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The binding behavior of two heme-propionate side chains in
sperm whale myoglobin was evaluated using artificially created
hemins, 6-methyl-7-propionate- and 6-propionate-7-methyl-pro-
tohemin IX. From the thermodynamic study of the hemin bind-
ing to apomyoglobin, it was found that two heme-propionates
clearly contribute to the stabilization of the hemin in the protein
matrix.

Protoheme IX is one of the most popular prosthetic groups
in a series of hemoproteins.2 The heme is bound in the heme
pocket via multiple non-covalent interactions such as coordina-
tion, hydrophobic contact, hydrogen bonding and so on. In par-
ticular, two propionate side chains linked at the 6- and 7-posi-
tions of the heme framework exhibit unique hydrogen bonding
networks with polar amino acid residues in the protein matrix.
In the case of sperm whale myoglobin, two propionates interact
with Arg45 and Ser92/His97.3 Over the past four decades since
the elucidation of the 3D structure of myoglobin,4 the role of
each heme-propionate in myoglobin has been discussed using
site-directed mutagenesis or replacement of the native heme
with a modified one. The latter procedure, modification of the
heme-propionates, however, remains limited.5 We then prepared
two monopropionate-mesohemins as artificial hemins in order to
obtain an important insight into the relationship between the
physiological function and heme-propionate side chains.1,6 Nev-
ertheless, mesohemin was not an appropriate prosthetic group
for the structural and electronic model of the native protohemin.
Next, we recently prepared two monopropionate-hemins, 6MeP
and 7MeP, as an exact model of the prosthetic groups for myo-
globin as shown in Chart 1. Although the reconstituted myoglo-
bins with 6MeP and 7MeP have been reported by La Mar et al.,
only the NMR spectra of these proteins were discussed in their
paper.5,7 Here, we report the synthesis of the two hemins,
6MeP and 7MeP, and the chemical properties of myoglobins re-
constituted with them, particularly, a quantitative analysis of the
heme-propionate–globin interaction in the protein matrix.

Monopropionate-hemins, 6MeP and 7MeP, were prepared
by the slightly modified Smith’s method.8 In the synthetic

scheme of 6MeP and 7MeP, cyclization of the a,c-biladiene salt
1 to give the corresponding porphyrins 2 is one of the key steps.
The yield of 2 from 1 was less than 30% under the literature con-
ditions at 145 �C.8 In contrast, we found that lowering the reac-
tion temperature and dilution of the reaction mixture with DMF
prevented the byproduct formation and enhanced the yield to
65–70%.9 The insertion of the obtained 6MeP and 7MeP into
apomyoglobin from the sperm whale was carried out using a
conventional method.10,11 The characterization of the reconsti-
tuted proteins, rMb(6MeP) and rMb(7MeP), were carried out
not only by NMR but also by ESI-TOFmass spectroscopy. In ad-
dition, the UV–vis spectra of rMb(6MeP) and rMb(7MeP) were
completely consistent with that observed for the native myoglo-
bin at pH 7.0.

To evaluate the interaction of 6MeP and 7MeP in the pro-
tein matrix, the optical spectra of the aquomet form for
rMb(6MeP) and rMb(7MeP) were monitored at various pH val-
ues. Two typical spectral changes with clear isosbestic points
were observed around pHs 8 and 4. From the titration curve gen-
erated from the absorbance changes at 408 nm, we determined
the parameters, pKa and pK1=2, which correspond to the pH val-
ues upon the deprotonation of the hemin-bound water and re-
lease of the 50% hemin from the protein matrix, respectively.
Results of the spectrophotometric pH titration for the native
and reconstituted myoglobins are summarized in Table 1.

The pKa values, which demonstrate the acid–alkaline equi-
librium constants for rMb(6MeP) and rMb(7MeP), are clearly
shifted in the acid direction by approximately 0.25 pH units com-
pared to that observed for the native protein. It is known that the
esterification of the two heme-propionate side chains with meth-

N

Fe
N

N

HOOC

N

N

Fe
N

N

COOHHOOC

N

N

Fe
N

N

COOH

N

6 7

native 6MeP 7MeP

X– X– X–

Chart 1.

Table 1. pKa and pK1=2 values for native and reconstituted
sperm whale myoglobins at 25 �Ca,b

Native Myoglobin rMb(6MeP) rMb(7MeP)

pKa
c 8.95 8.67 8.73

pK1=2
d 4.16 4.34 4.38

a100mM KCl. bStandard deviations in pKa and pK1=2 are all
within 0.03. cFor acid–alkaline equilibrium of aquomet form.
dpH value upon 50% hemin dissociation from the protein matrix.

HN

NH
CH2CH2Cl

NH+

CH2CH2Cl

+HN

R2 R1

N

N
CH2CH2Cl

NH

CH2CH2Cl

HN

R2 R1

1) CuCl2
2) H2SO4

1 2

rt

Scheme 1. R1 = –CH3 and R2 = –CH2CH2CO2CH3, or R
1 =

–CH2CH2CO2CH3 and R2 = –CH3.

1512 Chemistry Letters Vol.33, No.11 (2004)

Copyright � 2004 The Chemical Society of Japan



yl groups in myoglobin gives smaller pKa values than that for na-
tive protein, thus, the low pKas for the distal water ligand in
rMb(6MeP) and rMb(7MeP) results from the same effect ob-
served in the previous studies.12 Next, the hemin dissociation
from the protein matrix was monitored in the lower pH region.
The Soret band at 408 nm was replaced with a broad band at
380–385 nm below pH 4 with several isosbestic points, and the
latter spectrum is characteristic of the free hemin. From the
pH titration curves as shown in Figure 1, the pK1=2 values, which
correspond to the pH value for the 50% hemin dissociation, were
determined. Table 1 demonstrates that the 6MeP and 7MeP are
released from the protein matrix at ca. pH 4.3–4.4 which is 0.2
units higher than that observed for the native myoglobin. This
finding suggests that the lack of the one of the propionates de-
creases the hemin stability in the heme pocket. In general, the
hemin is mainly stabilized by Fe3þ–His93 coordination and hy-
drophobic contact between the hemin and apolar amino acid res-
idues.13 In addition, Olson and his co-workers suggested that the
propionates were not tightly bound to the polar part of the heme
pocket, because the hemin dissociation property for myoglobin
reconstituted with the protohemin IX-dimethyl ester was very
similar to that observed for the native protein.14 However, in
the case of rMb(6MeP) and rMb(7MeP), we can clearly show
that the ionic interaction, i.e., propionate binding to the polar res-
idues, partially stabilizes the hemin in the protein matrix, where-
as there is no significant difference in the pK1=2 values between
rMb(6MeP) and rMb(7MeP).

To evaluate the apparent hemin affinity for apomyoglobin,
we carried out titrimetric measurements by monitoring the spec-
tral changes of the hemins upon the addition of the apoprotein in
100mM phosphate buffer solutions containing 5% pyridine at
25 �C. Each spectrum was obtained after equilibrium of the hem-
in insertion into the apoprotein occured (over 30min). From the
spectral changes of the Soret maxima to the 408 nm red-shift
with several clear isosbestic points, we determined the apparent
free energy changes of the hemin binding for the apoprotein. The
�G�

app values for 6MeP and 7MeP are �7:2� 0:2 and �7:5�
0:2 kcal/mol, respectively, indicating that the replacement of
one of the two heme-propionates with a methyl group leads to
an unfavorable positive shift of �G�

app within ��G� ¼ 1:1
and 0.8 kcal/mol. Based on these results, we can roughly esti-
mate that two heme-propionate side chains contribute a factor
of 10–15% to the overall binding affinity of the native hemin
for the protein matrix.15–17

Finally, the present study is the first experimental evidence

for clearly demonstrating the contribution of two propionates
to the stabilization of the hemin in myoglobin. In contrast, no
significant difference in the binding property between the 6-
and 7-propionates with the corresponding amino acid residues
can be detected, although a preliminary study of the myoglobin
function suggests that the physiological role of each propionate
is clearly different.18 A detailed study of the ligand binding for
rMb(6MeP) and rMb(7Me) is now in progress.
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Figure 1. pH Titration of myoglobins: native myoglobin
(closed triangles), rMb(6MeP) (open squares), and rMb(7MeP)
(closed diamonds). The Soret maxima at 408 nm were monitored
at 25 �C in 100mM KCl.
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