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ABSTRACT: Dehaloperoxidase (DHP) fromAmphitrite ornatais the first globin that has peroxidase activity
that approaches that of heme peroxidases. The substrates 2,4,6-tribromophenol (TBP) and 2,4,6-
trichlorophenol are oxidatively dehalogenated by DHP to form 2,6-dibromo-1,4-benzoquinone and 2,6-
dichloro-1,4-benzoquinone, respectively. There is a well-defined internal substrate-binding site above the
heme, a feature not observed in other globins or peroxidases. Given that other known heme peroxidases
act on the substrate at the heme edge there is great interest in understanding the possible modes of substrate
binding in DHP. Stopped-flow studies (Belyea, J., Gilvey, L. B., Davis, M. F., Godek, M., Sit, T. L.,
Lommel, S. A., and Franzen, S. (2005)Biochemistry 44, 15637-15644) show that substrate binding
must precede the addition of H2O2. This observation suggests that the mechanism of DHP relies on H2O2

activation steps unlike those of other known peroxidases. In this study, the roles of the distal histidine
(H55) and proximal histidine (H89) were probed by the creation of site-specific mutations H55R, H55V,
H55V/V59H, and H89G. Of these mutants, only H55R shows significant enzymatic activity. H55R is 1
order of magnitude less active than wild-type DHP and has comparable activity to sperm whale myoglobin.
The role of tyrosine 38 (Y38), which hydrogen bonds to the hydroxyl group of the substrate, was probed
by the mutation Y38F. Surprisingly, abolishing this hydrogen bond increases the activity of the enzyme
for the substrate TBP. However, it may open a pathway for the escape of the one-electron product, the
phenoxy radical leading to polymeric products.

The enzyme dehaloperoxidase (DHP1), first isolated from
the terebellid polychaeteAmphitrite ornata, presents a unique
opportunity to study peroxide function in an enzyme that
possesses the globin fold (2-4). The similarity of DHP and
sperm whale myoglobin (SWMb) structures is shown in
Figure 1A. Although the overall disposition of the key
R-helices (B, C, D, E, and F) is nearly identical in the two
structures, there is an overall shift of the amino acid structure
of DHP by 1.5 Å relative to SWMb when the heme prosthetic
group is used to perform a structural superposition. Conse-
quently, the heme of DHP is sequestered 1.5 Å more deeply
in the globin than the hemes in typical myoglobins.

Although globins and peroxidases have little structural or
sequence similarities, they both typically have a proximal
and a distal histidine. The proximal histidine is ligated to
the heme iron at Nε, and the iron ligation strength is
controlled by the hydrogen bond configuration at Nδ-H. The
proximal histidine bond to iron is stronger in peroxidases
than in globins (5, 6). The strong proximal histidine ligation

in peroxidases gives rise to a push that helps to activate the
bound peroxide for heterolytic bond cleavage to form the

† This project was supported by NSF Grant MCB-9874895.
* To whom correspondence should be addressed. Phone: 919-515-

8915. Fax: 919-515-8920. Email: Stefan_Franzen@ncsu.edu.
‡ Department of Chemistry.
§ Department of Plant Pathology.
1 Abbreviations: CcP, cytochromec peroxidase; DBQ, 2,6-dibromo-

1,4-benzoquinone; DCQ, 2,6-dichloro-1,4-benzoquinone; DHP, deha-
loperoxidase; HRP, horseradish peroxidase; LiP, lignin peroxidase;
P450cam, cytochrome P450 camphor; TBP, 2,4,6 tribromophenol; TCP,
2,4,6 trichlorophenol; Mb, myoglobin; SWMb, sperm whale myoglobin.

FIGURE 1: Superposition of the DHP and Mb structures using the
heme ring atoms as the common atoms. A high-resolution SWMb
X-ray structure (69) and the DHP structure 1EW6 (4) were retrieved
from the Protein Data Bank. The superposition was carried out using
Insight II (Accelrys, Inc.). (A) Similarity of the helical structure of
DHP and SWMb with an offset of 1.5 Å relative to the heme ring
atoms. (B) Similarity of the residues in the distal pocket. In the
closed conformation, both the valine and histidine are present in
the same relative orientation; however, the corresponding residues
SWMb-H64/DHP-H55 and SWMb-V68/DHP-V59 are shifted by
1.5 Å relative to the heme iron. The open conformation is also
recorded in the DHP X-ray crystal structure (1EW6), which has
two sets of coordinates for H55.
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reactive species compound I (7). The Nε-H of the distal
histidine in myoglobin (Mb) is∼4.5 Å from the heme iron
and plays an important role in stabilizing the oxygen relative
to carbon monoxide binding by means of a hydrogen-bonding
interaction with bound diatomic ligands (8, 9). The Nε-H of
the distal histidine in peroxidases is located at a slightly
greater distance of∼6.0 Å from the heme iron (10-12).
This location is key to peroxidase function, giving rise to
the pull that provides the needed acid-base catalysis for the
activation of bound H2O2 to form the reactive species
compound I in peroxidases (13-16). These functions have
been probed using mutagenesis in globins (17-19) and
peroxidases (20-26). It is remarkable that the 1.5 Å shift in
the DHP protein structure relative to the heme (Figure 1B)
places the distal histidine H55 at a distance more appropriate
for peroxidase function. However, the consequence of the
shift also places the valine V59 closer to the heme iron, and
makes it the closest amino acid residue. This structural
change has an effect on hydrogen bonding to bound CO (27)
and NO rebinding dynamics (28) that resemble the effect of
the H64V mutant of Mb (8, 9, 29). Furthermore, Figure 1B
shows that there are two conformations of H55 in DHP. The
open conformation resembles the open conformation of Mb,
in which H64 is swung out into a solvent-exposed conforma-
tion (30). Moreover, the open conformation is required for
substrate binding in DHP as shown by an X-ray crystal
struture (1EWA) (3, 4).

DHP is unique among globins and peroxidases in that it
has an internal substrate-binding site that has been character-
ized by X-ray crystallography (3, 4). The substrate-binding
pocket is surrounded largely by hydrophobic residues,
including five phenylalanine side chains (F21, F24, F35, F52,
and F60) as well as tyrosine Y38. The hydroxyl group of
the substrate, 2,4,6-tribromophenol (TBP), acts as a hydrogen
bond acceptor for the hydroxyl group of tyrosine Y38. This
interaction may be analogous to the hydrogen bond between
the amino acid tyrosine Y96 and the hydroxyl group of
camphor in cytochrome P450 camphor (P450cam), where the
hydrogen bond plays a stabilizing role that controls the
stereochemistry of hydroxylation (31).

In two recent studies, it has been shown that DHP has
peroxidase activity intermediate between the activities of
SWMb and horseradish peroxidase (HRP) (1, 32). We have
further shown that unlike peroxidases there is an obligatory
order for the addition of substrate in DHP (1). If H2O2 is
added before the substrate, DHP is observed in the compound
II form, but the enzyme is inactive. The current hypothesis
is that DHP performs a two-electron oxidation of a substrate
bound in an internal binding site so that it cannot activate
the substrate starting from the compound II state (1). If the
substrate is in the binding pocket prior to the entry of H2O2,
then compounds I and II are formed in succession and can
each perform a one-electron oxidation of the substrate to
yield the product (33). This hypothesis has a number of
important ramifications. First, it suggests that any perturba-
tion to binding in the substrate-binding pocket will affect
the efficiency of the two-electron mechanism and may lead
to either one-electron reactions (to yield a phenoxy radical)
or no reaction if the substrate does not bind sufficiently well.
Second, the distal histidine, H55, cannot be in the distal
pocket when the substrate binds (according to the X-ray
crystal structure (3, 4)), and therefore, it must play some

other role than the well-established peroxidase pull mecha-
nism (13-15). Third, the fact that the activation of peroxide
does not occur by the standard route leads to the question
of the role played by the proximal histidine, H89.

The functions of the proximal and distal histidines have
been probed using mutagenesis in globins and peroxidases.
The distal histidine has been mutated to glycine, alanine,
serine, leucine, valine, and glutamine among other amino
acids in Mb (17, 34-37) and to leucine, lysine, glutamate,
glutamine and arginine in cytochromec peroxidase (CcP)
(20, 21, 23-26, 38). The mutation of the distal histidine to
leucine in CcP reduces the activity by 5 orders of magnitude
(39). In this study, we have chosen to make the mutation of
the distal histidine to valine and arginine. The mutation of
the distal histidine to valine (H55V) is analogous to the
mutant in CcP that inactivates the enzyme. A second mutant
(H55R) was created because the positive charge on arginine
at pH 7 ensures that it will be in the solvent-exposed
conformation. H55R mimics the solvent-exposed or open
conformation shown in Figure 1B. Experiments using CO
and NO as probes are consistent with a strong interaction
by the valine acting as the primary amino acid interacting
with bound diatomic ligands (1, 27, 28). Because V59 is
the closest residue to the iron in DHP (Figure 1B), we further
probed the effect of the double mutant H55V/V59H, a
histidine swap mutant, to determine whether the displacement
of histidine would affect DHP function.

The proximal ligand has been mutated to glycine in both
Mb (H93G) and CcP (H175G) (40-43). An exogenous
ligand in the so-called proximal cavity mutants can be
dialyzed into the proximal pocket to ligate with the heme
iron. A range of substituted imidazoles and pyridines have
been studied in this manner to systematically change the
properties of the heme iron (44-47). In the present study,
the recombinant protein was grown inE. coli, and the H89G
mutant was expressed in the presence of 10 mM imidazole
so that it ligates to the heme iron exactly as was done in
H93G Mb (44, 45).

Finally, the stability of the substrate in the binding pocket
above the heme was probed by the mutation Y38F, analogous
to the mutation Y96F in P450cam(31). The resultant mutants
were assayed at pH 7 by a time-resolved spectroscopic
acquisition of the reaction with native substrate 2,4,6-
tribromophenol (TBP) and an analogue, 2,4,6-trichlorophenol
(TCP). The similarity of these results to those from analogous
mutants of peroxidases demonstrates the functional impor-
tance of both the proximal and distal histidines in DHP
despite the large structural differences with respect to other
known peroxidases.

MATERIALS AND METHODS

Mutagenesis. Generation of DHP Mutants.The cloning
of a 6X-His tagged DHP into the pET16b expression plasmid
has been described previously (1). The Y38F mutant
(pET16b-Y38F) was produced by amplifying DHP with
primers DHP-5′ 6XHIS and DHP-3′ Y38F (Supporting
Information) followed by digestion withNcoI/SacI and
ligation into a similarly cleaved pET16b-6XHisDHP. Mutants
pET16b-H55R, -H55V, -H55V/V59H, and -H89G were
produced by site-directed mutagenesis with primers listed
in the Supporting Information utilizing the QuikChange II
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Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA). All
mutations were verified by sequence analysis.

The recombinant DHP proteins were purified fromE. coli
following previous procedures (1).

Assays.A Hewlett-Packard 8453 multiwavelength spec-
trophotometer was used to obtain the relative activities of
wild-type and mutant DHPs. Substrate TBP and the analogue
TCP were obtained from Acros Organics. The samples were
prepared in 100 mM potassium phosphate buffer at pH 7
with a DHP and mutant concentration ranging from 0.5 to
3.0µM and an H2O2 concentration of 50µM. The concentra-
tion of the substrate was 156µM.

The spectra were obtained starting at the 1.4 s time delay
and then every 3 s for a total of 34 spectra per run. The data
were exported to Microsoft Excel and Igor Pro 5.0 for
analysis. Plots were made of absorbance versus time for
specific wavelengths related to the product, substrate, or
heme. The time courses were fit to an exponential fitting
function to determine the number of elementary processes
that could possibly account for the data. The exponential
equation used for nonlinear least-squares fitting is

The rate constants are reported in separate tables for each
substrate. Depending on the number of components, from
one to three rate constants are reported in the tables. Most
of the TBP assay spectra fit to double exponentials as shown
in Tables 1 and 2.

Enzyme kinetics of DHP and the Y38F mutant were fit
using the following expression

wherek is the initial rate constant in units ofµM product/
µM enzyme/s (also expressed simply as s-1), andkcat is the
catalytic rate constant. This expression has a resemblance
to Michaelis-Menton enzyme kinetics. However, as dis-
cussed elsewhere (1, 48), the complete kinetic expression
also includes a dependence on H2O2 concentration. In the
present study, a kinetic comparison of DHP and Y38F was
carried out at a fixed concentration [H2O2] ) 1000µM and
variable TBP concentration from 25 to 600µM. In control
experiments, it was determined that the enzymatic rate,V,
is linear in enzyme concentration,V ) k[E], where E is the
enzyme concentration.

RESULTS

Comparisons of wild-type DHP with the mutants Y38F,
H55V, H55V/V59H, H55R and H89G were performed using
a spectrophotometric assay, which has sufficient time resolu-
tion to determine the relative reactivity at pH 7. Figure 2
shows a comparison of the data for wild-type DHP with
Y38F and H55R mutants when TBP is used as the substrate.
The substrate TBP has absorption bands at 316 and 249 nm.
In the experiments performed here, the disappearance of the
TBP substrate is monitored at 316 nm, and the appearance
of the product, DBQ, is monitored at 290 nm. Figure 3 shows
the time course for the corresponding kinetics at two
wavelengths. The number of turnovers in the presence of
H2O2 can be estimated from the concentration of the product,
which is proportional to∆A at λmax for the product. For wild-
type DHP,∆A290 nm is ∼0.085 at 1000 s. The extinction
coefficient of the product DBQ is 14 000 M-1 cm-1 so that
the concentration of DBQ is∼6 µM. For a DHP concentra-
tion of 0.5 µM, the number of turnovers is∼12.

We can generally compare the enzymatic rate using
parameters from single or biexponential fits that are given
in Table 1. On the basis of the fitting to the rate constants,
Y38F has a turnover rate that is∼5 times faster than that of
DHP. A more accurate estimate of the enzymatic rate
constant was obtained by comparing Y38F’s and DHP’s
initial rates as a function of TBP concentration as shown in
Figure 4. The data in Figure 4 and the fits to eq 2 givekcat

values of 6.1( 1.0 and 1.8( 0.5 for Y38F and DHP,
respectively. Thus, the enzymatic rate constantkcat is 3.4
times faster for Y38F than for DHP on the basis of the initial
rate estimate. The fit values of the constantKM are 328(
111 and 1039( 180, respectively.KM, which is the analogue
of the Michaelis constant in the analysis of peroxidase
kinetics, is∼3 times smaller for Y38F than that for DHP.
The uncertainty in the fit to the wild type data is relatively
large because it was not possible to measure rates at
saturating values of the substrate because of the high
absorbance of both the substrate and the product above
[TBP] ) 600µM. On the basis of thekobs value in Table 1,
the turnover of the H55R mutant is∼10 times slower than
that of the wild type, which is approximately as rapid as the
turnover of SWMb. As shown in Figure 5, the remaining
mutants H55V, H55V/V59H, and H89G are still less active.
It is difficult to compare the kinetics of the less active mutants
given the small change in absorbance, and therefore, the

Table 1: Fits to the Kinetics of the Appearance of the Product at
the Maximum Absorbance of the Corresponding 2,6-Dihaloquinone

enzyme substrate
λmax

(nm) kobs ∆A

H55R TBP 290 0.00164 0.016
DHP TBP 290 0.0130 0.067

0.00164 0.017
Y38F TBP 290 0.0535 0.10
H55R TCP 272 0.0033 -0.0083
DHP TCP 272 0.00912 -0.23

0.00033 -0.04
0.00530 0.135

Y38F TCP 272 0.0393 -0.17
0.00278 0.012
0.00128 0.066

Table 2: Fits to the Kinetics of the Disappearance of the Substrate
at the Maximum Absorbance of the Corresponding
2,4,6-Trihalophenol

enzyme substrate
λmax

(nm) kobs ∆A

H55R TBP 316 0.00064 0.036
DHP TBP 316 0.0136 0.025

0.00086 0.029
Y38F TBP 316 0.0630 0.046

0.00071 0.021
H55R TCP 316 0.00061 0.073
DHP TCP 316 0.00886 0.058

0.00125 0.0010
0.00483 -0.037

Y38F TCP 316 0.0416 0.053
0.00160 0.032
0.00200 -0.039

S(t) ) A1 exp(-k1t) + A2 exp(-k2t) + A3 exp(-k3t) + B
(1)

k )
kcat[TBP]

KM + [TBP]
(2)
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analysis ofKM was not performed. For this reason, the
relative reactivity of the histidine mutants is compared in
Figure 6 by means of the difference in absorption of initial
and 1000 s time points. It is clear from Figure 6 that H89G
and H55V/V59H have approximately one-half the activity
of H55R. The activity of the H55V mutant is further reduced
by at least 1 order of magnitude relative to that of H55R.

Figure 7 shows the results of the assay with TCP as the
substrate. The peaks of TCP (substrate) and DCQ (product)
are observed at 316 and 272 nm, respectively. Figure 8 shows
that the same trends in kinetics are observed for the mutant
DHP proteins acting on TCP. Y38F has a greater overall
yield for the conversion of the TCP substrate to the DCQ

product (at least initially), and the H55V, H55V/V59H, and
H89G mutants show correspondingly less activity analogous
to the trends observed for TBP (data not shown). Figure 8
shows that the activity of H55R toward the oxidation of TCP
is significantly reduced relative to that in the DHP wild type.
The lack of an increase in absorbance at 272 nm, which is
λmax of DCQ, suggests that the consumption of the substrate
may result in a one-electron oxidation product that polymer-
izes (49, 50).

The spectral changes in the heme Soret band associated
with activation by H2O2 with no added substrate are presented
in Figure 9 for DHP and the mutants Y38F and H55R. The
Soret band positions areλmax ) 407, 414, and 420 nm for
the ferric resting state (Fe(III)), oxyferrous form (Fe(II)-O2),
and compound II (Fe(IV)dO), respectively. DHP and Y38F
show very similar kinetics. In both species, compound II is
formed immediately upon the addition of H2O2, and then
there is a slow shift of the Soret band from 420 to 414 nm
with a decrease in intensity due to suicide inhibition by H2O2

followed by the degradation of the heme. At the earliest
times, the Soret band spectrum is peaked at 420 nm
(compound II) as was also observed by stopped-flow
measurements (1). Stopped-flow measurements also show
that compound I is formed transiently on the time scale of a
few seconds (1); however, compound I is not observed on
the time scale of the experiments reported here. H55R
behaves differently. Compound II is never observed in this
mutant. Instead, there is a slow shift of the Soret band from
407 to 414 nm with a concomitant decrease in intensity.
Table 3 shows the rate constant for the decrease in intensity
at the respectiveλmax values for the different proteins. The

FIGURE 2: Time-dependent spectra for the turnover of TBP by DHP and two mutants, Y38F and H55R, obtained using a photodiode array
spectrophotometer. Assay conditions are 0.5µM enzyme, 50µM H2O2, and 156µM TBP at pH 7.

FIGURE 3: Comparison of the time course for the appearance of
the DBQ product at 290 nm and the disappearance of the TBP
substrate at 316 nm for three different enzymes, DHP wild type,
DHP (Y38F), and DHP (H55R). Assay conditions are those given
in Figure 2, and the time courses correspond to the time-dependent
spectra in that Figure.

FIGURE 4: Comparison of the enzyme kinetics of wild-type DHP and the Y38F mutant. The initial rate constant was estimated by fitting
a linear portion of the first 10 s of the enzyme kinetics of the type shown in Figure 3. To optimize the signal, the enzyme concentrations
used in the study were [Y38F]) 0.9 µM and [DHP]) 2.7 µM. The rate constant has units ofµM product/µM enzyme/s or simply s-1 as
indicated in the figure. The data were fit to eq 2.
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kinetic traces are shown in Figure 10. In Figure 9, the
similarity of Y38F to the wild type is again evident, whereas
H55R shows a different behavior.

The spectral changes in the Soret band when the TBP
substrate and H2O2 are both added to the DHP enzyme and
the two mutants (Y38F and H55R) are shown in Figure 11.
The shift fromλmax ∼407 nm (ferric resting state) toλmax

∼420 nm (compound II) is evident in the wild type but not
in the mutants. In the case of Y38F, this lack of a shift may
arise from a greater enzymatic rate, which results in a low
compound II concentration at steady state. In the case of
H55R, there appears to be a shift fromλmax ∼407 nm (ferric
resting state) toλmax ∼414 nm (oxyferrous form). Under the
conditions studied here, there is little decrease in intensity
of the Soret band when the substrate is present. The major
change is associated with a shift in the Soret band. Regardless
of the starting state (ferric or compound II) or the presence
of the substrate, the final state of the protein appears to be

the oxyferrous form, which is also known as compound III
in the peroxidase literature (51-54).

DISCUSSION

The DHP mutants created and studied here represent
structural changes that have precedence in CcP and Mb (20-
26, 31, 40, 55). The mutated amino acids studied here are
the distal histidine (H55), the distal valine (V59), the distal
substrate-hydrogen-bonded tyrosine (Y38), and the proximal
histidine (H89). The distal histidine (H55) plays a key role
in the activation of bound peroxide in a peroxidase mech-
anism. This has been described as the Poulos-Kraut mech-
anism in a generalized acid-base activation of H2O2 to form
compound I (13, 56). The distal histidine is the key amino
acid residue required for the activation of H2O2 to form
compound I (38). Because H55 is observed in two confor-
mations in the DHP X-ray crystal structure, it is clear that
changes in the conformation of H55 are also key for substrate
binding (3, 4). Moreover, the obligatory order of substrate
binding prior to H2O2 binding implies that H55 is in the
solvent-exposed position during enzyme activation (1). The
mutation H55R converts the distal histidine to an arginine
with a sufficiently high pKa such that it would be protonated
at pH 7, presumably forcing it into the solvent-exposed or
open conformation (Figure 1B). The results show that H55R
has significantly reduced activity, but it is still as active as
SWMb (1). However, H55V replaces the crucial histidine
with a valine that likely remains in the distal pocket and
may prevent substrate binding or interfere with H2O2

FIGURE 5: Spectra for four mutants shown at the initial and final
(1000 s) time points obtained using a photodiode array spectro-
photometer. Assay conditions are 0.5µM enzyme, 50µM H2O2,
and 156µM TBP at pH 7.

Table 3: Fits to the Kinetics of the Heme Absorbance of DHP and
the Mutants Y38F and H55R at the Absorption Maximum of the
Soret Band Following Activation by H2O2

enzyme substrate
λmax

(nm) kobs ∆A

H55R none 407 0.00231
0.00822

0.22 (68%)
0.10 (32%)

DHP none 420 0.000993
0.00931

0.19 (43%)
0.25 (57%)

Y38F none 420 0.00177
0.00941

0.24 (65%)
0.13 (35%)

FIGURE 6: Difference spectra for four mutants shown at the initial
and final (1000 s) time points obtained using a photodiode array
spectrophotometer. Assay conditions are 0.5µM enzyme, 50µM
H2O2, and 156µM TBP at pH 7.

Enzymatic Activity of Mutants of Dehaloperoxidase Biochemistry, Vol. 45, No. 30, 20069089



activation. The H55V mutant shows essentially no activity
in accord with this reasoning. The double mutant H55V/
V59H tests whether a histidine in position 59 can rescue
peroxidase function. Indeed, some residual activity is restored
by adding a histidine in the 59 position.

We turn to a more detailed consideration of the role of
the distal histidine in DHP. The reduction in activity upon
the mutation of the distal histidine was anticipated on the
basis of the key role that the distal histidine plays in all
known peroxidases. X-ray crystal structures of lignin per-
oxidase (LiP) (56), HRP (26), and CcP (6, 24) and their
mutants have confirmed the structural basis for the role of
the distal histidine in the activation of peroxidases. Figure
1B shows that H55 can exist in a closed conformation in
the distal pocket and an open conformation exposed to the
solvent (3, 4). Although the histidine is displaced ap-
proximately 1.5 Å further from the heme than that in Mb
and is observed at a distance of∼6 Å from the heme iron,
it is not clear that H55 can play the same role as that of the
distal histidine in peroxidases. One reason is that the DHP
X-ray structure with 4-iodophenol, a substrate analogue, in
the substrate-binding pocket (1EWA) reveals that H55 is∼9
Å from the heme iron when the substrate is present. In the
open (substrate bound) conformation, H55 is too far removed
from the active site to be involved in the catalysis of the
heterolytic bond cleavage of H2O2 to yield compound I. To
resolve this conundrum, one possible hypothesis is that H55
can effect acid-base catalytic activation of H2O2 in DHP
prior to substrate binding. However, it was shown by

FIGURE 7: Time-dependent spectra for the turnover of TCP by DHP and three mutants Y38F, H55R, and H89G obtained using a photodiode
array spectrophotometer. Assay conditions are 0.5µM enzyme, 50µM H2O2, and 156µM TCP at pH 7.

FIGURE 8: Comparison of the time course for the appearance of
the DCQ product at 272 nm and the disappearance of the TCP
substrate at 316 nm for three different enzymes, DHP wild type,
DHP (Y38F), DHP (H55R). Assay conditions are those given in
Figure 6, and the time courses correspond to the time-dependent
spectra in that Figure.

FIGURE 9: Time-dependent spectra for DHP and the Y38F and H55R mutants upon activation by H2O2 with no added substrate. Assay
conditions are 5µM DHP and 500µM H2O2 and 100 mM phosphate buffer at pH 7. The time-dependent spectra are given in seconds
following H2O2 addition.

FIGURE 10: Kinetic traces at 407 and 420 nm for DHP and the Y38F and H55R mutants upon activation by H2O2 with no added substrate.
Assay conditions are 5µM DHP and 500µM H2O2 and 100 mM phosphate buffer at pH 7.
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stopped-flow measurements that H2O2 binding to the heme
iron prior to substrate binding inhibits the enzyme (1). These
results suggest that the mechanism of DHP does not involve
a preactivation of the H2O2 cosubstrate prior to substrate
binding as observed in other heme peroxidases. The fact that
the mutation H55R has a relatively modest effect on
enzymatic turnover suggests that H55 does not play the same
role as that in the general acid-base model in the Poulos-
Kraut mechanism. Rather, it may play the role of a proton
shuttle for the substrate and H2O2, once both are bound in
the distal pocket.

The proximal histidine H89 must support high oxidation
states of the heme iron in the peroxidase mechanism. The
proximal pocket of CcP (and, therefore, other peroxidases
such as LiP and HRP) is highly polarized by the presence
of a buried negative charge of an aspartate (or glutamate).
The strong hydrogen bonding of Asp to His provides a charge
relay that increases the basicity of the proximal ligand (57,
58). This can be written as follows: R-COO-‚‚‚(δ+)H-
Im(δ-)‚‚‚Fe, whereδ+ andδ- represent the charge displace-
ment that gives rise to an induced dipole on the imidazole.
The increase in negative charge at Nε increases the lone pair
charge density that interacts with the heme iron. This
interaction in turn permits the iron to exist in higher oxidation
states than is possible in Mb. The mutation of the proximal
ligand H89 to glycine produces a DHP protein that has less
activity than H55R. Although the structure has not been
determined in DHP, it is clear that the H89 mutation is
analogous to this mutation, and its activity will have
mechanistic implications. H89G is most closely analogous
to the proximal cavity mutant H93G of SWMb (44, 45). The
H89G mutation has significantly reduced peroxidase activity
(even lower than that in Mb), consistent with the observations
of the analogous mutation in CcP. The corresponding
mutation (H175G) in CcP (41) dramatically reduces the
activity of the enzyme because the polarization of the
proximal pocket requires exogenous imidazole to be bound
in the cationic form with phosphate ligated to the heme iron
(42). Because of the buried negative charge in CcP, it has
been observed that imidazole will only enter the proximal
pocket as imidazolium, accounting for the reduction in
enzymatic activity by 5 orders of magnitude.

The H55R mutation is less active by a factor of∼20
compared to that in the wild type, which is much smaller
than the reduction in activity observed in the H175G mutant
of CcP. One explanation for the difference in function is
found in the DHP X-ray structure that shows a strong
hydrogen bond from the proximal histidine in DHP to a
neutral moiety and a backbone carbonyl, that is, R-CdO‚‚‚

H-Im‚‚‚Fe (3, 4). The polarity of the proximal pocket in DHP
is much smaller than in CcP. However, the strong hydrogen
bond does result in a greater degree of polarization of the
heme intermediate between Mbs and peroxidases (58).
Resonance Raman spectroscopy is consistent with a ligation
strength in DHP intermediate between those of Mb and HRP
(2, 59). The H89G mutation demonstrates that the geometry
of the imidazole in the proximal pocket of DHP is important
for catalysis.

The Y38F mutation of DHP was inspired by the mutation
Y96F in P450cam (31, 60, 61). The amino acid Y38 is
observed to be hydrogen bonded to the substrate in the X-ray
crystal structure of DHP (3, 4), just as camphor is hydrogen
bonded to Y96 in P450cam(62). The removal of this hydrogen
bond in P450cam alters the enantiomeric selectivity toward
camphor (60), decreases the specificity (31), and enhances
the activity toward non-native substrates such as styrene (61).
With such a clear analogy in a monooxygenase, it is obvious
that a test of the role of Y38 is an important functional test
in DHP.

The most surprising result in the present study is the
observation that the Y38F mutant has a more rapid turnover
than the wild type. In this regard, Y38F more closely
resembles HRP. The decrease in the DBQ product band at
290 nm that is observed in both HRP and Y38F (Supporting
Information) is likely due to the presence of a radical
pathway that leads to polymerization (48-50). To understand
this point, we consider the following mechanistic scheme
applied to DHP. The three steps in the two-electron oxidation
mechanism are presented below (48)

where the substrate is XA-OH (X represents the para-halogen
and A-OH represents a substituted phenol). Each of these
processes is considered to be irreversible. There is a
competing pathway that can occur when the substrate
concentration is sufficiently high. If the intermediate XA-
O• escapes from the DHP binding site after step 2 or if an
edge pathway for electron transfer (63) becomes accessible,
then a polymerization reaction can occur (49, 50).

FIGURE 11: Time-dependent changes of the Soret band region of DHP and the mutants Y38F and H55R obtained using a photodiode array
spectrophotometer. Assay conditions are 0.5µM enzyme, 50µM H2O2, and 156µM TBP at pH 7.

DHP + H2O2 f compound I+ H2O (k1)

compound I+ XA-OH f

compound II+ XA-O• + H+ (k2)

compound II+ XA-O• + H+ f
DHP + AdO + HX (k3)

X(A-O)n
• + XA-OH f X(A-O)n -AdO• + HX
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This competing pathway produces an insoluble polymeric
product. Because the mechanism of HRP involves two
sequential one-electron oxidations that occur at the heme
edge (33, 63, 64), the yield for radicals can be quite high.
Phenoxy radicals can polymerize, but they can also react
with the product, which is likely responsible for the reduction
in intensity at 290 nm observed at times longer than∼100
s in the data shown in Figure 8. The fact that the Y38F
mutant shows a similar behavior may be the result of a more
rapid substrate off-rate in Y38F relative to that in the wild
type for both the product and the intermediate. The net effect
is that the reactivity of the heme toward the substrate in the
binding pocket more closely resembles the heme-edge
electron transfer observed in HRP.

The difference between Y38F and DHP can also be
discussed in terms of the ratiokcat/KM, which gives a measure
of the substrate specificity of a heme enzyme. From the fit
to the data in Figure 7, it can be seen thatkcat/KM is larger
by ∼11 for Y38F than for DHP. In other words, not only is
the turnover of Y38F more rapid than that of DHP but also
the substrate binding is more specific. This is a surprising
conclusion given the presence of a hydrogen bond between
Y38 and the hydroxyl group of bound phenolic substrate seen
in the X-ray crystal structure (3). One explanation for this
anomalous behavior is that the quinone product may also
be strongly hydrogen bonded to Y38, and product release is
adversely affected. This explanation leads to the hypothesis
that Y38 is present mainly because of the globin function of
DHP. It is likely that the globin function is more important
to the survival ofA. ornata than the peroxidase function,
and Y38 may play a role in preventing autoxidation or
inhibition by other substrates that could enter the binding
pocket. A second possible explanation is that the substrate
used for these studies (TBP) is not the native substrate.

Suicide inhibition of the heme in peroxidases is prevented
by the formation of compound III or by a catalase pathway
(38, 65). Ultimately, irreversible reactions may occur, such
as the formation of radicals in amino acid side chains or the
heme itself. Such reactions are commonly observed in Mb
(34, 66, 67). Thus, it is interesting to compare the globin
DHP to HRP to ascertain whether the heme is protected by
compound III and catalase pathways. Compound III would
be indicated by the presence of a 414 nm heme Soret band
in DHP. Catalase activity would give rise to the ferric resting
state with a Soret absorption at 407 nm. The time-dependent
spectra indicate that there is a substrate dependent shift to
414 nm and a concomitant decrease in the absorbance of
the heme Soret band under the conditions used in the present
study, that is, a 100:1 ratio of H2O2/DHP. The shift is
consistent with the formation of a compound III state, and
the decrease in intensity is likely due to an irreversible
oxidation of the heme itself. In previous studies with lower
buffer capacity, the heme Soret band was observed to
decrease to some extent even when a substrate was present.
In the present study, we show that when a 100 mM phosphate
buffer is used, there is little decrease in intensity (degradation
of heme) under conditions when a substrate is present, but
that significant degradation (probably oxidation) of the heme
occurs when no substrate is added. In addition to degradation,
there can also be deactivation. The formation of compound
III is usually interpreted as the formation of an inactive
peroxidase active site. Because DHP is a globin, which has

an oxyferrous or compound III resting state, the formation
of compound III may have another significance.

In DHP, there is a unique source of inhibition not found
in other peroxidases. We have shown in an earlier study that
compound II is not a catalytically active species in DHP (1).
Our current hypothesis for this observation is that native DHP
oxidizes halophenols by a two-electron mechanism with the
substrate bound in an internal binding pocket (3, 4). On the
basis of stopped-flow studies in which the order of the
addition of H2O2 and TBP is changed, it has been shown
that compound II is not capable of oxidizing TBP (1). If
DHP returned to the resting state (catalase activity), then
the enzyme could be regenerated, but there is no spectro-
scopic evidence that this occurs to a significant extent. In
fact, there are only two heme species observed in the Soret
band region in the spectra. First, compound II is observed
at the shortest possible times (<15 s). This observation is
consistent with stopped-flow data where compound II is
observed within the mixing time of the stopped-flow ap-
paratus (∼2 ms). Then, during the course of the reaction
and over a period of minutes, compound III is generated in
DHP.

CONCLUSIONS

In the present study, four amino acids in DHP have been
mutated to elucidate the enzymatic mechanism in comparison
to that of other peroxidases. The mutation of either the distal
(H55R, H55V, or H55V/V59H) or the proximal histidine
(H89G) results in a significant decrease in activity. Deha-
loperoxidase is completely inactivated by the H55V mutation
but not by the H55R mutation. This difference is particularly
interesting because stopped-flow experiments show that the
order of substrate and H2O2 binding is critical for enzyme
function (1). The X-ray structure shows H55 in the solvent-
exposed conformation when the substrate is bound suggesting
that the distal histidine cannot play the same role in DHP
that it plays in other heme peroxidases (3, 4). Although,
arginine has a much higher pKa value than histidine and is
protonated under the conditions used in the present measure-
ments, there is still∼16% of native function in the H55R
mutant, suggesting that a solvent-exposed distal amino acid
can play an important catalytic role. These results suggest
that the distal histidine plays the role of a proton shuttle rather
than an acid-base catalyst. These observations further
substantiate the findings that the distal pocket of DHP and
the method of activation of bound H2O2 are radically different
from other known heme peroxidases. The present study
further indicates that the substrate-binding site in DHP is a
unique feature of the enzyme. Given the dual function of
DHP, the binding site must satisfy the requirements of both
globin and peroxidase functions. If substrate binding is a
trigger for a switch from a globin to a peroxidase function,
then the protein must have evolved to prevent false signals
due to the binding of other aromatic molecules. Further
experiments will test the role of substrate binding and the
key role of residue Y38, which forms a hydrogen bond with
the phenol hydroxyl in the substrate-binding pocket.

SUPPORTING INFORMATION AVAILABLE

Singular value decomposition analysis of data and com-
parison of data in the published M.S. Thesis of Chelsea
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Chaudhary (68) are presented for comparison. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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