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Iron Oxidation State Modulates Active Site Structure in a Heme Peroxidase™
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ABSTRACT: We have previously shown [Badyal, S. K., et al. (2006) J. Biol. Chem. 281, 24512-24520]
that the distal histidine (His42) in the W41A variant of ascorbate peroxidase binds to the heme iron in the
ferric form of the protein but that binding of the substrate triggers a conformational change in which
His42 dissociates from the heme. In this work, we show that this conformational rearrangement also
occurs upon reduction of the heme iron. Thus, we present X-ray crystallographic data to show that reduction
of the heme leads to dissociation of His42 from the iron in the ferrous form of W41A; spectroscopic and
ligand binding data support this observation. Structural evidence indicates that heme reduction occurs
through formation of a reduced, bis-histidine-ligated species that subsequently decays by dissociation of
His42 from the heme. Collectively, the data provide clear evidence that conformational movement within
the same heme active site can be controlled by both ligand binding and metal oxidation state. These
observations are consistent with emerging data on other, more complex regulatory and sensing heme
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proteins, and the data are discussed in the context of our developing views in this area.

The iron-containing heme group is used widely in biology.
Traditionally, heme-containing proteins have been catego-
rized into the oxygen transport proteins (the globins), the
electron transfer proteins (the cytochromes), and the catalytic
heme-containing enzymes (e.g., the P450s, peroxidases, etc.).
This categorization conveniently differentiated the noncata-
Iytic electron transfer proteins from the transport proteins
and the catalytic enzymes, and it became clear that at least
part of this differentiation arose from differences in heme
coordination geometry. Hence, the electron transfer proteins
contain six-coordinated heme groups, as a means of facilitat-
ing rapid electron transfer, whereas the transport proteins
and the catalytic enzymes are most often found as five-
coordinate or weakly six-coordinate heme structures to allow
ligand binding or catalysis at the sixth site. Over the past
several years, a few examples emerged in the literature of
heme proteins that did not fit this categorization. This was
because these proteins actually switched their heme coordi-
nation geometry through conformational rearrangements of
the protein structure. Examples include cytochrome ¢ (1),
Chlamydomonas hemoglobin (2), cytochrome cd; (3), the
diheme cytochrome ¢ peroxidase (4), the heme chaperone
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protein CcmE (5), and leghemoglobin (6). The trigger for
these conformational rearrangements appeared to be, vari-
ously, pH, the oxidation state of the iron, and the binding of
ligands, substrate, or other (noncatalytic) metal ions. Al-
though these documented examples were significant in their
own right, their collective significance was not immediately
apparent. This was in part because a functional basis for the
ligand switch could not be identified in all cases. Later,
further examples of conformational rearrangements in other
regulatory heme proteins linked to, for example, gas-sensing
processes, signaling, and gene transcription were published
(see ref 7 for a recent review). It was only then that it started
to become clear that conformational rearrangements associ-
ated with the heme group, its ligands and/or substrates, and
its oxidation state might actually be used more widely as a
means of regulation and/or sensing in biology.

Currently, therefore, it appears that at least some heme
protein architectures are intrinsically mobile, that this mobil-
ity can be triggered by redox changes or ligand—substrate
binding, and that this trigger is used, in certain cases, as a
link to more complex downstream biological processes. What
we do not yet know is whether conformational mobility is a
more general characteristic of other heme protein structures
and whether these triggering mechanisms are more generally
accessible in other protein structures. In this context, we have
recently reported (8) an example of a six-coordinate heme
peroxidase (W41A variant of ascorbate peroxidase) which
has bis-histidine coordination, like a cytochrome, but that is
catalytically active because the distal histidine reversibly
dissociates to form a five-coordinate heme in response to
binding of hydrogen peroxide. In this work, we show that
this conformational movement is also triggered by a change
in oxidation state. The implications of these observations are
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discussed in terms of our evolving understanding of the role
of heme in biological regulation and sensing.

EXPERIMENTAL PROCEDURES

Materials. Sodium dithionite, sodium azide, and potassium
cyanide were purchased from Sigma-Aldrich, and the
chemicals used for buffers (Fisher) were of the highest
analytical grade (>99% pure) and were used without further
purification. Aqueous solutions were prepared using water
purified through an Elgastat Option 2 water purifier, which
itself was fed with deionized water. All pH measurements
were made using a Russell pH electrode attached to a digital
pH meter (Radiometer Copenhagen, model PHM 93).

Protein Expression and Purification. Bacterial fermenta-
tion of cells and purification of rsAPX' and W41A were
carried out according to published procedures (8, 9). Purified
samples of rsAPX and W41A exhibited wavelength maxima
at 407 (107), 525, and ~630 nm and 405 (125), 525, 564,
and ~630 nm, respectively, as reported previously (8, 10).
Enzyme concentrations for rsAPX and W41A were deter-
mined using the following absorption coefficients: €47 = 107
mM~!' cm™! (10) and €405 = 125 mM ™! cm™! (8), respec-
tively.

Electronic Absorption Spectroscopy. Spectra were col-
lected using a Perkin-Elmer Lambda 25, 35, or 40 spectro-
photometer, linked to a PC workstation running UV-Winlab.
Ferrous forms of rsAPX and W41A were prepared by the
addition of microliter volumes of a fresh sodium dithionite
solution to the ferric enzyme (~8 ¢M) present in anaerobic
buffer in an airtight cuvette until no further change in the
spectrum was observed. All solutions were prepared in a
glovebox (Belle Technology) using anaerobic buffer.

Titrations with Anionic Ligands. Equilibrium binding
parameters were determined by adding microliter volumes
of the appropriately diluted ligand (cyanide or azide)
solutions (made up in sodium phosphate buffer, pH 7.0, u
= 0.1 M, and filter-sterilized) using a Hamilton syringe to
an airtight cuvette containing ferric protein, which was mixed
by inversion and allowed to equilibrate. The UV-visible
spectra (270—700 nm) were recorded after each addition of
ligand. The ligand binding affinity was monitored spectro-
scopically using absorption at 418 nm for cyanide binding
to rsAPX and W41A and 411.5 and 405 nm for azide binding
to rsAPX and W41A, respectively.

All solutions for determining parameters for binding of
cyanide to ferrous protein were prepared anaerobically in a
glovebox, by the addition of microliter volumes of a fresh
sodium dithionite solution to an anaerobic solution of ferric
protein (~8 M) until no further change in the spectrum
was observed. All solutions required for the titrations were
kept anaerobic by the use of glucose (Fisher, 10 mM),
glucose oxidase (Sigma, 50 ug/mL), and catalase (Sigma, 5
ug/mL). The same method that was described above for the
ferric form was used for the titration of cyanide into
dithionite-reduced protein. The ligand binding affinity was
monitored spectroscopically using absorption at 426 nm for
cyanide binding to reduced rsAPX and W41A. As a
consequence of the high affinity of ferric rsAPX for cyanide,

! Abbreviations: APX, ascorbate peroxidase; rsAPX, recombinant
soybean cytosolic ascorbate peroxidase.
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a nonlinear regression analysis using eq 1 was applied to
determine the Ky

_— o 2
M_ﬁ [E]+[L]+K;— [(IE1+ L1+ K" —
4[ETILN"} (1)

where [E] and [L] represent the calculated concentrations
of total enzyme and total ligand after each addition,
respectively, AA and AA.. are the absorbance changes
corresponding to the intermediate and saturating ligand
concentrations, respectively, and Ky is the equilibrium
dissociation constant.

Equilibrium dissociation constants for binding of cyanide
to ferrous rsSAPX and ferric/ferrous W41A, and of azide to
ferric rsAPX and W41A, were calculated using eq 2 in Grafit
5 (Grafit version 5.0.3, Erithacus Software Ltd.):

AA_[free]

" K, [free] @

where AA and AA.. are the absorbance changes correspond-
ing to the intermediate and saturating ligand concentrations,
respectively, [free] is total concentration of unbound ligand,
and Kj is the equilibrium dissociation constant.

Transient-State Kinetics. Transient-state measurements
were performed using an SX.18MV microvolume stopped-
flow spectrophotometer (Applied Photophysics) contained
within a glovebox (Belle Technology) and fitted to a Neslab
RTE-200 circulating water bath (5 £ 0.1 °C). Multiple-
wavelength absorption studies were carried out using a
photodiode array detector and X-SCAN (Applied Photo-
physics Ltd.). Spectral deconvolution was performed by
global analysis and numerical integration methods using
PROKIN (Applied Photophysics Ltd.).

Crystal Growth and Structure Determination. Crystals of
W41A were obtained using previously published procedures
(11). Crystals of ferrous W41A were obtained by soaking
crystals for 5 min in a fresh solution of sodium dithionite
dissolved in mother liquor [0.1 M Hepes (pH 8.3) and 2.25
M lithium sulfate]. All crystals were flash-frozen and then
cryocooled in liquid nitrogen and stored for data collection.

All diffraction data were collected at ESRF (Grenoble,
France) for dithionite-reduced W41A using beam line ID23-
EH1 (0.873A) and an ADSC Quantum-315 detector. Single-
crystal microspectrometry and collection of diffraction before
and after X-ray reduction of ferric W41A used beamline
ID14-2 (0.933A) and an ADSC Q4 CCD detector. All
synchrotron data were collected at 100 K. The data were
indexed and scaled using MOSFLM (/2) and SCALA (13).
Crystals were continuously cooled by a cold nitrogen stream
from an Oxford Cryosystems 700 series cryostream.
UV —visible absorption spectra of the crystals were recorded
in the 500-800 nm range using the EMBL online microspec-
trophotometer (HR2000 CCD detector Ocean Optics). Input
light was provided by a deuterium/halogen source (Ocean
Optics, DH2000) coupled to custom lenses via a 100 ym
2-UV-SR fiber optic (generating a focal spot of 25 um) and
collected from the second lens coupled to a 600 um fiber
optic. Wherever possible, care was taken to record spectra
of the crystal to the same ¢ position. Spectra of the
cryocooled crystals remained unchanged during storage.
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Table 1: Data Collection and Refinement Statistics”

ferrous low-dose high-dose
Data Collection
PDB entry 2VNZ 2V02 2VNX
space group P4;2,2 P432,2 P4;2,2
unit cell dimensions (A)
a=b 81.78 82.06 82.00
c 75.24 75.63 75.57

resolution (A)
total no. of observations
no. of unique reflections

649696 (94551)
63112 (9091)

45.83-1.30 (1.39-1.30)

46.03-2.00 (2.11-2.00)
63697 (9264)
17935 (2570)

37.80-1.60 (1.69-1.60)
352976 (49343)
34661 (4988)

Ilol 21.6 (4.3) 6.2 (0.9) 19.5 (3.1)
Rumerge 0.09 (0.45) 0.026 (0.138) 0.086 (0.66)
completeness (%) 99.9 (100) 99.7 (100) 100 (100)
Refinement Statistics
Ryork 0.182 0.174 0.175
Riree 0.199 0.236 0.209
root-mean-square deviations from ideal
bonds (A) 0.006 0.016 0.010
angles (deg) 1.117 1.507 1.152
“ Values in parentheses are for the outer shell.
Data collection and processing statistics are listed in Table 1.0r
1; 5% of the data was flagged for the calculation of Ry, and [} (A)
3]
excluded from subsequent refinement. The structures were c
refined from the 1.35 A ferric W41A structure (Protein Data S
Bank entry 2GGN). Several cycles of refinement using o
REFMACS (/4) from the CCP4 suite (/3) and manual 2
<

rebuilding of the protein model using COOT (/5) followed
by the addition of water molecules were carried out until
the Rpee and Rpcor values converged. The final refinement
statistics are presented in Table 1.

RESULTS AND DISCUSSION

Spectra of Ferric and Ferrous Derivatives. The electronic
spectra of the ferric and ferrous derivatives of rsAPX and
W41A are shown in Figure 1. The spectrum of the ferric
derivative of W41A [Anay = 405 (¢ = 125 mM~! cm™)),
525, 564, and 630 nm] (8) shows a peak in the visible region
(564 nm) that is consistent with the presence of low-spin
heme (Figure 1B). This distinguishes it clearly from the
spectrum of ferric rsAPX (Figure 1A) in which no low-spin
peaks are observed [Ama = 407 (¢ = 107 mM~! cm™!), 525,
and ~630 nm (¢ = 16 mM~! cm™1)]. For W41A, the low-
spin component has been shown, crystallographically, to
derive from coordination of the distal histidine (His42) to
the ferric heme (8). In contrast, the spectra of the ferrous
derivatives of rsAPX and W41A (Figure 1A,B) are similar
to each other (Ana = 430, 555, and 583 nm for rSAPX; Amax
= 428, 556, and 581 nm for W41A), with both spectra
consistent with a reduced heme species. As reduced rsAPX
is five-coordinate, this suggests that in the dithionite-reduced
form of W41A the His42 ligand dissociates from the iron.

Ligand Binding to Ferric and Ferrous Derivatives. Com-
plete formation of low-spin ferric heme is observed upon
addition of cyanide to both ferric rsAPX [An.x = 419, 536,
and 563*" nm (data not shown)] and W41A [An.. = 418,
540, and 561" nm (Figure 1C)]. This is consistent with
binding of cyanide at the sixth coordination site, as confirmed
crystallographically in both cases (8). Addition of azide to
ferric rsAPX and W41A leads to a predominantly low-spin
ferric heme species with some high-spin character [Ama =
412, 528 562", and 630 nm for rSAPX; Ama = 415, 538",

Absorbance

Absorbance

Absorbance

1 i L A 1
400 500 600 700
Wavelength (nm)
FIGURE 1: Electronic spectra of (A) rsAPX and (B) W41A, showing
the ferric (solid line) and ferrous (dashed line) species. The ferrous
spectra were obtained by addition of dithionite. (C and D) Selected
spectra collected during titration of (C) ferric W41A (3.6 uM) and
(D) ferrous W41A (6.8 uM) with cyanide. Intermediate spectra
between the initial spectrum (solid line) and the final saturated
spectrum (dashed line) are shown as dotted lines. Sample conditions:
enzyme, sodium phosphate, pH 7.0, x = 0.1 M, 25 °C. The visible
region has been multiplied by a factor of 5 in all cases.
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Table 2: Equilibrium Dissociation Constants for Binding of Cyanide and Azide to rsAPX and W41A“

rsAPX W41A
ferric ferrous ferric ferrous
cyanide 0.73 + 0.075 uM 0.31 £0.025 mM 20 + 0.75 uM 1.54+0.17 mM
azide 0.40 £+ 0.019 mM - 3.8 +0.091 mM -

“ Sample conditions: sodium phosphate, pH 7.0, u = 0.1 M, 25 °C.
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AAbS ;5

0.04

0 O i " i i i L
01 2 3 45 6 7

[Cyanide] (mM)
FIGURE 2: Plot of the absorbance change at 426 nm vs total cyanide

concentration for binding to ferrous rsAPX (®) and ferrous W41A
(O). The solid line is a fit of the data to eq 2.

562", and 630 nm for W41A (data not shown)]. Similarly,
addition of potassium cyanide to ferrous rsAPX and W41A
leads to formation of a low-spin species in both cases [Ayax
= 426, 529, and 560 nm for rsAPX (data not shown); Amax
= 426, 530, and 560 nm for W41A (Figure 1D)].

Equilibrium binding constants (Table 2 and Figure 2)
obtained from the data given above showed large differences
in the binding affinity between the ferric forms of rsAPX
and W41A, with K, values for binding of cyanide and azide
~30- and ~10-fold lower, respectively, for W41A than those
for rsAPX. This can be rationalized by the different
coordination geometries in the two proteins: rsAPX contains
a weakly bound water molecule at the sixth coordination
position, whereas in W41A, the distal histidine binds to the
heme at the sixth site. In contrast, binding constants for
binding of cyanide to the ferrous form are closely matched
for both rsAPX and W41A (Table 2). This is consistent with
the electronic spectra of the ferrous forms of the two proteins
and indicates that the coordination geometry is similar in
both cases.

Crystallography. The crystal structure of ferric W41A
[Figure 3A (8)] indicated that His42 was within bonding
distance (2.3 A, compared to 5.5 A in rsAPX) of the iron,
to give six-coordinate heme. We have called this the “on”
form (8). The crystal structure of the dithionite-reduced form
of W41A (Figure 3B and Table 1) reveals that His42 is no
longer bound to the iron and shows a water molecule in the
active site (Fe—O distance of 2.12 A). Although the overall
structure of ferrous W41A is similar to that of ferric W41A,
there are changes in conformation around His42. Hence, the
main chain of His42 in ferrous W41A has moved away from
the heme to a position analogous to that of His42 in the
structure of ferric rsAPX. We have referred to this confor-
mation of His42 as the “off” form. For dithionite-reduced
WA41A, there is no additional density directly above the iron
that correlates to the histidine being ligated to the iron (i.e.,
in the on form); the only density is for the water molecule
as described above.

Reduction of the heme is also possible during collection
of crystallographic data (see, for example, refs /7-20), and

FIGURE 3: (A) Structural alignment of the active sites of rsAPX
(blue, Protein Data Bank entry 10AG) and W41A (green), showing
the orientation of His42 in the off and on positions, respectively.
Arg38 is highlighted in yellow. (B) Structure of W41A after
reduction by dithionite, showing His42 in the off position. (C)
Structure of W41A after exposure to low-intensity irradiation. (D)
Structure of W41A after exposure to high-intensity irradiation
showing the dual occupancy of His42. The oA-weighted 2F, — F.
electron density at 1o is colored blue. The off position of His4?2 is
colored yellow (modeled with an occupancy of 0.3), and the on
position of His42 is colored green (modeled with an occupancy of
0.7). This figure was created using PyMOL (30). Water molecules
are shown as red spheres in all cases.
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FIGURE 4: Changes in the absorption spectrum (100 K) of a crystal
of ferric W41A (solid line) on exposure to small (dotted line) and
large (dashed line) X-ray doses. The inset is a plot showing the

time-dependent changes in absorbance at 557 nm on exposure of
the crystal to a high-intensity X-ray beam.

we used this to obtain further structural evidence for
movement of His42 between the on and off positions. The
structures of a crystal of ferric W41A determined after
exposure to an attenuated-low intensity X-ray source (low-
dose) and the full-intensity unattenuated X-ray source (high-
dose) are shown in panels C and D of Figure 3, respectively.



Iron Oxidation State Modulates Structure in a Heme Peroxidase

Biochemistry, Vol. 47, No. 15, 2008 4407

Scheme 1: Species Observed in This and Previous (8) Work, Showing the Mobility of His42 during Catalysis and Reduction”
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“ Step a shows the equilibrium between the on and off forms of the ferric protein. This form has been previously shown (8) to bind both
exogenous ligands and to be catalytically active (reaction with H,O,), as shown herein. Step b represents the reduction of ferric W41A to an initial
low-spin ferrous form, which is the likely route in the X-ray beam. Step c represents subsequent loss of His42 from this initial low-spin ferrous
intermediate; this form can also bind exogenous ligands. Step d shows the reoxidation of the ferrous off form to the ferric form. On reaction with
dithionite in solution, step b followed by c is possible, but an alternative mechanism in which reduction of the ferrous form with dithionite involves
prior dissociation of His42 from the heme before reduction (step a followed by step d) is also possible.

The structure for the low-dose sample (Figure 3C) is similar
to that of pure ferric W41A (Figure 3A), in which His42 is
in the on position and within bonding distance (2.3 A) of
the iron, and there is no additional density above the heme
corresponding to the off position. In contrast, for the high-
dose structure, there is positive F,, — F. density above His42,
near the main chain of His42 and close to the off position.
This second conformation [which is not observed at low
X-ray doses (Figure 3C)] was refined placing His42 in an
orientation identical to that of His42 in dithionite-reduced
ferrous W41A (Figure 3B). The occupancies of the two
conformations were estimated to be 0.3 for the off form and
0.7 for the on form and included in the final stages of
refinement; the resulting electron density is shown in Figure
3D. Thus, on exposure to the high-dose beam, the ferric
W41A crystal is being reduced and His42 is observed to
partially move away from the iron on reduction.

In parallel experiments, single-crystal microspectropho-
tometry was used to monitor changes in the electronic
spectrum of the ferric W41 A crystal that correspond to the
structures presented in Figure 3. The initial spectrum of the
ferric W41A crystal at 100 K (Figure 4) before exposure to
the beam is the same as that observed in solution at room

temperature (Figure 1B). This indicates that the species in
solution and in the crystal are similar and demonstrates that
freezing and crystallization effects are not responsible for
the conformational movement. [In fact, we note that the bond
in the on form (2.3 A) is longer than usual for an
iron—histidine bond, which accounts for the 630 nm (high-
spin) band in the visible region at both room temperature
and 100 K and suggests that His42 is quite weakly
coordinated.] When the ferric W41A crystal was exposed
to a low-intensity beam, an increase in absorbance at 557
nm [close to the absorption maximum for the ferrous
derivative (Figure 1)] was observed (Figure 4). Note,
however, that no additional density was observed for His42
in the off position in the corresponding structure of this
species (Figure 3C), indicating that under these conditions
His42 is not yet dissociated from the iron even though a
significant population of the heme groups have been reduced
by the beam, as evidenced by the change in absorbance at
557 nm. On exposure of the ferric W41A crystal to a high-
intensity X-ray beam, much larger increases in absorbance
at 557 nm are observed over time (Figure 4 and inset) so
that the final spectrum after data collection resembled that
of a ferrous bis-histidine (low-spin) heme species, such as
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cytochrome bs (27). The structure that corresponds to this
reduced spectrum (Figure 3D) clearly shows His42 still
within bonding distance of the iron, but there is additional
density above His42 in the off position. Reduction of the
ferric crystal was complete within ~40 s at 100 K (Figure 4
inset). Significantly, the final spectrum after 40 s is different
from that obtained when W41A is chemically reduced by
dithionite (Figure 1B). This is interpreted as evidence that
reduction of ferrous W41A in the beam at 100 K leads to an
initial reduced, bis-histidine species which presumably then
decays back to a species that is the same as that observed
when W41A is reduced with dithionite in solution. In
transient-state kinetic experiments (photodiode array stopped
flow, 5 °C), there was no evidence of the presence of a bis-
histidine ligated ferrous heme protein in solution on reaction
of W41A with dithionite (data not shown), and we assume
that at this temperature the conformational rearrangements
occur more rapidly so that the reduced, bis-histidine species
decays too quickly for detection by stopped flow.

Wider Implications. There are relatively few examples of
crystallographically defined conformational changes in heme
proteins. In previous work (8), we showed that the coordina-
tion geometry in W41A was variable so that His42 binds
onto the heme in the oxidized form but that addition of
peroxide triggered a conformational change that led to
displacement of His42 so that essentially complete catalytic
activity was maintained. This ran counter to widely adopted
views of heme enzyme catalysis, because it showed that
strong coordination of His42 to the heme does not, automati-
cally, undermine catalytic activity.

The data presented above show that a conformational
movement within the protein structure can also be triggered
by a change in the oxidation state of the iron, and we present
crystallographic evidence to show dissociation of His42 on
reduction. The major findings are summarized in Scheme 1.
On the basis of the data presented, we propose a mechanism
for reduction that involves initial formation of a reduced,
bis-histidine-ligated species that subsequently decays by
dissociation of His42 from the heme. What is clear is that
conformational mobility can be induced within the same
protein structure either by ligand (peroxide) binding (8) or
by reduction of the heme. As noted above, other examples
of conformationally mobile heme protein structures have
appeared sporadically (for example, refs /-5 and 22).
Collectively, we interpret this as evidence that these protein
structures are intrinsically mobile and that this might be a
feature of other heme protein structures that is used more
widely than previously realized.

These observations chime with our developing views on
the wider role of heme in biological systems because it is
now becoming clear that the role of heme is not restricted
to its involvement as a prosthetic group in specific proteins
and enzymes but that it is also involved in various regulatory
processes, including gas sensing, control of gene transcrip-
tion, and modulation of ion channels. The limited information
that is currently available seems to suggest that the trigger
for these regulatory processes is similarly controlled either
by ligand binding or by the oxidation state of the iron and
that either of these events is used to initiate downstream
conformational rearrangements of the protein architecture
either at the active site or beyond. Examples include ligand
binding to the heme-regulated inhibitor kinase (23) and the

Badyal et al.

heme sensor HemAT (24), and reduction of the iron in the
heme-regulated phosphodiesterase from Escherichia coli (25)
and in CooA (26, 27). Similar mechanisms might also apply
to gas-responsive transcription factor NPAS2 (28), heme-
binding transcription factor Hapl (29), and heme-based
sensor FixL (30).
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