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Abstract

Despite the fact that ferrous myeloperoxidase (MPO) can bind both O, and NO, its ability to bind
CO has been questioned. UV/visible spectroscopy was used to confirm that CO induces small
spectral shifts in ferrous MPO, and Fourier transform infrared difference spectroscopy showed
definitively that these arose from formation of a heme ferrous—CO compound. Recombination
rates after CO photolysis were monitored at 618 and 645 nm as a function of CO concentration
and pH. At pH 6.3, ko, and kosr were 0.14 mM~1.s71 and 0.23 s71, respectively, yielding an
unusually high Kp of 1.6 mM. This affinity of MPO for CO is 10 times weaker than its affinity for
O,. The observed rate constant for CO binding increased with increasing pH and was governed by
a single protonatable group with a pK, of 7.8. Fourier transform infrared spectroscopy revealed
two different conformations of bound CO with frequencies at 1927 and 1942 cm™1. Their
recombination rate constants were identical, indicative of two forms of bound CO that are in rapid
thermal equilibrium rather than two distinct protein populations with different binding sites. The
ratio of bound states was pH-dependent (pKj, ~ 7.4) with the 1927 cm™1 form favored at high pH.
Structural factors that account for the ligand-binding properties of MPO are identified by
comparisons with published data on a range of other ligand-binding heme proteins, and support is
given to the recent suggestion that the proximal His336 in MPO is in a true imidazolate state.

Myeloperoxidase (MPO;1 donor, hydrogen peroxide oxidoreductase, EC 1.11.1.7) is a heme
protein found in large concentrations in azurophilic granules of myeloid leukocytes (1). The
mature protein is a homodimer linked by a single disulfide bridge (2); each 70 kDa
monomeric unit is made up of a light and heavy chain and contains a covalently attached
heme (3). MPO plays a central role in host defense and has also been implicated in
promoting tissue damage in numerous inflammatory diseases (4-6). MPO has several
potential catalytic activities, and despite extensive investigations, its central role in the
innate defense system and the exact mode of its antibacterial activity are still a matter of
controversy (7, 8). Traditionally, the major role ascribed to MPO is the generation of the
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potent bleaching agent hypochlorous acid (HOCI) via H,O,-dependent two-electron
oxidation of CI~ (9, 10). However, the high catalase activity of MPO (4) has been suggested
to provide an additional function of MPO in protecting digestive enzymes from oxidative
damage by removing H,0, from the phagocytic vacuole (11). In MPO and the other
mammalian peroxidases (lactoperoxidase (LPO), eosinophil peroxidase (EPO), and thyroid
peroxidase) the heme is covalently linked to the protein by two ester bonds between the
carboxyl groups of a glutamate (Glu242 in MPQO) and an aspartate (Asp94) and the modified
methyl groups of the heme (Figure 1A and refs (12-14)). In MPO, a third covalent link is
formed between Met243 and the p-carbon of the vinyl group of pyrrole ring A. This
positively charged sulfonium linkage causes the heme to assume a bow-shaped structure and
is thought to be a major contributor to its unusual optical, redox, and substrate properties
(15, 16). For example, the reduction potential at pH 7.0 (E7) of the Fe!!//Fe!! couple of
most peroxidases ranges from —180 to =300 mV (17). In contrast, the E7 of the Felll/Fel!
couple of MPO is +5 mV (18), attributed in large part to the electron-withdrawing sulfonium
linkage. This potential is closer to those of the oxygen carriers, hemoglobin (+150 mV (19))
and myoglobin (+46 mV (20)), which need a stable ferrous form under physiological
conditions in order to facilitate reversible binding of O,.

As is typical for peroxidases, MPO can react with H,O5 to form a reactive intermediate,
Compound I. This has a ferryl heme and an associated radical which, as in HRP (21-23),
exists at least transiently as a 7-cation radical form of the porphyrin ring (24). Further redox
reactions and catalytic intermediates also resemble those in other peroxidases (24).
Peroxidases also typically bind diatomic ligands such as O,, CO, and NO. Ferrous MPO
binds O, to form an oxyferrous complex, Compound Il (25, 26), that is similar to
oxymyoglobin. NO also binds to both ferric and ferrous forms of MPO and may act as a
modulator of its catalytic activity (27). Despite the fact that MPO can bind both O, and NO,
its ability to bind CO has been less clear, even though CO binds to the structurally related
LPO (28-31). Early reports showed that MPO binds CO weakly and induces a small blue
shift in the UV/visible spectra (32), and CO-induced difference spectra of intact neutrophils
also exhibited bands attributable to ferrous MPO-CO (33). However, more recently it has
been proposed that CO binding to ferrous MPO is prevented altogether, either by a
conformational change that narrows the heme pocket or by binding of a sixth ligand that
prevents access to the heme (28). Static and transient UV/visible and Fourier transform
infrared (FTIR) spectroscopies were used here to show that ferrous MPO does indeed bind
CO, albeit with a very low affinity that is even lower than its affinity for O,. A possible
structural basis for this unusual property of MPO and implications regarding its
physiological functions are discussed by comparisons with other types of CO- and O,-
binding heme proteins.

EXPERIMENTAL PROCEDURES

Chemicals were purchased from Sigma-Aldrich, and carbon monoxide was from BOC Ltd.,
U.K.
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Isolation and Purification of MPO from Human Neutrophils

MPO was extracted from human leukocytes as described previously (34). Crude MPO was
exchanged into equilibration buffer (500 mL, 25 mM sodium acetate, 0.2 M NaCl, pH 4.7),
and initial purification was carried out by ion-exchange chromatography using a CM-
Sepharose column (50 x 2 cm). The column was washed with 2 L of 25 mM sodium acetate
and 0.5 M NaCl at pH 4.7, and MPO was eluted as a single dark green band with 25 mM
sodium acetate and 1 M NaCl at pH 4.7. The eluant was concentrated and exchanged into 50
mM sodium phosphate at pH 7.0. The crude MPO was further purified by hydrophobic
interaction chromatography using a phenyl-Sepharose 6 Fast Flow column (GE healthcare)
(50 x 2 cm). MPO was eluted using an ammonium sulfate gradient (0.7-1.7 M), and
fractions with a purity index (A430/A2g0) >0.8 were collected, concentrated, and exchanged
into 50 mM sodium phosphate buffer at pH 7.3. Ferric MPO concentration was determined
from its absorbance at 430 nm using €= 91000 M~1.cm™1 per heme (34).

CO Photolysis/Recombination

UVisible spectra were recorded with a single beam spectrometer constructed in-house and
equipped with a stepped dispersive monochromator and photomultiplier detector. Ferrous
MPO was prepared by addition of 1 mM sodium dithionite to ferric MPO in 50 mM sodium
phosphate buffer at the required pH in a 1 cm quartz cuvette under a N, atmosphere. The
ferrous—CO adduct was formed by saturating the reduced sample with CO gas. Kinetics
measurements were performed with 1.6 uM MPO in 50 mM sodium phosphate at
appropriate pH values. Photolysis was achieved with a train of five flashes at 25 Hz from a
xenon flashlamp (20 J/flash; 6 ps duration at half-maximum). The flash and photomultiplier
were screened with BG39 (cutoff >580 nm) and RG610 (cutoff <610 nm) filters,
respectively. Photolysis and subsequent recombination kinetics at room temperature were
monitored over 8 s at 645 nm minus 618 nm, and 10 individual transients were averaged to
improve the signal/noise ratio. Averaged data were fitted to a single exponential decay using
a nonlinear least-squares method. For CO concentration dependency, the sample was
equilibrated with CO that was premixed with N5 to give 20%, 40%, 50%, 80%, or 100%
CO. Concentrations were calculated assuming that the solubility of CO in aqueous solution
at 25 °C is 1 mM-atm~1. The pH dependency of the observed rate constant of CO
reassociation, kqgps, Was determined in samples saturated with CO at pH values between 5.75
and 10.5.

FTIR Spectroscopy

Mid-IR spectra were recorded in transmission mode with a Bruker IFS/66S FTIR
spectrophotometer fitted with a liquid nitrogen-cooled MCT-A detector at 4 cm™? resolution,
giving an accuracy of cited frequencies of +1 cm™L. Five millimolar MPO was washed in 50
mM sodium phosphate at the required pH by repeated concentration and redilution cycles
using ultrafiltration (Vivaspin, 10 kDa cutoff). Three microliters was then mixed with 1 pL
of CO-saturated 0.5 M sodium dithionite in 1 M sodium phosphate at the same pH. The
sample was placed on a CaF, window and exposed to a stream of H,O-saturated CO for 1
min, before placing a second window on top and sealing with silicon vacuum grease.
Optimal samples had an absorption peak at 1650 cm~! (amide I + water) around 1.0 and a
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1550 cm~1 amide 11 peak around 0.5. Actinic light was provided by a 250 W quartz—iodine
lamp, filtered with glass, water, and a BG39 cutoff filter, and delivered to the sample via a
light pipe. “Light minus dark” spectra were recorded at 277 K as follows: 100
interferograms were averaged to provide an initial dark baseline, after which the light was
switched on and a sample spectrum recorded after 1 s. Finally, the light was switched off,
and the recording was repeated after 3 s dark relaxation in order to provide an indication of
relaxation rate and sample baseline drift. Light/dark cycles were repeated up to 2000 times
and signal averaged to produce the data shown.

Time-resolved spectra were recorded in rapid-scan mode at 277 K. A prephotolysis dark
baseline was recorded prior to each flash. Photodissociation of the ferrous MPO-CO
compound was achieved with a train of five flashes from a xenon flashlamp as described
above that was synchronized with initiation of recording of single interferograms at 4 cm™1
resolution over the next 28 s. This cycle was repeated 1000 times, and data were averaged
before Fourier transformation to generate a 3D data block of absorbance versus frequency
versus time. Difference spectra at specific times after CO photodissociation and Kinetics at
specific frequencies were extracted from the 3D data blocks with Bruker OPUS 6.5 software
and fitted with monoexponential decay functions.

UV/Visible Analysis of CO Binding to Ferrous MPO

UV/isible absorption spectroscopy confirmed that CO addition to ferrous MPO induced
small blue shifts (Figure 2A) of the Soret band from 474 to 472 nm and of the a-band from
638 to 636 nm. These shifts are clearer in the ferrous—CO minus ferrous difference spectrum
(Figure 2B), which displayed a peak and trough in the Soret region at 460 and 480 nm
(isosbestic at 469 nm) and in the visible region at 618 and 645 nm (isosbestic at 631 nm).
Similar blue shifts of Soret and visible bands occur when CO binds to other ferrous heme
proteins (35), though the magnitudes of the changes in MPO are much smaller.

Flash photolysis was used to dissociate bound CO from ferrous MPO, and the kinetics of
recombination at room temperature were monitored as loss of ferrous MPO at 645 nm or
regeneration of ferrous MPO-CO at 618 nm (Figure 3A). Transients were fitted to single
exponentials to obtain pseudo-first-order rate constants of recombination (kops). A plot of
Kobs Versus CO concentration at pH 6.3 (Figure 3B) was linear with a positive y-intercept,
indicating that CO binding is reversible and can be modeled by a simple one-step binding
mechanism. The slope gives a second-order binding rate constant of 0.14 + 0.01 mM1.s71
and the y-intercept a dissociation rate constant of 0.23 + 0.01 s™1, yielding a dissociation
constant, Kp (Kofi/Kon), Of 1.6 £ 0.2 mM at pH 6.3. The extent of formation of the CO
compound, obtained from the initial absorbance change at 645 nm minus 618 nm with
multiple flashes, was CO concentration dependent. A plot of the initial absorbance change
versus CO concentration at pH 6.3 (Figure 3C) could be fitted to a hyperbolic function to
yield an approximate Kp of 3.3 + 1.4 mM, consistent with the more accurate, kinetically
determined value. The Kp of 1.6 mM means that the extent of formation of the ferrous—CO
compound is only ~30% at 1 atm (1 mM) of CO. By extrapolation, an extinction coefficient
of 8.9 mM~1.cm~1 was calculated for full formation of the ferrous—CO minus ferrous
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difference spectrum at 618 nm minus 645 nm, a value similar to that of the equivalent shift
in other peroxidases (35). The binding rate increased with increasing pH values, as has also
been observed for CO binding to LPO (31). A plot of kqps Versus pH at saturating CO
(Figure 3D) could be fitted with a Henderson—Hasselbalch equation for a single acid—base
group with a pK;, of 7.8.

FTIR Analysis of CO Binding to Ferrous MPO

Photolability of the ferrous heme—CO compound allowed ferrous minus ferrous—CO FTIR
difference spectra to be generated at high signal/noise ratio by averaging cycles of light
minus dark difference spectra. Typical data for MPO are presented in Figure 4. Changes in
heme and protein result in multiple overlapping bands below 1800 cm™1. Loss of heme-
bound CO appears as a narrow (fwhm 7 cm™1) trough at 1942 cm™1 together with a much
broader one (fwhm 22 cm™1) at 1927 cm™=1. A third very minor component at 1966 cm™1 is
present at acidic pH. A weak positive signal at 2133 cm™ is also present. A similar band has
also been observed on CO photolysis from myoglobin (36, 37), NO synthase (38), and HRP
(39) and may represent a protein-bound form of CO that occurs transiently during photolysis
and recombination (40, 41) or a weak affinity surface site that reacts to the increased
solution CO concentration after photolysis (38). The principal troughs indicate two major
binding modes of CO in the MPO active site, as is the case for CO bound to LPO (30, 42).
The narrowness of the higher frequency band suggests a conformationally restricted site
whereas the broadness and lower frequency of the 1927 cm™1 band suggest a more flexible
orientation of CO in stronger H-bonding interaction and/or a more positive pocket polarity
(42, 43). Multiple conformations of bound CO are commonly seen in other heme proteins,
for example, in myoglobin (44), HRP (45), CcP (46), and NO synthase (38). The relative
amounts of these two forms in MPO is pH-dependent (Figure 5A); the 1927 cm™1 form is
favored at higher pH and is controlled by an acid—base group with a pK; of roughly 7.4
when CO is bound (Figure 5B). The kinetics of recombination of the two bands of bound
CO, determined by rapid-scan FTIR measurements (Figure 6), were the same (as is also the
case for the two CO conformers in HRP (39)), suggesting strongly that they arise from a
thermally distributed mixture of states in the whole MPO population rather than from
heterogeneous types of ligand-binding pockets. The features below 1800 cm™ arise from
vibrational changes of the polypeptide backbone, specific amino acids, and heme. These
relaxed with the same kinetics as the bands of bound CO, demonstrating that any major
protein conformational changes must occur synchronously with rebinding of CO (in Figure
6, this is illustrated with a plot of the kinetics at 1500 minus 1516 cm™1, a change that is
likely to arise from both heme and amide Il band shifts). In relation to FTIR spectra of CO
photolysis in other heme proteins, one general observation is that these changes are large in
relation to the size of the troughs from the bound CO. This suggests that heme/protein
perturbations caused by CO ligation are more extensive in MPO. Assignments can be made
based on extensive studies of other heme proteins and related models (47-51) and from a
prior IR study of the heme ester linkages in MPO (12). For example, features in the 1750
1720 cm™1 region, possibly together with at least part of those at 1160 cm™, arise from the
covalent ester linkages between heme and protein (12). The large changes in the 1700-1600
and 1570-1500 cm™1 ranges are generally amide | and 1 shifts, respectively, due to multiple
small changes of the polypeptide backbone. In HRP, the 1700-1600 cm™1 region also
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contains bands from the distal arginine (39), and it is possible that this region of MPO also
contains changes from distal pocket Arg239 and/or GIn91. Numerous small porphyrin/vinyl
modes are also expected in predictable ranges throughout the 1700-1000 cm™2 region. Their
details are beyond the scope of the present study, but identification of likely bands and their
assignments to specific normal modes can be inferred from extensive published data on
model hemes. Bands in the 1100 cm™ region in other histidine-ligated heme proteins have
been assigned to the ring C5N1 bond of the proximal histidine (49). In both myoglobin and
HRP, its frequency is above 1100 cm™1. This is consistent with the imidazole state of their
proximal histidines in both cases, despite the fact that both Raman and NMR studies have
shown that sharing of the N proton through H-bonding with Asp247 in HRP (Figure 1) can
impart a strong imidazolate “character” (52, 53). In MPO, however, the 1091 cm™1
frequency is more consistent with a true imidazolate form of the proximal histidine (His336)
(54, 55). In the most recent published structure of MPO (56) Asn421 is orientated with its
carbonyl group H-bonded to Arg333, leaving its amine group facing the N, hydrogen atom
of proximal His336 (Figure 1A). If the N, hydrogen atom of proximal His336 were
protonated, this would create an unfavorable interaction between them. As a result, it was
proposed that His336 is in its imidazolate state, thus enabling it to act as an H-bond acceptor
with the amine group of Asn421. Of LPO structures in the PDB database (57-61), 2NQX,
2086, 2IKC, and 316N have the proximal Asn modeled in this same orientation whereas the
majority shows the carbonyl group orientated toward the proximal histidine, which would
require the neutral imidazole form. Hence, it is not clear at present whether an imidazolate
proximal histidine is a general structural feature of the mammalian peroxidases. These
points are relevant to the discussion below of the factors controlling CO binding affinity.

DISCUSSION

The UV/visible and FTIR spectra provide definitive identification of the CO compound of
ferrous MPO. Uncertainty over this issue most probably has arisen because only partial
saturation can be achieved with CO at atmospheric pressure due to an unusually low affinity
(high Kp). The rates of CO binding, together with the ratio of bound conformers, are
governed by a protonatable group with a pK around 7.8 in the ferrous form and roughly the
same in the ferrous—CO form. Such behavior is seen in other peroxidases such as HRP (62)
and CcP (46) where the pK has been attributed to the distal histidine whose N can provide
an H-bond to the CO when it is in its protonated imidazolium form. The higher pH form of
MPO reacts faster with CO (Figure 3), as is also the case in HRP (62), CcP (46), and LPO
(31). By analogy, the 1942 cm~2 form involves H-bonding to distal His95 (whose pH is 7.8
in ferrous MPO) whereas at high pH the CO interacts with nearby residues Arg239 and
GIn91 and/or water molecules to give the broader (less conformationally restricted) 1927
cm~1 form. Hence the binding of CO to MPO in two pH-dependent conformations
resembles CO binding to other peroxidases. However, in HRP and CcP the lower pH form
of bound CO has a lower frequency, consistent with stronger H-bonding to the bound CO. In
MPO (and also in LPO (29, 42)), in contrast, the lower pH form has a higher frequency
despite the fact that the distal His is similarly providing extra H-bonding. The structural
basis for this unexpected direction of frequency shift in MPO and LPO is not clear.
Protonation of the distal His95 to form its charged, imidazolium state might reasonably be
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expected to induce an increased polarity of the distal pocket, an effect that is also expected
to increase the CO stretch frequency. Hence, additional structural changes must occur
within the distal pocket that more than counteract any frequency-lowering H-bonding and/or
polarity changes. Some support for more extensive structural changes in the distal heme
pocket of MPO comes from the larger CO-induced IR changes in heme and protein that
occur in MPO compared to other peroxidases (Figure 4, 1800-1000 cm™2 region); the nature
of such changes will require further IR or crystallographic studies.

What is particularly distinct in MPO in comparison to other peroxidases including LPO is
the weakness of binding of CO. This arises both from a lower bimolecular association rate
constant and a faster dissociation rate constant (Table 1). Weak binding of diatomic ligands
to ferrous heme appears to be a property of the mammalian peroxidases more generally. For
example, the Kps of LPO and EPO for CO and O, are 500-300-fold higher than those of
myoglobin, as is the Kp of MPO for O,. However, the Kp of MPO for CO is around 50000-
fold higher and almost 100-fold higher than that of EPO and LPO. As a result, and in
contrast to most other heme proteins including LPO, MPO has a higher Kp for CO than for
O,. This discrimination between ligands is often defined as the O,/CO partition coefficient,
M, and is equivalent to the dissociation constant ratio (Ko,/Kco)- The M value for sterically
unhindered model heme compounds is ~4000 (63) and ~25 for myoglobin (64) but is only
0.1 for MPO (Table 1).

The physical factors that control ligand binding to hemes have been studied in detail (65—
67). Steric factors can provide discrimination (68) since optimal binding requires a linear
configuration for Fe—CO but a bent one for Fe—-O5. This arises because the two extra
electrons of dioxygen are antibonding in the linear conformation but are a nonbonding lone
pair when Fe—O, is bent (69). However, calculations show that the bonding orbitals of CO
can distort to some extent to retain optimal binding even when the Fe—CO atomic
coordinates are bent (66). Also, studies of site-directed mutants of myoglobin (70, 71) have
shown that steric effects in this protein are small, and the lower M value (~25) compared to
free heme (~4000) arises predominantly from stronger electrostatic and H-bonding
interactions between the more polar Fe—O, species and distal pocket residues (72).
Examples of heme proteins in which oxygen stabilization occurs to such an extent that their
M values are below 1 include the truncated hemoglobin, trHbO, from Mycobacterium
tuberculosis (73) and a hemoglobin, alHbO, from Ascaris lumbricoides (74). In both cases,
the heme-bound O is stabilized particularly strongly by hydrogen bonds from a distal
tyrosine and a second residue. However, the same types of distal pocket factors cannot
provide a full explanation of ligand-binding properties of the mammalian peroxidases
because in trHbO and alHbO (Table 1) both ligands are strongly bound (Kps < uM),
whereas in MPO both CO and oxygen are particularly weakly bound (Kps > 100 pM).

The structures of the distal heme pockets of ferric MPO (56) and LPO (57) do not reveal
major steric constraints. However, both resonance Raman spectroscopy (75) and X-ray
crystallographic data (76) of the cyanide-ligated form of ferric MPO show an FeCN angle of
~155°, compared to 170° for HRP, which allows the cyanide to form H-bonds with two of
the highly conserved active site water molecules and the distal histidine. Such H-bonding to
a similarly bent Fe—O, could provide preferential stabilization of oxygen in comparison to
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CO. However, there are no obvious further constraints in the distal pockets that could
account for the acute overall weakening of binding of both ligands. In addition, the
structures of the distal heme pockets of ferric MPO (56) and LPO (57) are very similar, and
yet the M value of LPO (~135) is more than 1000-fold greater than that of MPO (Table 1).

It is possible that distal pocket structural factors occur in the ferrous forms of MPO and
LPO, whose structures have not yet been determined, which could result in severe
weakening of ferrous—ligand binding. Table 2 shows the association rate constants (ko) for
binding of NO and cyanide to ferric MPO and several other representative ferric heme
proteins. The second-order rate constant for NO binding to ferric MPO is 10-fold greater
than to ferrous MPO. It has been proposed that this is due to a change in the distal heme
pocket upon reduction of MPO (28) although the nature of the change remains to be
determined. Most importantly, rate constants for the binding of both NO and cyanide to
ferric MPO are comparable to those of other ferric heme proteins. By contrast with the
uniformly lower rate constants for binding of ligands to ferrous MPO, this suggests that
reduction of the heme in MPO does introduce constraints to ligand binding, resulting in
lowered ligand affinities. Again, however, it is difficult to understand how distal factors
alone could cause the extreme M value of MPO.

Additional factors that can affect the metal-ligand bond are the heme substituents, heme
ring distortions, and the nature of the proximal heme ligand. Ring substituent effects occur
through their electron-withdrawing/donating effects of the heme potential, which in turn
affects the degree of electron sharing with the ligand. Accordingly, binding of oxygen is far
more affected than is binding of CO. Due to its sulfonium linkage, the heme potential of
MPO is higher than other peroxidases but similar to myoglobin (18), and so substituent
effects, although unusual in MPO, are unlikely to be a major cause of its low M value.
Crystallographic data also reveal heme ring plane distortions in MPO that are caused by the
covalent heme linkages, though their effects on ligand binding are difficult to predict.

Particularly pertinent to MPO are considerations of the known strong trans effect of
proximal ligands (69). The metal bond consists of o-bonding together with any back-
bonding from metal d, orbitals to ligand #* orbitals, which strengthens the Fe—ligand bond.
Histidine or imidazole has a positive trans effect when bound opposite CO and O,; i.e., the
two bonds trans to each other are both strengthened and CO dissociation is slowed, while
NO appears to have a negative trans effect (77). The extent of this effect is dependent on the
proximal histidine/heme geometry. Indeed, in the classical R/T transition of hemoglobin,
strain on the proximal histidine in the T state causes the iron to move out of the heme plane
and resulting in an 800-fold decrease in oxygen affinity (78, 79). In leghemoglobin, it has
been suggested that histidine in the “eclipsed” orientation (i.e., over the heme nitrogens)
exacerbates this effect and that rotation by 45° will minimize it (80). In MPO, however, the
proximal histidine is already in an orientation with respect to the heme nitrogens that is
optimal for ligand binding, and so this cannot be a weakening factor. However, stronger
donor ligands such as thiolate or imidazolate also lower the Fe—CO bond strength, an effect
arising from competition between the donor c-orbitals of CO and the proximal ligand for the
available ferrous iron d,2 acceptor orbital (66). This can be seen, for example, in the low
affinities for CO of thiolate-ligated P450 and chloroperoxidase (Table 1). Recent
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crystallographic data on MPO (56) indicate that the proximal His336 must be in its
imidazolate form because of H-bond donation from the NH of Asn421 (whose carbonyl is
an H-bond acceptor from Arg333). The band at 1091 cm™L in Figure 4 arises primarily from
the C1N5 bond of the proximal histidine. The intensity of this normal mode band increases
when the histidine is metal-ligated (81). Its frequency is significantly lower than that of the
proximal histidine of either myoglobin or HRP. Studies of protoporphyrin IX imidazole
compounds have shown that its frequency is lower in the imidazolate form (49), and DFT
calculations of model zinc imidazole compounds predict the same shift (54). Hence, its
lower frequency in MPO could be consistent with a true imidazolate state of the proximal
histidine as has been suggested from crystallographic data. It is also evident that the iron is
0.2 A out of the heme plane in the ferric MPO structure (56). An imidazolate form of the
proximal histidine could well provide a major factor for this displacement and for the low
binding constants for CO and O». It might be noted that the proximal histidine of HRP can
also have strong imidazolate character through H-bonding with Asp247 (Figure 1B).
However, the presence of the proton means that, in contrast to MPO, ligand binding can still
be stabilized by a ligand-induced shift to greater imidazole character.

This work highlights the low affinities for binding of diatomic ligands by ferrous MPO,
coupled to an extremely low M value that particularly disfavors CO ligation. A variety of
causative factors can be identified. Those on the distal side include H-bonding and
electrostatic factors that favor oxygen over CO but may also include as yet uncharacterized
steric constraints in the ferrous protein that disfavor both ligands. On the proximal side,
ligation by imidazolate histidine is likely to provide an additional major factor that disfavors
binding of both CO and O,. These factors combine to give the unusual combination of low
ligand affinities and ligand-discriminating M value displayed by MPO. They allow ferric
MPO to react rapidly with superoxide to form an oxyferrous compound 11 that is relatively
stable in comparison to other peroxidases. Compound I11 has been shown to accumulate
during the respiratory superoxide burst within neutrophil vacuoles (82). This might be an
intermediate in a protective catalatic pathway but will also tend to slowly rerelease oxygen
and/or superoxide and hence prolong the respiratory burst response. In addition, any ferrous
MPO formed when it dissociates from Compound I11 will be particularly insensitive to
poisoning by any CO that might arise during degradation of bacterial cells. More direct in
vivo spectroscopic studies are needed to establish whether these could add to the
physiological catalatic and chloride-oxidizing roles of MPO that have already been
described.
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Figure 1.
MPO (A), HRP (B), and human myoglobin (C) active sites. In each case the heme is shown

in green, and hydrogen bonds are indicated by red dashes. Coordinates are from PDB files
3F9P, 1ATJ, and 4MBN, respectively; drawn using PyMOL.
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Figure 2.

UV/visible spectra of MPO. (A) Absolute spectra of 12.7 uyM MPO in 50 mM sodium
phosphate buffer at pH 6.8: ferric (dotted line), ferrous (dashed line), and ferrous—CO with
saturating CO (solid line). (B) Ferrous—CO minus ferrous difference spectrum.
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Photolysis and recombination of ferrous MPO-CO. For all experiments the MPO
concentration was 1.6 uM. (A) Typical transient absorption changes at 618 and 645 nm
following flash photolysis of the ferrous MPO-CO complex at pH 6.3. The transient decay
kinetics follows a single exponential with a pseudo-first-order rate constant (kqps). (B) Plot
of kqps as a function of CO concentration at pH 6.3. The slope of a linear fit to the data gave
the true second-order rate constant for CO binding (kop), and its y-axis intercept gave the
dissociation rate constant (kq¢f). (C) Plot of the initial absorbance change at 645 nm minus
618 nm after a train of flashes as a function of CO concentration at pH 6.3. (D) pH
dependency of kys. The points are overlaid with a Henderson—Hasselbalch curve for an
acid/base group with a pK of 7.8.
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Figure 4.

F‘IglR difference spectrum of CO photolysis. (A) Ferrous minus ferrous—CO spectra of MPO
were recorded at pH 7.3 as described in Experimental Procedures. CO and protein modes
discussed in the text are labeled. (B) Enlargement of the 2160-1850 cm™~1 spectral region.
CO bands were simulated with four Gaussian functions centered at 2133, 1966 (2%), 1942
(18%), and 1927 (80%) cm™~1 with fwhm of 14 + 4, 13 + 2, 7, and 22 cm™1, respectively.
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Figure5.
pH dependency of the IR bands of ferrous MPO-CO. (A) CO photolysis difference spectra

were recorded at pH 6.0, 7.8, and 8.7 as for Figure 4. CO bands were simulated with two or
three Gaussian functions as necessary. (B) pH effect on the proportion of the 1927 cm~1
form, expressed as a fraction of the total integrated areas of the two main 1927 and 1942
cm™~! bands. Data are fitted with a Henderson-Hasselbalch equation for a single acid-base
transition and gave a pK, of 7.4 £ 0.2.
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Figure®6.
Time-resolved rapid-scan FTIR transients during CO recombination with ferrous MPO at

pH 7.8 and 277 K. Plots of absorbance versus time were extracted from the 3D data set of
spectra after CO photolysis at 1942 cm~1 (squares) and 1927 cm™1 (stars) for the two main
CO bands and at 1500 cm~1 minus 1516 cm™1 (open circles) for a typical example of band
relaxation within the protein/heme region. Monoexponential fits of kops = 0.10 s~1 are
overlaid.
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Table 2

NO and Cyanide Binding to Ferric Heme Proteins?

NO (Fée'h CN (Fe'h

kon kot Kp koo Kot Kp ref
MPO 1070 11 10 1300 0.56 0.43 28,101
LPO 3000 nd nd 1100 20 18 28, 102
EPO 1350 65 48 nd nd nd 28
HRP 190 75 400 98 0.28 29 103, 104
CcP nd nd nd 110 0.9 8.2 105

Mb 190 14 74 017 38x10* 22 106, 107

aData cited are the association (kon, x103 M~1 5_1) and dissociation (Koff, 5'1) rate constants, together with the corresponding dissociation
constant (Kp, uM); nd, not determined.
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