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ABSTRACT: Dehaloperoxidase (DHP) is a small heme protein in the coelom of the terebellid polychaete
Amphitrite ornata. It can act both as an oxygen storage protein (hemoglobin function) and as a
dehaloperoxidase (peroxidase function). The X-ray structure of the ferric form shows that the phenolic
substrate can bind inside the protein, which is not the case for a typical peroxidase. In the present study,
we have used CO-ligated DHP to mimic the distal pocket of the peroxidase DHP and to probe under
which conditions both a halophenol and a diatomic ligand can be accommodated in the distal pocket. To
vary the structure of the distal pocket, we have compared wild-type DHP and mutants H55V and H55R
at different pH values, using flash photolysis in the visible and FTIR spectroscopy in the CO stretching
bands. The latter technique is extremely sensitive to even small structural changes in the CO environment
and thus can report substrate binding in the distal pocket. Our results on wild-type DHP and its variants
indicate that halophenols and a diatomic ligand can indeed simultaneously be present in the distal pocket
if the distal histidine is in the low-pH conformation, in which its side chain is swung out of the distal
pocket. The markedly different pH dependencies of enzyme activity and substrate binding are not consistent
with the hypothesis that substrate dehalogenation occurs within the interior of DHP.

Dehaloperoxidase (DHP)1 is the coelomic hemoglobin
(Hb) of the terebellid polychaete Amphitrite ornata. The
X-ray crystal structure reveals a protein that is composed of
two identical subunits with the typical globin fold (1-4).
Each DHP protomer consists of 138 amino acids so that the
N- and C-termini differ in structure when compared, for
example, with sperm whale myoglobin (Mb). While there
are early reports of peroxidase activity in human Mb and
Hb (5, 6), DHP is the first known Hb that plays a biological
role as a peroxidase. In the presence of hydrogen peroxide
(H2O2), DHP is capable of catalytic oxidation of 2,4,6-
tribromophenol (TBP), which is secreted by marine worms
such as Thelepus crispus and Notomastus lobatus that cohabit
mudflats with A. ornata (1, 7-9). In addition, DHP can
oxidize other substrates including 2,4,6-trichlorophenol
(TCP) and 2,4,6-trifluorophenol (TFP), with less activity for
2,4-dichlorophenol (DCP) and still less toward monohalo-
genated phenols. The turnover of phenolic substrate is ∼13-

fold faster than in Mb and ∼12-fold slower than in
horseradish peroxidase (HRP) at pH 5 (10).

Early X-ray structures of DHP showed evidence for an
internal site to which the substrate binds without ligating to
the heme iron (3). This unprecedented observation led to
the hypothesis that the DHP reaction mechanism is different
from that of a typical peroxidase, where the phenolic
substrate binds edge-on to the outside of the protein (11). In
addition, DHP lacks both the strong hydrogen-bonding
network on the proximal side and the arginine residue on
the distal side required for the typical reaction mechanism
as proposed by Poulos and Kraut in 1980 (11). Recent data
indicate, however, that the dehaloperoxidase activity of DHP
occurs at an exterior site (12). This observation seems
reasonable, as the accessibility of the interior site is restricted
when small ligands such as water, CN-, CO, and O2 are
bound to the heme iron. Another study suggests, however,
that a phenolic substrate can interact with a heme-bound
water molecule and even displace it under certain conditions
(13). As the interaction between the substrate and an oxo
heme, which has a single oxygen atom bound to the iron, is
essential for the peroxidase function and possibly even acts
as a trigger to switch from the hemoglobin to the peroxidase
function, the focus of this study is to elucidate the conditions
under which a substrate can enter the substrate binding pocket
while a ligand (here the diatomic ligand CO) is bound to
the heme iron.

Association of the heme-coordinating ligand, be it dioxy-
gen (O2) to the hemoglobin DHP or H2O2 to the peroxidase
DHP, might be controlled in a similar fashion in DHP and
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Mb considering their structural resemblance. Already in
1966, Perutz and Matthews suggested that fluctuations of
the Mb distal histidine (H64) side chain open a direct
pathway into the solvent which is used for ligand entry and
exit (14). One might think that this hypothesis is easily tested
by kinetic studies on mutants, in which H64 is replaced by
a smaller residue that permanently opens the gate and thus
greatly enlarges the entry rate coefficient. However, such a
mutation also removes the steric hindrance exerted by the
imidazole side chain at the heme iron, so that the geminate
recombination barrier decreases and covalent bond formation
speeds up. The competition of geminate recombination and
ligand escape cannot easily be separated since both depend
on the properties of the distal (E7) amino acid. The analysis
is further complicated by the presence of secondary ligand
docking sites C and D within the protein (15-17), which
coincide with the hydrophobic protein cavities Xe4 and
Xe1 (18-25). These sites enhance the probability that the
ligands remain unbound inside the protein, so that they can
take advantage of large-scale fluctuations that open escape
pathways (15, 26-29). Despite these complications, time-
resolved crystallography (26) and spectroscopy (29) experi-
ments on a variety of mutant Mbs have provided strong
support for the H64 gate mechanism in recent years.

Ligand binding studies on CO-ligated wild-type DHP
(DHPCO) at cryogenic temperatures have indicated that the
primary docking site B is the most frequented transient site
(30). Only minor fractions of photolyzed ligands could be
detected in other geminate sites. X-ray diffraction studies
on DHP have shown conformational heterogeneity of H55
similar to that of H64 in Mb, implying that H55 might also
constitute the entry/exit gate for the ligand and perhaps also
for the substrate (2, 3). Unlike Mb, the H55 conformation
in DHP appears to be governed by the ligation state of the
heme iron and the presence or absence of phenolic substrate
in the distal pocket. To obtain a better understanding of
the role of H55 in both ligand and substrate binding, we
have investigated ligand binding to and migration in CO-
ligated wild-type DHP and mutants H55V and H55R. On
the basis of our experience with other heme proteins, we
selected the mutants for the following reasons. In H55R,
the arginine side chain is protonated in the relevant pH range
and oriented toward the solvent for optimal solvation of the
charged guanidino group. Consequently, this mutant is
expected to assume a distal pocket structure analogous to
the one when H55 is swung out from the heme pocket. The
Val55 side chain, by contrast, is smaller than the H55
imidazole ring. It remains in the distal pocket but renders it
much more hydrophobic. Using these mutants thus allows
monitoring both the steric and electrostatic effects on
substrate binding.

As experimental techniques we employed flash photolysis
at ambient temperature and Fourier transform infrared (FTIR)
photolysis difference spectroscopy at cryogenic temperatures.
Flash photolysis experiments yield information on ligand
binding or hemoglobin-like properties of the mutant proteins.
The FTIR technique utilizes the CO molecule as an internal
probe because its stretching frequency is fine-tuned by the
local electric field (31-34). Therefore, it is an ideal sensor
to report on the detailed active site structure, including
substrate binding in the distal pocket, as a function of
temperature and pH. In the following, we will show that a

close coupling exists between the bound ligand, substrate,
and the distal histidine conformation.

MATERIALS AND METHODS

Ligand Binding at Ambient Temperature. CO-ligated
samples were prepared in 3 × 1 × 1 cm3 glass cuvettes
sealed with a rubber septum. Protein solutions at a final
concentration of ∼10 µM were prepared in 100 mM buffer
(pH 5, potassium phosphate/citrate; pH 9, potassium phos-
phate) and 90%/10% glycerol/buffer, pH 5, equilibrated with
1 atm of CO to ensure anaerobic conditions, followed by
reduction with a 2-fold molar excess of anaerobically
prepared sodium dithionite solution. To obtain a ferrous,
oxygenated DHP sample, ferric DHP was reduced with
excess sodium dithionite. The excess was removed by gel
filtration, which subsequently allowed the protein to bind
O2. Association rate coefficients were measured with our
flash photolysis system that has been described elsewhere
(15, 16). Up to 500 transients were averaged for each kinetic
trace. Absorption changes at 436 nm were scaled according
to the peak Soret absorbance of the CO-ligated species.
Because the mutations are not expected to significantly
change the electronic absorption properties of the heme, this
procedure thus compensates for slightly different protein
concentrations.

FTIR Spectroscopy. Freeze-dried DHP was dissolved in
glycerol/1 M potassium phosphate or citrate/phosphate buffer
(50%/50% by volume) at a final protein concentration of ∼10
mM. The sample solutions were stirred under a CO atmo-
sphere for 1 h and reduced by adding a 2-fold molar excess
of an anaerobically prepared sodium dithionite solution.
Subsequently, excess 2,4,6-trifluorophenol (TFP) was added
for substrate-bound samples, and the solutions were stirred
for another 30 min. TFP was used preferentially because of
its greater solubility in aqueous solution. The pH values of
the samples are quoted as measured at 290 K. The solution
was centrifuged for 15 min at 5000g (Eppendorf centrifuge)
to remove any undissolved material. Sample loading, cryo-
genic equipment, and photolysis setup have been described
previously (15, 30, 35). Transmission spectra were collected
in the mid-IR between 1800 and 2400 cm-1 with a resolution
of 2 cm-1, using a FTIR spectrometer (IFS 66v/S; Bruker,
Karlsruhe, Germany) equipped with an InSb detector.
Absorption difference spectra at 290 K in the region of the
IR stretching bands of the heme-bound CO (1900-2000
cm-1) were calculated from transmission spectra of CO-
ligated and aquomet DHP samples according to ∆A )
log(ICO/Imet). Photolysis difference spectra were calculated
from transmission spectra taken before and after photolysis
for 1 s at 4 K, ∆A ) log(Idark/Ilight).

Temperature DeriVatiVe Spectroscopy (TDS). To assign
photoproduct bands to particular docking sites, the rebinding
properties of the photoproduct species were determined using
temperature derivative spectroscopy (TDS), an experimental
protocol designed to study thermally activated rate processes
(36, 37). In a first step, a nonequilibrium intermediate state
is created by photolysis. Subsequently, the relaxation of the
sample back to equilibrium is recorded while the temperature
is ramped up linearly in time. One FTIR transmission
spectrum is acquired every kelvin. Absorption difference
spectra are calculated from consecutive transmission spectra;
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they reveal changes within a temperature interval of 1 K
that may arise not only from recombination but also from
intrinsic peak shifts and absorbance changes due to ligand
dynamics (31, 32, 37). FTIR-TDS data are presented as
contour plots of the absorbance changes on a surface spanned
by temperature and wavenumber. Black and red lines indicate
an absorbance increase and decrease, respectively. Contours
are spaced logarithmically to enhance small-amplitude
features.

RESULTS

Ligand Binding at 290 K. To obtain insight into the ligand
binding (hemoglobin function) properties at ambient tem-
perature, flash photolysis experiments were performed on
the CO-ligated wild-type, H55R, and H55V samples. The
kinetic traces showing the decay of the deligated pentaco-
ordinate ferrous species formed upon photodissociation of
CO molecules are depicted in Figure 1; traces of the
corresponding sperm whale MbCO samples have been
included for comparison. The amplitudes at the earliest times
were scaled according to the absorption difference between
the steady-state CO and deoxy spectra at 436 nm of the
respective samples and then normalized to 1, so that the data
in Figure 1 indicate the fraction of ligands that have not
rebound within time t after photolysis. The bimolecular
process was fitted with an exponential to obtain the (pseudo-
first-order) apparent rate coefficient, λS, for bimolecular CO
binding from the solvent. For the data measured in buffer,
we have converted the λS values to second-order rate
coefficients, kon, by using [CO] ) 1000 µM (Table 1).

In buffer solution, the geminately rebinding fraction in
DHPCO (pH 5 and 9) amounts to ∼30%, as compared to
only 4% in MbCO (38). Bimolecular CO and O2 binding to
wild-type DHP are ∼3-fold faster than to Mb (Figure 1A,
Table 1). A small increase in the association rate coefficient
is observed upon lowering the pH (Figure 1A). The
comparison of the corresponding Mb and DHP mutants

shows that CO binding to H55V DHP is slower than to H64V
Mb (Figure 1B), whereas H55R DHP and H64R Mb have
essentially identical CO association rate coefficients (Figure
1C). Overall, the variation of the association kinetics among
the DHP mutant samples is rather small.

Remarkably, no change in the kinetics of CO rebinding
to DHP is observed in the more viscous 75%/25% glycerol/
buffer solutions (30). In 90% glycerol, however, geminate
rebinding is further enhanced for all three DHP samples. The
geminate process, which is faster than the observation time
window of our flash photolysis system for aqueous samples,
is clearly seen out to the microsecond range in 90% glycerol.
In mutant H55R, ∼80% of the ligands rebind from within
the protein in the high-viscosity solvents, whereas the
geminate fractions are 56% and 52% for wild-type DHP and
H55V. However, the bimolecular association rate coefficients
are essentially unchanged in 90% glycerol.

Structural Heterogeneity of the DHP ActiVe Site at 290
K. Figure 2 displays FTIR absorption difference spectra of
the CO-ligated proteins in the region of the CO stretching
frequency, measured at 290 K and referenced to aquomet

FIGURE 1: Flash photolysis kinetics of (A) wild-type DHPCO, (B)
H55V DHPCO, and (C) H55R DHPCO, monitored at 436 nm and
20 °C. Solid symbols: CO rebinding in buffer. Open symbols: CO
rebinding in 90%/10% (v/v) glycerol/buffer. Red/black symbols:
pH 5.0/9.0. Kinetic traces of MbCO in buffer, pH 8, are included
as blue lines.

Table 1: Association Rate Coefficients of Bimolecular CO Binding to
Wild-Type and Mutant DHP and Mb Samples

kon (µM-1 s-1)

sample CO, pH 5 CO, pH 9 CO, pH 8 O2, pH 7

wild-type DHPCO 1.7 1.5 37
H55V DHPCO 2.9 1.9
H55R DHPCO 8.5 5.8
Mb 0.51 16
H64L Mb 7.0
H64R Mb 5.7a

a Data taken from ref 63.

FIGURE 2: Absorption difference spectra of CO-ligated DHP samples
at 290 K, referenced to met DHP. (A) Wild-type DHPCO. (B) H55R
DHPCO. (C) H55V DHPCO. All spectra have been scaled to the
same area. Solid lines: CO-ligated protein. Dotted lines: CO-ligated
protein with TFP added.
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DHP. Multiple CO stretching bands are observed that, for
MbCO and several other heme proteins, are known to arise
from different local electrostatic environments of the heme-
bound CO (39-44). In Mb, the distal histidine His-64 side
chain is positioned in various ways so as to produce different
electrostatic interactions with the bound CO ligand (15, 45, 46).
To compensate for slight differences in sample concentration
and path length, all spectra were scaled to equal areas and
fitted with Gaussian distributions to determine peak positions
and fractional areas; peak positions are compiled in Table
2.

The absorption spectrum of wild-type DHPCO (pH 7.1)
displays a dominant band at 1951 cm-1 (Figure 2A) (30). A
shoulder at 1940 cm-1 can be fitted by an additional band
with 19% of the total area (Figure 3A). By analogy with
MbCO, we will denote these bands as A1 (ν ) 1951 cm-1)
and A3 (ν ) 1940 cm-1). Compared with Mb (ν(A1) ) 1945
cm-1, ν(A3) ) 1930 cm-1 (15, 47, 48)), the A1 and A3 bands
both have slightly higher stretching frequencies. The equi-
librium between the A1 and A3 conformations at pH 7.1 does
not depend on sodium chloride concentration in the buffer
(0-1.5 M), on glycerol content, or on the presence of
substrate (here TFP). However, as shown in Figure 3, the
A3 percentage of the total spectral area increases from 19%
to 25% as the sample is cooled from 290 to 4 K. In analogy
to Mb, we suggest that A1 and A3 represent two different
conformations, in which the H55 side chain is in the distal
pocket and establishes a hydrogen-bonding interaction with
the bound ligand. The observation that both frequencies are
upshifted as compared with MbCO implies that the interac-
tion with H55 is weaker, possibly because of a larger distance
between the CO and the imidazole.

Upon lowering the pH, an additional absorption band at
1964 cm-1 appears, the fractional area of which increases
with decreasing pH (Figure 2A). This dependence suggests
that the band is caused by protonation of H55 (39, 45). In
analogy to Mb, we assign this band to the A0 conformation,
in which the protonated H55 side chain is rotated toward
the solvent for better charge solvation (45). The frequency
shift is caused by the loss of the hydrogen bond to the CO.
The N-H · · ·OC hydrogen bonding of the distal H55 is
removed (34). In Figure 3D, we have plotted the fraction of
A0 in DHPCO as a function of pH. Unfortunately, the protein
becomes unstable below pH 4.5 so that we were not able to
follow the pH dependence over a wider range. A fit of these

data with the Henderson-Hasselbalch relation indicates that
protonation of H55 at 290 K and the concomitant appearance
of A0 occur with pKa ) 4.5 (Figure 3D, open symbols). This
value is identical to that of H64 in wild-type MbCO (49).

To provide additional support for the A0 assignment, we
have also collected FTIR spectra of mutants H55R at pH
5.3 and 7.6 and H55V at pH 7.2 (Figure 2B,C). The
absorption signal of H55R has its maximum at 1965 cm-1.
Broadening of the peak toward lower wavenumbers can be
described by additional bands at 1940 and 1953 cm-1. The
R55 side chain, with its pKa of ∼12, is positively charged
under our experimental conditions. If it resided in the distal
pocket, it should cause a pronounced shift of the CO
frequency to a value significantly lower than the wild-type
A1 frequency of 1951 cm-1 (41). Consequently, we con-
clude that the guanidino moiety of R55 is not resident in
the hydrophobic distal pocket but rather oriented toward the
solvent. The frequency of 1965 cm-1 thus corresponds to
an A0-like, open conformation, similar to the wild-type
protein with a protonated H55. H55V has a rather narrow
CO stretching band at 1967 cm-1, close to the frequency of
the MbCO H64V at 1968 cm-1 (39, 40). In this case, the
N-H · · ·OC hydrogen bonding donated by the distal H55 is
removed by mutagenesis; the small, hydrophobic V55 side
chain, however, is still inside the pocket (34).

The addition of TFP to wild-type DHPCO at pH 7.3
(Figure 2A, dotted lines) has essentially no influence on the
infrared absorption spectrum at 290 K. The same holds true
for pH 10.8 (data not shown). At pH 5.4, a minor band is
seen at 1968 cm-1, which we denote as AS. The subscript

Table 2: Stretching Frequencies of the Absorbance Bands of
Heme-Bound CO in DHPCO Mutants, Determined at 290 and 4 Ka

ν(heme-bound CO) (cm-1)
ν(photolyzed CO)

(cm-1)

sample A state 290 K 4 K 4 K

wild-type DHP A3 1940 1941 2118, 2135
A1 1951 1941 2124, 2128
A0 1964 1965 2126
As 1969 1972 2122, 2126

H55R 1940 1956
1953 1964
1965 1972
1967

H55V 1954 1954
1967 1963

1970
a Underlined values: TFP was added to the samples.

FIGURE 3: Absorption difference spectra of CO-ligated DHP samples
at (A, B, C) 290 K and (E, F, G) at 4 K. The data (open circles)
were fitted with Gaussians (thin lines), with the sum given by the
bold line. Fractions of A0 (open symbols) and AS (closed symbols)
in wild-type DHPCO as a function of pH at (D) 290 K and (H) 4
K. Lines represent titration curves according to the Henderson-
Hasselbalch relation.
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“S” refers to a conformation with a phenolic substrate present
in the distal pocket. The amplitude of the AS band increases
markedly when the sample pH is lowered to 4.9 (Figure 2A).
The increase in stretching frequency of the AS band relative
to A0 indicates that the influence of the positive partial charge
due to the N-H · · ·OC interaction of H55 is absent because
the distal H55 is in the open conformation, and an additional
negative partial charge has been introduced in the vicinity
of the heme-bound ligand. We suggest that the charge
originates from the π-electron system of the aromatic
substrate, which has entered the distal pocket. The pH
dependence of the AS population (substrate TFP) appears to
be similar to that of A0 (Figure 3D, closed symbols). This
result strongly suggests that only DHP molecules in the A0

conformation can accommodate a substrate and that stabiliz-
ing effects on A0 due to TFP binding are negligible at
ambient temperature.

The distal pocket of the H55R mutant is expected to be
predominantly in the open conformation at pH 7.6 and 5.3,
since R55 is charged and removed from the distal pocket,
as judged from its CO stretching band at 1965 cm-1.
Therefore, one would expect a full occupancy of the pocket
with a phenolic substrate if its binding were only governed
by the protein conformation. However, addition of TFP to
mutant H55R at pH 7.7 induces only a minimal change in
the spectrum. At pH 5.2, however, the CO absorption
maximum shifts from 1965 to 1968 cm-1 (Figure 2B). A fit
of these spectra with Gaussian distributions shows that the
broadening can be attributed to an AS band at 1967 cm-1

with 20% (pH 7.7) and 67% (pH 5.2) of the total area. If
one assumes that only A0 can accommodate the substrate,
its fractional occupancy with substrate amounts to ∼25%
(pH 7.7) and ∼90% (pH 5.3). This pH dependence most
likely reflects the protonation state of the substrate. Consider-
ing a pKa of 7.1 for TFP at 290 K (Supporting Information),
the data imply that preferentially neutral TFP molecules enter
the distal pocket. HRP was also shown to have a higher
affinity for neutral phenols (50).

The spectrum of H55V DHPCO does not reveal any
noticeable changes upon addition of TFP (Figure 2C).
Apparently, introduction of the hydrophobic V55 side chain
completely suppresses substrate entry into the distal pocket,
either because of steric hindrance or increased hydrophobic-
ity. The same negative result was obtained with DCP (data
not shown).

Structural Heterogeneity of the DHP ActiVe Site at 4 K.
In Figure 4, we compare photolysis-induced absorption
difference spectra of wild-type, H55R, and H55V DHPCO
at 4 K. The bands associated with heme-bound CO are
plotted with a negative absorption because these features are
missing after photolysis, whereas the bands representing
the photodissociated CO appear with a positive absorption.
The overall spectral area of the photoproduct bands is ∼20×
smaller than that of the A state bands. For better comparison,
we have scaled all spectra to identical maximum amplitudes.
The absorption bands of heme-bound CO are slightly shifted
compared to the bands at 290 K. The peak positions are
included in Table 2.

The temperature change has noticeably shifted the frac-
tional populations of the distal histidine conformations in
wild-type DHPCO at a given pH (compare the spectra in
the left and right columns in Figure 3 that were taken on

identical samples). The transition occurs gradually between
290 and 200 K (Supporting Information). In this temperature
region, the protein is still flexible, and therefore, large-scale
conformational changes are possible (51, 52). At 4 K, the
protonation of H55 is described by an apparent pKa ) 5.3
(Figure 3D). This result reflects the fact that temperature can
have a marked effect on the protonation of amino acids, here
H55 (53). Another prominent example is MbCO, for which
cooling results in a shift of the protonation equilibrium of
H64 corresponding to an apparent pKa increase of ∼1.2 pH
units in 75%/25% (by volume) glycerol/buffer solution (39).

In the presence of TFP, the AS band at 1972 cm-1 is clearly
visible even at pH 7.3 (Figure 4A), in contrast to the spectrum
at 290 K (Figure 2A). The AS band is also displayed in the
spectrum of wild-type DHPCO after addition of DCP (blue
line in Figure 4A) and TBP (green line in Figure 4A). The
apparent pKa for TFP binding has shifted from 4.5 to 6.2
and thus 0.9 pH unit more than that of H55 (compare Figure
3D and 3H). This finding implies that, upon cooling from
ambient to cryogenic temperatures, the A0 conformation is
stabilized by a few kilojoules per mole by TFP binding. On
the basis of the data obtained with mutant H55R at 290 K,
we have proposed that only neutral substrate molecules enter
the distal pocket. We have verified that the apparent pKa of
TFP increases upon cooling (Supporting Information) and,
therefore, the bound TFP molecules are neutral also at 4 K.

Photolysis difference spectra of H55R DHPCO are plotted
in Figure 4B. The spectrum at pH 7.6 can be modeled with
two Gaussian lines at 1959 and 1966 cm-1, whereas a single
band at 1966 cm-1 suffices to describe the spectrum at pH
5.3. Upon addition of TFP, the AS band (ν ) 1972 cm-1) is
clearly resolved at both pH values (Figure 4B). Additionally,
the spectrum of the pH 7.7 sample is substantially broadened
toward lower wavenumbers.

FIGURE 4: Photolysis difference spectra of DHPCO samples,
calculated from transmission spectra taken before and after 1 s
illumination at 4 K. (A) Wild-type DHPCO. (B) H55R DHPCO.
(C) H55V DHPCO. All spectra were scaled to the same maximal
amplitude. Solid and dotted lines refer to samples without and with
substrate added. Black: TFP, pH ∼7. Red: TFP, pH ∼5. Blue: DCP,
pH ∼7. Green: TBP, pH ∼5.
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The absorption spectra of H55V DHPCO at 4 K can be
fitted with two bands at 1962 and 1970 cm-1 (Figure 4C).
In contrast to wild-type and H55R DHPCO, we did not detect
any AS-like band with a frequency higher than that of A0 at
4 K. Instead, addition of TFP and DCP leads to an increase
of the shoulder at 1962 cm-1 and to a new band at 1954
cm-1.

CO at the Primary Docking Site B. In an earlier study,
we already showed that 1 s illumination of wild-type DHPCO
at 4 K results in ligand migration to a primary docking site
B (30). In analogy to Mb, this site is expected to be in close
proximity to the heme iron (33, 54-59). The stretching
frequency of the photodissociated CO molecule is fine-tuned
by the local electric field at the docking site, which is
governed by different structures of the distal pocket as well
as binding of the phenolic substrate. The photoproduct
spectra can thus provide a second means to probe substrate
binding.

The photolysis difference spectra in Figure 4 reveal
multiple stretching bands in the spectral range of photodis-
sociated CO between 2100 and 2150 cm-1 that overlap
extensively. A priori, an assignment of the bands is not
feasible because they may represent ligands trapped at the
same site but in different protein subconformations, in
different orientations within one site, or even at different
sites. To disentangle the photoproduct bands and associate

them with particular subconformations, TDS measurements
were started immediately after the 1 s illumination at 4 K.
The temperature ramp ensures that rebinding occurs sequen-
tially with respect to the temperature at which the different
processes become activated. In the left (right) column of
Figure 5, we have plotted the absorption changes in the bands
of heme-bound (photolyzed) CO. Black (red) lines indicate
that the absorption increases (decreases) due to rebinding.

Since substrate binding occurs preferentially at low pH,
we present contour plots of wild-type DHPCO samples at
pH 5.6 and 4.7 both with and without TFP. The contour maps
of wild-type DHPCO (pH 7.1), which were published
previously (30), are included in panels A and B of Figure 5
as reference data. From Figure 5A, it is apparent that
rebinding in A1 peaks at 60 K. At the same temperature, the
absorption loss in the photoproduct band at 2128 cm-1 is
maximal, indicating that this band represents photolyzed
ligands at site B in A1 molecules (Figure 5B). Below ∼30
K, we observe a mirror image of black and red contours.
These contours indicate that the photoproduct band at 2128
cm-1 gains amplitude at the expense of the band at 2124
cm-1. This exchange feature has been observed for many
heme proteins and represents ligand reorientation at docking
site B between two opposite orientations. The doublet of
bands at 2124 and 2128 cm-1 arises because the local electric
field at the docking site induces a shift of the CO stretching

FIGURE 5: TDS contour maps of different wild-type DHPCO samples. Data were taken after 1 s illumination at 4 K. Left column: Absorption
changes in the bands of heme-bound CO. Right column: Absorption changes in the photoproduct bands. Contours are spaced logarithmically;
black and red lines represent increasing and decreasing absorption, respectively.
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band (vibrational Stark effect) that depends on the orientation
of the CO with respect to the electric field (33, 54, 55).
Detailed theoretical analyses suggest that the bands at 2124
and 2128 cm-1 are associated with the Fe · · ·OC and
Fe · · ·CO orientations, respectively (33, 55).

In the TDS maps of wild-type DHPCO at pH 5.6, the
features related to A3 dominate. Maximal rebinding in A3

occurs at 40 K (Figure 5C). The corresponding photoproduct
map (Figure 5D) shows an exchange between the bands at
2118 and 2135 cm-1 below 30 K, which is also displayed in
Figure 5B, and rebinding from B2135 at 40 K. Thus, the two
photoproduct bands again appear to constitute a doublet
arising from vibrational Stark splitting; it is assigned to
B(A3). We note that B(A3) in MbCO is also associated with
a doublet of bands that is more widely split than that of B(A1)
(60). In the TDS maps of the wild-type DHPCO sample at
pH 4.7, A0 is the dominant species (Figure 5G). Photodis-
sociated ligands are represented by a single photoproduct
band at 2126 cm-1 although both CO orientations are likely
to occur. A single photoproduct band has also been observed
in Mb mutant H64L (33). These findings suggest that the
interaction between the H55 side chain and the CO ligand
at site B is the main determinant of the Stark splitting. This
interpretation is supported by the photoproduct spectrum of
H55R, which shows a rather broad feature, with only little
structure (Figure 4B). In this context, it seems surprising that
the photoproduct spectrum of H55V DHPCO displays a clear
doublet of bands (Figure 5C). A comparison of the TDS
experiments following 1 s illumination at 4 K and slow
cooling under continuous illumination shows, however, that
the high-frequency photoproduct band is, in fact, a doublet
which represents CO ligands at a secondary docking site
(Supporting Information).

After TFP has been added, the AS band appears. CO
rebinding in AS molecules occurs in two distinct steps at 15
and 32 K, respectively (Figure 5E,I). The corresponding
photoproduct maps in panels F and K of Figure 5 show a
concomitant loss in photoproduct bands at 2122 and 2126
cm-1, which are consequently assigned as B(AS). Ligand
reorientation is not resolved, however, suggesting that the
bulky substrate prevents ligand rotation in site B so that they
may rebind directly at the heme iron from either position.

DISCUSSION

The role played by H55 in the distal pocket of DHP is
strongly analogous to that of the distal histidine of Mb. DHP,
however, has the additional feature that a phenolic substrate
can enter the distal pocket. We have investigated the
conditions for substrate entry using FTIR spectroscopy, with
the CO vibration as a reporter of the electrostatic environment
at the active site. The distal pocket of Mb is optimized for
O2 binding; the hydrogen bond donated to the bound O2 by
the distal H64 discriminates against the binding of CO.
Different orientations of the distal histidine cause confor-
mational heterogeneity at the active site of MbCO, and three
major conformations, denoted as A0, A1, and A3, can be
associated with the CO stretching bands at 1966, 1945, and
1930 cm-1 (15, 36, 47). The observed CO frequency
dispersion is caused by electrostatic interactions, mainly
between the CO dipole and the imidazole side chain of
H64 (39, 40, 49). In the high-pH conformations A1 and A3,

the imidazole is neutral and resides in the distal pocket. The
X-ray structure at 1.2 Å resolution suggests that it is located
more deeply in the heme pocket in A3 than in A1 (46). In
the low-pH conformation A0, the imidazole is protonated (pKa

) 4.5 (49)) and rotated toward the solvent for better
screening of its charge (45).

Our extensive knowledge of the relationship between
structure and spectra in MbCO, including many mutants, sets
the stage for the interpretation of the present results with
DHP. The FTIR difference spectra of DHPCO also show
up to three stretching bands of the heme-bound CO that are
associated with specific active site conformations. In the first
X-ray structures of the ferric form at pH 6.5 collected at
ambient temperature, the H55 side chain was resolved both
inside and outside of the distal pocket, and the heme group
was shifted ∼1.5 Å further into the protein as compared to
Mb (3). As a consequence, the distance between H55 in the
closed conformation and the heme iron is 1.2 Å larger than
in Mb in the room temperature X-ray structure (3). The
greater Fe-Nε distance implies a weaker hydrogen-bonding
interaction between the imidazole side chain and a heme-
bound diatomic ligand, which results in an increased
frequency of the stretching band of A1 in DHPCO (1951
cm-1) compared to MbCO (1945 cm-1). The recent X-ray
structure analysis of aquomet DHP at pH 6.5 and 100 K has
shown a closed conformation, in which the H55 side chain
is located 0.75 Å closer to the heme than in the initial
structure and, therefore, within hydrogen-bonding distance
to either bound H2O or O2 (2). It is logical to extend this
reasoning to bound CO and propose that the closed confor-
mation observed at 100 K is related to the A3 stretching band,
while the one at room temperature is associated with the A1

stretching band. This assignment is supported by the finding
that the fraction of A3 increases slightly upon cooling. The
open conformation, observed in the room temperature X-ray
crystal structure of LaCount et al. (3), is represented by A0.
The pH dependence of the CO band areas implies that the
H55 side chain is protonated in A0 and therefore rotated out
of the hydrophobic pocket.

The A substate bands in MbCO have markedly different
ligand binding kinetics (48, 61). Upon dissociation of a ligand
from the Mb iron at pH 9, where only A1 and A3 are present,
the H64 side chain moves slightly deeper into the distal
pocket and increases the steric hindrance at the heme iron
against immediate geminate rebinding, leading to efficient
ligand escape. Lowering the pH increases the fraction of Mb
molecules with a protonated His side chain (49). The side
chain rotates away from the heme iron and no longer blocks
ligand access (45), and we thus observe less efficient ligand
escape and faster ligand association at low pH (62). The same
effect is obtained by replacing H64 with small aliphatic
amino acids, which causes the association rate coefficients
to increase up to 40-fold (63).

In DHP, the corresponding H55 side chain is further away
from the heme iron than in Mb and is, therefore, expected
to have a smaller effect on the ligand binding kinetics. Figure
1 shows only minor changes in the association kinetics of
DHP upon lowering the pH or replacing H55, which suggests
that H55 plays a relatively small role in controlling ligand
rebinding kinetics. This observation might imply that the
importance of the O2 binding function is different from Mb.
Specifically, the discrimination against CO would be ex-
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pected to be weaker. These differences may be associated
with the fact that DHP has a dual function, but they may
also depend on the specific environmental effects in the
benthic ecosystem where A. ornata is found.

Based on studies of the ability of A. ornata to dehalogenate
the common repellent 2,4,6-TBP, it has been concluded that
dehalogenation is an important secondary physiological
function of DHP. As the initial X-ray diffraction data showed
the substrate analogue p-iodophenol inside the distal pocket
(3), DHP was assumed to process its substrate internally, in
contrast to typical peroxidases such as HRP. This mechanism
would require the substrate to be accommodated in the distal
heme pocket, with either H2O2 or the single oxygen atom
bound to the heme iron at the same time. To model this
scenario, we have probed substrate binding in the presence
of heme-bound CO. After adding TFP to a CO-ligated
sample, a new IR stretching band AS was observed at low
pH, indicating that the local environment of the CO has
changed and that the substrate has indeed entered the pocket.
The area of the AS band increases upon decreasing the pH,
with a pKa of 4.5. The observation of an identical pKa for
the appearance of the A0 conformation strongly suggests that
only the open conformation of DHPCO can accommodate a
substrate molecule inside the distal pocket. This hypothesis
is further corroborated by the substrate binding behavior of
mutant DHPCO H55R (Figure 4B), which is in the open
conformation at all pH values that are relevant here. The
occupancy is not determined by the protein conformation,
but rather by the protonation state of the substrate. The higher
occupancy at low pH indicates that mainly neutral substrate
molecules bind in its distal pocket. Remarkably, H55V
DHPCO does not bind any phenolic substrate because of
steric conflicts or hydrophobicity. We have further confirmed
that binding of TFP in the A0 conformation of MbCO does
not occur (data not shown). In contrast to DHPCO, the
MbCO sample did not exhibit any TFP-related AS absorption
band.

If only the open conformation can accommodate the
substrate, and the substrate has to be within the active site
to be dehalogenated, the peroxidase activity should increase
upon lowering the pH. pH-dependent activity studies on DHP
have shown, however, that the addition of H2O2 at pH <
6.5 leads to significant heme degradation both with and
without substrate present and thus to very low or even no
activity (12). At pH >6.5, H2O2 interacts with the iron and
forms the typical, catalytically active oxo species as required
by the Poulos-Kraut mechanism. One could now argue that,
in the open conformation, the distance between H55 and
heme-bound H2O2 is too large for H55 to act as an acid/
base catalyst (11). In Mb mutant L29H-H64L, where the
histidine-iron distance is 6.6 Å, peroxidase activity is totally
lost, whereas it is ∼11-fold enhanced in double mutant F43H-
H64L; in the latter protein, H43 is 5.4 Å away from the ferric
iron and thus at a distance typical for a peroxidase (64). In
this scenario, one would expect the greatest activity at pH
values below the pKa of the substrate to at least maximize
the fraction of neutral substrate. However, the enzyme
activity is maximal at pH 7.5, which is above the pKa of the
physiological substrate, TBP (12). At pH > 8.5, DHP was
found to be devoid of any peroxidase activity because of
the formation of the methydroxy adduct. Thus, the maximum
activity of DHP does not coincide with maximal substrate

binding in the distal pocket. We conclude that the phenom-
enon of substrate binding in the distal pocket is not required
for dehaloperoxidase function but could possibly play a role
in allostery, in function switching, or perhaps in an alternative
function that has not yet been discovered.

CONCLUSION

The FTIR absorption spectra indicate unambiguously that
there is sufficient room in the distal cavity of DHP for both
a diatomic ligand and a phenolic substrate, provided that the
distal histidine is in the open conformation. This finding
suggests that the observation of substrate in the DHP distal
pocket is not simply an artifact of the X-ray crystal structure.
However, the pH dependence of the effect contributes to the
evidence that the distal pocket is not the active site for
dehaloperoxidase activity.

SUPPORTING INFORMATION AVAILABLE

Temperature-dependent spectra of DHPCO, pH 4.7, optical
spectra of TFP, and TDS contour maps of H55V DHPCO.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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