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ABSTRACT: The mechanism of dehaloperoxidase-hemoglobin (DHP) inhibition by 4-bromophenol (4-BP) was
investigated using Michealis-Menten and transient-state kinetic
analyses. Transient-state kinetics using the stopped-ﬂow
technique to mix DHP and H2O2 in the presence of inhibitor
concentrations less than 10-fold greater than the enzyme
concentration show that 4-BP does not fully impede H2O2
entering the distal pocket to activate DHP. It is not clear
whether an oxoferryl intermediate is formed under these
conditions and there may be alternative pathways for H2O2 reaction in the 4-BP bound form of DHP. Two new species have
been identiﬁed during the reaction of 4-BP bound form of DHP in the transient-state kinetic experiment by using Singular Value
Decomposition (SVD) and global-ﬁtting analysis. Rather than forming Compound ES in the unbound form, an inhibitor bound
intermediate that possesses blue-shifted Soret band and a double peaked Q-band is observed. This intermediate is subsequently
converted to the end-point species that is distinguished from Compound RH formed in the uninhibited enzyme. Bench-top
mixing kinetics of DHP were conducted in order to determine the inhibitor binding constant and to understand the enzyme
inhibition mechanism from a thermodynamic perspective. It was found that the inhibition constant, Ki, decreased from 2.56 mM
to 0.15 mM over the temperature range from 283 to 298 K, which permits determination of the enthalpy and entropy for
inhibitor binding as −135.5 ± 20.9 kJ/mol and 526.1 ± 71.9 J/(mol·K), respectively, leading to the conclusion that inhibitor
binding is entropically driven .

■

INTRODUCTION
Dehaloperoxidase-hemoglobin A (DHP A) isolated from
Amphitrite ornata is the ﬁrst known hemoglobin with a
biologically relevant peroxidase function for 2,4,6-tribromophenol (2,4,6-TBP) as a substrate.1 There are two globin genes in
A. ornata, and the second gene product DHP B is a 3-fold
better peroxidase than DHP A.2 Both DHP A and DHP B
(collectively called DHP) appear to have multiple functions,
which has made them the focus of intensive investigation.
While it is not possible yet to determine how the function of
DHP relates to the evolution of function in the peroxidase
superfamily,3 inhibition by 4-bromophenol (4-BP) provides
one unique feature of DHP that provides a crucial clue as to the
functional origins of the enzyme.4 Due to its ability to oxidize
halophenols and other halognated substrates in the presence of
H2O2 in nature, DHP also has a potential application in
bioremediation strategies to degrade halogenated organic
pollutants produced by anthropogenic activity.5 However, it is
imperative to understand the role of inhibition in order to
optimize the activity of DHP both to understand its
physiological role in A. ornata and for bioremediation
applications.
DHP activity has been shown to depend upon both pH and
chemical modiﬁcations of the substrate.6,7 Unlike secretory
peroxidases, which have optimum function at pH 5, DHP has
shown maximal activity at pH 7.5, which is commensurate with
© 2013 American Chemical Society

the pH of cytosol. This pH dependence is consistent with a role
for DHP as a peroxidase in the coelom of A. ornata and makes
DHP similar to other class I peroxidases such as ascorbate
peroxidase or cytochrome c peroxidase.8 However, DHP has a
globin protein fold and it is not known whether the peroxidase
function arose from convergent evolution of the globin9 or
whether DHP has some of the properties of an ancient
multifunctional hemoglobin that may be postulated to have
existed, based on phylogenetic analysis.10
Previous studies have also shown that trihalophenols (2,4,6TXP), such as 2,4,6-TBP, 2,4,6-TCP, and 2,4,6-TFP are
signiﬁcantly better substrates than the monohalophenols, 4BP, 4-CP, and 4-FP.11 In fact, 4-BP has very low turnover and
can act as a potent inhibitor for other substrates.12 This point is
relevant to the biological function of DHP since the native
substrate 2,4,6-TBP and apparent inhibitor 4-BP are present in
benthic ecosystems in a ratio of approximately 1:2.13 Recent
study reveals the diameter of the halogen atom in the para
position plays a crucial role in the binding of 4-halophenols in
the distal pocket.14 4-Halophenols with smaller halogen atoms,
chlorine or ﬂuorine, in the para position do not bind as well,
and thus 4-CP and 4-FP are not as eﬀective as inhibitors. For
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compound RH formation with normal function has not been
established.
To probe the 4-BP inhibition mechanism of DHP, we have
conducted a transient-state kinetic study of the reaction
between ferric enzyme and H2O2 for a range of 4-BP
concentrations using a stopped-ﬂow UV−visible spectrophotometer. Two parallel reactions with 4-BP bound and unbound
DHP were observed using singular value decomposition (SVD)
and global ﬁtting analysis of stopped-ﬂow data. Thus, a novel
inhibition mechanism was proposed based on the presence of
this equilibrium. A comprehensive benchtop kinetic study of
DHP catalytic process in the presence of the inhibitor 4-BP was
conducted at a variety of temperatures following methods
developed previously. The benchtop kinetic data have been ﬁt
to a simpliﬁed inhibition kinetic model in order to determine
the inhibition constant Ki and its temperature dependence,
which provides the thermodynamics of the binding of 4-BP to
DHP. The kinetic measurements and analysis presented here
provide further support for the novel inhibition mechanism of
DHP.

example, although 4-BP is an excellent inhibitor and poor
substrate, 4-CP shows considerable activity as a substrate.12,14
The biological signiﬁcance can be approached by ﬁrst
understanding the thermodynamics and kinetics of inhibitor
binding, which motivates the present study.
The oxidation of 2,4,6-TCP by DHP serves as an excellent
model for DHP A activity.2,11,15−18 The choice of 2,4,6-TCP,
rather than the native substrate 2,4,6-TBP was motivated by the
poor solubility of 2,4,6-TBP, which limits the ability to
determine the initial rate as a function of substrate
concentration, and therefore renders Michaelis−Menten kinetic
analysis meaningless. The substrate, 2,4,6-TCP, and inhibitor,
4-BP, appear to have distinct binding sites, exterior and interior,
respectively.7,12 Both Raman spectroscopic measurements and
X-ray crystal structures show that the 2,4,6-TCP substrate
binding site is not located in the internal binding site above the
heme, but rather 4-XPs bind at that internal site.12 Based on
resonance Raman data it has been hypothesized that substrate
binding appears to occur at an external binding site at the heme
edge, as is typical of substrate binding in peroxidases.19 Further
support for these models has been obtained from 1H−15N
HSQC experiments, which show diﬀerent binding interactions
between 2,4,6-TCP and 4-BP based on the pattern of chemical
shifts in the protein backbone for each molecule.20 Binding of
4-BP generated the largest deviation in backbone chemical shift
in the distal pocket, while binding of 2,4,6-TCP produced the
greatest deviation close to the DHP dimer interface around the
amino acid residue Trp120 and the ﬂexible distal histidine, His55.
Despite the strong experimental evidence for an external
substrate binding site, recent X-ray structures of substrate
infused into preformed crystals revealed that there is also an
internal binding site for 2,4,6-TBP above the heme α-edge.21
This site is distinct from the inhibitor binding site. Thus, it is
structurally consistent with the two-site competitive inhibition
model, although the implications are quite diﬀerent than for the
external substrate binding site.11 We know further based on
studies of oxy DHP that the binding of substrate also has the
eﬀect of triggering a functional switch from oxygen transport
(hemoglobin) to oxidative (peroxidase) function.22 The new
information obtained from these studies requires a more
detailed investigation of the thermodynamics of inhibitor
binding in order to understand the interplay between the
various modes of binding.
The previously proposed inhibition mechanism that involves
4-BP binding in the distal pocket has consequences for
peroxidase function.22 When 4-BP is bound in the internal
binding site above the heme the distal histidine, His55, is
displaced to a solvent-exposed conformation, in which distal
His55 is too far away from the heme center to function as an
acid−base catalyst that can facilitate O−O heterolysis of H2O2.
Heterolytic bond cleavage is essential for the formation of
Compound I or Compound ES, which is the ﬁrst intermediate
formed in typical peroxidases such as horseradish peroxidase
(HRP)23,24 or cytochrome c peroxidase (CcP).25,26 DHP has
been shown to form a Compound ES intermediate when
substrate is not present,27 which has been shown to involve one
or more tyrosine radicals.2,28 Based on the kinetic data it
appears that the tyrosine radical observed transiently in DHP is
not an electron transfer intermediate, but rather may play a
protective role. The end point for the radical chemistry in the
absence of substrate is an inactive (or at least severely
impaired) cross-linked heme species called compound RH.29
The relationship between the internal radical pathways and

■

MATERIAL AND METHODS
Materials. All the reagents and biochemicals were
purchased from Aldrich and ACROS and used without further
puriﬁcation. 2,4,6-Trichlrophenol (TCP) and 4-Bromophenol
(4-BP) were each dissolved in 100 mM, pH = 7 potassium
phosphate (KPi) buﬀer to prepare the substrate and inhibitor
solution. Prepared solutions were stored at 4 °C and protected
against light. The concentration of each solution was measured
prior to each kinetic experiment by monitoring its absorbance:
TCP, ε312 nm = 3752 M−1 cm−1 ; 4-BP, ε280 nm = 1370 M−1 cm−1
in Agilent 8453 diode array UV−visible spectrophotometer at
25 °C. Hydrogen peroxide solution was freshly made before
each kinetic experiment. A 30% reagent grade hydrogen
peroxide (H2O2) solution was added to 100 mM, pH = 7
KPi buﬀer to make a 7.2 mM stock solution. The hydrogen
peroxide solution was kept on ice and protected against light
during the experiment. Wild-type His6X DHP A was expressed
in E. coli and puriﬁed as previously described.18 Ferric DHP was
oxidized by excess K3[Fe(CN)6] and then ﬁltering through
Sephadex G-25 column to eliminate excess K3[Fe(CN)6] and
further puriﬁed on CM-52 prior to each kinetic experiment.
The concentration of ferric DHP was determined by using the
Soret band molar absorption coeﬃcient, ε406 nm = 116,400 M−1
cm−1.
Transient-State Kinetic Assays. Experiments were
performed on a Bio-Logic SFM-400 triple-mixing stoppedﬂow instrument equipped with a diode array UV−visible
spectrophometer and were carried out at room temperature in
100 mM KPi buﬀer, pH 7. Data were collected over three timedomain regimes (2.5, 25, and 250 ms; 300 scans each) using
the Bio Kinet32 software package (Bio-Logic). Data were
collected (900 scans total) over a three-time domain regime
(2.5, 25, and 250 ms; 300 scans each, 83.25 s total) using Bio
Kinet32 (Bio-Logic). Single-mixing experiments were performed, in which ferric DHP was preincubated with 4-BP
prior to the mixing with H2O2. The ﬁnal concentrations after
mixing were [DHP] = 10 μM, [H2O2] = 100 μM, and [4-BP]
ranging from 0, 10, 20, 100 μM.
Benchtop Mixing Kinetic Assays. The kinetic assays were
conducted in 100 mM, pH = 7 KPi buﬀer using an Agilent 8453
UV−visible spectrophotometer equipped with Peltier temperature controller. The catalytic reactions were carried out in a 0.4
8302
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derived from proposed 4-BP inhibited ping-pong mechanism
based on the steady state assumption. Equation 1 was then
simultaneously ﬁt to all measured initial rates at diﬀerent
substrate and inhibitor concentrations using nonlinear
regression. Vmax was ﬁt globally according to the proposed
inhibition mechanism. Km app was then determined at each
inhibitor concentration. Then a linear ﬁt of Km app against
inhibitor concentration [4-BP] was conducted to determine the
Ki. All the data analysis and ﬁtting was conducted using Igor
Pro 6.04.

cm path length cuvette obtained from Starna Cells, Inc., with a
total volume of 1200 μL. The ferric DHP concentration [E]0 in
each sample was 2.4 μM. Substrate, 2,4,6-TCP, concentrations
ranged from 200 to 1500 μM, and inhibitor, 4-BP,
concentrations ranged from 0 to 500 μM. The substrate and
inhibitor were ﬁrst mixed with ferric DHP and KPi buﬀer and
then allowed to incubate for 3 min in the cuvette placed in the
thermal cell to reach thermal equilibrium. Subsequently, 1200
μM of H2O2 solution was added into the cuvette to initiate the
reaction. The kinetic data were measured by monitoring the
absorbance at wavelength 273 nm, which corresponds to the
absorbance peak of the 2,6-dichloroquinone (DCQ) product,
with a molar absorption coeﬃcient ε273 nm = 13,200 M−1 cm−1.
Data Analysis. Spectra measured using a stopped-ﬂow
kinetic assay were analyzed using the SVD method, which
provides a decomposition of the original absorption data matrix
A(λ,t) in terms of basis spectra as the product of three matrices
USV T . 30,31 As described in detail in the Supporting
Information, the ﬁrst three vectors in the VT matrix (Figure
S2) correspond to the time-courses of the reaction orthonormal
basis spectra given in the U matrix (Figure S1) for the reaction
in the absence of 4-BP. The time courses were globally ﬁt to a
biexponential function according to the proposed two-step
three-species ﬁrst order reaction mechanism shown in Scheme
1, from which the rate constants k1, kRH, and the 3 × 3 C
coeﬃcient matrix were determined.

■

RESULTS
The measurements were originally designed to address the
eﬀect of the inhibitor 4-BP on the turnover frequency using the
Michaelis−Menten kinetic scheme. However, the data revealed
a more complicated partial inhibition when the inhibitor is
present at less than 10 equiv of DHP. This regime was
investigated using stopped-ﬂow kinetics in the absence of
substrate (but with cosubstrate H2O2) in order to understand
alternative pathways leading to inactivation of the enzyme.
Finally, the temperature dependence of the kinetics at higher 4BP concentrations was obtained using van’t Hoﬀ analysis to
determine the thermodynamic parameters of the association of
4-BP with DHP.
Stopped-Flow Kinetics of the Reaction between Ferric
DHP and H2O2 in the Presence of 4-BP. The reactions of
DHP with H2O2 in the presence or absence of 4-BP were
monitored by using a single-mixing stopped-ﬂow UV−visible
spectrophotometer. It has been shown that ferric DHP reacts
with H2O2 forming Compound ES, an iron(IV)-oxo species
with an amino acid radical located on one or more of the three
tyrosines, Y28, Y34, and Y38, 29 in a pH-dependent
mechanism.28 The iron(IV)-oxo porphyrin π-cation radical
species Compound I has not been observed in wild-type DHP
for this reaction, although it has been observed in the
Y28F,Y34F,Y38F triple mutant of DHP (data unpublished).
In the absence of inhibitor 4-BP, ferric DHP reacted with 10
equiv of H2O2 at pH 7.0 yielding Compound ES. Compound
ES formation reaches a maximum 2 s after mixing, and
subsequently an inactivated DHP species, known as Compound
RH, was formed on a time scale of 80 s (Figure 1a). The welldeﬁned features of Compound ES have been characterized
based on the spectra extracted from the SVD analysis (see
Methods) in comparison to previous work.27 The Soret band of
compound ES is observed at 420 nm and a distinctive doublepeaked Q-band is also evident with α and β bands at 546 and
586 nm, respectively. Compound RH has a Soret band at 411
nm and has a broad and featureless Q-band in the visible region
with a λmax at 540 nm.
Upon preincubation of DHP with 1−10 equiv of 4-BP and
initiation of the reaction with 10 equiv of H2O2, two parallel
pathways are observed, which are distinguished as the 4-BP
bound form and the unbound form. The origin of the two
parallel pathways is simply that DHP is in equilibrium with 4BP and there are two populations at the instant that the
reaction is initiated by H2O2. As expected, we observe that the
4-BP unbound form has the same kinetic parameters observed
previously for the reaction of DHP with H2O2. Both
Compound ES and Compound RH have been observed in
the reconstructed spectrum (Figure 1-b1,c1,d1) with similar
rate constants, k1 and kRH obtained from the ﬁtting (Table 1).
On the other hand, in the 4-BP bound form, a new species was
observed that also possessed a double-peaked Q-band at 541

Scheme 1. Kinetic Model for the Global-Fitting Analysis of
the Stopped-Flow Data in the Absence of 4-BP

In the presence of 4-BP, the VT matrix (Figure S4) was
evaluated as two parallel two step reactions since there are two
populations of DHP A proteins. Population 1 has a bound 4-BP
inhibitor and population 2 does not. Each of the populations
has the same two processes shown in Scheme 1, but they may
have diﬀerent ﬁrst order reactions; therefore, there are four rate
constants possible as shown in Scheme 2. The data were
Scheme 2. Kinetic Model for the Global-Fitting Analysis of
the Stopped-Flow Data in the Presence of 4-BP

globally ﬁt to a fourth-exponential function according to the
proposed kinetic model in Scheme 2, from which the rate
constant k1, kRH, ki1, kiRH, and the 3 × 5 C coeﬃcient matrix was
determined. The basis spectra, b-spectra (Figure S3), were
calculated through B = USC and the spectra corresponding to
each intermediate were reconstructed based on the analytical
solution of each kinetic model. The SVD and global ﬁtting
analysis were performed using Igor Pro 6.04 (Supporting
Information).
The initial rates of a series of substrate and inhibitor
concentrations were measured as a function of temperature.
The slopes of experimental progress curves were determined
using the method of initial rates by linear ﬁt of the ﬁrst ten time
points to provide V0. The initial rates V0 in the presence of
inhibitor 4-BP were then analyzed according to eq 1, which was
8303
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Figure 1. Calculated spectra from SVD analysis of the time-resolved UV−visble spectra. The measurements were conducted at [DHP] = 10 μM,
[H2O2] = 100 μM in the 100 mM KPi buﬀer pH 7.0 with (a) 0 μM 4-BP; (b) 10 μM 4-BP; (c) 20 μM 4-BP; (d) 100 μM 4-BP. In the presence of 4BP, two parallel kinetic pathways are observed, which are distinguished by the 4-BP bound and unbound forms of DHP. Thus, (b1), (c1), and (d1)
represents the 4-BP unbound pathway; (b2), (c2), and (d2) represent the 4-BP bound pathway. The red, blue, and purple curves in (a), (b1), (c1),
and (d1) represent ferric DHP, Compound ES, and Compound RH, respectively. Along the pathway for inhibitor-bound DHP, the red, blue, and
purple curves in panels (b2), (c2), and (d2), represent ferric DHP, Compound iOX, and Compound iRH, respectively.

4-BP, which introduces uncertainty in the determination of the
linear combinations of b-spectra to reconstruct the intermediate
spectra. Since the Soret bands in the 4-BP-bound species are
not the same as those for uninhibited DHP, we refer to the
intermediate in this 4-BP-bound form as Compound iOX. The
nomenclature is based on the fact that the intermediate is in
equilibrium with the intermediate compound ES when inhibitor
bound in the distal pocket, but does not necessarily mean both
intermediates share the oxo-ferryl heme structure. The
spectrum of the end-point for the assay also shows that
another new species with a Soret band at 407.5 nm and distinct
charge-transfer band at 622 nm has formed. This form has been
named Compound iRH (Figure 1-b2,c2,d2). The names
compound iOX and iRH imply that the most signiﬁcant
diﬀerence with respect to compound ES and RH is the

Table 1. Kinetic Parameters Obtained from Global-Fitting of
Evolutionary Time-Course
[4-BP]
(μM)
0
10
20
100

k1 (s−1)
2.78
2.59
3.09
2.88

±
±
±
±

0.78
0.10
0.19
1.51

kRH (s−1)

ki1 (s−1)

kiRH (s−1)

±
±
±
±

5.67 ± 2.43
6.29 ± 0.44
6.35 ± 0.90

0.276 ± 0.072
0.393 ± 0.009
0.536 ± 0.040

0.031
0.017
0.041
0.073

0.001
0.005
0.001
0.020

and 584 nm (1 equiv 4-BP), 543 and 585 nm (2 equiv 4-BP),
and 541 and 583 nm (10 equiv 4-BP), while the Soret band at
408.4 nm (1 equiv 4-BP), 417 nm (2 equiv 4-BP), and 411 nm
(10 equiv 4-BP). The diﬀerent Soret bands obtained from
calculated spectra may imply the existence of equilibrium
between Compound ES and Compound iOX in the presence of
8304
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Scheme 3. Ping Pong Scheme for the Reaction of DHP with Substrate TCPa

a

The rate scheme incorporates nonclassical competitive inhibition in presence of inhibitor 4-BP.

Figure 2. Bench-top mixing kinetic analysis of DHP catalyzed TCP oxidation reaction inhibited by 4-BP at diﬀerent temperatures (a) 25 °C, (b) 20
°C, (c) 15 °C, and (d) 10 °C. Kinetic assay conditions were ferric DHP = 2.4 μm, H2O2 = 1200 μm in 100 mM KPi buﬀer, pH 7.0.

II···4-BP, respectively. Since Compound ES and Compound II
are two subsequent active enzyme intermediates during the two
consecutive one-electron steps, we cannot distinguish between
the binding and inhibitory eﬀects of 4-BP on these two
intermediates in our steady-state inhibition kinetic analysis.
Therefore, we propose that the binding interaction of 4-BP will
exert the same inhibitory eﬀects on both compounds ES and II,
which leads to the assumption that Kia = Kib = Ki. Equation 1
was derived based on the steady state approximation applied to
Compound iOX and Compound II···4-BP, which are the forms
of compounds ES and II in the presence of inhibitor 4-BP.

presence of the inhibitor in the distal pocket. Since little or no
ferryl intermediate is formed when 4-BP is bound in the distal
pocket, we have used the designation iOX to signify that there
is oxidation by H2O2, but it may involve a diﬀerent mechanism.
Both ki1 and kiRH that correspond to the formation of
Compound iOX and Compound iRH slightly increase as the
concentration of 4-BP increases. Compared with k1 and kRH, ki1
is about 2-fold larger than k1, and kiRH is about 10-fold larger
than kRH.
Bench-Top Mixing Kinetics with Substrate 2,4,6-TCP
and Inhibitor 4-BP. The kinetic model given in eqs 1−3 was
derived from combination of previous DHP catalytic kinetic
model18 and the inhibition mechanism proposed above
(Scheme 2). The previous DHP catalytic kinetic model is an
application of the steady-state approximation to both
compound ES and compound II formation in the classic
peroxidase rate scheme. The steady-state approximation was
invoked to derive a simpliﬁed ping pong scheme with
nonclassical competitive inhibition. In the inhibition model,
we believe that the inhibition does not take place when 4-BP
binds to ferric DHP, but rather at the step where Compound
iOX/Compound II···4-BP form. Kia and Kib correspond to the
4-BP dissociation constants of Compound iOX and Compound

V0 =

kcat[E]0 [TCP]

(

Km 1 +

[4‐BP]
Ki

) + [TCP]

(1)

kcat = k1[H 2O2 ]

(2)

⎛1
1⎞
K m = k1[H 2O2 ]⎜ + ⎟
k3 ⎠
⎝ k2

(3)

Figure 2 presents the Michaelis−Menten curves of initial
velocity V0 vs substrate concentration, [TCP], at 25, 20, 15, and
8305
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10 °C. The inhibition eﬀects of 4-BP on the DHP catalyzed
substrate oxidation reaction were observed at each temperature.
V0 decreases as the inhibitor concentration is increased.
However, the pattern of the Michaelis−Menten curves tends
to converge to the uninhibited Michaelis−Menten curve as the
temperature is decreased, which indicates a decrease in the
inhibitory eﬀect due to the temperature dependence of the
inhibition constants, Ki, which are reported in Table 2. The
values in Table 2 show that Ki decreases signiﬁcantly as
temperature increases, which means that the inhibitor is more
potent at higher temperature.

His55.12 The distal His55 has been shown to be essential for
catalysis.32,33 Moreover, His55 has also been shown to be
unusually ﬂexible in DHP, when compared to other globins,
meaning that it exists nearly equally in two conformers at pH
6.34 The existence of internal (closed) and external (open)
conformers in globins such as Sperm Whale myoglobin has
been shown to favor the internal conformation unless the pH is
lowered to pH < 4.5.35 One possible cause for inhibition in
DHP is that 4-BP binding forces His55 into the open
conformation that is distant from the heme iron center, and
thus no longer being able to function as an acid−base catalyst
to facilitate heterolytic O−O bond cleavage. Therefore,
signiﬁcantly lower turnover of 4-BP bound ferric DHP to the
active oxo-ferryl species would be expected in the presence of
4-BP based upon this mechanism. However, the data presented
in this study reveal that not only is compound ES formed in the
presence of 4-BP in the low concentration regime (<10 equiv)
in the 4-BP unbound form of DHP. In fact, a new species
Compound iOX with the rate constant ki1 that is about 2-fold
of k1 is formed when 4-BP binds in the distal pocket. Despite
the fact that the Compound ES formation rate constant, k1, is
not perturbed, the amount of compound ES decreases when
inhibitor 4-BP is present, because of the formation of
Compound iOX in an alternative pathway. Subsequently,
Compound iOX is converted to the second new species
Compound iRH with the rate constant, kiRH, that is 10-fold
larger than kRH. Thus, based upon the observed transient-state
kinetics, we believe that the presence of 4-BP in the range from
1 to 10 equiv relative to DHP does not impede H2O2 entering
the distal pocket. Rather, the eﬀect of 4-BP appears to be a
reduction of the rate of subsequent reactions, which may be
binding of H2O2 to the heme Fe or the activation of bound
H2O2. Thus, the inhibition of the catalytic turnover is due to
the decreasing yield of Compound ES due to the existence of
an alternative pathway in the 4-BP bound form.
Unlike Compound ES, Compound iOX does not clearly
involve a ferryl species. Irrespective of the mechanism for
activation of H2O2, there is clearly a change in heme structure
following addition of H2O2, which suggests an alternative
mechanism for oxidation in the 4-BP bound form. The iOX
spectrum shown in Figure 1-b2 appears to have a small ferryl
component, which means that a role for the heme Fe cannot be
excluded. A second diﬀerence between ES and iOX is that 4-BP
itself may participate in electron transfer reactions via a radical
mechanism. While compound ES has been shown to be
consistent of an ferryl heme with a tyrosine radical, we propose
that compound iOX may involve a transient radical located on
4-BP (Figure 4). This hypothesis is plausible because the
distance from the phenolic oxygen of 4-BP to heme iron is only
6.48 Å (Figure 5), which is less than the distance to either
Tyr34 (11.36 Å, Tyr phenolic oxygen) or Tyr38 (9.48 Å,
phenolic oxygen). Thus, if heme Fe is involved in any way in
this process, which we deem likely, 4-BP should be more
readily oxidized than any of tyrosines due to its proximity. In
terms of the driving forcethe free energy, the bond
dissociation free energy (BDFE) of phenolic hydroxyl group
of 4-BP is 6.7 kJ/mol higher than that of the tyrosine.36 In
other words, in terms of free energy, 4-BP is more stable than
tyrosine. Thus, these two factors may counteract each other,
which gives rise to similar rate constants for formation of
Compound ES and Compound iOX.
A new species with a Soret band at 408 nm, Q-band
maximum at 498 nm, and charge transfer band at 622 nm was

Table 2. Michaelis-Menten Parameters from Bench-Top
Mixing Kinetic Assay
T (K)
283
288
293
298

kcat (s−1)
2.57
5.07
6.40
10.42

±
±
±
±

0.15
0.25
0.28
0.70

kcat/Km (s−1 mM−1)
1.54
2.04
3.95
7.12

±
±
±
±

0.02
0.02
0.19
1.57

Ki (mM)
2.560
1.735
0.490
0.155

±
±
±
±

0.036
0.016
0.024
0.034

van’t Hoﬀ Analysis of the Inhibition Constant Ki. By
measuring Ki at a series of temperatures, ln(Ki) vs 1/T in a
van’t Hoﬀ plot was used to calculate ΔHΘ and ΔSΘ. Figure 3

Figure 3. van’t Hoﬀ plot of of ln(Ki) vs 1/T for inhibitor 4-BP binding
to ferric DHP. The Ki value was determined at pH = 7 in 100 mM KPi
buﬀer. 2,4,6-TCP was used as the substrate.

shows a plot of ln(Ki) vs 1/T based on the van’t Hoﬀ equation,
−ln(Ki) = ΔGΘ/RT = ΔHΘ/RT − ΔSΘ/R. Thus, ΔHΘ =
−135.5 ± 20.9 kJ/mol and ΔSΘ = −526.1 ± 71.9 J/(mol·K)
that corresponding to the enzyme−inhibitor complex dissociation process. The benchtop mixing kinetics shows that binding
of 4-BP to DHP has an unfavorable positive enthalpy and a
favorable positive entropy, which informs us that the binding
process is entropy-driven. The free energy at temperatures of
physiological interest are ΔGΘ = −21.28 kJ/mol at T = 298 K.

■

DISCUSSION
DHP is a hemoglobin that exhibits levels of peroxidase activity
comparable to typical peroxidases.17 DHP has been shown to
be able to oxidize a variety of substituted phenols, such as the
trihalophenols, dihalophenols, 4-chlorophenol, 4-ﬂuorophenol,
and a number of other substrates. However, the inhibition of
DHP by 4-BP provokes an intriguing mechanistic question.
How does DHP function in ecosystems where 4-BP is
prevalent? The inhibitor 4-BP is a brominated secondary
metabolite secreted by marine polychaetes that coexist with A.
ornata in greater concentration than the substrate 2,4,6-TBP.13
The previously proposed inhibition mechanism placed
emphasis on the internal distal pocket as the inhibitor binding
site and the subsequent impact on the conformation of distal
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Figure 4. Proposed DHP catalytic cycle and inhibition mechanism in the presence of inhibitor 4-BP. The form of the heme Fe in compound iOX
and iRH is not known and therefore marked with a question mark. Nonetheless, since the heme Soret band is altered in these species there is strong
reason to believe that there have been changes that involve the Fe.

the charge-transfer band at 622 nm also indicates that 4-BP
plays a role in forming a ﬁve-coordinate Compound iRH. In
analogous fashion, it has been shown that the competitive
inhibitor of horseradish peroxidase (HRP), benzohydroxamic
acid (BHA), also aﬀects the charge transfer band of the ferric
HRP.37 In the presence of BHA, the charge transfer band
becomes stronger. In a manner analogous to BHA binding to
HRP, the charge-transfer band at 622 nm becomes sharper and
stronger as the concentration of 4-BP increases. It should be
noted that, as an aromatic ligand, BHA binds at the β edge of
the distal pocket above the heme.38 However, the binding
location of BHA in HRP is not nearly as deeply buried in the
protein as 4-BP in DHP. The spectral diﬀerences beween
compound iRH and RH suggest that possibilities of crosslinked heme27 and six-coordinate bis-histidine hemichrome still
exist, but the Soret band is shifted due to the presence of an
internally bound inhibitor.
Bench-top mixing kinetics have shown that the inhibition
constant Ki has a strong temperature dependence. The value of
Ki decreases by a factor of 3 for each increase in 5 °C. The large
positive enthalpy and entropy calculated from the van’t Hoﬀ
equation suggests that the binding of 4-BP is enthalpically
unfavored and entropy-driven. The crystal structure of DHP
with binding of inhibitor 4-XP (X = F, Cl, Br, I) shows that 4XP is surrounded by the hydrophobic amino acid residues V59,

Figure 5. Structure of DHP in the presence of 4-BP as determined by
X-ray crystallography (PDB 3LB2). The multiple positions of amino
acids and propionate side chains in the structure are indicated in the
ﬁgure.

formed in the presence of 4-BP. We assign this to the ﬁvecoordinated Compound iRH. Compound iRH is a unique
species that is not equilibrated with Compound RH in the
presence of 4-BP. Adding 4-BP to Compound RH does not
give rise to Compound iRH (Figure S7). It is known that, for
ferric DHP, internal binding of 4-BP lowers the population of
the six-coordinated high spin heme and increases the
population of ﬁve-coordinated high spin heme.28 Moreover,
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L100, F21, F24, and F35.14 Since 4-BP has pKa = 9.29, it
remains protonated at pH 7.0. Thus, the hydrophobic eﬀect will
give rise to a favorable entropy of binding in the distal pocket.
In support of the dominance of the hydrophobic eﬀect in the
entropy, we note that 4-BP is not a highly ﬂexible molecule.
Thus, there is little conformational entropy change upon
binding. Although the hydrogen bond interaction of 4-BP with
Y38 and heme propionate D and π-stacking interaction
between aromatic ring of 4-BP and F21 may contribute to
the enthalpy, the binding also involves the displacement of a
water molecule bound to the heme Fe atom and displacement
of His55 into solvent water, which are both enthalpically
disfavored, but entropically favored.39 The desolvation of 4-BP
as it binds in an internal hydrophobic pocket is most likely the
major contribution to the positive entropy change of binding.
The inhibition constant Ki, is a dissociation constant of the
enzyme−inhibitor complex, thus we compare the Kd value with
previously reported dissociation constant for 4-halophenol to
DHP which was measured by Raman spectroscopy in the
absence of H2O2 at pH 6.0. The dissociation constant follows
the trend of size of the para halogen in 4-XP where X = I > Br >
Cl > F > H, with the values of 0.536 mM, 1.15 mM, 1.78 mM,
3.72 mM, and 10 mM, respectively.12 The Kd of 4-BP measured
using the measurement by resonance Raman spectroscopy is
1.15 mM, which is within the range we measured from 283 to
298 K. However, it also must be understood that the Kd value
measured by Raman reﬂects the interplay between 6cHS and
5cHS by disturbing the water ligation, and thus is only
indirectly related to the binding of 4-BP.
The biological role of inhibition may be explained by
consideration of the relative concentrations of 4-BP, 2,4dibromophenol, and 2,4,6-TBP, which are typical secondary
metabolites secreted by marine polychaetes. For example,
Notomastus lobatus, excretes 4-BP, 2,4-dibromophenol, and
2,4,6-TBP to the surrounding environment with a stoichiometric ratio of 1.8:0.9:1.0.13 The reason DHP selectively
oxidizes 2,4,6-TBP, but not 4-BP, may be partially the relative
toxicity of these two compounds and their oxidized
intermediates. 2,4,6-TBP has been shown to disrupt the
function of cellular Ca2+ ion channel in neuroendocrine cell
and may potentially disturb the endocrine system in
invertebrates.40 It also has a negative impact on the ability of
polychaetes to burrow and feed.41 On the other hand, there is
no known inhibitor eﬀect of 4-BP on respiration and the
assimilation of acetate or glucose by sediment bacteria,
indicating that it has signiﬁcantly lower toxicity relative to
2,4,6-TBP.42 Thus, we assume that the high priority for DHP to
degrade 2,4,6-TBP is due to its high toxicity. Not only is 4-BP
less toxic than 2,4,6-TBP, but oxidation of 4-BP can lead to
polymerization of the radical intermediate, which may increase
the toxicity relative to the starting phenol. This is distinct from
the fate of 2,4,6-TXP radicals, which form quinones by
disproportionation43 and hydroxyquinones by a further radical
pathway.44 Thus, the diﬀerences in binding site and reactivity of
4-BP and 2,4,6-TBP may be an evolutionary consequence of
the regulation of catalytic reactivity in vivo.
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