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ABSTRACT The crystal structure of the His-175 — Gly
(H175G) mutant of cytochrome-c peroxidase (EC 1.11.1.5),
missing its only heme ligand, reveals that the histidine is
replaced by solvent to give a bisaquo heme protein. This protein
retains some residual activity, which can be stimulated or
inhibited by addition of exogenous ligands. Structural analysis
confirms the binding of imidazole to the heme at the position of
the wild-type histidine ligand. This imidazole complex reacts
readily with hydrogen peroxide to produce a radical species
with novel properties. However, reactivation in this complex is
incomplete (=5%), which, in view of the very similar structures
of the wild-type and the H175G/imidazole forms, implies a
critical role for tethering of the axial ligand in catalysis. This
study demonstrates the feasibility of constructing heme en-
zymes with no covalent link to the protein and with unnatural
ligand replacements. Such enzymes may prove useful in studies
of electron transfer mechanisms and in the engineering of novel
heme-based catalysts.

The parameters required of the axial ligands for defining the
diverse chemistry of heme enzymes are elusive. Peroxidases
often contain a histidine ligand to the iron, whereas cysteine
is found in monooxygenases and tyrosine in catalases (1, 2).
Cytochrome-c peroxidase (CCP; EC 1.11.1.5) catalyzes the
oxidation of cytochrome ¢ (cyt ¢) by H,O; through an
intermediate state (ES) that consists of a ferryl (Fe*=0)
heme and a free radical localized on Trp-191 (3). The buried
carboxylate of Asp-235 stabilizes this free radical and also
accepts a hydrogen bond from the histidine heme ligand,
His-175. The resulting Asp/His/metal triad is a common
motif in metalloproteins and is reminiscent of the Asp/His/
Ser triad of serine proteases (4, 5). In this study, we report the
deletion of the histidine iron ligand of CCP to produce a heme
enzyme which contains no covalent link to the protein. The
facile occupation of this cavity by exogenous small molecules
demonstrates the potential for producing heme catalysts
containing a wide range of unnatural ligands.

MATERIALS AND METHODS

Protein Expression and Purification. Wild-type and mutant
CCP proteins were overexpressed in Escherichia coli
BL21(DE3) using the plasmid pT7CCP (6). Wild-type CCP in
our laboratory is that with Met-Lys-Thr at the N terminus and
containing Ile-53 and Gly-152 (7). The His-175 — Gly
(H175G) mutant was created by site-directed mutagenesis,
expressed, purified to homogeneity, and reconstituted with
heme as described (6). This purified reconstituted protein was
crystallized twice against distilled water and stored as a
crystal suspension at 77 K. Protein concentrations were
determined from the extinction coefficients determined by
pyridine hemochromogens (8, 9). In the case of H175G the
extinction coefficient was determined for the 280-nm band
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because of the variability (with pH and temperature) in the
intensity and energy of the Soret band (see below).

X-Ray Crystallography.t Attempts to obtain crystals of
H175G by vapor diffusion against 30% 2-methyl-2,4-
pentanediol were unsuccessful. However, successive rounds
of crystallization against distilled water yielded single crys-
tals of sufficient quality for structure determination. The
space group (P22;21,a = 105.2 &, b = 74.3 A, and ¢ = 45.4

) was identical to a form of CCP grown from 30% 2-methyl-
2,4-pentanediol (9). For H175G/imidazole (Im), the mother
liquor was replaced with 5 mM imidazole (pH 7.0) for 20 min
before mounting. Each data set was collected from a single
crystal on a Mar Research (Hamburg, Germany) image plate
(d = 100 mm) with an oscillation angle of 1° for 120 images,
utilizing a GX21 rotating anode operating at 40 kV and 70 mA
with a 0.3-mm focus and Franks focusing mirrors. Data for
H175G and H175G/imidazole were integrated with the pro-
gram xDs (10) and merged and scaled with data for wild-type
CCP (9), and (|Fmutant| — |Fhnative|)@native difference Fourier
maps made with the program system XTALVIEW (11). As the
H175G/imidazole map gave the smallest difference density,
this structure was refined first, followed by solution of the
H175G structure, using the refined structure of H175G/
imidazole as the initial model. The most significant features
in the H175G/imidazole map included a strong negative peak
corresponding to the loss of the histidyl C# atom and features
indicating a shift of main-chain atoms of residues 175 and 176.
Other small differences on the surface of the protein could be
interpreted as changes in the water structure and surface
side-chain orientations, possibly as a result of the different
crystallization conditions. An imidazole ring was placed into
the density and refined by using XPLOR (Axel Briinger, Yale
University) with least-squares conjugate gradient and
B-value refinement. Several rounds of refinement were al-
ternated with manual adjustment of the model. The final
H175G/imidazole model, with the imidazole removed, was
used as the starting model for the H175G structure without
added ligand. After the first round of refinement, three water
molecules were added to the proximal cavity at the observed
peak positions before further refinement.

Spectroscopy and Kinetics. UV/visible absorption spectra
were obtained on a Hewlett-Packard model 8452A diode-
array spectrophotometer. EPR spectra were obtained on a
Bruker (Billerica, CA) model ESP300 spectrometer equipped
with an Air Products and Chemicals (Allentown, PA) model
LTR3 liquid helium cryostat. Steady-state kinetics for the
CCP-catalyzed oxidation of yeast cyt ¢ by H,O; at 23°C were
determined in 200 mM potassium phosphate buffer (pH 7.0)
as described (7, 12). Values of kops are expressed in terms of
enzyme turnover/sec at a single cyt ¢ concentration, 25 uM,

Abbreviations: CCP, cytochrome-c peroxidase; cyt ¢, cytochrome c;

Im, imidazole; N-MeIm, N-methylimidazole; [Fe(TPP)(OH>);]* di-

aquo[meso-tetraphenylporphinato]iron(III).

*To whom reprint requests should be addressed.

tAtomic coordinates of H175G CCP and H175G/imidazole CCP
have been deposited in the Brookhaven Protein Data Bank (file nos.
ICCE and ICCG, respectively).
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Table 1. Diffraction data collection and refinement statistics

H175G H175G/Im
Total reflections 86,869 86,150
Unique reflections 17,907 18,373
Reflections used for refinement 12,701 15,000
Resolution range, A 7.0-2.3 5.0-2.1
Completeness of data 91% 94%
Rsym 0.105 0.051
Reryst 0.191 0.193
IMSbond, A 0.015 0.016
IMSangle 3.1° 3.1°

Only reflections between the stated resolution with /a7 > 2.0 were
used for refinement. Reryst = Z(Fo — Fo)/2(Fo); Reym = Z(lh —
In)/ZIh; rmspona and rmsangie give the root-mean-squared deviation
between the observed and ideal values.

and H>O; concentration, 100 uM, which are near saturating
conditions for wild-type CCP. Im and N-methylimidazole
(N-Melm) were added to 10 mM where indicated. Enzyme
concentrations were varied to maintain a roughly constant
rate of change in absorbance. Uncertainty in measurements
of kobs are estimated at +3%. Im binding at 24°C and pH 7.0
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was measured by optical titration. Values of Ky were deter-
mined from the heme Soret absorbance change at 412 nm
(Im), or 414 nm (N-MelIm) by assuming one binding site per
molecule. Weaker binding by N-MeIm prevented the precise
determination of its K4 value. Spin integrations of the free-
radical signal were determined from EPR at 7 K after mixing
1.5 molar equivalents of H,0O, with 105 uM CCP in 100 mM
potassium phosphate (pH 7) in the absence or presence of 50
mM Im. The [free radical]/[protein] values for the H175G
species are underestimated, because the sample was frozen
=~20 sec after oxidation, but the signals were observed to
completely decay within several minutes. Instrument condi-
tions were 2-mM microwave power at 9.51 GHz, with 100-
kHz field modulation at 5-G amplitude.

RESULTS AND DISCUSSION

The crystal structure of H175G CCP at 2.3-A resolution
(Table 1; Fig. 1 Upper Left) shows that the heme is coordi-
nated by two water molecules. The electron density for these
solvent peaks (Fig. 1 Upper Left) contains two symmetric
lobes on either side of the heme. One peak is observed at the
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FiG.1. X-ray crystal structures of H175G and its Im complex. (Upper Left) |Fo| — |F| omit map of the 2.3-A structure of H175G superimposed
on the refined model. The coordinating waters, HOH1 and HOH2, as well as two additional water molecules, HOH3 and HOH4, were omitted
from the model before calculation of the omit electron density, shown contoured at 3o (Upper Right) 2|F,| — |F.| electron density map, contoured
at 1o, is superimposed upon the refined model of an H175G crystal after soaking in S mM Im. (Bottom) Plots of the rms difference in C# positions
between wild-type CCP (9) and the H175G structure (fower plot) and the difference between the wild-type and H175G/Im structures (upper plot,
offset for clarity). For each plot, the last four points represent carbon atoms in the heme macrocycle. The coordinated movement of the heme
and the surface loops from Ala-174 to Pro-190 and from Asp-34 to Gly-41 (marked by heavy lines) are observed only in the bisaquo state.
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position of the His-175 N¢ atom of the wild-type enzyme,
while the peak on the distal heme face is near the same
position as the ‘‘weakly’’ coordinated water of the wild-type
structure (13). Refinement of the H175G structure results in
the placement of the iron atom in the plane of the heme, with
the two Fe—O bonds at equal distances of 2.0 A. Both of
these observations are consistent with the structure of the
bisaquo heme model complex diaquo[meso-tetraphenylpor-
phinatoliron(III) perchlorate, [Fe(TPP)(OH,).]* (14, 15).
Two smaller peaks in the proximal cavity are modeled as
water molecules with higher B factors. These waters form a
network of hydrogen bonds that connect the heme, the
carboxyl group of Asp-235, and the main-chain carbonyl of
Met-172. The heme of H175G shifts slightly (=0.5 A) in its
binding pocket in the direction of its propionate groups. In
addition, the loops extending from Ala-174 to Pro-190 and
from Asp-34 to Gly-41, which wrap around the heme propi-
onates, shift with the heme (see Fig. 1 Bottom).

Soaking crystals of H175G in 5 mM Im results in a change
in color from brown-green to red, consistent with its optical
properties in solution (see below). The structure of the
H175G/Im complex at 2.1-A resolution (Table 1; Fig. 1
Upper Right) reveals that Im binds to the proximal cavity
formerly occupied by the histidine. The coordinating nitrogen
of the H175G/Im complex is in a position equivalent to the
wild-type histidine N¢, but the plane of the Im refines to a
position which is tilted slightly (=20°) relative to the wild-
type histidyl ring. Im binding restores the heme and the loops
contacting the heme propionate region to the positions ob-
served for the wild-type enzyme (Fig. 1 Bottom). A difference
remains at the site of the mutation, where the Gly-175 C= has
shifted by 0.7 A toward the heme. Smaller changes are
evident in the main-chain atoms of residues Ala-174 to
Leu-177, but unlike the bisaquo protein, the main-chain
atoms of the wild-type and H175G/Im structures reconverge
after Gly-178. A small change in the position of Trp-191 is also
observed, in which the Cg shifts by 0.4 A. The structures
of the H175G/Im complex and the wild-type enzyme are
otherwise very similar.

Spectroscopic properties of the H175G mutant are consis-
tent with bisaquo coordination and the return to a native-like
state in the presence of imidazole. In the optical spectra of
Fig. 2, the bisaquo H175G exhibits a broad Soret band with
amaximum at 395 nm, similar to the [Fe(TPP)(OH2),]* model
complex (14, 15) and to the low-pH forms of myoglobin (16,
17) and cyt ¢ (18), wherein loss of the protein ligands has been
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FiG. 2. Optical spectra of bisaquo H175G and its titration with
Im. Absorbance spectra of 8 uM H175G in 100 mM potassium
phosphate (pH 7.0) were collected at 24°C. The peak of the Soret
band shifts from 390 nm for H175G in buffer alone to 408 nm with
successive 1-ul additions of 1 M Im (pH 7) to 2900-ul samples.
Isosbestic points occur at 382 nm and 302 nm. For comparison, the
spectrum of wild-type CCP is also shown (dotted line).

Proc. Natl. Acad. Sci. USA 91 (1994) 12849

proposed. Titration of the bisaquo H175G protein with Im at
pH 7 results in a two-state conversion to a form with an
optical spectrum that is essentially that of the high-spin ferric
wild-type enzyme, with a Soret maximum at 408 nm (Fig. 2).
The absence of aB bands in the 530- to 570-nm range of these
spectra indicates that both forms are in a high-spin ferric state
(data not shown). The equilibrium dissociation constant (Kg)
for Im as measured by the spectral change is 2.7 mM (Table
2). Electron paramagnetic resonance (EPR) spectra of H175G
and wild-type CCP are compared in Fig. 3a. As isolated, the
wild-type enzyme exhibits a high-spin ferric EPR signal with
a small rhombic distortion (gx = 6.56, gy = 5.20) that is
critically dependent on the geometry of axial ligand coordi-
nation (9, 20). The EPR spectrum of bisaquo H175G also
reflects a high-spin ferric state but indicates that the protein
is a mixture of axial (g, = 5.99) and rhombic (gx = 6.59, gy
= 5.37) components (Fig. 3a). Axial high-spin ferric EPR was
also observed in the bisaquo [Fe(TPP)(OH>),]* complex (15).
Upon addition of Im, H175G reverts to a single species which
is similar to wild-type enzyme, albeit with a slightly smaller
rhombic distortion (gx = 6.55, g, = 5.41).

The resting ferric state of H175G and its imidazole complex
react with H,O, to give an oxidized heme, and in the case of
the Im complex, an unusual free-radical center is observed.
The ferric EPR signals of wild-type CCP, H175G, and
H175G/Im are lost upon oxidation by H,O, and each of these
oxidized proteins exhibit optical spectra consistent with a
ferryl center (Fe4*=0) (data not shown). However, the
Trp-191 free-radical signal of wild-type CCP, with its char-
acteristic anisotropy (21), was not observed for H175G (Fig.
3b). Instead, only a narrow, isotropic signal integrating to
=(0.1 spin per enzyme was observed. At present we are
unable to assign this radical, but similar signals, unassociated
with Trp-191, are often seen in inactive mutants of CCP (12,
19, 22). In contrast, reaction of the H175G/Im complex with
H,0, gives rise to a broad EPR signal with apparent axial
symmetry which integrates to =0.3 spin per enzyme. The
line-shape of this signal is distinctly dissimilar to the Trp-191
free radical of wild-type CCP in that the broad shoulder
appears to higher field of the main signal (see Fig. 3b).
Houseman et al. (21) have shown that the lineshape of the
Trp-191 free radical may result from a very weak exchange
coupling between the radical and ferryl heme, so that small
deviations in conformation result in averaging over ferro-
magnetic and antiferromagnetic couplings of the centers. As
observed with another proximal mutant, D235E, small
changes in conformation can significantly alter the free-
radical lineshape (9). The small change in the position of
Trp-191 observed for the H175G/Im complex is consistent
with these interpretations.

H175G retains residual activity in the oxidation of cyt ¢, and
this activity can be stimulated or inhibited depending upon the
nature of the added exogenous ligand. In the bisaquo state,
H175G is 1.6% as active as the wild-type enzyme (Table 2),
indicating that the network of solvent in the proximal cavity is
able partially to serve the function of the axial ligand. In the

Table 2. Activity, Im binding, and free-radical quantitation
of H175G

- Kobs, Activity, K4, [Free radical]l/
CcCp sec1 % mM [protein]

WT 570 100 —_ 1.0
H175G 9 1.6 —_ 0.1
WT + Im 823 100 —_ —_
H175G + Im 37 4.5 2.7 0.3
WT + N-Melm 634 100 — —
H175G +

N-Melm 3 0.5 >20 —_

WT, wild type.
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F1G. 3. EPR spectra at 7 K for resting (a) and H,0;-oxidized (b)
H175G. Trace A: high-spin ferric iron signals for wild-type (WT) CCP
showing the small rhombic distortion with gx = 6.56, gy = 5.20. Trace
B: bisaquo H175G in the high-spin ferric resting state is a mixture of
arhombic species with gx = 6.59, gy = 5.37 and an axial species with
21 =5.99. Trace C: In the presence of Im, H175G reverts to a single
species with a slightly smaller rhombic distortion (gx = 6.55, gy =
5.41) than observed for wild-type enzyme. Trace D: the Trp-191
free-radical signal of wild-type CCP with g, (apparenty = 2.01 and
8lapparent) = 2.03. Trace E: the isotropic signal arising from the
oxidation of bisaquo H175G with 1.5 equivalents of H>O3; the signal
might not arise from Trp-191, because it is similar to that observed
for a number of mutants lacking this residue (12, 19). Trace F: the
broad free-radical signal observed for the H175G/Im complex after
oxidation with 1.5 equivalents of H>O> exhibits an apparent axial
lineshape with g1 (apparenty = 2.00 and gjapparent) = 1.92. The unusual
lineshape may be due to a subtle change in the distribution of
exchange couplings between the free radical and ferryl (Fe4*=0)
heme, due to small changes in the linkage of proximal groups. Protein
concentrations were 150 uM CCP in 100 mM potassium phosphate
(PH 7) in the absence or presence of 50 mM Im. Instrument
conditions: 2-mW microwave power at 9.51 GHz, with 100-kHz field
modulation at 5-G amplitude.

presence of 10 mM Im, the enzyme turnover is increased to
4.5% of the wild-type activity under the same conditions.
While this stimulation is significant, it is remarkable that the
activity is not higher, in view of the structural similarity of the
H175G/Im complex to the native enzyme. It is possible that
the small changes observed in the orientations of the imida-
zole, other proximal atoms, or changes not observable at 2.1-A
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resolution are responsible for the lack of full activity. How-
ever, an intriguing possibility is that the reduced enzyme
turnover is due to the loss of the ligand tether to the backbone
at position 175. Although a report of the H175Q mutant of
CCP, which retains full activity, has called into question the
importance of the axial ligand to function (23, 24), it is possible
that the activity of H175Q may owe significantly to its covalent
tether to the protein. Such a tether could be important to
enzyme function in several ways, including restriction of iron
movement into the heme plane upon reaction with H;O,,
allosteric communication through position 175, reducing the
multiplicity of side-chain conformation, or in providing a
covalent link in an important electron transfer pathway. The
H175Q mutant also retains a hydrogen bond to Asp-235 (23,
24), an interaction that critically modulates the properties of
the heme (9). Importantly, N-Melm, which cannot simultane-
ously coordinate the heme and participate in a hydrogen-bond
with Asp-235, further inhibits the basal activity of H175G to
0.5% of wild type (Table 2). This indicates that the H175G/Im
complex, functionally compromised as it is, gains catalytic
advantage from the hydrogen bond to Asp-235. Therefore,
these studies together have shown that an Im ligand is neither
necessary nor sufficient for efficient function of CCP. The
critical features most likely reside with the nature of the
Fe-ligand bond, geometrical constraints of the iron with
respect to the heme plane, and/or in a covalent connection to
the protein.

Some proteins appear to tolerate the deletion of buried
residues to form cavities which can serve as small molecule
binding sites (6, 25). While the removal of metalloprotein
ligands can result in the deleterious loss of cofactor binding,
the recruitment of nearby residues as surrogate ligands has
also been observed (26). For several proteins, including
azurin (27), cyt ¢ (28), and myoglobin (29, 30), deletion of one
of the metal ligands has resulted in the assembly of ligand-
deficient metal cofactors which can coordinate exogenous
small molecules. The bisaquo H175G mutant of CCP repre-
sents a case of a heme enzyme without any covalent linkage
to the protein, a result which may have important implica-
tions for studies of the mechanism of electron transfer
pathways in proteins (31). In addition, binding of exogenous
ligands to the bisaquo heme opens many avenues for the
study of a host of ligands unavailable by site-directed muta-
genesis. By introducing substituted imidazoles, thiolates,
carboxylates, amines, or alcohols into an untethered heme
protein, a diverse set of heme enzymes may be created to
mimic the monooxygenases, hydroxylases, or catalases. It is
also likely that ligands such as NO, CO, CN, SCN, halides,
or heterocyclic ligands without analogs to natural amino acids
will offer routes for completely novel chemistry within an
artificial heme enzyme.
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