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Abstract Of the many subtle protein-cofactor interac-
tions which facilitate oxidative catalysis by heme en-
zymes, the role of the axial ligand has for some time
appeared to be fairly well understood. Recent studies
from several laboratories, however, have provided
good reason to reemphasize the importance of second-
ary interactions between the axial ligand and protein,
as the results suggest that simple ligand identity is
neither necessary nor sufficient for function. It has
been widely proposed that the strong hydrogen bond
between a proximal carboxylate and the histidine li-
gand of peroxidases assists O-O bond heterolysis and
stabilizes the Fe(IV)=0 center that is produced. Re-
cent replacements of the axial ligand in a number of
heme proteins have produced a few surprises, suggest-
ing that the subtle interactions between the ligand and
protein may in some cases be more important than the
actual identity of the ligand.
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Of the many subtle protein-cofactor interactions which
facilitate oxidative catalysis by heme enzymes, the role
of the axial ligand has for some time appeared to be
fairly well understood. Recent studies from several la-
boratories, however, have provided good reason to
reemphasize the importance of secondary interactions
between the axial ligand and protein, as the results sug-
gest that simple ligand identity is neither necessary nor
sufficient for function. At the least, it is clear that struc-
tural and chemical descriptions of these experiments
have yet to be formulated with enough clarity to make
complete sense in terms of established models.
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The traditionally proposed roles played by the axial
ligand are well illustrated by the peroxidases versus the
P.so type mono-oxygenases. As described in the com-
mentary by Poulos [1], O-O bond heterolysis may be
facilitated by residues positioned on both proximal and
distal heme faces. It has been widely proposed that the
strong hydrogen bond between a proximal carboxylate
and the histidine ligand of peroxidases assists O-O
bond heterolysis and stabilizes the Fe "™ = O center
that is produced [2, 3]. Mutagenesis studies have shown
that this hydrogen bond indeed affects the Fe-His bond
strength [4, 5], redox potential, and iron electronic
properties [6, 7] in the direction expected. For enzymes
such as Pyso. the “push-pull” hypothesis [8] persists in
which the more nucleophilic cysteine ligand is required
to promote O-O bond heterolysis due to the fact that
substrate access to the distal heme face precludes the
positioning of distal catalytic groups. Secondary con-
served hydrogen bonding interactions and the electro-
static environment near the cysteine of these enzymes
may also be important in tuning the properties of the
sulfur ligand for optimum function [1].

Recent replacements of the axial ligand in a number
of heme proteins have produced a few surprises, sug-
gesting that the subtle interactions between the ligand
and protein may in some cases be more important than
the actual identity of the ligand. While replacement of
the cysteine ligand in cytochrome P.s, has been difficult
to achieve, the successful introduction of a cysteine [9,
10] or tyrosine [11] proximal ligand into myoglobin
(Mb) has been described. For the cysteine variant, the
spectroscopic features of the ferric state suggest axial
sulfur ligation, but the ligand appears to be lost upon
reduction, and the simple introduction of cysteine has
not, on its own, produced a protein with P,s,-like reac-
tivities. A different approach to ligand replacement has
followed from observations that the deletion of protein
side chains can leave structural cavities that can be
complemented by exogenously provided compounds
[12-15]. This method has been recently applied to the
axial ligand of a number of heme proteins including Mb



[16], cytochrome ¢ peroxidase (CCP) [17], and heme
oxygenase (HO) [18]. Deletion of the proximal histid-
ine of Mb and its replacement by imidazole gave a pro-
tein which was comparable to the native enzyme in
spectroscopic properties, ligand binding, and structure,
although a small rotation of the ligand about the Fe-
imidazole bond was noted [16]. That its properties are
similar to the native protein in spite of this small distor-
tion may reflect the fact that secondary interactions be-
tween the histidine and protein are weak, and perhaps
not as critical to protein function as they are for perox-
idases and mono-oxygenases. In a similar vein, replace-
ment of the presumed axial histidine of HO with alan-
ine resulted in an inactive protein, which could be reac-
tivated upon imidazole binding [18]. Resonance Raman
data have indicated that the histidine in these enzymes
is also not strongly hydrogen bonded [19]. So, as with
Mb, the properties of the ligand may not be significant-
ly modulated by whatever differences exist between the
geometry of the native histidine and the exogenous im-
idazole. When this approach was applied to CCP, imi-
dazole binding to the “histidine cavity” was also ob-
served, producing spectroscopic properties which were
similar to those of the native enzyme [17]. However, in
this case, the imidazole complex did not significantly
restore cytochrome ¢ (cyt ¢) oxidation activity. In per-
haps the most intriguing experiments to date, the Pou-
los group has observed that replacement of the histid-
ine ligand of CCP with glutamine resulted in a fully ac-
tive enzyme [20], while a glutamate ligand produced a
hyperactive variant [21, 22]. Thus, the peroxidases ap-
pear on one hand to be exquisitely sensitive to pertur-
bations of their native ligand, and on the other able to
accept completely different ligands with minor func-
tional consequences.

These results have raised some rather focused ques-
tions about the proximal ligand in peroxidase function.
As noted by Poulos [1], the difference in function ob-
served between the GIn/Glu and imidazole variants
could be in the efficiency of reducing Compound I by
substrate, or in the initial reaction of the enzyme with
peroxide to give Compound I. The first possibility
could result from differences in the energetics of the
ferryl intermediate, and, while this is as yet unknown,
recent advancements in the direct electrochemistry of
these states may soon provide some answers [23]. It is
noted that the Fe*?*/Fe*? midpoint potential of the
Gln variant is increased by 75 mV over wild-type [21],
while that for the imidazole complex is only ~20 mV
higher (Goodin, unpublished results). If this informa-
tion can be extrapolated to the Fe *3/Fe ** = O states,
the Gln may produce a more reactive ferryl, yet this
provides no electrochemical understanding of the inac-
tive imidazole complex. As previously noted [21], the
reduction potential of the Fe** = O cannot be in-
creased very much above its wild-type value of +740
mV [23]. In fact, as the overall reaction for oxidation of
cyt ¢ by the ferryl state is very over-driven anyway
(AG< <0), it is difficult to rationalize the hyperactive
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mutants in terms of driving force alone. Intramolecular
electron transfer has been shown to be much faster
than the overall enzyme turnover [24], so that the rate-
limiting step is likely to be attainment of the most effi-
cient electron transfer complex. The other possibility
raised by Poulos [1] is that the initial rate of Compound
I formation is compromised in the imidazole complex.
The Gln and Glu variants react readily with peroxide to
form the ferryl intermediate, demonstrating either that
the proximal “push” is not critical for O-O bond heter-
olysis in the peroxidases, or that other ligands can serve
this role. This complements well the observation that
the distal histidine is critical for this reaction [25]. How-
ever, while the imidazole complex reacts with H,O, to
give a compound I-like state, we find that this reaction
is slow and is either incomplete or the ferryl state is
unstable (Goodin, unpublished results). In addition, re-
cent results show that substituted imidazoles, particu-
larly 4-methylimidazole, significantly affect this reac-
tion with H,O,. Thus, while it remains to be shown
whether this is the sole cause of inactivity, it appears
that alteration of the proximal ligand can but does not
always impair O-O bond heterolysis.

It is also possible that the normal mode of electron
transfer has been altered in these CCP axial ligand var-
iants. Several studies have indicated that electron trans-
fer from cyt ¢ proceeds via the Trp191 cation radical for
one or both reduction steps [26], even though this path-
way may not be required for other substrates or in oth-
er peroxidases lacking a tryptophan at this position
[29]. In this view, the imidazole complex may have de-
stroyed the efficiency of the specific pathway used for
cyt ¢ by subtly altering the coupling of the Trp radical
with cyt ¢ and/or the CCP ferryl heme. In fact, while it
was noted that the imidazole complex was inefficient at
oxidizing cyt ¢ [17], this variant is capable of oxidizing
aniline with rates similar to those caused by the native
enzyme (Goodin, unpublished results). In addition, the
radical EPR signal observed in the oxidized imidazole
complex is very different in lineshape from that in the
wild-type enzyme [17], and this lineshape is known to
be the result of a distributed exchange coupling to the
ferryl heme [27]. As shown in Fig. 1, the proximal as-
partate hydrogen bonds to both the axial ligand and the
Trp radical site, so that small variations in the geometry
of the imidazole could conceivably modulate the cou-
pling between heme and radical. In the case of the Gln/
Glu axial ligand variants, an important question is
whether electron transfer is proceeding through the
normal pathway or whether new ones have opened up.
Several other seemingly unrelated hyperactive CCP
mutants have been characterized [28], one of which,
A147Y, is not near the heme active site residues or the
proposed electron transfer pathway [29]. In addition,
the H175Q/W191F double mutant was shown to rescue
partial activity from the inactive W191F variant [30],
and electron transfer in this mutant at least cannot pro-
ceed through the missing Trp radical. Thus, it may be
possible that introduction of the Gln ligand by itself im-
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Fig. 1 A crystal structure of the H175G mutant of cytochrome ¢
peroxidase containing a proximally bound imidazole. Electron
density contours are shown at 5o for the F,-F. omit map in
which both proximal imidazole and distal water were removed
from the model before refinement. Also shown is the hydrogen
bonding network linking the heme, proximal imidazole, apartate-
235 and the tryptophan-191 radical site

pairs efficient electron transfer through the Trp radical.
Indeed. the Trp radical signal observed for the oxidized
GIn/Glu mutants was also reported to be unusual [30].
In this case, a novel short circuit pathway would be
needed to explain the activity of the Gln mutant. Given
such a new pathway, the hyperactive glutamate mutant
may also provide such a short circuit without complete-
ly destroying the normal one.

Important questions also remain to be answered
concerning the inactive imidazole complex, primarily:
In what ways is imidazole as a ligand different from the
native histidine? One possibility is that electronic dif-
ferences between imidazole and the histidine side
chain, by virtue of the 4-methylene substitutent, are
functionally significant. For example, the pK, for me-
thylated imidazoles is elevated by 0.5-1 pH unit with
respect to unsubstituted imidazole, and this would
make it more difficult for Asp-235 to impart imidazo-
late character to the native histidine relative to imida-
zole. Assuming that this is the role of the aspartate, a
fully deprotonated histidine should be a stronger nu-
cleophile than Im~. Alternatively, the loss of a covalent

tether to the protein may be the important parameter,
and this could be felt in a number of ways. While the
covalent link between the protein and heme may pro-
vide efficient electron transfer pathways, the linkage
onto the proximal a-helix is not one that has been pro-
posed or considered likely. It is also possible that elec-
tron transfer is coupled in some way to a conformation-
al trigger or to the vibrational modes of the protein,
and the untethered imidazole is thus disconnected from
these mechanisms. However, our currently favored hy-
pothesis is that the imidazole may be “frustrated” by
competing interactions between the iron and its aspar-
tate hydrogen bond partner, and may require tight
structural tethering to force a crucial balance of these
interactions. An untethered imidazole may be free to
“choose” one of these at the expense of the other, and,
unlike the cases for Mb and HO, this couid have a mod-
ulating effect on its properties as a ligand and/or as a
hydrogen bond partner. If one or both of these is im-
portant to function, for example in providing the prop-
er “push” for O-O bond heterolysis or mediating a
coupling mechanism between the ferryl and Trp radi-
cal, the effect could be devastating for function. An at-
tractive example of how this coupling could be me-
diated by the axial ligand through delocalization of
electrons from a porphyrin 7 radical onto the axial li-
gand is discussed in the commentary by Weiss et al.
[31]. Thus, while a number of new puzzling questions
have been raised about the role of axial ligands in heme
enzymes, indeed more than appear to have been an-
swered, these questions will help to stimulate new re-
search and discussion of this aspect of catalysis.
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