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ABSTRACT: Dehaloperoxidase (DHP) is a multifunctional
hemeprotein with a functional switch generally regulated by the
chemical class of the substrate. Its two isoforms, DHP-A and DHP-
B, differ by only five amino acids and have an almost identical
protein fold. However, the catalytic efficiency of DHP-B for
oxidation by a peroxidase mechanism ranges from 2- to 6-fold
greater than that of DHP-A depending on the conditions. X-ray
crystallography has shown that many substrates and ligands have
nearly identical binding in the two isoenzymes, suggesting that the
difference in catalytic efficiency could be due to differences in the
conformational dynamics. We compared the backbone dynamics of
the DHP isoenzymes at pH 7 through heteronuclear relaxation
dynamics at 11.75, 16.45, and 19.97 T in combination with four 300 ns MD simulations. While the overall dynamics of the
isoenzymes are similar, there are specific local differences in functional regions of each protein. In DHP-A, Phe35 undergoes a slow
chemical exchange between two conformational states likely coupled to a swinging motion of Tyr34. Moreover, Asn37 undergoes
fast chemical exchange in DHP-A. Given that Phe35 and Asn37 are adjacent to Tyr34 and Tyr38, it is possible that their dynamics
modulate the formation and migration of the active tyrosyl radicals in DHP-A at pH 7. Another significant difference is that both
distal and proximal histidines have a 15−18% smaller S2 value in DHP-B, thus their greater flexibility could account for the higher
catalytic activity. The distal histidine grants substrate access to the distal pocket. The greater flexibility of the proximal histidine
could also accelerate H2O2 activation at the heme Fe by increased coupling of an amino acid charge relay to stabilize the ferryl
Fe(IV) oxidation state in a Poulos-Kraut “push−pull”-type peroxidase mechanism.

1. INTRODUCTION
The internal motions of enzymes can affect a wide range of
functions such as their catalytic turnover, subunit assembly,
allostery, and conformational fluctuations. For example, in
hemoglobin, the binding of oxygen to one of its subunits
causes a conformational change that increases its overall
oxygen affinity, causing it to transition from a low-affinity T
(tense) state to a high-affinity R (relaxed) state.1,2 In the case
of dehaloperoxidase-hemoglobin (DHP), its distal histidine
exhibits allosteric behavior and adopts either an internal
(closed) or a solvent-exposed (open) conformation upon
binding of substrates or other small molecules.3−6 This
allosteric behavior allows DHP to regulate the entrance and
exit of small molecules into its distal cavity. DHP is a
peroxidase enzyme that contains a typical globin fold with an
iron protoporphyrin IX cofactor and primarily acts as an
oxygen transport enzyme in the marine polychaete worm
Amphitrite ornata.7,8 It is a multifunctional hemeprotein that
can also carry out peroxidase, peroxygenase, oxidase, and
oxygenase functions depending on the chemical class of the
substrate (e.g., phenols, indoles, guaiacols, cresols, etc.).7−11 It

is hypothesized that these additional functions of DHP are
adaptations by A. ornata to survive an environment containing
toxic brominated and chlorinated phenolic compounds
originating from secreted metabolites of other cohabiting
organisms and byproducts of anthropogenic activities.7,12−14

DHP can oxidize these toxic compounds and produce lower-
toxicity products, acting as a detoxifying enzyme.
DHP has two isoforms, DHP-A and DHP-B (Figure 1),

which have a 96.4% sequence homology and differ only by five
amino acids (I9L, R32K, Y34N, N81S, and S91G).15 Although
their backbones overlay almost perfectly and possess an almost
identical protein fold, DHP-B has a 2- to 6-fold greater
peroxidase activity chemistry depending on substrate, buffer,
and pH.16,17 Based on kinetic assays of the peroxidase substrate
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2,4,6-trichlorophenol (TCP), horseradish peroxidase (HRP)
has a rate constant of k1 ≈ 106 s−1 for the heterolytic cleavage
of H2O2, while these rate constants are on the order of k1 ≈
104 s−1 for both DHP-A and DHP-B.18,19 The rate constants in
the peroxidase scheme are listed in Figure 2. The primary
difference in activity between DHP-A and DHP-B is in the
electron transfer rate constants, k2 and k3. However, X-ray
crystal structures and enzymatic studies show that both DHP
isoenzymes cocrystallize with the same substrates in similar
ways and that they oxidize peroxidase substrates by the same
mechanism. Although the mechanism of the DHP functional
switch is not currently resolved, a standing hypothesis suggests
that the chemical class of the substrate dictates enzyme
function. For example, phenols are well-known peroxidase
substrates in a wide range of peroxidases, and it has been
shown that DHP is able to switch from an oxygen-binding to a
peroxidase function using phenol binding as a trigger.20 DHP-
B also has much greater peroxygenase activity than DHP-A.
DHP-B oxidizes indoles via a peroxygenase mechanism, while
other substrates, such as cresols, can be oxidized sequentially
via both peroxidase and peroxygenase mechanisms.9,11 Several
spectroscopic studies have been employed to investigate this
phenomenon, but the results lead to a structure−function
conundrum because of ambiguity in the substrate-binding site.

The site of substrate binding in solution is still in question
and may differ substantially from the observed binding in
crystals. While X-ray structures show substrates exclusively
binding inside the distal pocket, there is evidence for the
possibility of both internal and external binding occurring in
solution.16,21−23 We still do not know how much of the
chemistry can occur for substrates internalized in the distal
cavity of the globin, which is now identifiable as a substrate
binding site.11,18,24−26 Various DHP mutants have been
studied to probe the effects of electrostatics and dynamics
on substrate binding. Electrostatic mutants that increase the
negative charge on the surface of DHP-A have revealed a
significant decrease in the rate for oxidation of TCP, which is
also negatively charged at pH 7.27 This raises the question of
how the negatively charged substrate enters the hydrophobic
distal pocket in wild-type DHP. Effects of site mutations on the
distal (His55) and proximal (His89) ligands have been
investigated, and all mutations result in a significant decrease
and in some cases a complete loss of enzymatic activity.5,28

Mutations on the proximal side, near His89, designed to
increase the polarization of the charge relay decreased the
activity instead of making DHP more like a traditional
peroxidase.29 These chemical changes reveal fine-tuning of
the heme Fe active site and accessibility of the substrate (or
inhibitor) to the distal cavity. Dynamic effects are evident in
mutations on neighboring residue Thr56. Smaller amino acids
in this position that increase the flexibility of His55 have been
shown to improve the catalytic rate constant by providing
access to other conformational states unavailable on wild-type
DHP.30 Conversely, Thr56 mutations with bulkier side chains
decrease His55 flexibility and catalytic activity. These studies
suggest that X-ray crystal structures are confined to a restricted
conformational space.
The origin of the differences in catalytic efficiencies between

the isoenzymes is still uncertain despite an extensive study that
investigated the individual and combined effects of the five
differing amino acids totaling 22 possible mutant combina-
tions.31 This study identified the I9L mutation on DHP-A as
the only single-point mutation capable of increasing its

Figure 1. (A) Overlay of DHP-A and DHP-B, (B) DHP-A with its
five different amino acids highlighted, and (C) DHP-B with its five
different amino acids highlighted (PDB 2QFK, 3IXF).

Figure 2. Generic peroxidase reaction scheme of DHP with a trihalophenol (TXP) substrate.
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catalytic turnover rates similarly to those observed in DHP-B.
This observation was surprising because residue 9 is located in
a hydrophobic region of the protein more than 15 Å away from
the heme iron, and the I9L mutation is quite conservative. This
observation led to the hypothesis that differences in conforma-
tional dynamics could be responsible for the differences in the
reactivity between the two isozymes. Stopped-flow UV−visible
spectroscopy and freeze-quench electron paramagnetic reso-
nance (EPR) have provided information on the reactive
intermediates in the peroxidase reaction scheme (Figure 2) for
both enzymes. The latter studies have shown that the initially
formed compound I species rapidly oxidizes one of the five
(DHP-A) or four (DHP-B) tyrosine residues.32,33 Tyr34,
present only in DHP-A, is known to play an important role in
the formation of compound ES in DHP-A at pH 7, while in
DHP-B due to the absence of a tyrosine at position 34, the
tyrosyl radical is initially located on Tyr38.32,34 However, at
pH 5, migration of the tyrosyl radical to Tyr38 has been
observed in DHP-A. Radical migration also occurs at pH 7 but
is significantly slower. A previous enzyme kinetic study
suggested that a lower heme and folding stability in DHP-B
could be responsible for its higher catalytic efficiency due to a
more dynamic structure enabling a higher substrate uptake.17

Dissociation constants for the important substrates 2,4-
dichlorophenol and TCP are both 5 times smaller in DHP-B
than in DHP-A.18

Protein dynamic processes such as allostery, conformational
changes, and catalytic turnover take place on a range of
different time scales, anywhere from fs to hours and in some
cases up to days or even longer.35−45 Nuclear magnetic
resonance (NMR) spectroscopy is a versatile technique that
can provide information about a protein’s structure and
dynamic behavior at an atomic level over a wide range of time
scales by measuring the relaxation rates of individual nuclei. In
the study presented in this article, the measurable parameters
are T1, T2, and the steady-state NOEs of each backbone amide
group. These NMR experiments can probe motions in the ps−
ns range, and in some cases, they can help identify residues
undergoing slower motions in the μs−ms time regime.
Motions on a faster time scale can provide information
about the rate and amplitude of internal motions relative to
protein tumbling, while motions in the slower range can
provide information about the population of different
conformational states due to chemical exchange. NMR studies
of conformational dynamics have been used to study the
dynamics of oxygen capture by red blood cells, the dynamics of
heme axial ligands, and even how differences in flexibility
between the deoxy and carbonmonoxy forms of hemoglobin
affect conformational exchange processes and allosteric
pathways.46−49 We hope that a similar approach will bring
similar insight into the structure−function conundrum of DHP
as well as the difference in catalytic efficiencies of its
isoenzymes.
Prior to this study, only DHP-A had been studied by

utilizing NMR spectroscopy.22,50,51 Previous one-dimensional
NMR studies using paramagnetic shifts in the metcyano form
Fe(III)CN provided an overall description of this isoenzyme in
the presence and absence of substrates and inhibitors. Its
backbone relaxation dynamics were also studied by means of
the model-free analysis, providing a general dynamic picture of
the backbone flexibility, internal motions, and rates of chemical
exchange in DHP-A.51 The objective of this comparative NMR
dynamics study is to complement the DHP-A findings with

insights from DHP-B and capture the full dynamic picture of
both DHP isozymes.

2. MATERIALS AND METHODS
2.1. Protein Expression, Labeling, and Purification.

The following protocol was developed using an 15N/13C
isotope uniform labeling protocol and previously established
DHP expression and purification protocols.22,52,53 The pET-
16b plasmid containing the 6xHis-tag DHP gene was freshly
transformed into chemically competent BL21-(DE3) E. coli
cells. The cells were plated onto LB agar plates with 100 μg/
mL ampicillin (Amp) and incubated at 37 °C for 16 h. Single
colonies were isolated and used to inoculate 5 mL × 24 LB
broth starter growths with 100 μg/mL Amp. These were
incubated in a shaker for 16 h at 37 °C and 250 rpm. Then 10
mL of starter growths were transferred to 1 L × 12 of
uniformly isotopically labeled 15N growth media containing
100 mL M9 minimal media (60 g Na2HPO4, 30 g KH2PO4, 5 g
NaCl, 5 g 15NH4Cl per liter), 10 mL of a trace elements
solution (5 g EDTA, 0.83 g FeCl3, 84 mg ZnCl2, 13 mg CuCl2,
10 mg CoCl2, 10 mg H3BO3, 1.6 mg MnCl2 per liter, pH 7.5),
2 g D-glucose, 1.2 g MgSO4, 33.3 mg CaCl2, 10 mg biotin, 10
mg thiamine, 100 mg hemin, and 100 mg Amp. For uniformly
labeled 15N,13C protein D-glucose was substituted for D-
glucose-13C6. These cultures were incubated in a shaker for 8 h
at 37 °C and 250 rpm. The cells were induced with 1 mL of
750 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) per
liter and allowed to incubate for another 12 h at 25 °C and 250
rpm, and then they were collected via centrifugation at 4 °C
and a relative centrifugal force (RCF) of 2085 for 30 min. The
cell pellet was resuspended in 200 mL lysis buffer (50 mM KPi,
20 mM imidazole, pH 7.4), 10 mg lysozyme, 2 mg soybean
trypsin inhibitor (STI), 15 mg phenylmethylsulfonyl fluoride
(PMSF), 2 mg tosyl phenylalanyl chloromethyl ketone
(TPCK), and 1 mL Triton X-100. The cell slurry was stirred
at 4 °C for 1 h and sonicated using eight cycles of a 3 min 20
kHz wave pulse (1.0/0.5 s) followed by a 5 min delay.
Supernatant containing His-tagged DHP was collected via
centrifugation at 4 °C and an RCF of 26960 for 30 min. The
supernatant was loaded and purified at 4 °C in a Ni-NTA
agarose column; washed with a 50 mM KPi, 20 mM imidazole,
300 mM NaCl, pH 7.4 buffer; and eluted with a 50 mM KPi,
150 mM imidazole, 300 mM NaCl, pH 7.4 buffer. The isolated
protein was oxidized to ferric DHP by excess 100 mM
K3[Fe(CN)6] followed by dialysis against 10 mM KPi pH 7.
The protein was further purified in a CM-52 cation exchange
column using 10 and 50 mM KPi pH 7 as washing and elution
buffers, respectively. Only fractions of purified protein with Rz
≥ 3.5 were utilized for analysis. The Rz value is the ratio of the
Soret band absorbance at 406 nm to the aromatic amino acid
band at 280 nm.

2.2. NMR Sample Preparation. Ferric DHP was
concentrated to 1 mM (ε407 nm = 116400 M−1·cm−1) and
mixed with 10-fold excess KCN to obtain the metcyano form
of DHP.54 This is a paramagnetic six-coordinate low-spin
(6cLS) S = 1/2 species that produces less dispersed and
broadened resonances than the six-coordinate high-spin
(6cHS) S = 5/2 metaquo form of DHP.22 Samples were
loaded into 5 mm matched D2O Shigemi NMR tubes.

2.3. Instruments and Experimental Parameters. Water
suppression was achieved using excitation sculpting with
gradients.55 Assignments of the backbone amide resonance
of DHP-B were resolved from HNCO, HNCACB, CBCA-
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(CO)NH, and 1H−15N HSQC spectra acquired at 16.45 T
(700 MHz for 1H spins) on a Bruker Avance NEO
spectrometer equipped with a TCI cryoprobe.56−64 The
relaxation dynamics experiments of DHP-B were performed
at 11.75 T (500 MHz) on a Bruker Avance NEO spectrometer
equipped with a CPP BBO Prodigy cryoprobe at 16.45 T on a
Bruker Avance III instrument and at 19.97 T (850 MHz) on a
Bruker Avance III HD instrument, both equipped with a TCI
cryoprobe. The relaxation dynamics of DHP-A were done at
11.75 T on a Bruker Avance III HD equipped with a PATXI
probe and the previously mentioned 16.45 T Bruker Avance III
and 19.97 T Bruker Avance III HD spectrometers. All spectra
were recorded at 298 K in 100 mM KPi pH 7 buffer with 10%
D2O. The T1 and T2 experiments had a 3 s recovery delay and
relaxation delays equal to {0.1, 0.2, 0.3, 0.5, 0.7, 0.9, 1.1, 1.4,
1.7} s for the measurement of T1 and {17, 34, 51, 68, 85, 102,
136, 170} ms for the measurement of T2. The {1H}−15N NOE
experiments were recorded with and without 1H saturation
with a recovery delay of 10 s.
2.4. NMR Data Processing and Analysis. All spectra

were processed using NMRpipe and visualized with NMRFAM-
SPARKY.65,66 POKY software was used to calculate the
longitudinal (R1) and transverse (R2) relaxation rates, the
steady-state NOE values, and their respective error values.67

The relaxation rates were obtained by fitting a single
exponential decay function of the form =I t I e( ) R t

0
n , where

I(t) is the intensity after a delay of time t, I0 is the initial
intensity, and Rn is the relaxation rate (R1 or R2). The steady-
state NOEs were calculated by the ratio of the average
intensities of the peaks with and without 1H saturation. The
errors in the relaxation rates were calculated from the
covariance matrix, while the errors in the NOEs were
determined by using the root-mean-square value of the
background noise.
2.5. Model-Free Analysis. The model-free formalism,

developed by Lipari and Szabo and later extended by Clore et
al., was applied to the relaxation data to extract information
about the overall tumbling and internal motions of DHP at
different time scales.68−70 It accomplishes this by optimizing
the parameters of the spectral density function using various
diffusion models and choosing the best fitted model for each
individual 1H−15N bond vector. Since the overall protein
tumbling and its internal motions occur on different time
scales, the global correlation function C(t) can be factored into
two correlation functions describing each motion as

=C t C t C t( ) ( ) ( )O I (1)

=
=

C t c( )
1
5

e
i k

k

i
t

O
/ i

(2)
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I

2 2 / e (3a)

= +1
m

1
e

1 (3b)

where CO(t) and CI(t) are the correlation functions describing
the overall protein tumbling and the internal motions of the
bond vectors, respectively; ci and τi are the coefficients and
correlation times of the exponential terms; S2 is the generalized
order parameter with values in the range of [0, 1] that
describes the amplitude of the motion of a H−N bond vector;
τe is the effective correlation time associated with the rate of
the motion of individual bond vectors; and τm is the

correlation time associated with the overall protein mo-
tion.68,69 When the correlation function CI(t) fails due to the
internal motions having both fast and slow components, the
extended model-free model is used instead. In this model, the
correlation function is redefined as
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where the faster internal motions (< 200 ps) are described by
Sf2 and τf and slower motions are described by Ss2 and τs, with
τf < τs < τm.70,71 Spectral density functions J(ω) are the Fourier
transform of the correlation functions, and they represent the
probability of finding motions at a given angular frequency ω
attributed to the relaxation of 15N in the 1H−15N bond vector
(or 13C in a 1H−13C bond vector).68,72,73 Thus, the spectral
densities evaluated at various frequencies can be used to
reconstruct the autocorrelation function of each bond vector to
obtain information about internal dynamics. The Fourier
transform of eqs 3a and 4a yields the following model-free
spectral densities:74,75
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An analysis of the relaxation dynamics of DHP was carried out
using the extended model-free approach as implemented in the
eMF (easy Model Free) software developed by Sung-Hung
Bae.76 An overall axially symmetric rotational diffusion tensor
was optimized using bond vectors with NOE > 0.65, a
chemical shift anisotropy value of −172 ppm, and an average
amide H−N bond distance of 1.02 Å. The best fitting model
for each bond vector was selected by the Akaike information
criteria (AIC) after the exclusion of unrealistic models
containing S2 > 1, τe < 0, or Rex < 0, and the error propagation
of the model-free parameters were determined by 500 Monte
Carlo simulations.

2.6. Molecular Dynamics and Trajectory Analysis.
Molecular dynamics (MD) simulations were performed in
NAMD with the CHARMM36 additive all-atom force field
parameters.77−96 The carbonmonoxy form of DHP is
isoelectronic with metcyano DHP and was used for the
simulations since the carbonmonoxy parameters have been
more extensively validated and are considered sufficient for the
purpose of simulating backbone dynamic motions. As
previously mentioned, His55 exhibits allosteric behavior
between two conformations: a closed conformation corre-
sponding to a 6cHS heme iron and an open solvent-exposed
conformation corresponding to a 5cHS heme iron (Figure 3).6

In the absence of substrate or ligand, resonance Raman data
shows that His55 in metaquo DHP is in equilibrium between
the two conformations, with approximately 60% in the closed
conformation and 40% in the open conformation.4 We
simulated both His55 conformations to assess their influence
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on the relaxation dynamics. Models were constructed using X-
ray crystal structures of wild-type DHP (PDB 2QFK, 3LB1,
and 3IXF) centered and solvated in a unit cell of dimensions
50.5 Å × 57.2 Å × 60.7 Å. The structures were ionized and
neutralized by adding K+ and Cl− ions to simulate a 100 mM
ionic strength solution. This ionic composition was chosen
because studies of DHP are normally performed in 100 mM
potassium phosphate buffer. Periodic boundary conditions
were applied with an interaction cutoff of 12 Å and a force
switch smoothing function from 10 to 12 Å. Timesteps were
set to 2 fs, and full electrostatic interactions were calculated
using the particle mesh Ewald method on every other step.97

Langevin dynamics with a damping coefficient of 1.0 were
applied to all non-hydrogen atoms. Structures were minimized
and equilibrated for 5 ns prior to all simulations, and
trajectories were analyzed from 300 ns of simulation time.
The carma software was used to remove global rotational−
translational motions from the simulation trajectories.98 Unit
vectors of the backbone amide bond vector were extracted and
analyzed by means of the NMR analysis module of CHARMM
to calculate the bond autocorrelation function of internal
motion and square generalized order parameters.99−101

3. RESULTS
3.1. Backbone Assignment of Dehaloperoxidase B.

Backbone 13Cα, 13Cβ, carbonyl 13C, and amide 1H and 15N
resonances of metcyano DHP-B were assigned from CBCA-
(CO)NH, HNCACB, HNCO, and 1H−15N HSQC experi-
ments. A total of 119 out of 137 (87%) backbone residues
were assigned. The quality of the 1H−15N HSQC spectrum
(Figure 4) shows good peak dispersion with minimal peak
overlap. All assigned resonances are presented in Table S.1
along with previously assigned resonances of metcyano DHP-
A.

3.2. Relaxation Dynamics. NOE values and relaxation
rates of both DHP isoenzymes are presented in Figure 5. A
total of 113 residues have assigned resonances in both DHP-A
and DHP-B, thus those are the ones that will be compared
(Δvalues) in the following sections. Both R1 and R2 relaxation
rates are generally similar among the isoenzymes, with the
exception of Phe35. Overall, both DHP isoenzymes exhibit
similar steady-state {1H}−15N NOEs with the lowest values in
the EF and GH loop regions, with average values of less than
0.30 and 0.50, respectively. These low NOE values could be
due to the bond vectors either partaking in chemical exchange
or undergoing motions faster than the overall tumbling of the
protein. In DHP-A, the NOE of residue Phe35 could not be
measured, and the measurement of its T2 was challenging,
possibly due to chemical exchange. Comparison of the HSQC
data at the three magnetic fields in this study provides evidence
of a peak splitting that may arise from slow chemical
exchange.102,103 As observed in Figure 10, this effect is more
evident at higher fields. Although R1 is similar for both peaks,
R2 differs considerably, suggesting two conformations with
different relaxation rates. This behavior of Phe35 in DHP-A
was observed to be anomalous in a previous relaxation
dynamics study, but the significance of a slow chemical
exchange became evident only at 19.97 T.51

3.3. Spectral Densities and Consistency Testing.
Experimental relaxation parameters R1, R2, and {1H}−15N

Figure 3. Open and closed conformations of His55 in DHP-B (PDB
3IXF).

Figure 4. 1H−15N HSQC backbone assignments of metcyano DHP-B in 100 mM KPi, pH 7 with 10% D2O at 298 K and 16.45 T.
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NOE are a direct measurement of the spectral density, J(ω),
and each of these parameters can be expressed as a linear
combination of the spectral densities J(0), J(ωH), J(ωN), and
J(ωH ± ωN).

68,104,105 Small variations in instruments, sample
acquisition, and conditions can introduce artifacts that result in
inconsistent relaxation data collected in different magnets and
magnetic fields, providing an incorrect characterization of the
dynamics in the model-free analysis.106 Consistency between
data sets can be verified by calculating the spectral density of
every bond vector at the zero frequency, which is independent
of the magnetic field. Correlation of the J(0) values at different
magnetic fields is shown in Figure 6. The consistency tests for
DHP-A show that the relaxation data at 19.97 and 16.45 T are
consistent with each other but not with the data at 11.75 T.
Therefore, the latter were not included in the model-free
analysis for this isoenzyme. It is possible that data obtained at
11.75 T for DHP-A are inconsistent with the other two fields
because the magnet used was not equipped with a cryoprobe
like the others. All magnets used for measuring DHP-B
dynamics were equipped with cryoprobes. Consistency tests
for DHP-B showed that all data sets are consistent with each
other, but their values shift in a field-dependent manner. The
shift could be caused by slow motions in the μs−ms time

regime like chemical exchange, which are known to affect R2 in
this manner.105−109 All data sets of DHP-B were used in the
model-free analysis.

3.4. Model-Free Analysis. Prior to application of the
model-free analysis, the T1/T2 ratio was used to estimate τm
and the generalized order parameter for each bond vector as a
final data quality check. This can help identify spins that might
be exchange broadened and result in unrealistic S2 values,
which could prevent the model-free analysis from converg-
ing.110−112 The estimated τm and theoretical S2 values at all
magnetic fields are shown in Figure 7, where the values of τm
increase clockwise along each curve (starting at the bottom
right). Most residues were estimated to have reasonable S2
values, except Phe123 in DHP-A at 19.97 T and Lys51 in
DHP-B at 11.75 T. These two minor violations notwithstand-
ing, no spins were omitted from the model-free analysis.
Parameters obtained from the model-free analysis are shown

in Figure 8. Differences in the overall tumbling correlation
times of the two isoenzymes are negligible, with τm values of
9.52 ± 0.01 and 9.50 ± 0.01 ns for DHP-A and DHP-B,
respectively. Additionally, the average S2 values show that both
isoenzymes have similar overall flexibility, with an average
value of 0.84 ± 0.02 in DHP-A and 0.85 ± 0.02 in DHP-B. For

Figure 5. R1, R2, and NOE data of DHP-A (left) and DHP-B (right) measured at 11.75, 16.45, and 19.97 T. DHP α-helical regions are shown at
the top. (A) R1 values of DHP-A, (B) R1 values of DHP-B, (C) R2 values of DHP-A, (D) R2 values of DHP-B, (E) NOE values of DHP-A, and (F)
NOE values of DHP-B.

Figure 6. Correlation plots of the calculated J(0) values for the consistency testing of DHP-A and DHP-B between data sets at (A) 19.97 and 16.45
T, (B) 19.97 and 11.75 T, and (C) 16.45 and 11.75 T.
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Figure 7. Experimentally determined T1 vs T2 for 1 mM DHP isoenzymes overlaid with predicted model-free values of S2 order parameter values.
Predicted S2 from experimental data of DHP-A at (A) 19.97 T and (B) 16.45 T and for DHP-B at (C) 19.97 T, (D) 16.45 T, and (E) 11.75 T.

Figure 8. Comparison of NMR relaxation parameters between DHP-A and DHP-B obtained from the model-free analysis. (A) Generalized order
parameter S2, (B) differences in S2 values, (C) rate of chemical exchange Rex, (D) differences in Rex values, (E) effective correlation times τe, and
(F) differences in τe values. Values of ±2σ and ±1σ are represented by purple dashed lines in panels B, D, and F.
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a residue-to-residue comparison of all relaxation parameters,
values with a difference greater than 2σ are considered
significant. The lowest S2 values in both isoenzymes were
located in the GH loop region, where the lowest NOE values
were also observed. S2 is inversely proportional to a spherical
cone of motion accessible to the amide (N�H) bond vector.
S2 = 1 would mean the N−H bond vector has a unique
projection and is rigid, and S2 = 0 means that the vector can
access the entire sphere. The term flexibility is used to
qualitatively describe the change in ΔS2. The most significant
ΔS2 (2σ = 0.14) was observed in Ser48, where the S2 value was
0.26 smaller in DHP-A. This 26% decrease in S2 indicates that
Ser48 exhibits a greater flexibility in DHP-A. The second most
significant ΔS2 was observed at His55 (distal histidine) which
was 18% smaller in DHP-B. All other residues with significant
ΔS2 are highlighted in Figure 8B. From these, we bring
attention to His89 (proximal histidine) which had a 15%
smaller S2 in DHP-B. This shows that both distal and proximal
histidines, key residues in the peroxidase catalytic cycle of
DHP, are significantly more flexible in DHP-B. In contrast to
DHP-B, many residues in DHP-A appear to undergo chemical
exchange. Due to the identical experimental conditions, these
differences were attributed to differences in conformational
dynamics between the isoenzymes. The most significant
difference in the rate of chemical exchange, ΔRex (2σ =
0.93), was observed in Asn37. It had an Rex of 2.56 s−1 in
DHP-A, but it did not undergo chemical exchange in DHP-B.
This was the largest chemical exchange rate observed in either
isoenzyme. In contrast, the largest Rex observed in DHP-B was
in Glu31 with 0.71 s−1. Additionally, Gly91 in DHP-B, one of
the five differing residues between the isoenzymes, has an Rex
term, but the corresponding Ser91 in DHP-A has no assigned
resonance; thus, a comparison between the two is not possible.
None of the other four differing residues appear to undergo
chemical exchange in either isoenzyme. The effective
correlation times (τe) show that more bond vectors undergo
slower motions in DHP-B than in DHP-A. Most notably,
Leu76 has a τe of 29 ns in DHP-B, meaning that its motion is
about 3 times slower than the overall tumbling motion of
DHP-B. This residue is located at the terminus of α-helix F in
the dimer interface. The other residue with significant Δτe (2σ
= 6.5) is His89, which is ∼9 ns slower in DHP-B than in DHP-
A. Since His89 was predicted to be 15% more flexible in DHP-
B, the observations correspond to a simultaneous greater range
of but slower motion of this residue in DHP-B. These
observations may be related to the fact that DHP-B has a lower
folding stability than DHP-A and heme loss is the first step in
protein unfolding.17

3.5. MD Simulations. The generalized order parameter
can also be approximated from MD trajectories by removing
the overall translational and rotational motions of the protein
and obtaining the correlation function for each bond vector.
The motions were removed by fixing the Cα positions in a
reference frame and superimposing and aligning the trajectory.
In the NMR analysis module of CHARMM, the spectral
density is defined as

= · *J Y t t Y t t( ) ( ( ) ( )) ( (0) (0)) cos( ) dn n n
0

2 2

(7)

where Yn2(θ(t)ϕ(t)) are second-order spherical harmonics and
the angular brackets are the internal correlation function of the
nth bond vector.104,113 The spectral density can be simplified to

=J C t t t( ) ( ) cos( ) d
0

I (8)

with the internal correlation function and the generalized order
parameter defined as

= [ · +C t A P t t t( ) ( ) ( )I 2 (9)

=S C tlim ( )
t

2
I (10)

where P2 is the second Legendre polynomial and μ(t) and μ(t
+ t′) are unit vectors corresponding to the orientation of the
bond vector at times t and t + t′ over the trajectory and the
generalized order parameter is approximated from the
convergence of the correlation function.114,115

The S2 parameters calculated from 300 ns MD trajectories
are shown in Figure 9 for the two allosteric isomers of His55 in

each isoenzyme. The allosteric behavior of His55 has been
observed by X-ray crystallography, and it depends on
conditions of ligation and inhibitor or substrate binding.3

The closed conformation (His55in) consists of His55
positioned inside the distal pocket within the hydrogen
bonding distance of bound ligands such as O2, F−, and
CN−.24,116,117 The open conformation (His55out) consists of
His55 in a solvent-exposed position, and it is observed in the
deoxy heme and, surprisingly, in the CO structure of DHP-
A.3,6 Since the time required for conversion from one
conformation to the other is beyond the MD simulation

Figure 9. Effects of the allosteric behavior of His55 on S2 values in
both DHP-A and DHP-B determined from 300 ns MD trajectories.
(A) Effects of the His55 conformation in DHP-A, (B) effects of the
His55 conformation in DHP-B, (C) effects of His55in in both DHP
isoenzymes, and (D) effects of His55out in both DHP isoenzymes.
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time scale, both conformations were studied separately to
obtain a complete understanding of the relevant conforma-
tional space. Simulations predict that the orientation of His55
has a greater impact on the S2 values in DHP-A than in DHP-
B. The three most significantly affected residues (2σ = 0.08) by
the His55 orientation in DHP-A were Gly112, Lys36, and
Ser91 with changes in S2 of 19−21%. Additionally, a majority
of residues in α-helix C (residues 29−39) were significantly
affected, and the closed conformation of His55 causes a
decrease in S2 in that region of 10−20%. In DHP-B, the three
most significantly affected residues (2σ = 0.04) are Gly91,
Met136, and Gly11 with their S2 values changing by 8−13%.
Comparing the two DHP isoenzymes, the α-helix C region is
the most different and it is more flexible in DHP-A regardless
of the orientation of His55.
The largest difference by far in interisozyme dynamics was

observed at residue Phe35. The adjacent amino acid at
position 34 is asparagine in DHP-B and the primary tyrosyl
radical site in DHP-A at pH 7. At higher field, the Phe35
resonance appears to be a double peak in DHP-A. A single
broadened peak is observable at 11.75 T, but a splitting into
two peaks is increasingly distinguishable at 16.45 and 19.97 T
as shown in Figure 10. This splitting indicates that Phe35 is in

slow chemical exchange between two conformational states,
Phe35κ1 and Phe35κ2, in DHP-A. The T1 and T2 decays of
both states at 16.45 and 19.97 T are shown in Figure S1.
Relaxation rates of Phe35 in both isoenzymes are summarized
in Table 1. The two conformations of Phe35 in DHP-A have
R1 rates comparable to those observed in DHP-B. However,
the R2 rates show that the Phe35κ2 conformation relaxes about
an order of magnitude slower in comparison to Phe35 in DHP-
B, while the Phe35κ1 conformation relaxes so rapidly that the
rate could not be reliably fitted to an exponential function.

4. DISCUSSION
The results of relaxation dynamics experiments show relatively
few areas of difference in the protein dynamics of DHP-A and
DHP-B. This is not surprising given the overall structural
similarity of the two isozymes. However, there are a few
important differences in order parameters, which report on the
relative freedom of motion of amide bonds. The largest
difference is in residue Ser48 with a 26% smaller S2 in DHP-A,
and its value of 0.672 ± 0.020 is indicative of a relatively
disordered residue. Ser48 is located on the surface of DHP in
the DE turn region. Next are His55, Met64, and His89 with
15−18% smaller S2 values, indicating greater flexibilities in
DHP-B. On the other hand, MD simulations predicted that the
α-helix C region (residues 29−39) is where the dynamics of
the two isoenzymes significantly differ. This entire region is
predicted to have lower S2 values in DHP-A, especially residue
Lys36, with a 31% smaller value. A complete listing of R1, R2,
NOE, and S2 values calculated from NMR and MD simulations
is provided in Tables S.2−S.5.

4.1. Effects of Chemical Exchange. The two isozymes
have a systemic difference in their chemical exchange rates. A
total of 23% of the assigned residues in DHP-A have an Rex
term, while only 7% do in DHP-B. Additionally, the average
exchange rate in DHP-A is 2.3-fold greater than in DHP-B, and
the largest rate was observed in Asn37 in DHP-A. Finally, there
is a significant difference in the relaxation of Phe35 that is
attributed to the presence of slow chemical exchange in DHP-
A. These findings are likely to be important for the enzyme
function given (1) the proximity of Phe35 to residue 34, which
is Tyr34 in DHP-A and Asn34 in DHP-B, as well as (2) the
proximity of Asn37 to Tyr38 in both enzymes. This is because
the formation of tyrosine radicals plays a major role in the
deactivation and cross-linking pathways that compete with the
enzymatic reactivity in DHP.
In proteins, chemical exchange often involves relatively slow

processes such as conformational fluctuations, dimerization,
and even substrate binding.107,118 For example, there is
evidence of a dynamic dimerization equilibrium of DHP in
solution. Although DHP is known to exclusively crystallize as a
dimer, a SAXS study showed that it is approximately 10%
dimeric in solution.119 In X-ray crystal structures, the dimer
interface is observed between the α-helix H of one monomer
subunit and the EF loop region of the other, involving residues
Tyr71, Asp72, Arg122, and Asn126.120 This region is where
the lowest NOE values were observed for both isoenzymes;
thus, it is reasonable to propose that these are a consequence
of transient dimerization in solution since low NOE values are
typically observed in the presence of rapid motions or chemical
exchange. Chemical exchange cannot be directly measured
from NOE or relaxation rates; however, it can be observed
indirectly owing to a shortening of T2.

102,107,118

Figure 10. HSQC spectra of DHP-A showing Phe35 (resonance in
blue) recorded at different fields. (A) Spectrum recorded at 11.75 T,
(B and C) spectra recorded at 16.45 T, and (D) spectrum recorded at
19.97 T. Panel C shows data collected in our previous dynamics
study.51

Table 1. Relaxation Rates of Phe35 in DHP-A and DHP-B
at 16.45 and 19.97 T

B0 (T) State R1 (s−1) R2 (s−1)

16.45 DHP-A κ1 1.47 ± 0.35 a

κ2 1.27 ± 0.31 1.19 ± 0.44
DHP-B - 1.21 ± 0.02 12.95 ± 0.47

19.97 DHP-A κ1 0.90 ± 0.26 a

κ2 0.87 ± 0.25 1.05 ± 0.44
DHP-B - 1.04 ± 0.02 13.98 ± 0.29

aFitting not possible.
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Both NMR dynamics data and MD simulations show that
chemical exchange is important in Phe35 in DHP-A despite
the fact that the available DHP-A and DHP-B X-ray structures
showed Phe35 in a single conformation (Figure 11).

Nonetheless, measurement of the Phe35 Cα−Fe distance
over the 300 ns MD trajectories in DHP-A (Figures S.2 and
S.3) supports the hypothesis that Phe35 has two conforma-
tions but only when His55 is in the closed conformation. The
two conformations have Phe35 Cα distances of approximately
9.1 and 10.4 Å away from the heme iron. Extracted structures
from the MD trajectories (Figure 12) show that the increase in

the Phe35 Cα−Fe distance is caused by a swinging motion in
Tyr34 that causes its Cα to push the Cα and side chain of
Phe35 toward the inside of the distal pocket. These motions
are mainly coupled through the backbone. This secondary
structure of Phe35 is not observed in DHP-A when His55 is in
the open conformation or in DHP-B with either His55
conformation. In DHP-B, the average Phe35 Cα−Fe distance is
9.0 Å. Moreover, DHP-B Asn34 is in the same position as the

DHP-A Tyr34 conformation, which does not displace Phe35
(Figure 12B). It appears that Tyr34 might have a swinging
motion in solution, which is not observed in X-ray structures
due to crystal packing limitations (Figure 11). The NMR
dynamics data reveal motions in DHP that are not evident in
X-ray structures, as observed in other proteins, such as the flap
dynamics observed in HIV-1 protease and the allosteric
cooperativity network in the catalytic subunit of protein kinase
A.121−123

His55 exists in a 60:40 equilibrium between its closed and
open conformations when water is bound to the heme iron. A
resonance Raman study showed that His55 adopts an open
conformation upon binding of parahalogenated phenols
(inhibitors) in the distal pocket, while trihalogenated phenols
(substrates) cause it to adopt a closed conformation.21 The
NMR samples contain metcyano DHP with CN− bound to the
heme iron, and it is therefore likely that His55 is in the closed
conformation as observed in X-ray crystal structures.116

Consequently, the experimentally observed slow chemical
exchange at Phe35 could be due to the Tyr34/Phe35
conformational states seen in the MD simulations. Exper-
imental S2 values show that Tyr34 in DHP-A has an 8% greater
value than the corresponding Asn34 in DHP-B. Moreover,
Tyr34 has a more rigid side chain than Asn34, which could
explain the coupling of its motion to Phe35. Asn37 in DHP-A
also had the largest Rex (2.6 s−1) of any residue in either
isoenzyme. There is no Rex term associated with Asn37 in
DHP-B, meaning that this residue undergoes fast chemical
exchange in DHP-A relative to that in DHP-B. Asn37 is
adjacent to Tyr38, the primary tyrosyl radical in DHP-B at
both pH 7 and 5 and in DHP-A at pH 5.32,34 It is possible that
the fast chemical exchange of Asn37 could interfere with the
tyrosyl radical formation at Tyr38 in DHP-A at pH 7, which is
the pH studied in this work. MD simulations also showed the
greatest ΔS2 at Lys36, which is estimated to be 31% smaller in
DHP-A. Unfortunately, there is no assignment of Lys36 in
DHP-A to make a comparison with experimental data. These
observations suggest that the region between the functionally
important Tyr34 and Tyr38 could be involved in conforma-
tional changes in DHP-A that negatively impact the tyrosyl
radical formation with a concomitant decrease in catalytic
efficiency.

4.2. S2 Order Parameters at Key Sites. Generalized
order parameters of the five differing residues in DHP-A and
DHP-B and flanking residues are listed in Table 2. Only four of
the five differing amino acids can be compared because Ser91
in DHP-A has no assigned resonance. The greatest ΔS2 was
observed at R32K followed by Ala80 and N81S with values 9−
13% smaller in DHP-B; however, these differences are within
the 2σ region for changes in S2 (2σ = 0.14) and are not
considered to be significant. In a previous mutational study of
DHP-A, the I9L mutation was identified as the only one
capable of increasing the catalytic turnover to rates similar to
those observed in DHP-B.31 Despite its pivotal role in the
difference in reactivity between the isoenzymes, neither the X-
ray structures nor the NMR dynamics experiments have
elucidated the reasons for the effect of the I9L substitution on
catalytic turnover rates. There are also no significant dynamics
in the region surrounding Tyr38 in DHP-B in any way
comparable to the rapid chemical exchange of Asn37 in DHP-
A. This chemical exchange could impact the tyrosyl radical
formation at Tyr38 in DHP-A, which may explain why Tyr34
is the favored radical site at pH 7. Tyr34 is believed to play an

Figure 11. Overlay of all available X-ray structures DHP-A (red) and
DHP-B (blue) with a focus on residue 34 and Phe35.

Figure 12. Conformations of residue 34 (red) and Phe35 (blue) from
every 10000th frame of the 300 ns MD trajectory of (A) DHP-A with
His55in, (B) DHP-A with His55out, (C) DHP-B with His55in, and (D)
DHP-B with His55out.
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important role in the formation of compound ES, which can
decay into an inactive ferric species called compound RH.124

The structure of compound RH is not known, but it is a ferric
species believed to involve a protein cross-link similar to those
observed in myoglobin and cytochrome c peroxidase.34,124,125

These two crucial tyrosine radical intermediates play a
significant role in differences in substrate oxidation kinetics
via a peroxidase mechanism in DHP isozymes. There is
unfortunately no assigned resonance for Tyr38 on DHP-B for a
direct comparison with DHP-A.
Finally, the NMR dynamics inform on the function of the

crucial conserved histidines found in both isozymes, the distal
histidine (His55) and the proximal histidine (His89)
presented in Table 3. In an X-ray crystallographic study, it

was proposed that the S91G substitution in DHP (Ser91 in
DHP-A and Gly91 in DHP-B) could increase the flexibility of
the proximal histidine in DHP-B because its His89−Fe bond is
0.07 Å longer.120 The proximal histidine is the axial ligand to
the heme iron, which is bonded through the lone pair of
nitrogens at Nε. Therefore, the Nε−Fe bond plays an
important role in the heterolytic O−O bond cleavage needed
for the formation of compound I in DHP. This bond cleavage

is accomplished by a classical peroxidase push−pull Poulos-
Kraut mechanism, where the distal ligand provides the pull and
the proximal ligand provides the push.126 Although we cannot
directly compare the differences in S91G because of the
missing assignment of Ser91 in DHP-A, the experimental
results show that His89 has a 15% smaller S2 value in DHP-B.
Its value of 0.664 ± 0.123 suggests that the proximal histidine
is relatively disordered in DHP-B, supporting the previously
proposed higher flexibility of His89 in DHP-B as a result of the
S91G substitution. The distal histidine also has an 18% smaller
S2 value in DHP-B, indicative of a higher flexibility in DHP-B.
The observed greater flexibility on both distal and proximal
ligands in DHP-B is consistent with this isoenzyme’s higher
catalytic efficiency. Besides providing the pull necessary for the
O−O bond cleavage, the allosteric behavior of His55 (closed
vs open) is responsible for facilitating the entrance and exit of
small molecules into the distal cavity.5,30 An increase in
flexibility should allow more rapid access of substrate
molecules into the distal pocket, which would result in an
increase in their oxidation rate. This higher flexibility is also
consistent with a comparative folding study that revealed that
DHP-B has a lower folding stability than DHP-A.17 This
greater range of motion of the DHP-B active site is important
in an enzyme that admits many different substrates into its
distal pocket.

5. CONCLUSIONS
We assigned a total of 119 out of 137 (87%) backbone
resonances of metcyano DHP-B and provided a detailed
comparison of the backbone relaxation dynamics of the two
DHP isoenzymes at three magnetic fields in combination with
four 300 ns MD trajectories. Results show that the isoenzymes
have an overall similar backbone flexibility and that in contrast
to DHP-B, many residues in DHP-A appear to exhibit
chemical exchange. Chemical exchange plays a key role in
residues Phe35 and Asn37. In particular, Phe35, which is a
neighbor of the Y34N substitution, appears to have two
conformational states, namely, Phe35κ1 and Phe35κ2. The
conformational state Phe35κ1 has an extremely rapid
relaxation, while Phe35κ2 relaxes about an order of magnitude
slower than Phe35 in DHP-B. MD simulations predict that
these two conformational states could be a result of a swinging
motion in Tyr34 present only when His55 is in a closed
position. This motion, coupled only through the backbone,
causes the Cα of Tyr34 to push the Cα and side chain of Phe35
upward and toward the distal cavity (or vice versa). Since
Tyr34 is known to be the primary tyrosyl radical site in DHP-A
at pH 7, it is possible that the presence of these conformational
states interferes with the formation of compound ES, thus
impacting the catalytic efficiency of DHP-A. Additionally,
Asn37 was observed to undergo fast chemical exchange in
DHP-A. This residue is a neighbor of Tyr38, the main tyrosyl
radical site in DHP-B as well as in DHP-A at pH 5. We
hypothesize that Asn37 interferes with the tyrosyl radical
formation at Tyr38 in DHP-A at pH 7, causing the radical to
form in Tyr34 instead, thus reducing its catalytic efficiency for
peroxidase chemistry. Finally, the distal and proximal histidines
are more flexible in DHP-B with 15−18% smaller S2 values.
We have hypothesized that this higher flexibility would
facilitate the heterolytic hydrogen peroxide O−O bond
cleavage in the formation of compound I in DHP-B as the
proximal histidine could move closer to the heme iron in the
Fe(IV) state and stabilize it.

Table 2. S2 Order Parameters of Differing Residues in the
DHP Isoenzymes and Their Neighboring Residuesa

Residue S2DHP‑A S2DHP‑B ΔS2

8 Thr 0.846 ± 0.016 0.888 ± 0.020 −0.042
9 Ile/Leu 0.858 ± 0.014 0.911 ± 0.012 −0.053
10 Arg 0.865 ± 0.015 0.833 ± 0.019 0.032
31 Glu 0.893 ± 0.014 0.871 ± 0.016 0.022
32 Arg/Lys 0.905 ± 0.013 0.777 ± 0.027 0.128
33 Arg 0.797 ± 0.019 0.884 ± 0.011 −0.087
34 Tyr/Asn 0.858 ± 0.014 0.779 ± 0.015 0.079
35 Phe c 0.799 ± 0.018 c

80 Ala 0.875 ± 0.013 0.772 ± 0.037 0.103
81 Asn/Ser 0.889 ± 0.014 0.802 ± 0.036 0.087
82 Thr 0.884 ± 0.014 0.909 ± 0.012 −0.025
90 Ser 0.871 ± 0.014 0.915 ± 0.012 −0.044
91 Ser/Gly b 0.906 ± 0.022 c

92 Leu 0.882 ± 0.013 0.782 ± 0.025 0.100
aDiffering residues are highlighted in bold. ΔS2 is defined as S2DHP‑A −
S2DHP‑B.

bAssignment not available. cData not available.

Table 3. S2 Order Parameters of Key Residues in DHP
Isoenzymes and Their Neighboring Residuesa

Residue S2DHP‑A S2DHP‑B ΔS2

54 Asp 0.904 ± 0.014 0.900 ± 0.018 0.004
55 His 0.919 ± 0.015 0.736 ± 0.021 0.183
56 Thr 0.856 ± 0.018 0.946 ± 0.011 −0.09
88 Gln 0.845 ± 0.059 0.821 ± 0.017 0.024
89 His 0.813 ± 0.022 0.664 ± 0.123 0.149
90 Ser 0.871 ± 0.014 0.915 ± 0.012 −0.044
37 Asn 0.820 ± 0.029 0.849 ± 0.028 −0.029
38 Tyr 0.834 ± 0.026 b c

39 Val 0.773 ± 0.023 0.781 ± 0.017 −0.008
47 Lys 0.805 ± 0.043 b c

48 Ser 0.672 ± 0.020 0.933 ± 0.013 −0.261
49 Met 0.794 ± 0.025 b c

aKey residues are highlighted in bold. ΔS2 is defined as S2DHP‑A −
S2DHP‑B.

bAssignment not available. cData not available.
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