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INTRODUCTION

The protein structure-function correlation has been 
built from decades of study of primarily monofunc-
tional systems, but whether (and how) structure uniquely 

defines function in multifunctional systems is a signifi-
cantly more complex subject to address. This complexity 
is easily seen within the heme protein superfamily, where 
functions as diverse as reversible O2-transport, enzy-
matic activity (i.e. peroxidase, peroxygenase, oxygen-
ase, and oxidase) and electron-transfer all occur at active 
sites that are often remarkably similar in terms of both 
structure and mechanism, but where the protein environ-
ment exquisitely controls the chemical reactivity of the 
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in the oxidation mechanism (i.e. radical formation). Instead, the data reveal a new mechanism of DHP 
inhibition, namely a shift towards a non-reactive form by OH- ligation to the heme-Fe that is strongly 
stabilized (presumably through H-bonding interactions) by the presence of W59 in the distal cavity.
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heme group to ensure maximum intended function with 
a minimum of unintended cross reactivity. Understand-
ing how Nature controls functional selectivity (“activity 
differentiation”) across the heme protein superfamily 
has been a longstanding question that penetrates to the 
core of the protein structure-function correlation. Despite 
decades of study, it remains a challenge to fully under-
stand the factors in a multifunctional system that influ-
ence a reactive heme intermediate between, as just one 
example, peroxygenase (oxygen atom transfer) [1] and 
peroxidase (electron transfer) [2] activities.

Our chosen platform for probing the structural and 
mechanistic considerations that lead to activity differen-
tiation in multifunctional heme proteins is the enzyme 
dehaloperoxidase (DHP). This coelomic hemoglobin 
from the marine worm Amphitrite ornata has shown a 
broad range of mechanistic functions: beyond its role as 
an oxygen transport protein, DHP possesses four enzy-
matic activities necessary for the survival of A. ornata 
(peroxidase, peroxygenase, oxidase and oxygenase), all 
of which employ a common Fe(IV)-oxo intermediate. 
This diversity of oxidative function displayed by DHP 
permits degradation of a variety pollutants (i.e. naturally-
occurring brominated phenols, indoles and pyrroles 
found in coastal estuaries and mud flats within which A. 
ornata inhabits [3–5]), perhaps not optimally, but with 
sufficient activity to prevent the most harmful effects. 
Initially, it appeared that understanding the non-standard 
peroxidase reaction was the challenge [6], however fur-
ther research definitively revealed both high and specific 
reactivity towards brominated (and other halogenated) 
substrates [7–10]. First, 4-halophenols [11–14] and then 
2,4,6-trihalophenols [15–17] were shown to bind inside 
the distal pocket of DHP A. A high-pressure xenon X-ray 
crystal structure revealed an ideal binding site for a large 
halogen atom, e.g. bromine, deep within the protein [18]. 
Studies employing DHP isoenzyme B [19] have revealed 
the range of small molecules capable of binding inside 
the distal pocket, including azoles [20], guaiacols [21], 
cresols [22], nitrophenols [23], catechols [23], bromoin-
doles [8] and pyrroles [10]. Within the wealth of the 
~40  DHP-ligand structures above are different binding 
geometries that have functional consequence, specifi-
cally it appears that different substrates are oxidized by 
different mechanisms, which may depend on the shape or 
electrostatics of the substrate that binds within the distal 
pocket [9, 21, 24]. 

Although steric effects are often easier to predict, a 
protein as flexible as DHP begs the question, how much 
space really exists in the distal pocket for substrate bind-
ing? Numerous studies have addressed how the shape 
(or electronic properties) of the distal pocket will influ-
ence the reactivity of DHP [6, 7, 13, 14, 25–29]. Sur-
face electrostatic mutants (amino acid swaps that differ 
by a charge) have shown that the barrier for the binding 
of TCP to DHP is strongly controlled by electrostatics 
[27]. Closer to the heme cofactor, it is not an accident 

that much emphasis has been placed on the distal histi-
dine, H55, as the locus of function switching given the 
role of this residue in activating H2O2 in the Poulos-Kraut 
mechanism [30]: H55 has been mutated to several other 
side chains, including H55V, H55A, and H55D [31]. 
Immediately adjacent to H55 is the T56 site, and mutants 
in this location (i.e. T56S, T56V, T56A) had predictable 
effects on either locking the histidine in place (such as 
occurs in most heme proteins, T56V) or permitting a 
greater freedom of motion (T56A). Interestingly, efforts 
to sterically interfere with DHP function have shown var-
ied success, including L100F in DHP A [14], the F21W 
mutant of both isoenzymes [9, 16] and a wide variety of 
tyrosine mutants [32]. As one example, we have previ-
ously demonstrated that the F21W variant leads to a more 
than 7-fold attenuation in catalytic efficiency for its per-
oxidase activity when employing 2,4,6-trichlorophenol 
(TCP) as the substrate, but minimal decreases in peroxy-
genase activity (<2-fold) as measured by 4-nitrophenol 
or 5-Br-indole substrate conversion [9]. Structural stud-
ies of DHP B(F21W) (PDB 5VLX) have shown that the 
tryptophan residue overlaps significantly with one of the 
two identified TCP binding sites (TCPinterior), leaving the 
other site (TCPexterior) available for binding peroxygenase 
substrates, and suggests that it is possible to selectively 
tune the of activity of a multifunctional enzyme through 
judicious introduction of steric bulk.

Given the above results afforded by the DHP B(F21W) 
mutant, it is of particular interest to see if there are any 
levers or switches available with regard to activity dif-
ferentiation that reveal themselves in a more congested 
structure near the vicinity of the active site heme iron. 
In this regard, the distal valine, V68, in SWMb has the 
unique distinction of being the closest distal amino acid 
to the heme Fe [33]. In globins, V68 is a “gate-keeper” 
for the heme iron, playing a role in directing the binding 
of oxygen in hemoglobin and myoglobin [34–37], but 
also azide and cyanide in metmyoglobin [38]. Mutations 
of V68 have been particularly informative: in studies 
of ligand trajectories (e.g. binding of NO and kinetics 
of NO recombination in SWMb and human Mb), tryp
tophan mutations have played a key role in blocking 
certain entrance and exit channels [39–41]. Guided by 
these precedents for V68 mutants in myoglobin, in this 
study we have chosen to similarly introduce a tryptophan 
at the analogous distal valine, V59, in dehaloperoxidase-
hemoglobin A (DHP A) in order to further understand 
the steric effects in the open distal pocket. The present 
study provides evidence that amino acid side chains can 
interact with bound heme-Fe ligands (H2O, OH-, F-) in 
the ferric form. As will be shown from a combination of 
structural and spectroscopic studies, the observation for 
DHP A(V59W) is that the steric bulk of the tryptophan 
side chain has a minimal effect on enzyme kinetics at pH 
< 7, but at pH > 7 the tryptophan can sufficiently stabi-
lize a six coordinate Fe-OH adduct such that the enzyme 
loses catalytic activity. These results have implications 
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for the rational design of mutants employing bulky 
amino acids to tune the activity of multifunctional heme 
enzymes, such as DHP, which have flexible active sites 
that can accommodate a wide variety of substrates, possi-
bly even without the requirement that the distal histidine 
be positioned to serve as the general acid/base catalyst of 
the Poulos–Kraut [30] mechanism (as was found for the 
F21W mutant of DHP B [9]). Interestingly, DHP itself 
has been shown to oxidize 10 out of the 11 phenolic com-
pounds on the EPA Priority Pollutants list [22, 25], dem-
onstrating the potential of this multifunctional enzyme as 
a promising biocatalyst for bioremediation applications 
as was first suggested by Lebioda and coworkers [11]. 
More broadly, given that DHP is capable of five major 
activities associated with heme proteins within a single 
active site, these studies on a multifunctional enzyme 
can advance our understanding of the structure-function 
correlation beyond what has been built from decades of 
study of monofunctional proteins, and furthers our ability 
to provide comparisons of the structure–function correla-
tion in marine enzymes to those of terrestrial or bacterial 
origins.

METHODS

Materials — Buffer salts were purchased from Fisher 
Scientific. Crystallization grade potassium fluoride was 
from Hampton Research. All other reagents and bio-
chemicals, unless otherwise specified, were of the high-
est grade available from Sigma Aldrich. Solutions of 
100 mM potassium phosphate monobasic and 100 mM 
potassium phosphate dibasic were prepared initially. 
These two solutions were then combined in appropri-
ate proportions in order to make 100 mM potassium 
phosphate buffer solutions at three different pH val-
ues, pH 5, 6, and 7. Solutions of trihalogenated phenols 
were freshly prepared prior to each experiment in 100 
mM potassium phosphate (KPi) buffer at the appropri-
ate pH and kept at 4 °C in the dark until used. UV-vis 
spectra were recorded periodically to ensure that the 
co-substrate had not degraded by monitoring its absor-
bance: trifluorophenol, 270 nm (1027 M-1 cm-1); tri-
chlorophenol, 312 nm (3752 M-1 cm-1); tribromophenol, 
316 nm (5055 M-1 cm-1) [42]. Hydrogen peroxide stock 
solutions were also freshly prepared daily prior to each 
experiment and maintained at 4 °C. The hydrogen per-
oxide stability was monitored by UV-vis spectroscopic 
analysis at 240 nm (ε240 = 43.6 M-1 cm-1) [43]. The stock 
H2O2 solution was diluted to the corresponding premix-
ing concentrations for each experiment. 

Mutagenesis and protein preparation. The V59W 
point mutation was introduced into the 6XHisDHPA4R 
gene [44] using the QuikChange II Site-Directed Muta-
genesis kit (Stratagene, La Jolla, CA), and the desired 
mutation and lack of deleterious secondary ones were con-
firmed by sequencing. The pET 16b plasmid containing 

the 6XHisDHPA4R or 6XHisDHPA4R V59W DNA 
insert was transformed into BL21 (DE3) Escherichia 
coli cells and plated out on 2xYT/Ampicillin agar plates. 
Single colonies were isolated and overnight cultures were 
scaled up to 6 L growths. Expression of 6XHisDHP A 
protein was not induced via addition of ITPG. After sub-
sequent cell harvesting and lysis, the His-tagged protein 
was isolated using immobilized metal affinity chroma-
tography using Ni-NTA agarose (Qiagen), followed by 
further purification via ion exchange chromatography 
(CM 52) as discussed elsewhere [44]. Purified DHP A was 
dialyzed in 0.1 M potassium phosphate buffer at pH 7 and 
oxidized using K3Fe(CN)6. Excess K3Fe(CN)6 was subse-
quently removed using a 20 cm X 1 cm hand packed Sep-
hadex G-25 column. DHP concentration was determined 
using the Soret band at 406 nm with a molar absorptivity 
of 116,400 M-1 cm-1 for metaquo DHP A [45].

UV-vis spectroscopic studies of DHP A(V59W) — 
DHP A(V59W) was treated with an excess of potassium 
ferricyanide in order to obtain a homogeneous solution 
of the enzyme in the ferric state. Ferri/ferrocyanide was 
removed using a PD-10 desalting column prepacked 
with Sephadex G-25 medium. The protein was concen-
trated using an Amicon Ultra centrifugal filter equipped 
with a 10 kDa cutoff molecular weight membrane, and 
the purity of DHP A was determined as previously pub-
lished [42]. The molar absorptivity for DHP A (ε406 = 
116.4 mM-1cm-1) [45] was used as the basis for that of 
DHP A(V59W). Optical spectra were recorded using 
quartz microcuvettes (1 cm pathlength) on a Cary 50 
UV-vis spectrophotometer equipped with thermostatted 
cell holders at 25 °C or on an Agilent 8453 UV-vis spec-
trometer running ChemStation software. Solutions of fer-
ric DHP A (10 μM final concentration) were prepared in 
100 mM KPi buffer at pH 5, 6, and 7. 

Dehaloperoxidase activity assays — Optical spectra 
were recorded using quartz microcuvettes (1 cm path-
length) as described above. The apparent value of kcat for 
DHP A(V59W) was calculated by method of initial rates, 
and the experimental data were fitted to the Michaelis-
Menten model using the enzyme kinetics software GraFit 
(Erithacus Software). The enzymatic activity was assayed 
on the basis of the formation of dichloroquinone product 
(275 nm) [e275 = 11,400 M-1cm-1 for TCP] monitored for 
5 min at 25 °C. The 1-mL reaction mixture contained 
10 µM of enzyme (ferric) and 300 µM of trichlorophenol 
in 100 mM potassium phosphate buffer at pH 6, and was 
initiated upon addition of 100 µM H2O2.

Stopped-flow UV-vis spectroscopic studies. Opti-
cal spectra were recorded using a Bio-Logic SFM-400 
triple-mixing stopped flow instrument coupled to a rapid 
scanning diode array UV-visible spectrophotometer. The 
temperature was maintained at 25 °C with a circulating 
water bath, and all solutions were prepared in 100 mM 
KPi (pH 7). Experiments were performed in single-mix-
ing mode where DHP A(V59W) at a final concentration 
of 10 µM was reacted with 2.5–25 equivalents of H2O2. 

2150082.indd   7582150082.indd   758 18-07-2021   12:45:2318-07-2021   12:45:23

J. 
Po

rp
hy

rin
s P

ht
ha

lo
cy

an
in

es
 2

02
1.

25
:7

56
-7

71
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

ifi
c.

co
m

by
 N

O
R

TH
 C

A
R

O
LI

N
A

 S
TA

TE
 U

N
IV

ER
SI

TY
 o

n 
01

/0
2/

22
. R

e-
us

e 
an

d 
di

st
rib

ut
io

n 
is

 st
ric

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s a

rti
cl

es
.



1st Reading

Copyright © 2021 World Scientific Publishing Company	 J. Porphyrins Phthalocyanines 2021; 25: 759–771

	 A NEW INHIBITION MECHANISM IN THE MULTIFUNCTIONAL CATALYTIC HEMOGLOBIN DEHALOPEROXIDASE	 759

Control experiments were performed in the absence of 
hydrogen peroxide. Data were collected (900 scans total) 
over a three-time domain regime (2.5, 25, and 250 ms; 
300 scans each) using the Bio Kinet32 software package 
(Bio-Logic). All data were evaluated using the Specfit 
Global Analysis System software package (Spectrum Soft-
ware Associates) and fit to exponential functions as one-
step/two-species, two-step/three species, or three-step/ 
four species irreversible mechanisms where applicable. 
Data were baseline corrected using the Specfit autozero 
function.

Rapid freeze-quench EPR spectroscopic studies of 
H2O2-activated DHP A(V59W). A BioLogic SFM 400 
Freeze-Quench apparatus was used to prepare samples 
for EPR spectroscopic analysis of H2O2-activated DHP 
A(V59W). A 50 μM enzyme solution (final concen-
tration) was reacted with a 10-fold excess of H2O2 in 
100  mM KPi (pH 7) at 25 °C. Variable reaction times 
(500 ms, 2 s, 30 s) were achieved by means of different 
aging lines. To make a sample, a standard 4 mm O.D. 
quartz EPR tube connected to a Teflon funnel was sub-
mersed in a liquid N2-cooled isopentane bath at -110 °C. 
The reaction mixture was sprayed into the funnel, and the 
resulting frozen material was then packed at the bottom 
of the quartz tube using a packing rod fitted with a Teflon 
tip. The sample was then transferred to a liquid nitrogen 
storage Dewar for subsequent spectroscopic analysis. 
EPR spectra were recorded on an X-band (9 GHz) E-9 
EPR spectrometer (Varian, El Palo, CA). A quartz fin-
ger Dewar insert was used to measure the EPR spectra at 
77 K. The typical spectrometer settings were as follows: 
field sweep 200 G, scan rate 3.33 Gauss/s, modulation 
frequency 100 KHz, modulation amplitude 4.0 G, and 
microwave power 2 mW. The microwave frequency for 
each EPR experiment, typically close to 9.2977 GHz, 
was measured by an EIP-578 in-line microwave fre-
quency counter (PhaseMatrix, San Jose, CA).

Resonance Raman spectroscopy. Protein samples 
used for resonance Raman experiments were expressed 
and purified as above and exchanged into 100 mM potas-
sium phosphate buffer. The three Raman buffers at dif-
ferent pH were prepared from the same initial stock 
solutions to ensure that all the buffers contain the same 
compounds and no exogenous ligands were introduced. 
Thus, the results observed in the experiments are attrib-
uted to only the change in pH. The buffers used for the flu-
oride binding experiments were prepared from the same 
initial potassium phosphate solutions except that fluoride 
was intentionally introduced to a concentration of 20 mM.

The final protein concentration for all RR samples 
~130 µM. The samples were placed into 5 mm diam-
eter glass NMR tubes and stored on ice until used. 
Resonance Raman spectra were obtained by Soret band 
excitation using a Coherent Mira 900 titanium sapphire 
(Ti:sapphire) laser. The Ti:sapphire laser was pumped 
using a Coherent Verdi 10 frequency doubled diode 
pumped Nd:vanadate laser generating 10 W at 532 nm. 

The beam generated from the Ti:sapphire is tunable 
through approximately 700–1000 nm, and was sent 
through a Coherent 5–050 doubler to generate a normal 
working range of 400–430  nm for Soret band excita-
tion. The beam was collimated and cylindrically focused 
to a vertical line of ~0.5 mm on the sample. Scattered 
light was collected with a Spex 1877 triple spectrometer 
(2400 grooves/mm final stage grating) equipped with 
an ISA SPEX liquid nitrogen-cooled CCD at ~1.7 cm-1 
resolution. Computer acquisition of the data was accom-
plished with SpectraMax 2.0 software. The spectra were 
calibrated using known peaks from indene, toluene, and 
carbon tetrachloride standards.

Crystallization, structure determination and refine-
ment: The DHP A(V59W) mutant protein was overex-
pressed in E. coli Rosetta (DE3 strain) cells, and purified 
by the procedures established for the purification of wt-
DHPA (non-his tagged)1. The purified protein was in the 
ferric oxidation state of the heme iron, judging by the 
Soret maximum at 407 nm, and no further oxidation with 
K3Fe(CN)6 was deemed necessary.

All crystallizations were carried out at 4 °C using the 
hanging drop vapor diffusion method. Proteins were buf-
fer exchanged into a 20 mM sodium cacodylate buffer 
(pH 5.9), and the protein solution, at the concentration 
of 8 mg/mL, was mixed with an equal volume of the 
crystallization solution and equilibrated against 600 µL 
of crystallization solution. The crystallization solution 
consisted of 0.2 M ammonium sulfate and PEG 4000 
in the 30–36% (w/v) concentration range. Each protein 
crystallized in the presence of either 20 mM KF or buf-
fer, and the crystals appeared after 3 days of incubation at 
4 °C. The best diffraction quality crystals grew from 0.2 
M ammonium sulfate and 32% PEG 4000. Crystals were 
harvested and soaked in mother liquor that was supple-
mented with 15% of PEG 400 as a cryoprotectant.

X-ray data were collected at Sector 22 (Southeast 
Regional Collaborative Access Team) of the Advanced 
Photon Source at Argonne National Laboratory. The 
diffraction data sets were reduced and scaled using 
HKL-2000 suite [46] and belong to the P212121 space 
group, same as wt-DHPA (metaquo), PDB 2QFK [47]. 
The DHP A(V59W) and DHP A(V59W-F) crystals dif-
fracted to resolutions of 1.63 and 1.24 Å, respectively.

The structures of DHP A(V59W) in the presence and 
absence of NaF were determined by molecular replace-
ment with Phaser [48] using the metaquo structure of 
wt-DHPA (PDB entry 2QFK) [47] as a search model. 
Cycles of the refinement and the map calculations were 
carried out with Refmac5 from CCP4 suite of programs 
(Collaborative Computational Project, 1994) iterated 
with the model building using Coot [49]. V59W was 
refined to an Rwork of 16.7% and Rfree of 20.0%) and 
contained two protein molecules with 95.2% of resi-
dues in the most favored regions of the Ramachandran 
plot, with the remaining 4.8% in the additional allowed 
regions. V59W-F was refined to an Rwork of 16.7% and 
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Rfree of  18.7%) and contained two protein molecules 
with 94.8% of residues in the most favored regions of 
the Ramachandran plot, with the remaining 5.2% in the 
additional allowed regions. Data collection and refine-
ment statistics are provided in Table 1.

Molecular dynamics simulations: Molecular dynam-
ics (MD) simulations of the V59W mutant were con-
ducted in order to observe the dynamics of the tryptophan 
in the distal pocket. The program NAMD was used to 
conduct the MD simulations [50]. The models were con-
structed based on the 2QFK X-ray crystal structure [47] 
using VMD’s automated feature to add hydrogen atoms 
to the protein coordinates, soak the protein in a water box 
with periodic boundary conditions, and add ions (equiva-
lent to 0.5 M NaCl) to create a neutral box. The mutate 
residue function was used to alter V59 to W. Three model 
calculations were conducted. The standard parameter set 
was used to study the dynamics of the V59W mutant. 
The V59W system consisted of 9254 water molecules, 
with 22 Na+ and 20 Cl- ions for charge neutralization, 
consistent with a charge of 2- for the DHP A protein 
for the ferrous form. The periodic box parameters for 
this model were: X: 50.4 Å, Y: 57.2 Å and Z: 60.2. The 
second model consisted of ferric heme and tryptophan, 
V59WFN (where FN stands for ferric Fe and neutral 
Trp  59). The net charge on the DHP A protein in this 
model is -1, so that the number of ions is 22 Na+ and 21 
Cl- required for charge neutralization of the solvent box. 
The periodic box lengths were: X: 60.2 Å, Y: 50.5 Å and 
Z: 61.1 with 9560 water molecules. MD simulations have 
been validated [51] using GROMACS [52, 53] as well as 
NAMD [54]. Ferric heme was parameterized based on 
charges obtained from density functional theory calcula-
tions (DFT) using DMol3 [55-58].

RESULTS

Overexpression and purification of DHP A(V59W). 
Recombinant DHP A(V59W) was obtained by expres-
sion in E. coli and purified as previously described [42]. 
DHP A(V59W) was initially isolated as a mixture of the 
ferric [13, 47, 59] and oxyferrous [21, 47] forms, as typi-
cally seen for WT isoenzymes A and B, and subsequent 
treatment with an excess of potassium ferricyanide per-
mitted the isolation of the ferric form. The optical purity 
ratio (Reinheitzahl or Rz, defined as ASoret/A280) for DHP 
A(V59W) was found to be 3.4, lower than the literature 
values of ~4.1 for WT isoenzymes A and B [19, 42]. This 
was expected, however, as the V59W mutation increases 
the calculated A280 molar absorptivity coefficient to 
18,450 M-1cm-1 in DHP A(V59W) from 12,950 M-1cm-1 
in WT DHP A. At ~7 mg/L expression culture, the final 
yields of purified DHP A(V59W) protein were typically 
much lower that of WT DHP A (~35 mg/L), but still 
enabled sufficient protein to be obtained for performing 
the spectroscopic and structural studies detailed below.

Resonance Raman and UV-vis spectroscopic charac-
terization of DHP A(V59W). The electronic absorption 
and resonance Raman (RR) spectra of DHP A(V59W) at 
pH 5, 6, and 7 are shown in Fig. 1. The electronic absorp-
tion spectrum of ferric DHP A(V59W) at pH 5 (Fig. 1(a), 

Table 1. Data collection and Refinement statistics.

V59W V59W-F

PDB code 3K3U 7MNH

Space group P212121 P212121

Unit-cell parameters

a (Å) 57.77 57.70

b (Å) 67.32 67.25

c (Å) 69.46 69.31

a (deg) 90.00 90.00

b (deg) 90.00 90.00

g (deg) 90.00 90.00

Data collection

Temperature (K) 100 100

Wavelength (Å) 1.54 1.12

Resolution (Å)a 30.29–1.63
(1.67–1.63)

48.26–1.24
(1.28–1.24)

Unique reflections 32461 71322

Completeness (%)a 98.9 (94.8) 97.5 (98.1)

Rmerge (%)b 6.4 (17.1) 8.4 (55.0)

I/s 12.4 (11.2) 21.4 (3.4)

Redundancy 4.2 (4.3) 4.5 (4.2)

Refinement

Rwork/Rfree (%)c 16.7/20.0 16.7/18.7

Average B factor (Å2)

All atoms 11.33 9.44

No. of atoms

Protein 2955 2730

Water 413 342

Rmsd from ideal

Bond length (Å) 0.009 0.017

Bond angle (deg) 1.23 1.95

Ramachandran plot (%)

Most favored 94.4 94.8

Allowed 5.6 5.2

Disallowed 0 0
aValues in parentheses are for the highest resolution shell. bRmerge 
S(|I-Ī|/SI × 100). cRwork = S|Fo–Fc|/SFo × 100, where Fo is the 
observed structure factor amplitude and Fc is the calculated 
structure factor amplitude.
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trace a) exhibits a Soret band at 408 nm, Q1 and Q0 bands 
at 505 and 530 nm, respectively, and a charge transfer 
(CT1) band at 637 nm, and is similar to the electronic 
absorption spectrum previously observed for WT-DHP 
A [UV-vis: 405 (Soret), 504, 538, 636 nm] at this pH 
[42]. Correlations based on studies of hemes a and a3 in 
cytochrome c oxidase suggest that higher wavelengths 
for the CT1 band >645 nm correspond to 5-coordinate 
(5c) high-spin (HS) heme, whereas H2O and F- bound 
six coordinate (6c) HS forms are closer to 620 nm; these 
assignments have been supported by magnetic circu-
lar dichroism studies [60–63]. The slight differences 
between the V59W mutant and WT-DHP A are attribut-
able to the presence of the distal cavity mutation. The 
resonance Raman spectrum of ferric DHP A(V59W) at 
pH 5 (Fig. 1(b), trace a) is nearly identical to WT-DHP A. 
The ν4 mode is at 1371 cm-1, typical of a ferric heme spe-
cies, and the n3 mode shows a mixture of 5cHS and 6cHS 
species at 1494 and 1483 cm-1, respectively, as expected 
in cases where ligation at the heme-Fe is mixed [64]. 
Effects of hydrogen bonding on 6cHS ligated species can 
be detected using the n3 mode as well [65, 66].

The electronic absorption spectrum of ferric DHP 
A(V59W) at pH 6 (Fig. 1(a), trace b) is consistent with 
the presence of a small amount of low spin (LS) species 
(574 nm). Compared to the pH 5 spectrum, the Soret band 
shifts to 409 nm, the Q1 and Q0 bands shift to 504 and 
535 nm, respectively, and the CT1 band shifts to 634 nm. 

Accordingly, the RR spectrum of ferric DHP A(V59W) 
at pH 6 (Fig. 1(b), trace b) shows the presence of a small 
amount of 6cLS heme (n3 at 1504 cm-1).

The electronic absorption spectrum of ferric DHP 
A(V59W) at pH 7 (Fig. 1(a), trace c) indicates an even 
greater amount of the low spin species (574 nm) with the 
Soret band at 409 nm, Q1 and Q0 bands at 502 and 535 nm, 
respectively, and the charge transfer band has shifted to 
631 nm. The RR spectrum of ferric DHP A(V59W) at pH 
7 (Fig. 1(b), trace c) also shows a greater population of 
6-coordinate low spin heme (n3 at 1504 cm-1). Moreover, 
the 5cHS component (n3 at 1494 cm-1) initially present in 
the pH 5 spectrum is completely absent. Thus, the pH 5 
spectrum is a mix of 5cHS and 6cHS species, the pH 6 
spectrum is a mix weighted more heavily to 6cHS, and 
the pH 7 spectrum is 6cHS. The n3 mode for low spin 
DHP observed at 1504 cm-1 at pH 9.6 has been attrib-
uted to hydroxide binding [67]. The observed Raman 
spectra of the fluoride structures are compatible with this 
interpretation [68–70] if one considers replacement of 
F- by OH-. The absorption spectra for the F-, OH-, H2O 
and 5-coordinate forms have been previously measured 
in DHP A. DHP-F and DHP-H2O have CT1 maxima at 
605 nm [71] and 636 nm [72], while DHP-OH lacks a 
CT1 band and has an absorption at 579 nm and 598 nm. 
However, these are bands are not observed until pH > 8, 
which was not studied here. Thus, the smaller shift from 
636 nm to 631 nm shown in Fig. 1(a) is consistent with 

Fig. 1. Electronic absorption spectra (panel A) and RR spectra (panel B) of ferric DHP A(V59W) at (a) pH 5, (b) pH 6 and (c) pH 7 
in 100 mM potassium phosphate buffer. The 460–700 nm region (panel A) has been multiplied by a factor of 5. Experimental condi-
tions for panel B are: 406 nm excitation wavelength, 50 mW laser power at the sample, average of 6 spectra with 300 s integration 
time, 1.7 cm-1 spectral resolution. The intensities are normalized to that of the ν4 band at 1371 cm-1.
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previous observed titration of the acid-alkaline transition 
(DHP-H2O to DHP-OH) in DHP A [72] and the DHP-F 
form shown in Fig. 2(a) has a CT1 band in the region 
observed previously [71].

Analysis of the two ratios ASoret/A380 and A614/A645 
demonstrates relative populations of 6-coordinate (6c) vs. 
5c high spin (HS) heme present in hemoproteins. Gener-
ally, 5cHS heme species exhibit a slightly blue shifted 
and smaller extinction Soret band than their 6cHS coun-
terparts, as well as a shoulder at 380 nm. As such, 5cHS 
hemes will yield a smaller ASoret/A380 ratio than their 
6cHS analogs. The ASoret/A380 ratios for DHP(V59W) 
were found to be 1.95, 2.46, and 3.06 for pH 5, 6, and 
7, respectively, and suggest a pH-dependent change in 
spin state from 5cHS at lower pH values to 6cHS under 
more basic conditions. Furthermore, the CT1 feature in a 
5cHS heme is found at ~640 nm or higher, whereas that 
of a 6cHS heme is often closer to 630 nm. Thus, 5cHS 
hemes will yield a smaller A614/A645 ratio than their 6cHS 
analogs, and is a complementary analysis to that of the 
ASoret/A380 ratio for determining relative populations of 
heme coordination environments. The A614/A645 ratios for 
DHP(V59W) were found to be 0.95, 1.20, and 1.45 for 
pH 5, 6, and 7, respectively, and are in agreement with 
the ASoret/A380 ratio that suggests a pH-dependent change 
in spin state from 5c to 6c HS heme as the pH value is 
raised.

Resonance Raman and UV-vis spectra of DHP 
A(V59W) in the Presence of Fluoride Ion. Fluoride 
ion binding as a function of pH was employed to inves-
tigate if the introduction of the bulkier V59W mutation 
precludes substrate access to the heme active site [69]. 
The corresponding electronic absorption and resonance 
Raman spectra of DHP A(V59W) at pH 5, 6, and 7 in 
the presence of 20 mM NaF are shown in Fig. 2. The 
electronic absorption spectrum of ferric DHP A(V59W) 
at pH 5 with 20 mM fluoride (Fig. 2(a), trace a) is typi-
cal of a 6cHS ferric heme-F adduct with a Soret band 
at 406 nm, Q1 and Q0 bands at 498 and 535 nm, respec-
tively, and the charge transfer band at 608 nm. The 30 nm 
blue-shifted CT1 band is commonly observed in heme 
proteins upon fluoride binding and subsequent formation 
of the 6cHS heme [71, 73]. The RR spectrum of ferric 
DHP A(V59W) at pH 5 with 20 mM fluoride (Fig. 2(b), 
trace a) is significantly different from the H2O bound 
form (Fig. 1(b), trace a) because H2O binding in the lat-
ter is an equilibrium mixture of 5cHS and 6cHS heme 
and conformational changes [12]. However, at pH 7 the 
spectra look similar with the puzzling exception of the 
CT1 band (Figs 1(a) and 2(a), trace c), suggesting 
that OH- and F- both may be in equilibrium as adducts to 
the heme-Fe under these conditions at pH 7.

The electronic absorption spectrum of ferric DHP 
A(V59W) [UV-vis: 409 (Soret), 494, 535, 608 nm] at 

Fig. 2. Electronic absorption spectra (panel A) and RR spectra (panel B) of the ferric DHP A(V59W)-fluoride adduct at (a) pH 5, 
(b) pH 6 and (c) pH 7 in 100 mM potassium phosphate buffer containing 20 mM fluoride. The 460–700 nm region (panel A) has 
been multiplied by a factor of 5. Experimental conditions for panel B are: 406 nm excitation wavelength, 50 mW laser power at the 
sample, average of 6 spectra with 300 s integration time, 1.7 cm-1 spectral resolution. The intensities are normalized to the ν4 band 
at 1371 cm-1.
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pH 6 with 20 mM fluoride (Fig. 2(a), trace b) again 
indicates the presence of a small amount of low spin 
species (574 nm), with an even greater amount of the 
low spin species observed at pH 7 [UV-vis: 409 (Soret), 
493, 535, 574, 608 nm; Fig. 2(a), trace c]. The RR 
spectra of ferric DHP A(V59W) with 20 mM fluoride 
at pH 6 and 7 (Fig. 2(b), traces b and c, respectively) 
further corroborate of the presence of a 6-coordinate 
low spin heme (n3 at 1504 cm-1) that increases with 
increasing pH. Moreover, the 5cHS heme component 
(1494 cm-1) initially present in the pH 5 spectrum is 
completely absent at these higher pH values. The ν4 
mode is observed at 1371 cm-1 in all of the RR spectra 
and is indicative of a ferric heme. An oxyferrous adduct 
would be expected to have a lower value of 1368 cm-1 
[74, 75], which is not observed in these experiments. In 
addition, there is a small band at 1519 cm-1 in a num-
ber of the spectra that we attribute to a photoreduction 
process that is observed despite the use of rapid spin-
ning. Taken together, the results suggest that the heme-
Fe remains accessible to fluoride ion binding, as also 
shown in the corresponding X-ray crystal structures, 
but also specific interactions of the tryptophan ring of 
W59 can affect the binding and even the pKa of water 
bound to the heme Fe.

X-ray crystallography of DHP A(V59W) and its 
fluoride adduct. The X-ray crystal structures of the 
metaquo DHP A(V59W) mutant (PDB 3K3U) and the 
V59W mutant in complex with fluoride [denoted as DHP 
A(V59W-F)] (PDB 7MNH) are similar to that of the 
metaquo form of WT DHP A (PDB 2QFK [47]) (Fig. 3) 
with an overall RMSD of 0.36 Å for all 3 models as cal-
culated with Chimera [76]. However, the distal pocket 
structure shows a significant local difference in that the 
steric bulk of the W59 residue forces the distal histidine, 
H55, to a solvent exposed conformation(s). 

Despite its large size, the tryptophan shows a signifi-
cant mobility in the distal pocket, with up to three con-
formations that can be fit to the electron density. In all 
conformations, the tryptophan is above and nearly paral-
lel to the heme, blocking access to the heme-Fe although 
it is still not within van der Waal’s interaction distance. 
The conformation(s) in the X-ray structure corresponds 
to pH 6. As discussed below, resonance Raman spectra 
and molecular dynamics simulations both suggested 
that the conformation of the tryptophan changes signifi-
cantly between pH 6 and 7. Despite the mobility of W59, 
it occupies the space that normally would be taken up 
by a substrate. One mechanism of inhibition in DHP is 
the binding of molecules in the β-site perpendicular to 
the heme such that H2O2 binding and activation are no 
longer possible. This is supported by the observation that 
inhibitors such as 4-bromophenol preclude water binding 
to the heme iron (no 6cHS Fe-OH2 adduct is observed), 
resulting in a 5cHS heme that can be observed by both 
UV-vis and RR spectroscopies [12, 77]. However, the 
flexibility of W59, in the mutant, could stabilize OH– 
binding by hydrogen bonding to W59, blocking access 
of H2O2 and providing a mechanism of inhibition. The 
canonical inhibition mechanism in DHP involves bind-
ing of 4-bromophenol, which binds in the distal pocket, 
blocking access to the heme iron. In contrast to wild type 
DHP, attempts to co-crystallize a 4-bromophenol inhibi-
tor with DHP A(V59W) resulted in little or ambiguous 
density (PDB 3O7N) that has been interpreted to sug-
gest that 4-bromophenol (and similarly sized molecules 
like it) will not enter the distal pocket of DHP A(V59W). 
Indeed, no other substrate of DHP has been successfully 
co-crystallized with 4-bromophenol to-date suggesting 
that there is steric interference with W59. Instead of ste-
rically blocking the heme iron, W59 stabilizes heme iron 
ligands, which may then compete with H2O2 binding. 

Fig. 3. Comparison of wild-type DHP A (2QFK; left) and DHP A(V59W) (3K3U; right) X-ray crystal structures. Both structures 
were obtained at 100 K. The distal histidine (H55) of wild-type DHP is shown in the closed position hydrogen-bonded to a water 
molecule. The V59W structure lacks the water molecule because all of the conformations of the W59 residue preclude binding of 
water. 
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The X-ray structure of the DHP A(V59W)-fluoride 
adduct is similar to the ferric structure, but the confor-
mations of W59 in the distal pocket differ and only two 
are required to fit the observed density. Both active sites 
of the crystallographic dimer are shown in Fig. 4. The 
left panel of Fig. 4 shows the difference electron density 
map distal to the heme cofactor. Here, the density can 
be fit with two conformations of W59, one similar to 
that observed in V59W (PDB 3K3U) where the W59-Ne1 
can hydrogen bond to the heme bound ligand, and one 
with W59 “flipped” with respect to those in V59W, both 
with an H2O or F- coordinated to the heme Fe. The center 
and right panels of Fig. 4 show the difference electron 
density map distal to the heme. This density can be fit 
two ways: 1) a conformation of W59 similar to V59W 
(PDB 3K3U) with a H2O or F- coordinated to the heme-
Fe (Fig. 4: center) where the W59-Ne1 can hydrogen 
bond to the heme bound ligand, or 2) a conformation of 
W59 that brings it into proximity of the heme Fe (Fig. 4: 
right). This unusual conformation is only observed in 
the crystal treated with F-, and the flexibility of W59 in 
the distal pocket makes modelling the density difficult. 
However, this raises an interesting question of whether 
or not W59-Ne1 can directly coordinate to the heme-Fe 
(ruled out below).

Enzymatic activity of DHP A(V59W) — The hydrogen 
peroxide-dependent oxidative dehalogenation of 2,4,6- 
trichlorophenol (TCP) as catalyzed by DHP A(V59W) at 
pH 6 is shown in Fig. 5. 

The data at pH 7 are not shown because the reac-
tion rate was too slow to measure [78]. The enzymatic 
reaction was initiated by the addition of H2O2, and the 
reaction was monitored using DCQ product formation 
[2,6-dichloro-1,4-benzoquinone (DFQ), lmax = 275 nm]. 

In the absence of DHP A (non-enzymatic control), no 
product was observed under the conditions examined, in 
agreement with previous reports that showed a require-
ment for the enzyme [42, 45]. Under the conditions 
examined, the value of kcat was determined to be ~0.18 s-1 
for DHP A(V59W), or about 30% smaller than the value 
reported previously for WT DHP A [19]. At pH 7, this 
modest activity was essentially abolished.

To confirm the inability of the enzyme to be activated 
to a catalytically-competent form of DHP (e.g. Com-
pounds I or ES) by H2O2 at pH 7, stopped-flow UV-vis 
spectroscopic studies were performed (Fig. 6). 

Upon rapid mixing of a solution of DHP A(V59W) 
with a 10-fold excess of H2O2, no formation of a ferryl 

Fig. 4. Active site of both subunits of the crystallographic dimer. Difference densities are the 2Fo-Fc maps calculated before addition 
of W59 to the coordinate file and are contoured at 3σ. The left panel of shows the difference electron density map above the heme 
of the first crystallographic subunit. The density can be fit with two conformations of W59, one similar to those observed in DHP 
A(V59W) (PDB 3K3U) where the W59 N can hydrogen bond to the heme bound ligand and one with W59 “flipped” with respect 
to those in V59W, both with an H2O or F- coordinated to the heme Fe. The center and right panels of show the difference electron 
density map above the heme of the second crystallographic subunit. The density can be fit two ways. The first is a conformation of 
W59 similar to DHP A(V59W) (PDB 3K3U) with an H2O or F- coordinated to the heme Fe (center). The second is a conformation 
of W59 that brings it into proximity of the heme-Fe (right).

Fig. 5. Oxidative dehalogenation of 2,4,6-trichlorophenol 
(300 µM) as catalyzed by DHP A(V59W) (10 µM) and hydro-
gen peroxide (100 µM) at pH 7. The formation of 2,6-dichloro-
quinone was monitored at 275 nm.
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species was observed, in marked contrast to the obser-
vation of Compound ES under these conditions when 
employing WT DHP A [42]. Rather, a slow bleaching 
of the heme cofactor was noted over the course of the 
85 s experiment, suggesting that the reaction of DHP 
A(V59W) does not proceed through the previously 
observable catalytic ferryl species noted for WT DHP 
A [42], and is therefore non-productive for substrate 
oxidation. To confirm that the lack of an observable 
Compound ES (FeIV=O + tyrosyl radical [32]) spe-
cies was not due to endogenous reduction of the fer-
ryl species by W59, EPR spectroscopy was performed 
on rapid-freeze-quench (RFQ)-trapped samples of the 
H2O2-activated DHP A(V59W). No signal was observed 
(data not shown), including the lack of the tyrosyl radical 
typically observed in DHP A [32], confirming no radical 
species (e.g. Tyr• or Trp•) were formed upon reaction of 
DHP A(V59W) with H2O2.

The marked difference in the activity of DHP A(V59W) 
as a function of pH can be interpreted as some form of 
stronger ligation to the heme-Fe by an exogenous axial 
ligand, consistent with the formation of a 6cHS complex 
as show in Fig. 1. The 6cHS heme ligand could be H2O, 
but the evidence here supports deprotonated OH- [67, 70, 
72]. However, a simple binding of OH- is not the origin 
of inhibition since it is well known that DHP can turn-
over catalytic substrates at pH > pKa for the acid-alkaline 
phase transition, i.e. although hydroxide appears to be 
bound above pH 8.0, DHP is still peroxidase active [79]. 
Thus, the role played by the tryptophan is more subtle 
than an on-off switch due to steric bulk, but rather one 
related to stabilization of an axial ligand that is coordi-
nated to the heme-Fe. In summary, the crystal structure of 
the V59W mutant shows a potentially significant interac-
tion between the tilted tryptophan ring in the distal pocket 
and the heme-iron ligand (whether it be fluoride, hydrox-
ide or water). Despite the enormous steric hindrance of 
the tryptophan, its dynamic nature in the distal pocket (as 
suggested by the multiple conformations of W59) results 
in an inhibition mechanism that is highly pH-dependent 
upon the strength of heme-Fe ligand binding. 

Dynamics of the Trp-Heme-His adduct. As suggested 
above, dynamic motions of W59 in the distal pocket may 
be important for activity. Molecular dynamics simula-
tions can provide an estimate of the time scales and prob-
abilities for W59 motion among stable conformations. 
Figure  7 shows the two major conformations of W59 
observed in the MD simulations. Figure 7(a) is taken 
from the neutral W59 ferrous heme MD simulation. 
Figure 7(b) is a representative structure from the MD 
simulation with anionic Trp59 and ferric heme param-
eters, with W59 perpendicular to the heme plane and 
ligated to the heme-Fe. 

Figure 8 shows the Fe-(W59)Nε distance plotted as 
a function of time in this model system. The simulation 
shows that Trp59 is observed in a bonding conformation 
for ~27 ns of the simulation, after which it dissociates 

Fig. 6. Kinetic data for the reaction of DHP A(V59W) with 
hydrogen peroxide. (a) stopped-flow UV-vis spectra of the 
single-mixing reaction between DHP A(V59W) (10 µM) with 
a 10-fold excess of H2O2 at pH 7 (900 scans over 83 sec); inset 
- the single wavelength (407 nm) dependence on time obtained 
from the raw spectra and its fit with a superposition of the cal-
culated spectral components. (b) calculated spectra of the two 
reaction components derived from the SVD analysis: ferric 
DHP A(V59W) (black) and the bleached product (red). (c) time 
dependences of the relative concentrations for the two compo-
nents shown in the middle panel as determined from the fitting 
of the spectra in the top panel.
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and adopts a conformation similar to the neutral His. 
However, this model is artificial and without a strong 
interaction such as the Fe-N bond, W59 cannot maintain 
a geometry perpendicular to the heme plane. The forma-
tion of the Fe-N bond is not observed and the high pKa 
of tryptophan practically ensures that it will not ligate to 
the heme. In summary, the MD simulations show that the 
parallel tryptophan conformation is dominant, but that the 
tryptophan and heme planes may deviate from parallel 
depending on the strength of the molecular interactions 
with ligands bound to the heme-Fe. The MD simulations 
also show a reasonable range of motion of the tryptophan 
that would permit enzymatic activity.

DISCUSSION

In designing the V59W mutant for DHP, the goals 
were similar to those for other globins where similar 
methods have been employed, namely, to block access 
to the heme-iron by increasing the steric bulk in the dis-
tal pocket and to observe accessible conformations of the 
tryptophan. In globins, the issue is accessibility of the Fe, 
which is clearly guarded by the appropriate set of amino 
acids above the heme in the distal pocket of SWMb and 
cloned human Mb [35, 80–83]. In a multi-functional per-
oxidase/peroxygenase, access to the Fe may affect cata-
lytic efficiency or the conditions for switching between 

Fig. 7. Representations from molecular dynamics simulations of different oxidation states of heme Fe and charge states of Trp 59 of 
the DHP A(V59W) mutant are shown. (a) The neutral Trp 59 is nearly parallel to the heme plane of ferrous heme. (b) The anionic 
Trp 59 perpendicular to the heme plane and ligated to the heme of ferric heme.

Fig. 8. Time courses from MD simulations of the ferric heme Fe and anionic Trp 59 form of the DHP A(V59W) mutant are shown. 
(a) The distance from the Fe atom to Trp 59 Nε is shown. Trp 59 is observed in a bonding conformation for 27 ns of the simulation. 
However, it dissociates after 27 ns to a conformation similar to the neutral Trp 59 in Fig. 7(a). (b) The distance between the heme-Fe 
and the nitrogens of the distal histidine, His55, are shown.
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different types of reactivity. Distal mutants have been 
studied in DHP [9, 14, 16, 28, 32, 84]. As the largest 
amino acid, tryptophan is a logical choice to use when 
one wants to investigate steric effects by site-directed 
mutagenesis [85, 86]. Tryptophan scanning mutagenesis 
locates regions of a protein where steric blockage can 
have a functional effect [87, 88]. Beyond sterics, trypto-
phan mutations can also be used to alter electron trans-
fer pathways in heme peroxidases and monooxygenases: 
like tyrosine, tryptophan readily forms a neutral radical 
upon oxidation when it is located in the vicinity of the 
heme iron [32]. As such, both possibilities (sterics and 
alteration of electron transfer pathways) need to be con-
sidered. No such pathways were observed in the present 
work, which greatly simplified the understanding of the 
dynamic effects that already contained some subtlety.

While V59W presents a rather drastic change to the 
overall structure of the distal pocket, our previous stud-
ies with F21W suggested the feasibility of introducing 
this mutation into DHP [9, 16]. Moreover, the plastic-
ity of the DHP distal pocket, which can accommodate 
large substrates such as 2,4,6-TCP [16], 5-Br-indole 
[89], and pentachlorophenol [22], also suggested that the 
active site would be able to accommodate such a change 
[90]. To visualize the results from various experiments 
and other heme proteins, it must be kept in mind that the 
heme cofactor is more deeply buried in the globin fold 
of DHP A, the distal histidine interacts strongly with the 
propionate side chains, and V59 is about 1.5 Å further 
from the heme than in SWMb [11]. This small differ-
ence in geometry likely turns out to have an important 
consequence for the structure of tryptophan mutation 
at that site: we describe a model of inhibition driven by 
hydrogen-bonding stabilization of the heme ligand. Stud-
ies in the presence of fluoride provide an additional probe 
of hydrogen-bonding in the distal pocket [91]. The sim-
plest interpretation is that V59W is not involved in the 
catalytic reaction at pH 6 or lower and permits reactiv-
ity in equilibrium with the ligand binding. On the other 
hand, at pH 7, the tryptophan could polarize bound H2O 
or F-, which may lead both of them being substituted by 
OH- and subsequent inhibition of DHP activity due to the 
stabilization of the resultant 6c adduct.

Multiple conformations of W59 in the  
DHP A distal pocket

The X-ray crystal structures reveal two general orien-
tations of Trp59, both of which place the indole Ne1 in 
range to hydrogen-bond with a sixth ligand to Fe (such 
as H2O or F-). As shown in Fig. 4, the orientation of the 
two significant W59 conformations make an angle of 
circa 45o with respect to the heme plane. Thus, it appears 
that the flexibility of W59 permits the indole side chain 
to hydrogen bond to heme-bound H2O (or F-), thereby 
stabilizing the binding of the ligand. The fact that the 
distal pocket can accommodate this bulky side chain is 

in agreement with numerous other observations of small 
molecule binding to DHP, including substrates 5-Br-
indole [89], 2,4,6-TCP [16], 2,4-DCP [89], 4-NO2-phe-
nol [23], 4-Br-guaiacol [21], and pentachlorophenol [22], 
inhibitors such as 4-X-phenol (X = F, Cl, Br, I) [11, 12, 
18], and azoles (benzotriazole, benzimidazole, imidaz-
ole, and indazole [20]) that bind to the heme or near the 
heme in the distal pocket, in addition to the previously 
crystallographically-characterized F21W mutant [9, 16]. 
One reason why DHP is able to accommodate such a 
broad number of substrates is the unusual flexibility of 
the distal histidine, which apparently permits the entry 
of large molecules, even when they are not ligated to the 
heme-Fe [8, 9, 21, 23, 90, 92]. However, it is surprising 
that W59 is able to adopt different conformations given 
that a tryptophan introduced by site-directed mutagenesis 
has restricted freedom of motion in the distal pocket due 
to its anchoring to the peptide backbone. One possible 
explanation is that, unlike other globins, DHP does not 
have a confined space or paths that lead to the oxygen-
binding site: DHP has a relatively open architecture but 
must nonetheless respond to the binding of specific mol-
ecules in order to permit different oxidation mechanisms 
(peroxidase, peroxygenase, oxidase, oxygenase). The 
two or more different orientations of W59 in the distal 
cavity provide further evidence of a dynamic pocket and 
the importance of interactions with heme-bound H2O as 
a crucial control mechanism [12, 93].

Reconciling the crystallographic and  
spectroscopic data

The resonance Raman spectrum shows that the equi-
librium spin state of the heme-Fe shifts from a mixture 
of 5cHS/6cHS at pH 5 to mainly 6cHS at pH 7. The 
evidence for this is the change from a n3 band with two 
peaks at 1483 cm-1 and 1493 cm-1 at pH 5 to a single 
6cHS peak at 1480 cm-1 at pH 7, and this structure is con-
sistent with the loss of peroxidase enzymatic activity at 
the higher pH. Additionally, there a small band (<15% of 
the total intensity of the n3 band) at 1504 cm-1 at pH 7 that 
we believe can be assigned as a 6cLS OH- ligated form.

The 6c heme structure at pH 7 as deduced from the 
UV-vis and resonance Raman spectroscopic data is 
significantly different than the X-ray crystal structure 
obtained at pH 5.9. The structural comparison with the 
X-ray crystal structure can only be made at pH 5.9, which 
is required for crystallization under the conditions identi-
fied in screens of DHP A and its mutants. The resonance 
Raman spectra of the DHP A(V59W)-F adduct show sig-
nificant changes between pH 5 and 6, indicating that there 
may be a change of F− ligation to the heme-Fe. There 
is also an apparent change in the 6cLS n3 band from 
1480  cm-1 to 1478 cm-1, which may indicate a greater 
tendency to pull the Fe as pH increases. The pH 7 spec-
trum in Fig. 2(b) shows a small but significant change 
at pH 7 located in the band at 1519 cm-1. This suggests 
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that even in the presence of fluoride, hydroxide is a com-
petitive ligand (in equilibrium). W59 hydrogen-bonding 
interactions with both fluoride or H2O show geometry 
and pH dependence. The X-ray crystal structure of DHP 
A(V59W) treated with fluoride also shows a conforma-
tion of W59 that makes an oblique angle with respect to 
the heme plane such that the indole-Ne1 is within van der 
Waal’s contact with bound fluoride. The data suggest that 
a strong W59 interaction with heme-bound ligands, par-
ticularly F-, dominates the energy landscape in the distal 
pocket and steric effects make relatively small energetic 
contributions. 

Ruling out tryptophan ligation to the heme-Fe

Observation of the 6cLS heme-Fe at pH 7 is an inter-
esting phenomenon, and the electron density shown 
in Fig. 4 allows one to model W59 within coordina-
tion proximity to the heme-Fe. Therefore, one cannot 
entirely rule out the possibility of ligation of the heme-
Fe by W59 based on the electron density in the X-ray 
crystal structure alone. There are examples of mutations 
that change their conformation in order to ligate the 
heme-Fe. The mutation of distal valine (known as E9 in 
myoglobin, but also as V68, which is V59 in DHP) can 
produce a 6-coordinate adduct: namely, the V68E mutant 
in human Mb revealed that the negatively-charged glu-
tamate was bound to the heme-Fe [33, 94]. Moreover, 
the pH-dependent nature of the transition from a 5cHS 
to a 6cHS heme does not require deprotonation of the 
tryptophan. Only the very small 6cLS Raman band at 
1519 cm-1 could provide evidence, however such small 
populations of reduced protein are frequently observed 
in Raman studies due to photoreduction, and DHP’s high 
reduction potential makes it especially prone to photo-
reduction [95, 96]. Further, multiple lines of evidence 
argue against a six-coordinate complex involving W59. 
First, the conformation of a heme-bound tryptophan 
would be strained (since it is restricted from being in an 
ideal perpendicular binding geometry as shown by the 
MD simulations, vide infra). Second, we are confronted 
by the fact that the pKa of indole in aqueous solution is 
16, and it is not immediately obvious what interaction 
in the distal pocket could cause a significant lowering in 
the pKa of the tryptophan side chain (the distal pocket is 
largely hydrophobic and lacks strongly basic amino acid 
side chains that could play a role in modifying the pKa of 
an internal amino acid). Known heme Fe ligands include 
histidine [47], cysteine [1, 97], methionine [98, 99], tyro-
sine [100], and aspartate [33, 94], but not tryptophan due 
to its high pKa.

The steric effects were investigated by MD simula-
tions. The precedence for 6cLS heme in DHP upon sub-
strate binding can be found in X-ray crystal structures 
with azole compounds soaked into the distal pocket [20]. 
While the MD results show that the proximity of the tryp-
tophan-N could lead to it coordinating the heme-Fe, the 

orientation of the second conformer of tryptophan is not 
ideal. Moreover, an interaction of the tryptophan with the 
heme-iron would require displacement of H2O, OH- or 
F- to compete with direct ligation by tryptophan. To date 
there is no example of a tryptophan ligated to a heme 
iron in the PDB database. While the tryptophan does 
not directly ligate to the heme Fe, its polar imino (N-H) 
group appears to interact strongly with ligands bound to 
the heme-Fe, perturbing their equilibria mainly in a man-
ner inhibitory to peroxidase activity.

CONCLUSION

We have prepared the V59W mutant of DHP A that 
introduces a bulky tryptophan residue into the distal 
pocket of this multifunctional catalytic globin. Not only 
does this mutation fold properly, it can be crystallized 
and studied as a function of pH to understand a unique 
role played by W59 in inhibiting DHP. W59 apparently 
has two major equilibrium conformations. The neutral 
indole form of W59 is parallel to the heme plane, with 
a second conformation in which W59 apparently inter-
acts with a ligand bound to Fe (either H2O or F-) with 
the plane of the tryptophan making an angle of circa 
45o with respect to the heme plane. The mutant can act 
as a peroxidase enzyme at pH 6, but not at pH 7. Using 
UV-vis and resonance Raman spectroscopies, we can 
infer that the reason is specific to the heme-iron being 
predominantly 6cHS at pH 7, which may result from 
a shift in the acid-alkaline transition of the heme-Fe, 
meaning that the Fe(III)-OH2 is deprotonated so that the 
sixth ligand becomes hydroxide, as in Fe(III)-OH [72]. 
Hydroxide binds more strongly than fluoride so that this 
form dominates as supported by the resonance Raman 
data. Although MD calculations support the possibility 
of W59 binding directly to the heme iron, the high pKa 
of the tryptophan side chain rules this out. There is still 
an electrostatic and protonation effect due to the trypto-
phan that gives rise to the hydroxide form at more than 
one pH unit lower than the pKa of 8.1 observed for wild 
type DHP [72]. We find no evidence that tryptophan 
plays a role in the oxidation mechanism (i.e. radical 
formation), but instead the data reveal a new mecha-
nism of DHP inhibition, namely an unusually strong 
H-bonding interaction between the tryptophan and the 
sixth axial heme ligand that inhibits enzyme activation 
by the co-substrate H2O2.
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