during the oxidation of 60
[(py).F€"(OEPO)], but the relative amount &
formed is much smaller than it is in the oxidation of
the amino-substituted speci€sSchemes 2 and 3 20
show the schematic overview of the ring-cleavage
process for both the system.

While chloroform solutions of [CIFEmeseNH,-

20

<
X

-40
[N|” (meso-NH,-OEP)]

A\
"V

40

o

OEP)] are very stable in dioxygen atmosphere, their -40 =

pyridine solutions are very reactive undergoing the -60 [

ring-cleavage process. It has also been observed that j .

[CIFE" (meseNH,-OEP)] in dichloromethane solu- ol  INil(meso-OH-OEP)]
tions containing an excess of N-methyl imidazole a0l

undergoes similar oxidation upon exposure to di- -

oxygen®® In case of [(pyFe"(OEPO)], it was 201

o

found that upon changing the axial ligand from pyri-
dine to 2,6-xylyl isocyanide, the oxidation reaction

20
does not go beyond verdoheme lalJe? It clearly

-40

P

-60

E \ _..-—-—f 20__ Cu”mesoNHZOEP
——— i
/a TJ“L;LE—/ ol S

I Figure 17. Out-of-plane displacements (in units of
001 A) for the porphyrin core atoms from the mean plane
of the porphyrin as shown at the tidlgsesubstituents are

Figure 16. A perspective view ofmeseNH,-OEPH  attached to the carbon atoms denoted by arrows. Taken
showing 30% thermal contours. Taken from ref. [17]. from ref. [17].
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porphyrin geometry on ring cleavage process, thbkat meseNH,-OEPH and its complexes can assume
free ligandmeseNH,-OEPH was also synthesizeda variety of structures with varying degrees of pla-
and the X-ray structure of the molecule is shown imarity and that the amino group itself does not im-
figure 167 Figure 17 shows a comparison of thgpose a particular geometry on the macrocycle. It
out-of-plane displacements (in units ofd® A) of also shows that, most probably, porphyrin geometry
the core atoms ofmeseNH,-OEPH, with several has nothing to do with the ring-cleavage process.
other relevant porphyrins. It is found that the out-of-
plane displacements faneseNH,-OEPH, are re- 5.
markably very similar to those observed for
[CIITIe'”(meseNHz-OEP)]. It is been also found thatpgrphyrin ligands are highly resistant to oxidation
[Cu’(meseNH,-OEP)] assumes a _nearlyuplanar 9€nd are utilized to carry out a variety of biological
ometry as shown in figure 1%'Wh_'|e [Ni"(mese  processes in which highly oxidized iron complexes
NH-OEP)] in figure 19 shows highly non-planargre formed. However heme oxygenase is used by

geometry. However pyrigl%ne solutions ci?f none Ofjature to destroy excess heme. The process involves
these react with dioxygen.However, [NI(mese jnitia| mesohydroxylation of the heme to form a re-

HO-OEP)] when dissolves in pyridine readily oxi-yctive iron oxophlorin which is a fundamental step

dized b”y dioxygen to form the air-stable radicaly the heme-degradation process. Thus while pyridine
[(Py)-Ni"(OEPO.)], which has been isolated andq|ytions of model Fe(ll) hemes, such as [¢pg)

f_uIIy cr_u';\ra_cterized‘.8 In this case also porphyrin(OEp)] remain unchanged upon exposure of dioxy-
ligand is highly nonplaner. Thus it has been founéien over a period of many hours, it has been found

that the corresponding modehesehydroxylated

Conclusions

|4 I " _
/ ;\i '-;'_-:.;__.. f‘i e \ \\_“.:gi-w_t.#_,ﬁl__—__—\
[ \ \ [\

™ W L o WP T N
! \ |
/ | >

Figure 18. Two perspective views of [NfmeseNH,- Figure 19. Two perspective views of [CgmesoNH,-
OEP)] with 30% thermal contours. Taken from ref. [17]OEP)] with 30% thermal contours. Taken from ref. [17].
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