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ARTICLE INFO ABSTRACT

Keywords: Dehaloperoxidase-hemoglobin is the first hemoglobin identified with biologically-relevant oxidative functions,
Multifunctional-enzyme which include peroxidase, peroxygenase and oxidase activities. Herein we report a study of the protein backbone
Peroxidase dynamics of DHP using heteronuclear NMR relaxation methods and molecular dynamics (MD) simulations to
Peroxygenase

address the role of protein dynamics in switching from one function to another. The results show that DHP's
backbone helical regions and turns have average order parameters of $> = 0.87 + 0.03 and S?> = 0.76 + 0.08,
respectively. Furthermore, DHP is primarily a monomer in solution based on the overall tumbling correlation
time 7,,, is 9.49 * 1.65 ns calculated using the prolate diffusion tensor model in the program relax. A number of
amino acid residues have significant Rey using the Lipari-Szabo model-free formalism. These include Lyss, Ile®,
Leu'®, GIn'®, Arg®?, Ser*®, Met*®, Thr*®, Phe®’, Arg®®, Thr”! Cys’, Ala”?, Asn®!, Gly®®, Arg'®®, Phe''®, Leu'?” and
Met'®%, which may experience slow conformational motions on the microseconds-milliseconds time scale ac-
cording to the model. Caution should be used when the model contains > 4 fitting parameters. The program
caver3.0 was used to identify tunnels inside DHP obtained from MD simulation snapshots that are consistent with
the importance of the Xe binding site, which is located at the central intersection of the tunnels. These tunnels
provide diffusion pathways for small ligands such as O,, H>O and H,O, to enter the distal pocket independently
of the trajectory of substrates and inhibitors, both of which are aromatic molecules.

Protein dynamics
Model-free analysis

1. Introduction

Dehaloperoxidase-hemoglobin (DHP) is a coelomic hemoglobin first
isolated from the marine annelid Amphitrite ornata [1]. As a member of
globin superfamily, DHP shares a similar 3-over-3 a-helical bundle
folded structure with many myoglobins and hemoglobins [2]. However,
the DHP sequence is truncated relative to the majority of globins. DHP
possesses 137 amino acids while typical mammalian globins have circa
153 amino acids. Moreover, DHP's sequence homology with other
globins is < 20% [3]. DHP was first recognized as a hemoglobin in
1977 [1]. The second function of DHP was discovered in 1996 when a
dehaloperoxidase activity was first reported [1, 4-6]. The third and
fourth functions of DHP were revealed in 2014, when DHP was found to
possess peroxygenase and oxidase activities as well [7, 8]. The sub-
strates of DHP are brominated compounds, which are produced as re-
pellants by a number of other organisms found in benthic ecosystems.

As the most abundant protein in A. ornata and a heme protein, it ap-
pears that the enzymatic activities of DHP may have evolved as means
of protection against the toxicity of significant concentrations of bro-
minated compounds. A. ornata is immobile and therefore must with-
stand toxins that can build up in the benthic sediments. Therefore, our
hypothesis is that DHP is a multi-functional protein with a relatively
simple structure. As such, it may also serve as a model for the study of
the uniqueness of structure-function relationships in hemoproteins.
The multi-functional properties of DHP are consistent with the re-
latively large volume of the distal pocket above the heme, which can
accommodate a variety of brominated aromatic substrates mentioned
above and even the amino acids phenylalanine and tyrosine [9-13].
Substrate and inhibitor binding in DHP have been studied using a
variety of methods. The binding of various inhibitors and substrates has
been characterized by X-ray crystallography, which showed native
substrate 2,4,6-TBP and 2,4,6-TCP deeply bound in the distal pocket on
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the a-edge of the heme [10, 14]. Studies using "H NMR, '°F NMR and
'H-1®N HSQC spectroscopy have also provided evidence for interactions
of aromatic substrates both internally and externally to the protein in
solution [15, 16]. Assignments of the amide nitrogens using *H-'>N N
HSQC show that internal substrate binding causes a significant change
in the chemical shift specifically of residues in the distal pocket [15,
17]. Fourier transform infrared spectroscopy (FTIR) has also been used
to characterize interactions between internalized phenolic substrates
and heme-bound CO [18, 19]. These measurements are complemented
by studies of photo-dissociation of the CO molecule by temperature
derivative spectroscopy and flash photolysis to provide further evidence
that 2,4,6-TBP, 4-BP and other molecules bind in the distal pocket and
modulate the binding of diatomic ligands to the heme iron [18]. Re-
sonance Raman spectroscopy has been used to investigate the binding
affinity of substrates and inhibitors in competition with the H,O ligand
that weakly coordinates to the ferric heme [20]. This competition is
pertinent since six-coordinate metaquo and five-coordinate ferric heme
are in equilibrium in the ferric “resting state” of DHP at room tem-
perature. Because the dominant function of DHP as an oxygen transport
protein requires that the iron be in the ferrous form, it may be that the
ferric metaquo and aquo forms are not biologically relevant. None-
theless, it is important to study the reactivity of the ferric form of DHP
since every other known peroxidase or peroxygenase has a ferric resting
state. To add to the structural picture, an efficient and quantitative
method to determine the relative binding affinity of different internal
binding substrates was developed based on competitive fluoride ion
binding to the heme iron [11]. All of these experimental results point to
the fact that DHP is capable of accommodating a large number of dif-
ferent of aromatic molecules in the distal pocket and that there are at
least two modes of internal binding in addition to the external substrate
binding site on the protein surface. The external or surface binding site
permits the rapid release of a substrate radical intermediate in a ping-
pong peroxidase mechanism [21, 22]. The entry of substrates and in-
hibitors into the distal cavity required for peroxygenase and oxidase
activity, involves a dynamic fluctuation in structure. So too does the
binding of inhibitors of the peroxidase activity such as 4-bromophenol,
which has been studied by steered molecular dynamics (SMD) simula-
tions [23]. The dynamic fluctuations involved in the interaction of
aromatic molecules are distinct from the much smaller changes in
structure required for diatomic O, or H,O, binding. The evidence to
date also begs the question whether there is more than one entrance/
exit route for the two types of molecules needed for DHP function, the
phenolic/indolic substrates and heme-iron ligands, O, or H>O,. While
the concept of binding pathways has a long history in studies of ligand
binding in hemoproteins [24-28], it takes on a new importance in a
globin where a number of different molecules can compete for space in
the distal pocket and two different types of molecules must bind. This
aspect also would benefit from studies of protein dynamics in solution.

Each of the four characterized functions of DHP, specifically the
oxygen storage and transport, peroxidase, peroxygenase and oxidase
functions require either O, or H,0, to diffuse into the distal pocket to
reach the heme iron atom. One method for identifying ligand transport
paths is to use a tunnel calculation based on the X-ray crystal structure
coordinates [2, 9, 10, 17, 29-32]. Since tunnels tend to have quite small
radii the analysis must be combined with dynamic changes in structure
to properly account for small molecule entry and exit. Protein dynamics
are also important for entry and exit of substrates, which involves much
larger conformational changes than transport of O, or H,O,. Char-
acterization of DHP's protein dynamics will provide crucial insight into
structure-function relationships and the mechanisms whereby protein-
ligand interactions result in multi-functional capability [33, 34].

The present work describes a study of DHP in solution by hetero-
nuclear relaxation NMR spectroscopy. The NMR relaxation measure-
ments provide information on backbone dynamics on the picosecond
and nanosecond time scales, which are relevant for conformational
fluctuations of the protein that link substrate binding to functional
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switching [35-42]. The analysis presented here is based on amide
proton assignments from a previous NMR study [17]. Combining these
results with MD simulations and previous X-ray crystallographic
structures of the two Xe binding sites of DHP [31, 32], we are able to
map out the tunnel networks and correlate them with dynamic motion
of the peptide backbone. This study complements previous experi-
mental work and provides an important advance in our understanding
of the multi-functional nature of DHP by showing that methionine re-
sidues are particularly active in the distal pocket region and providing
further evidence for DHP protein-protein interactions in solution.

2. Material and methods
2.1. Protein expression, labeling, and purification

The pET-16b vector containing the 6XHis-tagged DHP A gene was
transformed into BL21 (DE3) E. coli cells. The cells were plated onto LB
agar plates containing 100 pg/mL ampicillin (Amp) and allowed to
grow for about 18h at 37°C. Subsequently, E. coli colonies were
transferred to 5mL X 4 LB broth starter growth tubes supplemented
with 100 pg/mL ampicillin. The starter growths were incubated in a
shaker at 37 °C for 8 h. The cells were pelleted from the starter growths
via the centrifugation at 5000 rpm for 20 min at 4 °C. The cell pellets
were resuspended in 10 mL x 4 of >N isotopically-labeled M9 minimal
medium (6.5g Na,HPO,, 3.0 g NaH,PO,4, 0.5g NaCl, 1.0g 15NH4Cl,
4.0 g p(+)-glucose, 120 mg MgSO,4, 11 mg CaCl,, 10 mg biotin, 10 mg
thiamine-HCI, 100 mg ampicillin, 10 mg hemin for each 1L) and these
starter cultures were incubated at 37 °C for 8 h. Then each starter cul-
ture was used to inoculate M9 minimal media in a 1L flask. The cells
were grown at 37 °C and agitated at 230 rpm for 16 h. The cells were
then induced with 0.3 mM IPTG for another 12 h while the incubation
temperature was decreased to 25 °C. The purification of '°N labeled his-
tagged protein followed the same procedure for non-labeled his-tagged
protein as described previously [43].

2.2. NMR sample preparation and heteronuclear relaxation measurement

15N labeled protein samples were oxidized to ferric state and then
prepared at a concentration of 0.8 mM-1.0 mM in 100 mM KP; buffer,
pH 7.0, containing 10% D50, 5 mM KCN to produce the metcyano form
of DHP A. This produced a six-coordinated low spin (6cLS) ferric heme
species with a spin quantum number (S = 1/2) that can be easily
monitored using UV-Vis spectroscopy (Fig. S3A) [44]. The binding af-
finity of cyanide ion to the heme was determined by a spectroscopic
titration method, giving the dissociation constant K; = 159 * 49 nM
(Fig. S3B). The strong ligand field of the cyanide maintains the heme in
the 6 coordinated low spin ferric state (S = %2). As a result, the para-
magnetic effect is significantly suppressed compared to that in the high
spin ferric state (S = 5/2) in the NMR experiment. It is also known that
the distance dependence for dipole-dipole coupling follows a 1/r° re-
lation, therefore, the paramagnetic effect on backbone amide *°N re-
laxation is negligible when the Fe-!°N distance is > 7.0 A in the meta-
cyano form of DHP. Based on analysis of the paramagnetic shifts we
have observed hyperfine shifts of the heme methyl groups and of the
side chains of Phe97 and His89. Those studies did not provide evidence
for hyperfine shifts of any of the amide protons. Therefore, the para-
magnetic effect on relaxation was ignored in our analysis.

All NMR experiments were conducted at 298K on the 500 MHz
Bruker AVANCE II spectrometer and 700 MHz Bruker AVANCE III
spectrometer equipped with a QCI CyroProbe. Relaxation delay for T,
were: 0.1, 0.2, 0.3, 0.5, 0.6, 0.8, 1.0, 1.4 s for 500 MHz; 0.2, 0.3, 0.5,
0.7, 0.9, 1.1, 1.4, 1.7 s for 700 MHz. Relaxation delay for T, were: 17,
34, 68, 85, 102, 136, 170, 237 ms for 500 MHz; 17, 34, 51, 68, 85, 102,
136. 170 ms for 700 MHz. For both T; and T, experiment, 8 transients
were measured during one FID with a recycle delay time of 3.0s. For
the {'H}-'>N Nuclear Overhauser Effect (NOE) experiments, spectra
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were recorded with and without the 'H saturation in 10's recycle time.
Proton saturation was achieved with a train of 120 pulses prior to ni-
trogen excitation [45, 46].

All spectra were processed using Bruker software suite Topspin 3.2.
The 'H dimension was zero-filled to 4096 points while the indirectly
detected '°N dimension was zero-filled to 2048 points. Both dimensions
were apodized with the shifted gsine function. The peak list of back-
bone amide N—H resonance of DHP A was generated based on previous
assignment [17]. The processed spectra were analyzed with Bruker
Protein Dynamics Center software. T; and T, were obtained by fitting
the cross peak intensity over the time delay series to a single-ex-
ponential function I(t) = I(0) exp(—t/T;) and I(t) = I(0) exp(—t/T5).
The standard error of the relaxation times was obtained from the un-
certainty of the fits. The steady-state NOE values were determined from
the ratio of peak intensities of the spectra with and without 'H sa-
turation.

2.3. Model-free analysis using relax

The open-source program relax 3.0.0 equipped with the dual opti-
mization approach of model-free parameters and the global diffusion
tensor proposed by d'Auvergne and Gooley was used to analyze the >N
spin relaxation data of DHP A [47, 48]. Global diffusion and local
“model-free” model selection was performed. First, the local correlation
time (z,,,) was estimated for each spin with the initial diffusion tensor.
Subsequent diffusion optimization was achieved by fitting data into
four specific diffusion models: sphere; oblate spheroid; prolate spheroid
and ellipsoid with the local model-free approach applied to each re-
sidue. Once all diffusion models converged, the best global diffusion
model was used for each residue [49]. The extended model set (labeled
mO to m9) was used to describe the internal motion of amide N-H bond.
The projections of the N—H bonds shown in Fig. S8 on the diffusion
tensor depicted in Fig. S7 were used in relax to correct for the effect of
anisotropy on the fit to the relaxation parameters for each residue. The
models given in the Supporting information are: m0:{z,,}; ml:{z, Sy
mM2:{zm, %, 7e}; M3:{tm, S%, Rex}; M4:{tmy S, Tey Rext; M5:{tim, S2, S7, 75}
m6:{tm, S, 75 S7, 1s}; M7:{tmy S, SF, 75, Rex}; M8:{tm, S%, 75 SA, 76, Rex}s
m9:{R.}, where §? is the squared generalized order parameter, 7, is the
effective internal correlation time in the original model-free formalism,
7 and 7, are the fast (picosecond) and slow (nanosecond) effective in-
ternal correlation time in the extended model-free formalism. R, is the
contribution to R, (1/T5) due to slow processes on the microsecond-
millisecond time scale that can be ascribed to chemical exchange. The
role of R, needs to be considered carefully in models that have > 4
fitting parameters. The following residues were identified with large
values of Rey in extended models m7 (Leu'®, GIn'®, Ser*®, Leu'%,
Met'3®) and m8 (Phe®®, Thr”}, Phe''®). The error propagation for all
fitting parameters was calculated from Monte Carlo simulations [47,
48]. The CSA (*®N chemical shift anisotropy) value A was set to
—172ppm and the average amide N—H bond distance ry_gz; was set to
1.02A.

2.4. Molecular dynamic simulations and trajectory analysis

Molecular dynamics (MD) simulations were performed using the
scalable molecular dynamics program, NAMD with the CHARMM27
force field [50, 51]. The X-ray structure of the wild type ferrous-CO
DHP A (PDB accession code 4DWU) was used to construct the isoelec-
tronic metcyano form of DHP A for the MD simulations. Due to the
allosteric behavior of distal histidine His®® that two conformations
(open and closed) are in equilibrium, both Ng (closed) and N, (open)
histidine tautomers were simulated in parallel. NAMD simulations were
carried out with periodic boundary conditions with a model solvated
and placed in a unit cell of dimensions 50.5A x 57.2A x 60.7 A con-
tains 9254 water molecules and with Na™ and Cl~ ions added to give
an ionic strength of 0.15 M. The cutoff was set to 12 A with a switching
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distance of 1.5A. The time step of 2 fs was used consistent with ap-
plication of the SHAKE algorithm [52]. The calculations were carried
out for a total of 40 ns simulation for each trajectory. Each simulation
was preceded by minimization and a 5ns equilibration phase. The
global rotational and translational motions were removed for each
40 ns trajectory by using carma, which applies the Kabsch's algorithm to
least-squares fit all frames to a reference frame [53]. 40,000 frames and
unit vectors of amide N—H bond of 134 residues out of 137 (except the
N terminus Gly' and Pro®°, Pro”®) were extracted and calculated from
each 40 ns simulations trajectory. The autocorrelation function of in-
ternal motion of amide N—H bond C(t) (Eq. (4)) is calculated from the
unit vector trajectory using an in-house Python script, of which the
average of the ensemble is calculated for a 10 ps lapse increment from 0
to 20 ns. The squared generalized order parameter S? is evaluated using
a 1 ns time window as the autocorrelation function converged.

2.5. Tunnel calculations

Caver 3.0 was used to explore the potential gas or solvent tunnels
inside the met-cyano DHP A structure [54]. 50 snapshots during the
40 ns molecular dynamics simulation were applied for the tunnel cal-
culations. Three positions, used as the starting points to probe the
tunnels, were located: 1.) in the distal pocket above the heme; 2.) on the
a-edge of the heme and 3.) on the proximal side beneath the heme. The
clustered time-independent trajectories were used to construct the
tunnel structures inside the protein structure, which were visualized in
Pymol [55].

3. Results

The relaxation of all amino acid residues was studied based on data
for Ry, R, and {*H}-'°>N NOE measurements at both 500 MHz and
700 MHz magnetic fields. Based on the criterion that all three experi-
ments must be carried out at two magnetic fields, 118 out of 137 re-
sidues were available for analysis [17]. The relaxation data are shown
in Fig. 1, plotted by residue number and annotated with the corre-
sponding secondary structure. The average values of R;, R, and
{'H}-'°N NOE are presented in Table 1, the complete dataset for each
residue is given in the Table S1. We have observed {'H}-'°N NOE va-
lues are consistently significantly lower in the EF and GH loop regions.
It is noteworthy that the EF loop region contains the dimer interface of
DHP that has been observed by X-ray crystallography. Residues Thr”?,
Asp’? and Asn'?® constitute the dimer interface by forming an inter-
molecular hydrogen bonding network [2, 9, 10, 29-31, 56]. The ana-
lysis of SAXS data suggests that DHP primarily exists as a monomer in
solution and approximately 20% of the DHP molecules are in the di-
meric form [57]. Therefore, non-covalent contacts between DHP
monomer subunits are likely to be important for 20% of the DHP mo-
lecules in solution.

3.1. Reduced spectral density mapping and consistency testing

The relaxation rate Ry, R, and {*H}-'°>N NOE can be explicitly ex-
pressed in terms of five spectral density functions: J(0), J(wy), J
(wg + wy), J(wy) and J(wy — wy) for the amide N—H spin pair (Egs.
(S1)-(S3)) [58]. The spectral density function provides probability of
finding motions at given angular frequency w, which is attributed to '°N
relaxation. It is not possible to uniquely determine five spectral density
values from the three measured relaxation data: Ry, R, and {'H}-'°N
NOE. Therefore, a standard approximation has been made for the high
frequency terms such that J(wg) = J(wyg + wy) = J(wg — wn) [46, 59].
In this approach all of the high frequency terms can be substituted by J
(0.87wyy), which reduces the number of unknown spectral densities
from five to three. Thus, the explicit expression for the spectral density
J(0), J(wy) and J(0.87wpg), can be uniquely using standard procedures
[46, 59]. To analyze and visualize the reduced spectra density pairs J
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Fig. 1. NMR relaxation data {'H}-'°N NOE, Ry, R, and
Ry/R; that measured at 500 MHz (red) and 700 MHz

60 70
T T

—e— 500 MHz
= 700 MHz

| 1.0 (green). The a-helices are shown and labeled at the
% [%8  bottom (purple) and corresponding a-helical regions
- 06 are shaded as column inside the plot. (For interpreta-
L 0.4 tion of the references to color in this figure legend, the
L 0.2 reader is referred to the web version of this article.)

Table 1
Average values of Ry, Ry and {"H}-'°N NOE relaxation data.

500 MHz 700 MHz
{'H}-'°N NOE 0.760 * 0.065 0.821 * 0.075
Ry (71 1.577 + 0.086 1.082 + 0.062
Ry (s™h) 11.67 + 0.96 13.32 + 1.24

Table 2

Average of J(0), J(wy) and J(0.87wy) values.

500 MHz 700 MHz
J(0) (ns/rad) 3.32 + 0.29 3.27 * 0.32
J(0.87wp) (ps/rad) 5.88 + 1.42 3.04 + 1.33
J(wy) (ns/rad) 0.31 + 0.02 0.18 + 0.01

(wn) and J(0.87wy), we plotted J(wy) and J(0.87wyy) values as Cartesian
coordinates and analyzed through Lipari-Szabo mapping (Fig. S2) [60].
The standard equations are given in the Supporting information (Egs.
(S4)-(S6)). The interested reader is referred to descriptions of the re-
duced spectral density mapping method [61]. The average values of J
(0), J(wy) and J(0.87wy) are presented in Table 2. The complete dataset
is given in the Table S2.

It is a good practice to conduct consistency testing before using the
two datasets for further analysis [62]. Inconsistency between datasets
obtained at 500 and 700 MHz may arise from variations of pH, tem-
perature, concentration, or the water suppression pulse sequence ap-
plied during the acquisition. The consistency of the datasets can be
assessed by comparing J(0), the spectral density at the zero frequency
that is independent of the strength of the magnetic field. The correla-
tion plot of two J(0) for each residue calculated from reduced spectral
density mapping is given in Fig. S1A. The ratios between J(0) obtained
at 700 MHz and 500 MHz have been plotted as the histogram in Fig.
S1B. The distribution of the histogram was fitted to a Gaussian function
(Blue). The center is at 0.972 with a standard deviation 0.089. Based on
these comparisons we find that the datasets at 500 and 700 MHz have
reasonable mutual consistency.
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3.2. Model free analysis using relax

The model-free analysis of NMR relaxation data proposed by Lipari
and Szabo permits this interpretation based on the idea that the cor-
relation function of amide N—H bond vector's global motion can be
factored into the two correlation functions; 1.) Overall protein tumbling
and 2.) the amide N—H bond's internal motions (Eq. (1)) [63]. As a
general rule, the correlation function of internal motion of amide N—H
bond can be approximated by a squared generalized order parameter
S$%2e[0,1] and a single exponential decay (Eq. (2)). The limiting value
S% = 0 means that the bond vector is completely flexible so that it
samples all orientations isotropically. The other limit S* = 1 signifies
that the bond vector is rigid and completely lacks local internal motion.
The spectral density function J(w) can be obtained by conducting a
Fourier transform of the correlation function Cj(t), where S? is the
squared generalized order parameters describe the spatial restriction of
the internal motion, z,, is the overall tumbling correlation time and z, is
the effective internal motion correlation time (Eq. (3)).

Cglobal ) = CoOC (1) (€]

G@t) =S+ (1 - Ve )
_2 S%, Q-8 1_1 1

I = 5 [1 + (wtp)? 1+ (wr)z]’ T T, * A 3)

The principal diffusion tensors of DHP monomer structure have
been calculated using the program Hydronmr, which gives
D, =159 x 10”5}, D, = 1.84 x 10”5~ !, D, = 1.96 x 10” s~ *. Thus,
D, =Dx+Dy)/2=190 x10"s"" and Dj=D,=1.59 x 10”s™"
[64]. Therefore, the anisotropy factor is calculated as n = D)/
D, = 1.20 based on this analysis. These values can be compared from
the analysis in the program relax, in which principal diffusion tensors
are: D, = 1.44 x 10"s™%, D, = 1.80 x 10”s™%, D, =1.99 x 107s™ %,
According to these values n = D|| /D, = 1.31, which was used in the
determination of R; and R, in the relax. These orientation of DHP A in
this coordinate system is shown in the Supporting information (Fig. S7).
Given the fact that DHP A monomer has an ellipsoid principal diffusion
tensor, then Dy, = (D + Dy + D;) /3 = 1.79 x 107 s~ L. Therefore, we
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can estimate the overall tumbling correlation time, z,° =1/
(6D;5,) = 9.28 ns. This estimate is in good agreement with the average
7, of 118 residues calculated from program relax which gives
Tm = 9.49 * 1.65ns.

The two datasets obtained at 500 and 700 MHz were used to per-
form the model-free analysis based on the relaxation data for the 118
observed residues. The extended models set (m0 to m9) were used for
model selection and fitting, the local motions of all residues were fitted
to seven models (ml to m5, m7 and m8) that can be divided as original
model-free formalism (ml to m4) and extended model-free formalism
(m5,m7 and m8) [42, 65]. The explicit formulas of spectral density
functions of eight models (ml to m8) are given in the Supporting in-
formation.

The squared generalized order parameters S> provide a quantitative
parameter to characterize the flexibility of the amide N—H bond vector
with respect to the internal motion on the picosecond-nanosecond time
scale. For 118 out of 137 residues with an order parameter S> available
from the NMR measurements, the average of $* is 0.83 = 0.10 in-
dicates that the protein backbone is quite rigid with only limited local
motions of backbone amide N—H bond. The overall rigidity is expected
for DHP as a hemoglobin with a predominantly a-helical structure. The
overall distribution of the order parameter S clearly shows a helix-loop
contrast, in which G and H helices are most rigid part in the protein
structure because their average S2 are both 0.88, whereas EF (residues
70-76) and GH (residues 111-115) loop regions are much more flex-
ible, their average S are only 0.72 and 0.69 respectively. The value of
order parameter S has been color mapped onto the structure as shown
in Fig. 3.

The best model is selected for each residue by a statistical model-
selection process to conduct the next step in the model-free analysis.
The model selection results have the following distribution among the
118 residues accessible for analysis: m1(32), m2(19), m3(17), m4(12),
m5(21), m7(14) and m8(3). 46 out of 118 residues are predicted to have
non-zero term R, that attributed to the R, relaxation by chemical ex-
change. Although greater than one third of the residues of DHP have a
Rex term, many of them are relatively small (Rexy < 1.0 rad-s™ 1) com-
pared to what has been observed for other hemoproteins [37, 66, 67].
The residues that have Re, > 1.0rads™ ' are Lys>, Ile®, Leu’®, GIn'®,

Residue Number
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Arg32, Ser*®, Met*®, Thr®®, Phe®°, Arg69, Thr”? Cys73, Ala”?, Asn®!,
Gly®®, Arg'®, Phe''®, Leu'*” and Met'*®. R, values extracted from the
model-free formalism indicate that residues experience slow con-
formational motions on the microseconds-milliseconds time scale. In
practice, chemical exchange between backbone amide N-H bond and
bulk solvent molecules can be attributed to these slow motions. Large
Rex terms were observed for residues on helices B and E facing towards
the distal pocket of DHP A above the heme. The other major region
where significant chemical exchange could take place is in the EF loop
region where the dimer interface of DHP is observed by X-ray crystal-
lography [57]. 69 out of 118 residues experience internal motions of
the amide N-H bond indicated by the non-zero effective correlation
time 7z, (m2, m4, m5, m7 and m8). 28 out of 69 residues show internal
motions on two time scales (ps and ns) that described by extended
model-free formalism (m5, m7 and m8) for their amide N-H bond. Most
of these residues are located in flexible regions such as N- and C-
terminal and loops. The complete results of the model-free analysis are
given in Table S3.

3.3. Molecular dynamics simulation and computed order parameter

The NMR relaxation experiment provides a direct measurement of
the spectral density function J(w). The measurement provides a con-
nection to actual dynamics because the spectral density function is the
Fourier transform of the autocorrelation function of the N—H bond
vector's motion. Thus the order parameter S* can also be determined
from the autocorrelation function of N—H bond's trajectory if the
fluctuation of N—H bond is a stationary ergodic process after removing
the global motion of the protein. Such stationary trajectories can be
obtained by conducting MD simulations for comparison with experi-
ment. The autocorrelation function of the amide N—H bond vector is
described in Eq. (4), where P, is the second Legendre polynomial, u(z)
and p(z + t) are time-dependent unit vectors that describe the spatial
orientation of N-H bond in a fixed reference frame. The $? is the limit of
autocorrelation function when time approaches to infinity (Eq. (5)). In
practice, $? can be determined when the autocorrelation function
converges.

Fig. 2. (A) Comparison of generalized order parameter
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Here, we have calculated S? from MD simulations and compared the
simulated values with those obtained from NMR relaxation experi-
ments. Because distal histidine His®> may adopt closed or open con-
formations, both N5 and N, histidine tautomers were modeled in sets of
five 40 ns simulations, the order parameters were calculated as the
average of all five of these simulations (Fig. S4). The average order
parameter S of 134 residues from MD simulations is 0.84 + 0.07. The
order parameters calculated from MD simulations distribute in a nar-
rower range indicated by the smaller standard deviation as compared to
those from NMR. Nonetheless, the order parameters obtained from MD
also presented a distinctive helix-loop contrast (Fig. S6). The average of
S? in helix region is 0.87 * 0.03, whereas in loop region, it is
0.76 + 0.08. The complete dataset of > calculated from MD simula-
tion can be found at Table S4.

In general, the order parameters S? calculated from MD simulations
are consistent with those obtained from NMR relaxation experiments
(Fig. 2A, B). One major discrepancy in S? between NMR and MD can be
observed for residues in the relatively flexible loop regions (Fig. 2B, C).
The order parameters, S, predicted by MD simulations are generally
lower than those measured by the NMR relaxation experiment except
for a few residues that have significantly smaller S? values and larger
Rex terms. One issue is that local motions of flexible residues on the
same timescale as the global tumbling time (t;, ~ 10ns) cannot be
distinguished from tumbling itself. As the result, these local motions are
not reflected by order parameters S> measured in the NMR experiment.
And the rigidity of those residues are overestimated in the NMR ex-
periment. Despite this weakness, it is a reasonable assumption that the
discrepancy between NMR and MD can explain the difference between
the simulated and experimental order parameters, S2.

3.4. Tunnels in the protein interior

We have used the program Caver 3.0 to identify tunnels that connect
the internal cavities of protein to the solvent. Four major tunnels were
identified that connect the distal cavity to the protein surface. They are
the AB tunnel, starting from distal pocket and ending between helix A
and B; the CD tunnel, connecting distal pocket to the CD loop region;
the EF tunnel, starting from a-edge of the heme plane and exiting be-
tween helix E and F; and the GH tunnel, starting from a cavity above the
a-edge of the heme and passing between helices G and H. These tunnels
interconnect at a central location near the back of the distal cavity
where a cavity inside DHP is known to exist. The two Xe binding sites
that are characterized by X-ray crystallography are located within the
calculated tunnels structures as shown in Fig. 3 [32] shows that the Xel
binding site is located at starting point of tunnel CD that is the distal
pocket right above the a-edge of the heme and the Xe2 binding site is
on the passageway of EF tunnel that leads to protein surface.

4. Discussion
4.1. Evidence for transient dimerization in solution

DHP is a multi-functional hemoglobin that possesses the highly
conserved 3-over-3 helical bundle fold, which is observed in single
hemoglobin subunits and myoglobins (sperm whale, horse, human etc.)
[31, 68]. Since DHP A is a crystallographic dimer in every X-ray crystal
structure obtained, it is possible that DHP A also forms dimers in so-
lution [57]. The relatively small dimer interface in the crystallized form
of DHP may explain why a permanent dimer is not observed in solution.
The crystallographic dimer “interface” is really just a group of three
amino acids whose mutual interaction is too weak for DHP to result in a
true dimer. Yet, one sees evidence of interactions in solution in SAXS
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Fig. 3. Color mapping of secondary structural information and NMR model-free analysis
results on the met-cyano DHP A structure. (A) Color mapped eight a-helices of DHPA with
calculated tunnel structures and the two xenon binding sites. (B) Color mapped gen-
eralized order parameter S? on DHP A structure. (C) Color mapped model selection results
of model-free analysis on the DHP A structure.

and NMR data.

The SAXS studies provide evidence that DHP A is > 80% monomer
in solution [57]. The NMR relaxation study corroborates this conclusion
since the correlation time consistent with the data is that of a mono-
meric globin. We can compare the overall tumbling correlation time z,,
between 3-over-3 fold as well as 2-over-2 hemoglobins (Table 3). We
can see that the overall tumbling correlation time 7, is approximately
proportional to the number of subunits in a hemoglobin oligomer. Be-
cause 7, is approximately the inverse of the diffusion tensor and pro-
portional to the size of the molecule for a spherical model (i.e. ignoring
anisotropy to make a global comparison). Therefore, it is evident that
DHP is indeed primarily a monomer in solution as measured by NMR
relaxation experiments as well. However, NMR also informs us that
there are weak interactions in solution that result in a population of
transient dimers or weakly associated proteins [17].

The same dimer interface has been observed in every X-ray crystal
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Table 3
Comparison between different hemoglobins.

Journal of Inorganic Biochemistry 181 (2018) 65-73

Name Oligomer Fold Ligation T, (nS) <S> T (°C)
Dehaloperoxidase - hemoglobin (DHP) Monomer (> 80%) 3-on-3 Ferric-CN 9.49 0.83 25
Glycera dibranchiata hemoglobin [66] Monomer 3-on-3 Ferrous-CO 10.3 0.93 20
Scapharca hemoglobin I [76] Dimer 3-on-3 Ferrous-CO 17.7 0.91 25
Human hemoglobin A [81] Tetramer 3-on-3 Ferrous-CO 31.5-33 N.A. 29
Truncated hemoglobin N [67] Monomer 2-on-2 Ferric-CN 10 0.84 26.4
Hemoglobin of truncated lineage (GIbN) [82] Monomer 2-on-2 Ferrous-CO 8.4 N.A. 25

Fig. 4. Dimer interface of DHP observed in X-ray crystallography.

structure or either DHP A and B. The interface has a surface area of
~200 A2 and is located at EF loop region. The interprotein contacts
involve residues Thr”!, Asp’? and Cys”> and two residues Arg'?? and
Asn'?® on the H helix (Fig. 4) [31]. The small dimer interface area of
DHP is in contrast with the extensive interface region observed in the
dimeric hemoglobin from Scapharca and many other hemoglobins [69,
70].

The significantly lower {'H}-'>N NOE values in the EF loop region
indicates enhanced flexibility on the ps-ns time scale. Residues Thr”?,
Cys”® on the EF loop and Leu'?” on the H helix also show significantly
lower order parameters S, consistent with the existence of rapid slower
conformational change and two-time scale internal motions in the
backbone amide N—H bonds. It may also be of importance that Thr”*
and Cys”? are on the list of amino acids that have large rates of chemical
exchange, Re,. As a cautionary note, Thr”' is one of three amino acids
that had a best fit by model m8 requiring 6 fit parameters. At first it may
appear inconsistent that an anomalously low value of $? is observed for
residue Leu'?, which is in the middle of the relatively rigid H helix.
However, one possible explanation for this anomaly may be that this
residue is adjacent to residue Asn'?® that is observed to be one of the
critical residues corresponding to the formation of the dimer in the X-
ray crystal structure. The increased dynamic activity observed in these
amino acids is indicative of the change that would occur if those amino
acids are alternatingly involved in formation of a dimer and return to
monomer conformation. These dynamics may explain puzzling ob-
servations that have appeared in many DHP experiments as the result of
transient dimer formation. Of course, a transient structure formed
in < 20% of the sample would be completely elusive if were not for the
fact that the very structure of the dimer is present in every single X-ray
crystal structure of DHP [30, 31, 71].

One possible role for this tendency to form dimers (or even multi-
mers) may be the formation of giant hemoglobin (erythrocruorin),
which is found in the tentacles of the annelid [1]. The erythrocruorin is
composed of three different proteins in a multimer with a molar mass
of > 3Md [72, 73]. The subunits that make up the “giant hemoglobin”
are the two different forms of DHP, the isoforms from genes dhpa and
dhpb in A. ornata [74] and a third as yet unknown non-heme-containing
polypeptide chain [75]. However, DHP A and B alone do not form any
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permanent structures larger than dimers based on all of the experi-
mental observations, discounting the formation of precipitates, which
apparently lack a regular structure. Although DHP has a strong ten-
dency to aggregate at protein concentrations of > 1.0mM other he-
moglobins and myoglobins are typically stable at such concentrations.
The propensity of DHP to aggregate may be related to the transient
dimerization proposed to explain the SAXS, X-ray crystallographic and
NMR observations.

4.2. The role of tunnels in the regulation of substrate and heme ligand
binding

Both NMR data and MD simulations indicate that DHP A has rather
high backbone rigidity consistent with the high order parameters S for
backbone amino acids [66, 67, 76]. Table 3 shows that this is expected
for DHP A as a member of the hemoglobin family. For example, the
average order parameter S (0.83 + 0.10 from NMR, 0.84 + 0.07
from MD, 25 °C) of DHP A is comparable to that of other hemoglobins
(Table 3). Despite significant helix-loop contrast, the high rigidity of
major B, E, G and H helices on the picosecond-nanosecond time scale
are necessary to support the tunnel structures inside the protein. These
dynamical tunnels likely exist in DHP A to allow it to carry out multiple
functions. These channels reveal the pathways by which O, and H,0,
can diffuse into the active site and bind to the heme Fe. The possibility
for multiple entry channels may derive from the differences in the
various functions. It is reasonable to hypothesize that small molecule
heme Fe ligands, e.g. O5, H,O5 and H,0, must diffuse into the distal
pocket independently of aromatic substrates, such as halogenated
phenols and indole derivatives. The tunnels observed using caver3.0
permit rapid entry and exit of the three main small molecules O,, H,0,
and H,0 though channels that do not compete with the main entry/exit
channel for the substrate, which is used by the larger substrate mole-
cules [23]. Perhaps more important than the rate of entry/exit is the
fact that these tunnels suggest possible regulatory mechanisms for
function.

The SMD simulations provide evidence that the distal histidine His>®
gate in DHP can play a role similar to SWMb, but that the pocket is
more flexible so much larger molecules can enter and exit [23]. Mole-
cules as large as 4-BP do not enter the distal pocket of SWMb or any
other known myoglobin or hemoglobin [56, 77, 78]. Based on the X-ray
crystal structural data it is evident that substrates such as 2,4,6-TBP,
2,4,6-TCP and several indoles can also bind in the distal pocket of DHP.
It seems highly likely that the substrate entrance channel in these cases
is similar to the 4-BP channel identified by SMD. Combining the DHP
and SWMb observations it is also evident that substrates and small
molecules (O, and H;05) may collide if they both use the same entry
channel. For this reason, it is important to keep in mind that there may
be alternative entry channels for the O, and H,O, that permit regula-
tion of the binding and of reactivity. To be sure the notion that diatomic
ligands have multiple entry channels has also been advanced in studies
of myoglobin. But, DHP presents a unique set of challenges that include
triggering changes in function and regulating the activity once a par-
ticular cycle has been initiated.

The distal cavity functions as an internal substrate binding site for
the peroxygenase and oxidase functions and as an inhibition site for
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the peroxidase function [7, 17]. The modes of binding of various
molecules include an a-site along the a-edge of the heme, which is
most deeply buried in the globin and a f-site, in which the phenol (or
indole) is perpendicular to the heme shifted off-center towards the f3-
edge of the heme. Regardless of the mode of binding the halogen atom
in the substrates and inhibitors are always located in (or very close to)
the Xe binding site in DHP. Furthermore, there is a transient docking
site for unbound diatomic gas molecules in the Xe binding site as well
[32]. The tunnels observed in the DHP structure intersect at the Xe
binding site providing the possibility of alternative routes of entry
and exit for the ligands, O, and H»0». The evidence for a connection
between these tunnels and DHP function is circumstantial, but there
are numerous observations that can be explained by controlled entry
and exit of ligands independent of the binding of phenolic substrates.
The order of binding events (e.g. trichlorophenol and H,0,) has an
effect on peroxidase oxidation kinetics as has been shown in experi-
ments using double-mixing stopped flow and studies of activation of
the oxy species [79]. There is evidence for a trigger event due to
substrate binding that is capable of initiating the peroxidase cycle
beginning from the oxy form of DHP. If H,O, is added to oxy-ferrous
DHP, the reaction to form compound II is extremely slow [7]. How-
ever, if a substrate such as 2,4,6-TCP is present this rate is sig-
nificantly more rapid. Indeed, an intermediate species has been
identified as the Fe(II)-H,05 adduct using stopped-flow spectroscopy.
This means that the replacement reaction of O, by H>05 occurs at a
measurable rate only when the structure is modulated by the binding
of 2,4,6-TCP, which assumed to bind externally in this functional
state of DHP. This behavior may arise from controlled entry of H>Os,
but also may involve the conformation of the distal histidine, which
may favor binding of H,O, over O, in the substrate-bound con-
formation. In summary, tunnels may form transiently to allow H,0,
or O, to diffuse into or out of the distal pocket of DHP A in response to
the binding of the larger substrate molecules, which act to trigger
specific functions of the protein.

4.3. The role of chemical exchange in the protein dynamics of DHP

According to the fits in the model-free method, a significant number
of residues in the structure exhibit some degree of chemical exchange.
Chemical exchange as a parameter in the fitting arises when there is a
slow component to the R; and R, decays. It can also be validated by MD
simulations since these will also provide an independent estimate for
the order parameter of the N-H bond vector. The Lipari-Szabo proce-
dure indicates significant chemical exchange (R.,) for amino acids Lys®,
Ile®, Leu'®, GIn'®, Arg®?, Ser*®, Met*®, Thr°®, Phe®®, Arg®®, Thr”* Cys”3,
Ala””, Asn®!, Gly®®, Arg'®®, Phe''®, Leu'?” and Met'®®. A number of
these residues (Lys>, Ile®, Arg®?, Thr®®, Thr”?, Cys”3, Gly*>, Leu'?) are
on the surface of the protein and it is not surprising that they would
have significant contribution from chemical exchange. Three of these
amino acids are in or adjacent to the dimer interface region as well as
being on the surface (Thr”?, Cys”® and Leu'?”). The importance of the
mobility of Thr®® has been studied by systematic mutations at position
56 to understand how the dynamics of this amino acid affect the
neighboring distal histidine, His>® [80]. Finally, we note that that 5 out
of 7 sulfur containing residues (Met*°, Met®®, Met'°®, Met'%® and Cys”®)
in DHP A show chemical exchange on their backbone amides. Three of
these are significant and the other two have neighboring amino acids
with significant chemical exchange (defined as R., > 1.0rad s7h.
DHP A is rich in methionines compared to other hemoglobins. The
tendency of DHP A to maintain a ferrous oxidation state may depend on
redox active amino acids, including these methionines. Given the un-
certainties in the interpretation of R, it is not possible to say whether
there is any functional significance to the observed fits. But, it is worth
noting because future studies will focus on the role of these methionines
in the redox regulation of DHP.
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5. Conclusion

In conclusion, we have quantitatively described four dynamic fea-
tures of DHP A from Amphitrite ornata by using heteronuclear NMR
relaxation methods combined with MD simulations. These features are
1.) a-helices are uniformly rigid, 2.) turn and loop regions are con-
sistently less rigid and more variable, 3.) the residues Thr”*, Cys’> and
Leu'? in the crystallographic dimer have low order parameters, and 4.)
many of the amino acids that show significant exchange are on the
surface. While many of these observations are expected, this study
provides an important baseline study of dynamic amino motions in DHP
A that will be essential to understand the differences between DHP A
and B and the potential dynamic effects of internal substrate binding in
both forms of DHP. The functional question for DHP is how the globin
regulates both small molecule and aromatic substrate binding in the
same pocket. Thus, we have also studied the narrow tunnels that permit
the exit and entry of small molecules, O,, H,O5 and H,0. These entry
and exit channels may complement the pathway for substrate (and in-
hibitor) entry into the distal pocket by another route. We hypothesize
that tunnels are essential passageways required for DHP to carry out its
multiple functions, including oxygen transport, peroxidase, perox-
ygenase and oxidase activity. The switching between these functions
involves subtle aspects of the whole protein structure triggered by
substrate binding [18]. While X-ray crystallography has provided an
essential foundation for understanding dimerization and internal sub-
strate binding geometries, NMR evidence has provided the most com-
prehensive view yet of the systematic nature of conformational changes
in the DHP A that may complement His®® in providing mechanisms of
function switching and regulatory control.
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