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X-ray structure of the metcyano form of
dehaloperoxidase from Amphitrite ornata: evidence
for photoreductive dissociation of the iron—cyanide

bond

X-ray crystal structures of the metcyano form of dehalo-
peroxidase-hemoglobin (DHP A) from Amphitrite ornata
(DHPCN) and the C73S mutant of DHP A (C73SCN) were
determined using synchrotron radiation in order to further
investigate the geometry of diatomic ligands coordinated to
the heme iron. The DHPCN structure was also determined
using a rotating-anode source. The structures show evidence
of photoreduction of the iron accompanied by dissociation of
bound cyanide ion (CN™) that depend on the intensity of the
X-ray radiation and the exposure time. The electron density is
consistent with diatomic molecules located in two sites in
the distal pocket of DHPCN. However, the identities of the
diatomic ligands at these two sites are not uniquely determined
by the electron-density map. Consequently, density functional
theory calculations were conducted in order to determine
whether the bond lengths, angles and dissociation energies are
consistent with bound CN™~ or O, in the iron-bound site. In
addition, molecular-dynamics simulations were carried out in
order to determine whether the dynamics are consistent with
trapped CN~ or O, in the second site of the distal pocket.
Based on these calculations and comparison with a previously
determined X-ray crystal structure of the C73S5-O, form of
DHP [de Serrano et al. (2007), Acta Cryst. D63, 1094-1101],
it is concluded that CN™ is gradually replaced by O, as
crystalline DHP is photoreduced at 100 K. The ease of
photoreduction of DHP A is consistent with the reduction
potential, but suggests an alternative activation mechanism for
DHP A compared with other peroxidases, which typically have
reduction potentials that are 0.5 V more negative. The lability
of CN™ at 100 K suggests that the distal pocket of DHP A has
greater flexibility than most other hemoglobins.

1. Introduction

Dehaloperoxidase (DHP A) is a truncated hemoglobin
originally isolated from the terebellid polychaete Amphitrite
ornata that has been cloned and expressed in Escherichia coli
(Belyea et al., 2005). DHP A is unique within the globin family
because it is bifunctional, with both O,-transport and perox-
idase activities, which are regulated by external substrate
binding and internal inhibitor binding (Thompson et al., 2010).
Two genes code for dehaloperoxidase-hemoglobins in
A. ornata: dhpA and dhpB (Han et al., 2001). We have recently
cloned the protein product of the second gene, DHP B, which
has a higher peroxidase activity than DHP A (de Serrano et al.,
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2010). In this study, we continue our investigation of the
ligand-binding properties of DHP A by determining cyanide-
adduct structures under conditions where photoreduction may
be taking place. The activity of peroxidases is related to the
reduction potential of the active-site Fe. For O, transport,
globins maintain the ferrous Fe'' state, while the resting state
for peroxidases is the ferric Fe'"" state. Photoreduction of
ferric heme proteins is often observed in the high flux of
synchrotron radiation. Here, we have compared the use of
high-flux and low-flux X-ray sources combined with molecular
modeling in order to understand the effect of Fe reduction on
the active-site ligation and structure.

DHP A catalyzes the oxidative dehalogenation of 2,4,6-
trihalophenols, according to Fig. 1, leading to the formation
of the corresponding 2,4-dihaloquinones (Chen et al., 1996;
Belyea et al., 2005, 2006; Franzen et al., 2007; Feducia et al.,
2009). The dehaloperoxidase reactivity of DHP A shown in
Fig. 1 is believed to be an important function in A. ornata
(Chen et al., 1996; Lincoln et al., 2005), in addition to the
oxygen-transport function that is common to hemoglobins
(Hbs). Despite the apparent simplicity of the globin structure,
the structure—function relationships of DHP A have only
begun to be elucidated. The mutually exclusive binding of
inhibitor and substrate to DHP has recently been studied by
NMR and X-ray crystallography (Davis et al., 2009; Thompson
et al., 2010).

The X-ray crystal structures of the metaquo (PDB code
2qfk), oxy (PDB code 2qfn) and deoxy (PDB code 3dr9) forms
of DHP show that there is a correlation between the position
of the distal histidine His55 and the coordination state of the
heme iron (de Serrano et al., 2007; Chen et al., 2009). In five-
coordinate high-spin (5cHS) adducts His55 is observed in a
solvent-exposed or open conformation, as in the 100 K deoxy
structure (PDB code 3dr9). However, in six-coordinate high-
spin (6¢cHS) adducts His55 is in an internal or closed confor-
mation in hydrogen-bonding contact with heme-bound H,O
or O, (PDB codes 2qfk and 2qfn, respectively). Complete
understanding of the binding to the heme iron requires further
study of the dependence of the histidine conformation on the
coordination state of the heme iron.

The CN~ adduct is a useful probe of the active-site
geometry of heme-containing enzymes and oxygen carriers
(Bolognesi et al., 1999; Edwards & Poulos, 1990; Fukuyama &
Okada, 2007; Fedorov et al., 2003; Furtmiiller et al., 2006;
Sugishima et al., 2003). CN™ binds to the ferric form of heme
proteins and inhibits both enzymatic activity and oxygen

O 0
X X X X
DHP y
tH0, —— FH,O+ X
X
(X=Br, CL F)
Figure 1

Oxidative dehalogenation of 2,4,6-trihalophenols catalyzed by DHPA.

transport (Chance, 1943). The metcyano form of DHP has
proven to be useful for solution structural studies using 'H
hyperfine NMR spectroscopy, which have probed the inter-
actions of halogenated phenols with the protein in solution
(Davis et al., 2009). The X-ray crystal structures of the CN™
adducts of many heme proteins have provided detailed insight
into the interaction of the diatomic ligand with the amino-acid
side chains in the distal pocket. Although model systems have
an Fe—C—N angle of nearly 180°, there are examples of
smaller Fe—C—N angles that are caused by interaction with
the amino acids in the distal cavity (Sugishima et al., 2003).
CN™ and H,O, have similar binding dependencies. For
example, in human myeloperoxidase it was postulated that
CN™ provides a model for the intermediate Compound I
(Blair-Johnson et al., 2001).

Hemoglobins and myoglobins have provided unique infor-
mation on the dynamics of diatomic ligands as they move
through the protein on their way to or from the heme iron.
The carbonmonoxy adduct DHPCO is isoelectronic with the
metcyano adduct DHPCN, providing comparisons by using
Fourier transform infrared (FTIR) spectroscopy to determine
the effects of amino-acid interactions with the heme-iron-
bound CO. We are particularly interested in understanding the
relationship between DHPCN and metcyano myoglobin
(MbCN) in order to elucidate the significance of the CO
trajectories in both proteins that have been measured using
temperature-derivative spectroscopy (TDS; Nienhaus et al.,
2006, 2008). Hence, the questions addressed by an X-ray
structure of DHPCN pertain not only to the binding of CN™
but also to the protein dynamics that accompany ligand
photodissociation. The observed electron density in the distal
pocket indicates a ligand trajectory since there is density at a
site not coordinated to the heme iron. This observation may be
important in a dual-function protein that binds both O, and
H,O, in a manner that requires ligand exchange for function.

Here, we report that the CN™ ligand dissociates from the
heme iron of DHPCN during the X-ray experiment owing to
photoreduction of the iron from the ferric to the ferrous state.
We have compared the structural results obtained using
synchrotron radiation with those from a rotating-anode X-ray
source, both of which show evidence that the Fe—CN bond is
broken during the course of data collection at 100 K. The
significance of this comparison is that we have attempted to
determine the effect of the radiation dose on the yield of
photoreduction of Fe'"" to Fe'. The crystals studied were
approximately 100 um in each dimension, which permits the
absorbed doses to be estimated as 7 x 10° and 0.3 x 10° Gy
(where 1 Gy = 1JTkg ") for the synchrotron and in-house
rotating-anode sources, respectively. To obtain these values,
the appropriate fluxes for each source were used (see §2) and
the assumption was made that 2% of the incident X-ray flux
was absorbed by the crystal (Murray et al., 2005). Although the
doses differ by a factor of ~20, the flux is ~380 times larger for
synchrotron radiation. In order to avoid beam damage, the
typical synchrotron exposure times used were 19 times shorter
than those for the rotating-anode source. Photoreduction and
photolysis of a ligand can depend strongly on the flux. As a
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result of the greater flux and perhaps also the total dose, both
photoreduction of metcyano heme proteins and photolysis of
ligands are observed (Keilin & Hartree, 1955); the photo-
reduction phenomenon has been observed previously during
structure determination of heme proteins using synchrotron
radiation (Chance et al., 1980; George et al., 2008).

Accordingly, in a previous study we found that in situ
photoreduction of Fe'"' in the C73S mutant of DHP by the
X-ray beam leads to the binding of O, to the heme iron (de
Serrano et al., 2007). The C73S mutant was originally inves-
tigated in order to eliminate the possibility of reactions
involving the surface cysteine Cys73. In the present study,
the diatomic ligand in both the C73S (C73SCN) and wild-type
(DHPCN) structures resides in two positions in the distal
pocket whose relative populations appear to depend on the
X-ray beam exposure. However, the fact that the initial ligand
is CN™ required more extensive study in order to explain the
fate of the photoreduction and dissociation processes in the
DHPCN and C73SCN crystals at 100 K. Because of the diffi-
culties in making a definitive assignment of the electron
density in the distal pocket, we have studied the bonding and
protein dynamics associated with this process using both
density functional theory (DFT) calculations and molecular-
dynamics (MD) simulations. The combination of calculations
and experimental data elucidate the factors that govern the
loss of the CN™ ligand during X-ray exposure in these crystal
structures. The trajectory of CN™ provides insight into the
motions of O, and H,O, in the distal pocket, which are key
determinants of function in DHP A.

2. Materials and methods
2.1. Preparation of crystals of CN”-bound complexes

Wild-type DHP and C73S mutant protein were expressed in
Rosetta(DE3)pLysS cells (Novagen, Madison, Wisconsin,
USA) and purified as described previously (de Serrano et al.,
2007). DHPCN complexes were prepared by incubating
8 mg ml ™' protein in 20 mM sodium cacodylate buffer pH 6.5
with 10 mM KCN for 30 min on ice prior to crystallization
setup. The crystallization conditions were similar to those
described for DHP in the absence of any added ligands (de
Serrano et al., 2007). Crystals were grown by the hanging-drop
vapor-diffusion method, with reservoir solution containing
unbuffered 0.2 M ammonium sulfate and PEG 4000 at a
concentration in the range 28-34%(w/v). Diffraction-quality
crystals grew within one week at 277 K.

2.2. Data collection, processing and refinement

Diffraction data were collected at 100 K on the SER-CAT
22-BM beamline at the Advanced Photon Source (Argonne,
Illinois, USA) using an X-ray wavelength of 1.0 A. Both
DHPCN and C73SCN crystals diffracted to 1.26 A resolution
on a MAR 225 detector. A data set for DHPCN was also
collected on a Rigaku MicroMax-007 HF copper rotating-
anode X-ray generator (A = 1.54 A). The DHPCN crystal
diffracted to 1.72 A resolution on an R-AXIS IV** image-

plate detector. The 22-BM beamline, with a photon flux of
3 x 10" photons s~' mm ™2 and an average exposure of 5 s per
frame (120 frames in total) at an energy of 12 keV (A = 1 A),
delivers an X-ray dose to a crystal that is approximately an
order of magnitude larger than an in-house Micromax-007 HF
Cu rotating-anode X-ray generator with a flux of 7.8 x
10" photons s™' mm ™2 and 180s exposure per frame (90
frames in total) at an energy of 8 keV (A = 1.54 A).

The diffraction data were processed using DENZO and
SCALEPACK (Otwinowski & Minor, 1997). The CN-complex
crystals belonged to the primitive orthorhombic space group
P2,2,2,, analogous to C73S mutant and wild-type protein
crystals that do not contain added ligand, and have very
similar unit-cell parameters: a = 57.2, b = 66.6, ¢ = 68.7 A for
the wild-type complex and a = 57.7, b = 66.5, c = 68.2 A for the
C73S mutant complex, respectively (de Serrano et al., 2007).
The 1.62 A resolution structure of metaquo DHP determined
at 100 K was used as the starting model for molecular
replacement with Phaser (McCoy et al., 2005) and subsequent
refinement steps were carried out using the CCP4 suite of
programs (Collaborative Computational Project, Number 4,
1994). In the refinement procedures, model bias was elimi-
nated by constructing OMIT maps with the CNS program
(Briinger et al., 1998), omitting the relevant residues or heme-
bound ligand from the map calculations. With the resolution
of 126 A for each crystal form, we were able to model
approximately one third of the residues in each subunit of
each structure in two conformations. Notably, the distal
histidine residue (His55) was modeled in two conformations
within the distal pocket, as were the aromatic residues defining
the distal pocket hydrophobic cavity. The alternative occu-
pancies of the ligand were defined by the appearance of a
second alternative conformation of CN™ in the distal pocket
during acquisition of the X-ray diffraction data set. These
conformations of CN™ may in fact be a consequence of O,
entering the distal pocket following photoreduction of Fe'.
This hypothesis was examined using model calculations.
Furthermore, in order to evaluate the effect of X-ray exposure
on the development of the electron density attributed to the
alternative CN~ conformation, we have grouped and scaled
the collected data set to include only a set of the first and/or
last collected diffraction images of the data set.

Final models were obtained by iterative cycles of model
building in Coot (Emsley & Cowtan, 2004) using 2F, — F,
(contoured at the 1o level) and F, — F, (contoured at the 3o
level) electron-density maps and positional and anisotropic
B-factor structure refinement using REFMACS (Murshudov et
al., 1997) from the CCP4 suite of programs (Collaborative
Computational Project, Number 4, 1994) and CNS (Briinger et
al.,, 1998). Simulated-annealing and composite OMIT maps
were constructed with the CNS program. Structural figures
were prepared using PyMOL (DeLano, 2002).

The final models of the DHPCN and C73SCN structures
refined to R/Ry.. values of 15.7/18.7% and 17.7/19.8%,
respectively, for the synchrotron-radiation data sets. The
models contained two polypeptide chains, two CN™ ions, two
sulfate ions and 352 or 324 water molecules for DHPCN and
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Table 1

Data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell. The sixth coordination ligand of heme Fe is a
CN™ ion; data are compiled for the first 90 diffraction images (of the 120 collected) for the data sets

obtained at the synchrotron.

Wild-type, recombinant, C73S mutant,

Wild-type, recombinant,

CN complex CN complex CN complex
PDB code 3kun 3kuo
Source Synchrotron Synchrotron Rotating anode
Data collection
Wavelength (A) 1.0 1.0 1.5418
Space group P2,2:2, P2,22, P2,22,
Unit-cell parameters
a(A) 57.2 57.7 58.8
b (A) 66.6 66.5 67.7
c(A) 68.7 68.2 67.7

Resolution (A)
Unique reflections

35.0-1.26 (1.29-1.26)
67355 (4633)

35.0-1.26 (1.29-1.26)
66582 (4665)

37.1-1.72 (1.77-1.72)
27852 (2037)
99.3 (100.0)

(Decon Labs Inc.), 95% ethanol and
twice in deionized water. The SEC cell
was stored in a nitrogen-atmosphere
drybox for at least 8 h prior to experi-
mentation. UV-visible spectra were
recorded using a Hewlett—Packard 8453
spectrophotometer and the applied
potentials were controlled with a Model
273A  Princeton Applied Research
potentiostat. The SEC cell made use of
an Ag/AgCl (saturated KCl) reference
electrode (Microelectrodes Inc.) and a
platinum-wire auxiliary electrode (Alfa
Aesar). The reduction potential of
C73S-DHP is referenced to the standard
hydrogen electrode (SHE). The elec-
tron-transfer mediators tetramethyl p-

Completeness (%) 97.2 (96.5) 96.3 (94.8)
Ruereet (%) 5.3 (324) 5.2 (53.6)
llo(I) 21.9 (2.6) 25.4 (2.0)
Redundancy 3.5 (3.3) 33 (2.9)
Refinement
Ryorct (%) 15.7 17.6
Riree$ (%) . 18.7 19.8
Average B factor (A?)
All atoms 12.0 13.4
Protein 10.4 12.0
‘Water 242 25.1
No. of protein atoms 2896 2966
No. of solvent atoms 352 324

R.m.s.d. from ideal geometry
Bond lengths (A) 0.006 0.007
Bond angles (°) 1.02 1.08
Ramachandran plot9 (%)
Most favored region 94.8 94.8
Additional allowed region 5.2 52

;673(5(;2 phenylenediamine (TMPD; Sigma) and
3.4 (33) tris
(ethylenediamine)ruthenium(II) tetra-
gg chlorozincate, [Ru(en);]**, which we
synthesized using a previously described
18.0 procedure (Smolenaers & Beattie,
;Zg 1979), were used to facilitate electron
2815 transfer between DHP and the elec-
255 trode. The ratio of DHP to mediators
0,008 was 2:1.
111
059 2.5. Density functional theory (DFT)
48 calculation of potential energy surfaces

T Runerse = Dt 2i Hi(hkl) — (I(hkD)|/ 3" > 1,(hkl), where I,(hkl) is the ith measurement and (I(hkl)) is the weighted
|Fm]c|‘/z,,k/ |Fops|, where F are the observed and Fye
§ Riree is the R factor for a subset (5%) of reflections selected before and not

mean of all measurements of I(hkl). % Ryorx = D “Fobsl —
are the calculated structure factors.
included in refinement. 9 Calculated using PROCHECK (Laskowski et al., 1993).

C73SCN, respectively. The data-collection and model statistics
for the X-ray data sets are summarized in Table 1.

2.3. Binding-constant determination

KCN titrations were conducted in 50 mM phosphate buffer
pH 6.5 and 100 mM NaCl. The pH was chosen to be the same
as that of the crystallization buffer. The binding constants
were measured at ambient temperature. Titrations were
performed in a cuvette in a Hewlett—Packard 8453 diode-array
spectrophotometer. Changes in the absorbance at the wave-
length of the Soret maximum were measured and converted
into relative populations of the cyanide and metaquo forms as
described elsewhere (Thompson et al., 2010).

2.4. Spectroelectrochemical determination of formal
reduction potentials

Spectroelectrochemistry (SEC) experiments were carried
out in 100 mM potassium phosphate buffer at pH 7.00 £ 0.02
in an air-tight UV-visible cell that utilized an optically trans-
parent thin-layer electrode, namely indium-tin oxide (ITO).
The ITO electrode was thoroughly cleaned before use by
10 min successive sonications in 1%(v/v) Contrex solution

DFT calculations of the potential
energy surfaces were used to model the
bond strength and possible dissociation
of the cyanide from different spin and
oxidation states of the iron. Geometry optimizations were
performed for heme in the low-spin state for both ferric and
ferrous oxidation states with either the O, or CN™ ligand. All
calculations were implemented using the electronic structure
package DMol® (Delley, 1990, 2000). The generalized gradient
approximation of the BLYP (Becke, 1988; Lee et al, 1988)
density functional is utilized in the ground-state energy
calculation, using a double numeric basis set with one polar-
ization function. Optimized geometries were obtained using
the conjugate-gradient method constrained to an energy
difference of 10~° Hartrees (1 Hartree = 27.2 V). Potential
energy surfaces were calculated implementing the thermal
treatment (Weinert & Davenport, 1992) of the density func-
tional. The grand canonical calculation was carried out at a
finite temperature of 0.02 Hartrees. The system used to model
the heme in geometry optimizations consists of an imidazole
bound to the central iron in porphine (FeP), with both CN™
and O, ligands initially bound trans to the imidazole.

2.6. Molecular-dynamics (MD) simulations

MD simulations were employed in order to determine the
trajectory of the dissociated ligand for comparison with the
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Table 2

Comparison of heme iron and ligand distances for metcyano adducts.

The values are tabulated for subunit A of the asymmetric unit.

Protein form Wild typet  C73St Wild typei
Source Synchrotron Synchrotron Rotating anode
Chain A Chain B

Fe—His89 N2 (A) 217 213 2.16 2.15
Fe—His55a§ N2 (A) 5.01 5.02 543 5.62
Fe—His55h§ N2 (/:\) 5.38 5.32 5.23 5.08
Fe—His55¢ ND1 (A) — — 8.19 7.92
Outside distal pocket

Fe-ligand9 (CN1) (A)  2.05 2.16 2.29 2.19

Fe-ligandq (CN2) (A) 311 3.20 — —
Ligand-HisS5++ i

CN1 N—His55a N*? (A) 340 3.56 2.82 3.38

CN2 N—His55a N*% (A) 2.84 2.87 — —
Fe—pyrrole N plane (A) 0.05 0.05 0.08 0.1
Fe-ligand bend angletf (°)

CN1 125 11788 154 127

CN2 175 158
Fe-ligand tilt angle9 9] (°)

CN1 6 7 11 14

CN2 14 19

¥ Structures of wild-type recombinant and C73S mutant protein in complex with cyanide
ion. i Values for both chains A and B in the asymmetric unit are tabulated since there
are differences in the ligand geometries in the two molecules. § There are two
conformers of His55 present in the distal cavity, designated @ and b. 9 Distances from
heme iron to CN present in two alternative orientations in the distal pocket, designated
CN1 and CN2 (see text). i Distances of the N atom of CN1 and CN2 to His55a are
shown. The distances to H55b are similar and are discussed in the text. #f The bend
angle is defined as the Fe—C—N angle. §§ The bend angles in subunit B of the C73S
mutant protein are 123° for CN1 and 163° for CN2. 99 The tilt angle is defined as the
angle between the heme perpendicular and the Fe—C bond (Vangberg et al., 1997).

crystallographic results. The DHP A crystal structure depos-
ited as PDB entry 2qfk was employed in the computational
study. The monomeric form of DHP A was used with a sphe-
rical boundary condition. This procedure is justified by the
weak contacts between the two monomers (de Serrano et al.,
2007; Chen et al., 2009). The bound water in the original
metaquo form was replaced by a CN™ ligand. The simulation
system was then constructed using the program suite VMD
(Humphrey et al, 1996). H atoms were added to the protein,
which was then solvated with a 26 A water sphere and charge-
balanced with NaCl. The solvated system contained 4900
atoms, of which 1136 were protein atoms. Simulations were
carried out using NAMD (Phillips et al, 2005) with the
modified PARAM?27 version of the CHARMM force fields.
Spherical boundary conditions were implemented using a
constant temperature of 100 K. The constant temperature was
maintained using Langevin dynamics with a damping coeffi-
cient of 5 ps~'. The initial structure was minimized for 10 000
steps of 0.02 ns and equilibrated in either 1 or 2 ns (5 x 10° or
10° steps, respectively) intervals depending on the model
system. After each restart the structure was minimized for an
additional 5000 steps. Nonbonded interactions were truncated
after 120 A and a switching cutoff distance of 10.0 A for
Lennard-Jones parameters was used.

Topology and parameter files were modified to account for
both the ferrous and ferric oxidation states of the heme iron,
with and without bound ligand, based on density functional

Table 3
Comparison of resolution, completeness and redundancy for various
frames of the C73SCN X-ray data set collected using synchrotron
radiation.

Values for the completeness and redundancy are obtained from the log files of
the respective SCALEPACK truncations of the collected data sets.

Group Frames  Resolution (A) Completeness (%) Redundancy
Total 120 1.31 97.3 42
Initialt A 60 1.26 92.1 23
Initialt B 45 1.26 83.5 1.9
Finali A 60 1.45 74.7 2.6
Finalt B 45 1.45 725 19

+ Initial refers to the first set of 60 (group A) or 45 (group B) data frames of the total 120
data frames collected that were used to construct electron-density maps. % Final refers
to the last set of 60 (group A) or 45 (group B) data frames of the total 120 frames
collected that were used to construct electron-density maps.

theory calculations. Atomic charges and the force constant for
free O, are provided in the force field supplied by the NAMD
simulation package.

3. Results

The structures of DHPCN and C73SCN were determined at
100 K at a resolution of 1.26 A and refined to R/R.. factors
of 15.7/18.7% and 17.7/19.8%, respectively (Table 1). The
main-chain atoms of the two monomers in the asymmetric unit
(de Serrano et al., 2007; Chen et al., 2009) superimpose with an
r.m.s.d. of 0.448 A for the wild-type DHP and 0.437 A for the
C73S mutant. Overall, the structure of the DHPCN complex is
very similar to the structures of the metaquo DHP and C73S
oxy forms, both of which were determined at a resolution of
1.62 A using a rotating-anode source (de Serrano et al., 2007).

We have observed that ferric metaquo DHP is prone to
reduction in the X-ray beam during data collection even using
a rotating copper-anode source (de Serrano et al, 2007).
Because the samples were prepared in the cyanide-bound
form and cooled to 100 K, we assumed that the electron
density at the shortest times of observation can be accounted
for by CN™. However, it is not clear that the electron density
observed at the first possible observation time in the X-ray
beam corresponds to CN™. Based on the 2F, — F, maps, both
the DHPCN and C73SCN display electron density that can
accommodate two distinct conformations of a diatomic ligand:
one bound and one at a nonbonding distance from iron. In the
first site, designated CN1, the diatomic ligand is coordinated to
the heme iron with a distance from iron to the C atom of CN™
of 2.08 A in the wild-type protein and 2.16 A in the C73S
mutant protein (Table 2). In this first site, CN1, the diatomic
ligand has a bent conformation, with an Fe—X—Y angle of
126° (124° in subunit B) in the wild-type DHP adduct. In the
C73SCN adduct the angle is 117° (123° in subunit B). The
second conformation, CN2, is observed at a site about 3.0 A
from the heme iron in a conformation nearly perpendicular to
the heme plane. The structure obtained using a rotating-anode
source has Fe—C—N angles of 154° and 127° in subunits A
and B, respectively. Hence, the Fe—X—Y (or Fe—C—N)
bond angle in CN1 is not consistent with the perpendicular
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geometry expected for a CN™ adduct with ferric heme in any
of the structures. Moreover, the appearance of the electron
density above the heme iron strongly resembles the C73S
structure (PDB code 2qfn; not shown). In the C73S structure
the heme was initially in the metaquo form (de Serrano et al.,
2007), but is observed to bind O, following photoreduction.
Comparison of the two structures suggests that photoreduc-
tion of Fe'"" to Fe'" by the X-ray beam followed by dissociation
of CN™ may have occurred in the structures presented here.

In order to assess the photoreduction phenomenon and the
dose-dependence of the electron density in the distal pocket,
we analyzed the data sets obtained using synchrotron radia-
tion as the data acquisition progressed. The collected data sets
comprising 120 diffraction images (collected at 1° oscillation
range) were separated and processed in the groups shown in
Table 3. Fig. 2 shows an OMIT map for the ligand to the heme

Figure 2

Changes in the ligand electron density during the course of X-ray exposure. The CN™ complex structure is
shown for the distal side of the C73S mutant. Electron-density maps, calculated with the ligand omitted, are
computed from (a) the first 60 and (b) the last 60 of the total of 120 collected diffraction images (2F, — F.

maps contoured at 1.20, F, — F, maps contoured at 40).

Figure 3
Electron-density maps (2F, — F.), from data collected on the 22-BM beamline, of wild-type DHP A in
complex with cyanide (@) and metaquo wild-type protein (b). The maps are contoured at the 1.20 level. The
hydrogen bonding of cyanide in two discrete positions with His55 conformers is indicated in the maps, as is
the hydrogen bonding of the oxygen molecule and His55 in the wild-type unligated structure. In the distal
pocket of the metaquo structure a water molecule and an alternate oxygen molecule are colored red.

iron for the first and last sets of 60 images acquired from the
C73S crystal. The electron density in the distal position, CN2,
which is about 3 A from the heme Fe, is observed to increase
as X-ray data collection progresses (Bellelli et al., 1990). Based
on a comparison of these changes with the C73S-O, structure
(PDB code 2qfn), we contemplated the possibility that the
electron density arises from CN~, HCN or O, or from a
progressive replacement of CN™~ by either HCN or O,. We
include HCN in our consideration since protonation of CN™ is
possible in the distal pocket following dissociation given that
the pK, of HCN is ~9.2 and the crystal buffer is at pH 6.5. It is
difficult to assess the meaning of pH in a crystal at 100 K, but
we consider the possibility that proton transfer occurs to
dissociated CN™ to yield HCN.

Regardless of the identity of the diatomic ligand, the elec-
tron density in this site may be regarded as a trapped state,
which can be compared with the
B state of photolyzed Mb*CO
(Schlichting et al., 1994; Teng et
al., 1994; Srajer et al, 1996;
Hartmann et al., 1996; Schotte et
al., 2003). The B state for photo-
dissociated CO has been exten-
sively studied by cryogenic and
time-resolved ~ X-ray  crystal-
lography. However, the confor-
mation of the CN2 molecule is
clearly not the same as that of CO
in the B state of Mb*CO. Fig. 3
indicates that the diatomic mole-
cule in CN2 is stabilized by
hydrogen bonding to the N
atom of His55 (see Table 2). In
contrast, CO in the B state is
more nearly parallel to the heme
plane. Fig. 3(a) shows the struc-
ture of PDB entry 3kun (nomin-
ally metcyano DHP A) compared
with 2qfn (nominally metaquo
DHP A; de Serrano et al., 2007).
Although CN1 and CN2 are
indicated in Fig. 3(a), the point of
our study is to determine the
identity of the molecules that
occupy this electron density. A
similar electron density can be
obtained starting from the
metaquo form of the C73S
mutant of DHP A. In this struc-
ture (2qfn) we assigned the elec-
tron density to a diatomic oxygen
molecule, which replaced water
during the course of X-ray data
collection. Fig. 4 shows that a
different electron density can be
obtained starting from the
metcyano form by collecting data
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Table 4

Comparison of experimental and simulation distances.

at lower X-ray flux and dose using an in-
house copper rotating-anode source.

CN ligand CN ligand 0, ligand 0, ligand HCN ligand The excess density in the 3kun and 3kuo
(wild type)t  (HSD¥) (HSD¥) (HSEY) (HSD¥) structures may arise from dissociated
Fe—His89 N°2 (A) 2.16 1.65 1.96 1.96 159 CN", O, replacement or some amount
Fe—His55a st (A) 5.03 6.40 n/a§ n/a§ n/a§ of H,O that associates with these
Fe—His55b N* (A) 5.38 6.60 5.70 5.00 6.38 : : : : :
Feligand (CN1) (A) 508 189 508 508 o diatomic ligands in the dlst.al poc.ket.
Fe-ligand (CN2) (A) 3.2 105 376 420/6.509 4.80 DFT calculated and MD simulations
Ligand-HisS55 (A) , were conducted to obtain models that
CN1 N-H55a N* 3.39 4.40 433 433 n/a : :
CN2 N-His55a N?  2.85 >4.501+ 3.2 3.50/4.50 4.40 were consistent with the observed elec
Fe-ligand bend angle (°) tron density (see below).
CN1 126.2 179.5 124.8 124.8 n/a
CN2 1733 n/atf 90.0 90.0/130.09] 153.8

3.1. Heme conformation in the

+ Experimental distances tabulated for chain A of the wild-type DHPCN data set. 3§ HSD refers to the His55 tautomer

DHPCN structure

protonated at the §-nitrogen; HSE refers to the His55 tautomer protonated at the e-nitrogen. § No evidence of a

second His55 conformation. 9§ Distance of the second occupation site for the O, HSE simulation. f Simulations

suggest immediate exit of the CN ligand.

Figure 4

Electron-density maps (2F, — F.), from data collected using the in-house
X-ray generator, of wild-type DHP A in complex with cyanide. The maps
are contoured at the 1.20 level as in Fig. 3. The CN molecule_is not
coordinated to the heme Fe, but is observed at a distance of 2.3 A.

Figure 5
Structural features of the binding of cyanide to the ferric form of DHP. The overlay of the distal
sites of wild-type (green) and C73S mutant (yellow) DHP is shown and marker residues of the
pocket are labeled. The hydrogen bonding of cyanide to conformers of distal histidine in the
wild-type structure is also shown (dashed lines).

The conformations of the heme in the
DHPCN structures presented here are
similar to that in the C73S-O, structure,
which is consistent with the idea that C73S-O, was also
formed by photoreduction of the heme iron by synchrotron
radiation. The structure of the heme shows relatively minor
structural changes in the various frames studied. In both
structures there is a heme rotation of 3.6° about the «,y meso-
carbon axis. This rotation also helps to position the propio-
nates closer to the positive charge of Lys51. The displacements
of iron from the heme pyrrole plane are 0.05 A in the DHPCN
and C73SCN structures and 0.04 A in the metaquo DHP
adduct (Table 2; de Serrano et al., 2007).

3.2. Conformation of the distal histidine His55

In previous work, we established that His55 is present in
two orientations, called internal and external. The internal
orientation with His55 in the distal pocket is observed in the
metaquo and oxyferrous (C73S-0,) six-coordinate DHP
structures (2qfk and 2qfn, respectively). The solvent-exposed
or external orientation is observed in the five-coordinate
deoxy form (PDB code 3dr9; de Serrano et al., 2007; Chen et
al., 2009). The presence of two orientations
of the distal histidine has also been observed
in high-resolution structures of myoglobin
(Vojtechovsky et al, 1999). The flexibility of
His55 was also noted in the room-tempera-
ture DHP A met(aquo) structure, where
there is an equilibrium between the internal
and external orientations of this critical
residue (LaCount et al., 2000). In the 3kun
and 3kuo structures presented in Figs. 3(a)
and 4, respectively, there are two His55
conformers that are both observed in the
internal orientation such that their N°* atom
is located close to the bound ligand and their
N°' atom is pointing outwards into the
solvent. The N®? atom is located at a
distance of 5.03 and 5.38 A from the heme
iron in subunits A and B, respectively, as
shown in Table 2. The two conformations
most closely resemble the His55 conforma-
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Table 5
Potential energies (kJ mol™") of binding for both ferrous and ferric FeP-
CN.

FeP-CN is the Fe porphine model in complex with CN ligand used in
geometry optimization and in simulations. LS denotes the low-spin state of the
heme iron, whereas HS refers to the high-spin state of the heme iron.

0,=00 0,=02 0,=04
LS HS LS HS LS HS
Fe" -197.5 —74.7 —155.9 —34.7 -91.5 0
Fe'" —282.5 —106.4 —2412 —69.1 —188.1 —34.7
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Figure 6

(a) UV-visible thin-layer spectroelectrochemical plot for C73S-DHP A in
100 mM potassium phosphate buffer pH 7.0; the mediators were
[Ru(en);]** and TMPD. Applied potentials (Eapp versus SHE): (1)
—0.103, (2) +0.147, (3) +0.167, (4) +0.187, (5) +0.207, (6) +0.227, (7)
+0.247, (8) +0.267 and (9) +0.497 V. (b) The Nernst plot for C73S-DHP A.

tions in the C73S-0, structure (de Serrano et al., 2007), which
are also internal owing to the hydrogen-bonding interaction
with the O, coordinated to the heme iron. A second confor-
mation is observed for a number of other residues within the
distal pocket, which is consistent with the existence of two
ligand conformations. This may also in part be a consequence
of the higher resolution of this structure compared with
previous structures (LaCount et al., 2000; de Serrano et al.,

2007). The hydrogen bonding of each of the His55 conformers
to the CN1 and CN2 diatomic ligands is shown in Fig. 5.

3.3. Determination of the CN™ dissociation constant of the
Fe'" and Fe" forms

The photoreduction of Fe™ to Fe' leads to a reduced

affinity for CN~ binding. We determined the dissociation
constant K4 for the binding of CN™ to DHP in the Fe'" and
Fe'' forms by titrating the corresponding protein solution with
KCN solution and showed that the Fe'"' protein form has a
much higher affinity for CN™ than the Fe"' protein. The Kj
values are 6.3 x 107° and 0.43 M for Fe' and Fe", respec-
tively, at pH 6.5. This property of DHP compares very closely
with that of myoglobin, which has a K of 4.4 x 107° M for the
Fe'" form at pH 6.6 and 0.4 M at pH 9.3 for the Fe"' form of
the protein (Cox & Hollaway, 1977; Bellelli et al., 1990).

3.4. Determination of the formal reduction potential

Spectroelectrochemical data for the C73S mutation of DHP
are shown in Fig. 6. The Soret bands of the metaquo and deoxy
forms are observed at 406 and 430 nm, respectively. Similar
spectra were obtained for wild-type DHP (D’Antonio et al.,
2010). The clear isosbestic point indicates that there are two
species present during the experiment: the Fe' and Fe'' forms.
The solution formal reduction potential of the Fe'™/Fe'" couple
is +0.214 £ 0.006 V versus SHE for C73S-DHP A. In
comparison, we determined that the reduction potential of
horse heart myoglobin was +0.042 £ 0.006 V, which agrees
well with the values determined elsewhere (D’Antonio ef al.,
2010; Heineman et al., 1979).

3.5. DFT calculations of heme structure and potential energy
surfaces

DFT geometry optimization of an Fe porphine (FeP) model
with axial imidazole (Im) and CN™ or O, ligands provides a
structure that can be compared with the observed geometry.
Geometry-optimized low-spin FeP-CN and FeP-O, exhibit
angles of 180° and 125°, respectively (Fig. 7). These angles can
be compared with the experimental extremes of 154.0° and
126.5° for CN1 and CN2 (Table 4). For DHP, the Fe—O—O0O
angle is 144° (PDB code 2qfn; de Serrano et al., 2007) and for
MbO, the Fe—O—O angle is 123° (PDC code 1a6bm; Vojte-
chovsky et al., 1999). The calculated Fe—C and Fe—O bond
lengths are 1.89 and 2.08 A (Table 4), respectively, compared
with an observed Fe-ligand distance of 2.08 A for CN1
(Table 2).

Fig. 8 shows the potential energy surfaces for FeP-CN in
both the ferric and ferrous oxidation states. Surfaces were
calculated for both low-spin (S = 1/2 and S = 0) and high-spin
(S =5/2 and S = 2) configurations for Fe"" and Fe' oxidation
states, respectively. The calculations were carried out at three
values of Q,, a coordinate that represents the iron out-of-
plane distance relative to the plane of the pyrrole N atoms of
the heme. For Q, = 0.0 A, where the iron is entirely in plane
with the heme, the binding energies are —197.5 and
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—282.5kI mol™! for low-spin Fe" and Fe™. As the iron
changes from a low-spin state to a high-spin state, the Fe —CN
binding energy decreases for the ferric and ferrous oxidation
states by 176 and 123 kJ mol ™', respectively. As the iron is
displaced out of the heme plane, i.e. as O, increases, there is a
decrease in the Fe—CN binding energy of ~35 kJ mol ™" for a
corresponding increase in Q,, of 0.2 A. High-spin ferrous iron
with a heme displacement of 0.4 A corresponds to the
geometry of deoxy heme. This has been found to be a disso-
ciative state (Franzen, 2002). All others surfaces correspond to
bound states. Table 5 gives a summary of the calculated

180°

(@)
Figure 7

Optimized geometry of the ferric form of heme displaying the bond angle for (a) Fe"'P-CN and (b)
FeP-0,. The DFT method was used for the iron-porphine model of the heme as described in the
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binding energies, which are in agreement with the dissociation
constants determined experimentally, as discussed above.

3.6. Molecular-dynamics trajectories for models of
coordination ligands

MD simulations were carried out to further clarify the
identity of the diatomic ligand in the distal pocket after X-ray-
induced reduction of Fe'" to Fe'". Simulations were performed
on three ligands: free O,, HCN and CN. In addition, in order
to further examine the identity of the ligand, O, simulations
were carried out for the §- and e-
tautomers of His55, where the N°—H
and N°*—H tautomers are named HSD
and HSE, respectively. In all simula-
tions, the heme Fe was in the ferrous
oxidation state and the simulations were
carried out using the same force field,
with the exception of the force-field
terms that apply to the diatomic ligand.
The major difference in the simulations

b) is the charge on the ligand, since CN™

carries a charge of —1 and HCN and O,
are both neutral molecules. In the
DHPCN  simulation the overall
neutrality of the system was satisfied by

100 " T
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Calculated potential energy surfaces for FeP-CN. (a) Surface for ferrous iron, low spin. (b) Surface for ferrous iron, high spin. (c¢) Surface for ferric iron,
low spin. (d) Surface for ferric iron, high spin. O, denotes the iron distance from the heme plane.
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introducing one Na* ion into the water sphere surrounding the
protein. The CN™ starting geometry was normal to the heme
plane and the N atom is observed at distances of 2.8 and 3.5 A
from the N® atoms of His55 and Fe, respectively. In O, simu-
lations, both tautomeric forms started with the free ligand in
the same position: normal to the heme plane. The distal O
atom is positioned 2.8 and 3.5 A away from N° and Fe,
respectively. HCN was also positioned normal to the heme
plane, with the N atom at distances of 3.2 and 1.8 A from
His55 N® and Fe, respectively. In all cases, the His55 starting
conformation was closed (inside the distal pocket).

3.7. CN~ ligand

Simulations involving the CN™ ligand were carried out for
4.30 ns. At the start of the simulation, the Fe-CN iron—
nitrogen distance was 3.5 A. Within 0.02 ns of the start of the
simulation, the CN™ ligand migrates out of the distal pocket
and into the solvation sphere. The iron-nitrogen distance
increases to 8.0 A (by approximately 4.5 A) and then further
to 10 A for the remainder of the simulation (data not shown).
This behavior is attributed to electrostatic interactions
between the negatively charged CN™ ligand and the amino
acids that make up the distal cavity. At the start of the simu-
lation the distance between His55 N and CN™ is 3.8 A and it
increases to 4.4 A as CN™ exits the pocket and enters the
solvation sphere. As the ligand starts to migrate out of the
pocket and approaches His55, this amino acid can be seen to
move to a more solvent-exposed position. Originally 6.4 A,
the Fe—N°® distance increases by 0.2 A as ligand migration
begins, while the dihedral angle between the imidazole and the
backbone of His55 changes by 30° (from 105° to 75°). Owing
to this concerted motion between His55 and CN ™, the distance
between the ligand and N° remained constant at 4.5 A
throughout the remainder of the simulation.

3.8. O, ligand

Simulations involving the O, ligand for both tautomers of
His55 were performed for 8.0 ns; longer times were used than
the CN™ simulation times owing to the observation that the O,

Fe—0,

(=t
1

=

Distance (A)

4 6 8
Time (ns)
(a)

ta

Figure 9

ligand remains within the distal pocket. A shorter simulation
time was possible for CN™ since it was observed to rapidly exit
the pocket.

3.8.1. HSD tautomer. For the full 8.0 ns, O, remains
stationary within the distal pocket. The O, molecule rests
parallel to the heme plane at a distance of 3.8 A from the
heme iron, maintaining a constant iron-ligand (Fe—O,) bend
angle of ~90°. For bound ligand (state CN1) the distance to
His55, O,—N°¥, was 4.3 A and for the free ligand (state CN2)
this distance decreased to 3.3 A. This difference is not a result
of the two His55 conformations shown in Fig. 3(a). Rather, the
effect arises from the ability of the unbound diatomic ligand to
position itself at a close hydrogen-bonding distance to His55.
Fluctuations of 0.20 A were observed in the N°*—O1 distance
throughout the 8.0ns for O, in the CN2 state and were
attributed to the rotation of the free ligand above the heme
plane. The Fe —N* distance remained constant at a distance of
5.7 A for the duration of the simulation.

3.8.2. HSE tautomer. Similar to the HSD simulation, O,
remains inside in the distal pocket for the full 8.0 ns of
simulation time. However, O, occupies two different sites
within the pocket in the HSE simulation. Initially 4.2 A, the
Fe— O, distance increases to 6.5 A within 0.2 ns (Fig. 9a). The
0O, —N? distance fluctuates between 3.5 and 4.5 A when O,
moves from site 1 to site 2. HisS5 is positioned more deeply
in the distal pocket in the HSE tautomer than in the HSD
tautomer. A difference of 0.7 A is observed between the two
Fe—N? distances, with the protonated N* of HSE at 5.0 A and
the unprotonated N° being positioned 5.7 A away from the
heme Fe. In addition, the Fe —O, bend angle varies randomly
between 90° and 130° during the course of ligand migration
throughout the 8.0 ns simulation run.

3.9. HCN ligand

We also investigated the possibility that the observed
electron density in the crystal structure corresponded to HCN.
As with O,, HCN remained inside the distal pocket
throughout 8.0 ns of simulation time. Simulation results show
that HCN hydrogen bonds to the heme iron and remains

Distance (A)

N7 =0,

0 T T
4 6 8
Time (ns)

(b)

(%]

Distance versus time for the O, HSE simulation results. The arrow depicts the distance being measured. (a) Iron-O, ligand distance for the HSD
tautomer. (b) O,—His55 N* distance. Both distances are represented as an arrow between iron and the ligand at the bottom of the figure. The migration
of the ligand within the distal pocket is depicted by the fluctuations in distance for the respective measurement.
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stationary above the heme plane with no change in orienta-
tion. As a result, the iron-ligand distance is reported as the
Fe—C distance (the C atom in this instance being oriented
away from the iron), not the Fe —N distance as was performed
in the CN~ simulation. This distance remained constant at
3.8 A. The Fe—N°® distance and Fe-ligand bend angle also
remained constant at 6.4 A and 154°, respectively.

4. Discussion

The presence of two alternate conformations of a diatomic
ligand in the distal pocket of heme is attributed to photo-
reduction of Fe"'-CN to Fe""-CN followed by dissociation of
the Fe'"—CN bond. We have investigated this hypothesis by
measurement of the CN™-dissociation constant for the Fe'
and Fe' forms of DHPCN, measurement of the formal
reduction potential, DFT and MD calculations. These studies
are relevant for X-ray crystallographic studies of ferric heme
proteins in general where photoreduction is an inherent side-
effect of data collection, particularly using synchrotron
radiation. DHP A is an interesting case because its reduction
potential is the highest known for any Hb (with the exception
of the giant Hb of Lumbricus; Harrington et al., 2007) and thus
it is more prone to photoreduction. The functional significance
of the higher redox potential is still not clear, but it may
provide a means for DHP A to cycle between two functions by
favoring reduction of the heme iron under conditions where
H,O, is not present. Thus, it is possible that the dual function
of DHP A is maintained by the local environment in the
coelom of A. ornata. The C73S mutant has a 0.012 V higher
reduction potential than wild-type DHP A, which is consistent
with the observation that photoreduction is more facile in the
C73S mutant than in wild-type DHP A. Cys73 is a surface
cysteine that is located near the dimer interface in the X-ray
crystal structure (PDB code 2qfn). The mutation C73S has no
major effect on protein structure, but may play a role in
protein—protein interactions in solution. The functional
consequence of the high reduction potential of DHP A
remains to be explained since it is nearly 0.5 V more positive
than that of HRP (Battistuzzi et al., 2002). This fact suggests
that activation of H,O, (or possibly O,) in DHP A occurs by a
different mechanism from that in typical peroxidases.
Photoreduction can lead to dissociation provided that there
is a change in the ligation strength that depends on the
oxidation state of the heme iron. Equilibrium binding studies
of CN™ provide a means to test the relative stability of the
Fe'"-CN and Fe""-CN adducts. The experimentally observed
difference in binding constant corresponds to a loss in stabi-
lization free energy of the Fe-CN adduct of 27.3 kJ mol ™"
upon reduction from Fe'" to Fe'. Consistent with this loss of
stabilization, spectroscopic studies of the dithionite reduction
of the Fe-CN adduct of myoglobin (MbCN) provide
evidence for the transient formation of an unstable Fe'" MbCN
intermediate in the process of forming the final product, deoxy
Mb (Cox & Hollaway, 1977; Bellelli et al., 1990). Ligand
destabilization upon chemical reduction was not observed for
the metMb adducts of other ligands such as SCN™, N3~ and F.

These observations support the hypothesis that photo-
reduction will destabilize CN™ coordination to the heme iron.

While the data are consistent with facile photoreduction in
DHP A, it is more difficult to discern the identity of the
molecule that occupies the extra electron density in the distal
pocket of DHP A shown in Figs. 2 and 3, which is associated
with an apparent second conformation of a diatomic ligand.
The evolution of the geometry of the DHPCN structure can be
explained by the dissociation and migration of the CN™ ligand.
We consider below the possibility that the identity of the
diatomic ligand changes during the course of X-ray data
collection. However, first we consider the evidence that the
change in the Fe—C—N angle over time is the result of
CN™ dissociation. Since CN™ is isoelectronic with CO, the
Fe—C—N angle in FeP-CN should be similar to the angle of
179° found for Fe—C—O in MbCO (Lim et al., 1995) and as
observed in model porphyrin—-CO complexes (Peng & Ibers,
1976). Early studies of MbCN suggested that the Fe —C—N is
nearly linear (Deatherage et al., 1976) but slightly tilted from
the heme normal. High-resolution X-ray diffraction and
XANES structural studies agree that the Fe—C—N angle is
166-170° in MbCN (PDB codes lebc and 2jho; Bolognesi et
al., 1999; Arcovito et al., 2007). However, at room temperature
photoreduction and photolysis was observed that gave rise to
an Fe—C—N angle of approximately 90°, as observed in
photolyzed Fe-CO (Schlichting et al., 1994; Teng et al., 1994;
Hartmann et al., 1996; Srajer et al., 1996; Schotte et al., 2004).
Consistent with these precedents, the Fe—C—N angle
observed in the DHPCN structure has a maximum value of
~154° and decreases progressively thoughout data collection
to a value of ~126°. Our interpretation of the fact that the
largest angle is 154°, rather than the 170° found in the lebc or
2jho structures, is that Fe'™ is reduced so readily in the
DHPCN structure that some amount of Fe reduction has
occurred even in the shortest possible time frames in our data
collection, which is best modeled by a single CN™ displaced
from the linear conformation.

The fate of the dissociated CN™ ligand could be either to
remain in the distal pocket and possibly to be protonated to
form HCN or to escape and be replaced by O,. The
phenomenon of reduction of the heme iron center and
concomitant dissociation of CN~ is reminiscent of the
phenomenon of photolysis of carbon monoxide from the
MbCO complex and subsequent entrapment of CO in the ‘Xe’
binding sites (Schlichting et al., 1994; Teng et al., 1994; Hart-
mann et al., 1996; Srajer et al, 1996; Schotte et al., 2004).
However, the negative charge on CN™ may have an effect on
the conformation assumed in the distal pocket and possibly on
the escape trajectory. In the C73S mutant metaquo structure
(PDB code 2qfn), Fe""-OH, was replaced by Fe''-O, during
the course of data collection as a result of reduction of the
heme iron center (de Serrano et al., 2007). The OMIT-map
electron density in the C73S-O, structure is similar to the
apparent OMIT-map electron density in the C73SCN and
DHPCN structures, leading to the suggestion that O, is able to
diffuse into the distal pocket and replace CN~ under the
conditions of both experiments.
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Given the difficulty in identifying the diatomic ligand in the
X-ray crystal structures, we employed DFT calculations of the
ImFeP-CN and ImFeP-O, structures and MD simulations of
the respective ligand trajectories to provide support for the
model that O, replaces CN~ during data collection. Firstly,
geometry optimizations of ImFe''~CN and ImFe''-O, suggest
that the electron density observed in the CN1 state is that of
O,. The reported Fe—CN bend angle is 126°. Calculations show
that this bend angle does not agree with the calculated Fe'"'—
CN bend angle of 180°, but corresponds to bound O, with a
calculated angle of 125° (Table 4). The experimental Fe-ligand
bond length is 2.1 A, corresponding to the calculated Fe—O
bond length of 2.08 A, not the Fe—C bond length of 1.89 A.
However, XANES provides evidence for a significantly
shorter Fe—CN bond (Arcovito et al, 2007) so that the
comparison of bond lengths is only valid in a relative sense.
Secondly, potential energy surfaces were generated to study
the binding energies of FeP-CN for various spin and oxidation
states. Taking into account all possible spin states and out-of-
plane conformations (spin S = 0 and 2 for Fe"" or § = 1/2 and
5/2 for Fe'" and 0,=00,0.2 or 0.4 A), only one dissociative
state was observed, high-spin Fe', in which the iron was
displaced 0.4 A out of the heme plane. DFT results suggest
that heme undergoes photoreduction from the ferric to the
ferrous form, with a decrease in calculated Fe—CN binding
energy of AE = 85 kJ mol™!, which may be accompanied by
cleavage of the Fe—CN bond when the iron heme experiences
a rapid out-of-plane motion. The magnitude of the calculated
free-energy change (85 kJ mol™") is larger than the measured
change based on the difference in Fe—CN dissociation con-
stants (27 kJ mol™"); this is most likely to be a consequence of
the additional interactions of the diatomic ligand with His55,
which were not included in the calculation.

Several molecular-dynamic simulations were performed to
further elucidate the identity of the electron density observed
in the 2F, — F. map. As mentioned above, possible candidates
for this density included CN™, HCN and O,. The results of the
MD simulations propose that the observed electron density
was neither CN™ nor HCN. The CN™ ligand was observed to
immediately exit the distal pocket and migrate into the
solvation sphere, which is consistent with loss of CN™ from the
distal pocket. The simulations show HCN hydrogen bonding
to the heme iron. This orientation is contrary to the observed
electron density, which is consistent with two conformations:
one that is bound to the iron (not hydrogen bonded) and a
second that is stabilized within the pocket by forming a
hydrogen bond to His55. Simulations of the DHP-O, system
yielded the closest agreement with the experimental data.
Both tautomeric forms of His55 (HSD and HSE) were studied
in order to obtain a more precise model of the conformation of
O,. The HSD results exhibited the best agreement with the
experimental distances (all within 1.0 A). However, the HSE
tautomer showed the closest agreement with the Fe-O, bend
angle for dissociated O,, i.e. the CN2 conformation. The
experimental Fe—O—O angle for CN2 is 173°, while the
calculated angle is 90° and 130° for the HSD and HSE
tautomers, respectively. Moreover, the O, ligand moves from

~4 to ~7 A in the HSE simulation, which corresponds to
migration into the Xe4 binding site (Nienhaus et al., 2006). We
have recently confirmed by X-ray crystallography that a
similar Xe-binding site also exists in DHP A (de Serrano et al.,
manuscript in preparation). In summary, it appears that some
combination of the HSD and HSE simulations gives agree-
ment with the experimental electron density if O, is the ligand.

5. Conclusions

We have observed photoreduction of the ferric heme iron
from Fe'" to Fe"', which appears to lead to dissociation of CN ™
originally bound to the heme iron. The photoreduction
depends on the duration of exposure to X-ray radiation. The
ease of photoreduction is consistent with the high reduction
potential of the heme Fe in DHP A relative to other Hbs. The
reduction potential is completely outside the normal range for
peroxidases, suggesting that DHP A may activate H,O,, or
even O,, by a different mechanism, such as electron transfer
from an as yet unidentified cofactor. The OMIT-map electron
density, dissociation constant and potential energy surfaces
calculated by DFT methods are consistent with dissociation of
CN~ from Fe'. MD simulations provide evidence for the
replacement of CN™ by O, in the distal cavity at 100 K. Based
on the comparison of MD trajectories with the structure,
His55 appears to play a role in stabilizing O, in the distal
pocket by hydrogen-bond formation. The ease of ligand sub-
stitution in the distal pocket is consistent with our previous
X-ray crystal structures (PDB codes 3dr9 and 2qfk), which
show that His55 is unusually flexible in DHP A. The significant
role played by hydrogen bonding of His55 to O, further
supports the proposed role of His55 as an acid—base catalyst in
the heterolytic cleavage of hydrogen peroxide and removal of
the generated water molecule, which are both essential
elements of the peroxidase mechanism.
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