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ABSTRACT. Recent studies demonstrate that myeloperoxidase (MPO), eosinophil peroxidase (EPO), and
lactoperoxidase (LPO), homologous members of the mammalian peroxidase superfamily, can all serve as
catalysts for generating nitric oxide- (nitrogen monoxide, NO) derived oxidants. These enzymes contain
heme prosthetic groups that are ligated through a histidine nitrogen andQseadsithe electron acceptor

in the catalysis of oxidative reactions. Here we show that heme reduction of these peroxidases results in
distinct electronic and/or conformational changes in their heme pockets using a combination of rapid
kinetics measurements, optical absorbance, and diatomic ligand binding studies. Addition of reducing
agent to each peroxidase at ground state [Fe(lll) state] causes immediate buildup of the corresponding
Fe(Il) complexes. Spectral changes indicate that two £P€Il) species are present in solution at
equilibrium. Analyses of stopped-flow traces collected when EPO, MPO, or LPO solutions rapidly mixed
with NO were accurately fit by single-exponential functions. Plots of the apparent rate constants as a
function of NO concentration for all Fe(lll) and Fe(ll) forms were linear with positive intercepts, consistent
with NO binding to each form in a simple reversible one-step mechanism. Fe(ll) forms of MPO and
LPO, but not EPO, displayed significantly lower affinity toward NO compared to Fe(lll) forms, suggesting
that heme reduction causes a dramatic change in the heme pocket electronic environment that alters the
affinity and/or accessibility of heme iron toward NO. Optical absorbance spectra indicate that CO binds
to the Fe(ll) forms of both LPO and EPO, but not with MPO, and generates their respective low-spin
six-coordinate complexes. Kinetic analyses indicate that the binding of CO to EPO is monophasic while
CO binding to LPO is biphasic. Collectively, these results illustrate for the first time functional differences

in the heme pocket environments of Fe(ll) forms of EPO, LPO, and MPO toward binding of diatomic
ligands. Our results suggest that, upon reduction, the heme pocket of MPO collapses, LPO adopts two
spectroscopically and kinetically distinguishable forms (one partially open and the other relatively closed),
and EPO remains open.

Myeloperoxidase (MPO),eosinophil peroxidase (EPO), of halides and pseudohalides to produce antimicrobial agents,
and lactoperoxidase (LPO) are homologous members of thehypohalous acids6(-10). Hypohalous acids are thought to
mammalian peroxidase superfamily, (2. These heme-  play an important role in killing microorganisms; however,
containing enzymes are products of distinct genes yet arethey also can injure normal tissues by bleaching the heme
structurally and functionally relatedl{5). The enzymes  groups of hemoproteins and oxidatively destroying electron
have been characterized, and although they differ from eachtransport chainsi(l, 19. The reaction of peroxidases and
other with respect to their sites of expression, their primary the cosubstrate 4, likely involves oxygen transfer to Fe-
sequences, and their substrate specificities, they are similaril) to form active intermediates, compounds | and II, which
regarding catalysis and compositidn-5). For example, the  can also generate cytotoxic oxidants and diffusible radical
three enzymes are heavily glycosylated and display the species 13—18). Compound I is a short-lived intermediate
unique ability to catalyze the #.-dependent peroxidation iy the classic peroxidase cycle and readily is reduced 1
electron equiv, forming compound Il, a longer-lived inter-
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MPO, an abundant hemoprotein present in neutrophils andbance, rapid kinetics measurements, and diatomic ligand
monocytes, plays an essential role in immune surveillance binding studies to assess the distinct conformational changes
and host defense mechanisna8)( The enzyme is a 150 that occur upon reduction in the heme pocket geometry of
165 kDa homodimer comprising two identical subunits joined EPO and LPO compared to MPO. Our results indicate that
by a single disulfide bridge20). Each subunit is made up heme reductions of EPO, LPO, and MPO have different
of a light chain and heavy chain derived from a single gene effects on the heme iron environment and suggest that
product @9, 30. The heavy chains contain an iron bound conformational and/or electronic changes associated with
by a novel protoporphyrin IX derivative, which is covalently heme reduction differentially affect the affinity of the heme
linked to the heavy-chain polypeptid81(33). Structural group of mammalian heme peroxidases for diatomic ligands.
studies demonstrate that the heme of MPO lies at the base
of a deep and narrow pocket and is less solvent-exposedMATERIALS AND METHODS
compared to other peroxidas&38(34. The heme prosthetic
groups are approximately 50 A apart, appear functionally
identical, and presumably operate independently in the
oxidation of CI" and in the enzyme’s bactericidal activity.

Materials. NO and CO gases were purchased from
Matheson Gas Products, Inc., and used without further
purification. All other reagents and materials were of the
EPO is a monomer comprising light and heavy chains with hi.ghest purit)_/ grades availa}ble and obtained from either
molecular masses of 50 and 15.5 kDa, respecti&dy. [This Sigma Chemical Co. or Aldrich.
enzyme is stored in eosinophil granules and catalyzes the Enzyme PurificationEPO was purified from porcine
formation of antimicrobial species from the oxidation of Br ~ Whole blood as previously describesl). The purity of EPO
and SCN (24, 35-36). LPO is a monomeric single-chain  was confirmed by demonstrating an RZ>01.00 (A15/Acs0),
polypeptide of molecular mass 78.5 kDg7¢40). LPO is SDS-PAGE analysis with Coomassie blue staining, and in-
believed to play an important role in antimicrobial defenses gel tetramethylbenzidine peroxidase staining. MPO was
within exocrine gland secretions such as milk, saliva, and purified from detergent extracts of human leukocytes as
tears @1, 42. The amino acid sequences of the three describedg8). Trace levels of contaminating EPO were then
peroxidases are known and show that they share7596 removed by passage over a sulfopropyl-Sephadex column
overall homology %). MPO is the only member of this family ~ (59). Purity of isolated MPO was established by demonstrat-
for which the X-ray-derived structure is presently available ing an RZ of>0.85 (uzd/Azsq), SDS-PAGE analysis with
(33, 34. However, a theoretical three-dimensional model for Coomassie Blue staining, and in-gel tetramethylbenzidine
LPO and EPO built on the scaffold of the MPO X-ray Peroxidase staining to confirm no contaminating EPO activity
structure suggested that the enzymes share the same generé7). Enzyme concentrations were determined spectropho-
structural features4@). tometrically utilizing extinction coefficients of 89 000 and

The reaction of NO with the metal centers of hemoproteins 112 000 Mt cm~/heme of MPO §0) and EPO 24, 61,
at nearly diffusion-controlled rates is well-known and medi- respectively. LPO was obtained from Worthington Bio-
ates activation of guanylate cyclase as well as inhibition of chemical Corp. (Lakewood, NJ) and used without further
many proteins44—51). For example, NO and NO releasing Purification. Purity was confirmed by demonstrating an RZ
agents have been implicated in inhibition of cytochrome P450 0f 0.75 Pu1dAzs0) and SDS-PAGE analysis with Coomassie

via the formation of an irorrnitrosyl complex that prevents
access of @to the catalytic site of the enzymd®). NO
also mediates inhibition of mitochondrial cytochronge
oxidase and deenergizes mitochondria at low NO anpd O
concentrations48). Recent studies from our lab demon-

Blue staining.

Optical Spectroscopy and Rapid Kinetic Measurements.
Optical spectra were recorded on either a Perkin-Elmer
(Lambda Bio) or Hitachi 3010 U¥visible spectrophotom-
eter at 25°C. Anaerobic spectra were recorded by use of

strated that NO modulates the catalytic activity of MPO by septum-sealed quartz cuvettes that could be attached through
distinct mechanisms. NO accelerates both the formation anda quick-fit joint to an all-glass vacuum system. EPO, LPO,
decay of compound I, the rate-limiting step in the classic or MPO samples were made anaerobic by several cycles of
peroxidase cycle2b, 26. At higher levels of NO, reversible  evacuation and equilibrated with catalyst-deoxygenatged N
inhibition of MPO occurs through the formation of MPO Separate buffer solutions were evacuated, gassed wijth N
Fe(ll)—NO complex @5, 29. Thus, NO serves as both a and anaerobically transferred either to the stopped-flow
ligand and a substrate for MPO, and the overall effect of instrument or to anaerobic cuvettes with gastight syringes.
NO on the catalytic activity depends on the affinity of MPO Cuvettes were maintained undep,NCO, or NO positive
for NO vs HO, and their concentration25%, 26. pressure during spectral measurements. All kinetic measure-
We recently demonstrated that NO binds to both ferric ments were performed with a temperature-controlled stopped-
and ferrous forms of MPO, generating stable low-spin six- flow apparatus (Hi-Tech, model SF-51) equipped for efficient
coordinate nitrosyl complexeg%). The rate of NO binding  anaerobic work. Measurements were carried out at@0
to ferrous MPO was slowed considerably with respect to and initiated by rapidly mixing equal volumes of the enzyme
ferric form, indicating that heme reduction limits the affinity solutions (0.86:M) with buffer solution supplemented with
of NO for the heme iron. This behavior is not typical for increasing concentrations of NO or CO. The reactions for
hemoproteins§2—56) and suggests that reduction of MPO  CO and NO binding to the three enzymes were monitored
Fe(lll) induces unusual structural (i.e., collapse or narrowing) at wavelengths determined from the spectral changes that
and/or electronic alterations in the heme pocRé&}.(\Whether occur upon CO or NO binding to the Fe(ll) and Fe(lll) forms
similar behavior is observed with other members of the of the enzymes, as indicated. To determine the apparent rate
mammalian peroxidase superfamily is not known. In the constants for the formation of Fe(IHNO, Fe(l)-NO, and
present studies we utilize a combination of optical absor- Fe(ll)—CO complexes, the time course of absorbance change
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was fit to either single-Y =1 — &™) or double- ¥ = Ae k!

+ Be k) exponential functions as indicated, by use of a
nonlinear least-squares method provided by the instrument
manufacturer. Signal-to-noise ratios were improved by
averaging 710 individual traces.

Solution PreparationA fresh saturated stock of CO or
NO was prepared under strict anaerobic conditions. For NO
solution, the extent of nitrite/nitrate (NQ'NO3™) build-up
in NO preparations over the time of use for the present
studies was<1—1.5%/mol of NO, as determined by anion-
exchange HPLC 26, 62, under anaerobic conditions.
Anaerobic 0.2 M sodium phosphate buffer solutions, pH 7.0,
containing various concentrations of NO or CO were
prepared by mixing different volumes of buffer saturated with
NO or CO gas at 2rC with anaerobic buffer solution.
Saturating concentration of CO and NO at 2C is
approximately 1 and 2 mM, respectively.

EPO-F&"
+, .~ EPO-Fe"-NO

Absorbance

RESULTS

Formation, Stability, and Rersibility of Fe(l1)-NO and
Fe(I)-NO Complexes for EPO and LPG&pectroscopic
studies demonstrated that addition of NO to EF2(lII)
caused immediate nitrosyl complex formation, as judged by
a decrease and shift in the Soret absorbance peak from 413
to 426 nm, and the appearance of additional absorbance peaks Wavelength (nm)
in the visible range at 547 and 588 nm (Figure 1A, Table Ficure 1: Spectral changes upon NO binding to EPO ferric and

l) Add|t|0n Of a Sl|ght m0|ar excess Of d|th|0n|te to ERPO ferrous forms. (A) Absorbance Spectra of EPQ}(“D before H
Fe(lll) caused a disappearance of the Soret band at 413 nmand after (---) the addition of NO. (B) Absorbance spectra of EPO
and the appearance of a new band at 450 nm, indicating that~e(ll) before {-) and after (---) the addition of NO. The spectrum
EPO heme iron is reduced. The EPBe(Il) complex was  ©f EPO-Fe(ll) was obtained by reduction of EP®e(lll) with a

. slight molar excess of sodium dithionite. Experiments were
stable under anaerobic atmosphere and EPelIl) WQS performed under anaerobic conditions in sodium phosphate buffer
completely recovered after exposure of EPR(Il) to air. (200 mM, pH 7.0) containing 0.86M EPO in the absence and
Addition of NO to EPG-Fe(ll) caused a shift in Soret presence of 308M NO at 25°C. Difference spectra were generated
absorbance from 450 to 436 nm and an increase and shift inPy subtracting the spectrum of EP®e(lll)—NO from that of
the visible bands at 547 and 590 nm (Figure 1B, Table 1), Native enzyme (inset, panel A) or the spectrum of EF@(Il)~

indicating the formation of an EPGFe(l1)-NO complex. The NO from that of EPG-Fe(ll) (inset, panel B).

insets of Figure 1 show the difference Spectra of the Fe(l”) Fe(|||)_NO Comp|ex produced a spectrum consistent with
and Fe(”) forms of EPO against their respective nitrosyl formation of a |OW-Spin six-coordinate LFIGe(”)—NO
Complexes. CO”ectiVely, these results indicate that NO binds Comp'ex_ This Comp|ex disp'ays a Soret absorbance peak at
to both ferric and ferrous forms of EPO to generate low- 423 nm and additional visible peaks at 545 and 582 nm.
spin six-coordinate Fe(IyNO and Fe(ll)}-NO complexes,  Alternatively, adding NO to prereduced LPO (Figure 2B)
respectively. In both cases, no further spectral changes werey|so generated the LP@ e(Il)~NO complex. In all cases
observed after 30 min under anaerobic Conditions, indicating the LPO—nitrosy| Comp|exes were stable and the 0rigina|
that the EPG-nitrosyl complexes are stable. The original spectra were recovered by degassing NO under anaerobic
spectra were restored by removal of NO under anaerobic atmosphere. Together, the prominent spectral features in the
conditions, indicating the reversible nature of these com- soret and visible regions for Fe(lll) and Fe(ll) forms of EPO,

600

800

plexes.

Spectroscopic studies demonstrate that EHFO(III) dis-
plays a Soret absorbance peak at 413 nm and additiona
visible peaks at 502, 544, and 635 nm. Addition of a slight

LPO, and their respective nitrosyl complexes, along with that
previously reported for MPQR5), are summarized in Table
1.

Stopped-Flow Analysis of NO Binding to EPO and LPO.

molar excess of dithionite to the enzyme solution caused To compare the perturbations in the heme pocket environ-
immediate buildup of a LPOFe(ll) complex that displayed  ment of MPO g5), EPO, and LPO that occur upon heme
a Soret maximum centered at 447 nm. However, this speciesreduction, and to assess the potential physiological relevance
was unstable because the Soret maximum gradually shiftedof NO to the three enzymes, we extended our investigation
to 433 nm within minutes (Figure 2B). This spectral change to examine rates of NO binding to ferric and ferrous forms
indicates that at least two LP&re(ll) species are present of EPO and LPO heme iron. Rapid kinetic measurements
in the solution at equilibrium (Figure 2B, inset). Addition were performed under anaerobic conditions to determine the
of NO to LPO-Fe(lll) solution caused an immediate buildup combination K,) and dissociationki) rates of NO binding

of an Fe(lll)~NO complex characterized by a Soret maxi- to both Fe(lll) and Fe(ll) forms of EPO and LPO under
mum at 417 nm (Figure 2A). As shown in Figure 2A, conditions similar to those recently reported for MPZB)(
addition of a slight molar excess of dithionite to the LPO  Experiments were carried out under pseudo-first-order condi-
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Table 1: Spectroscopic and Kinetic Characterization of NO and CO 02r A

Binding to Ferrous and Ferric (NO Only) Forms of EPO, LPO, and LPO-Fe"
MPO? vl

* - LPO-Fe'-NO

Soret  visible k?” L kof{ At
complex (nm) bands (nm) (M~1ls™%) (s £ / LPO-F&"-NO
EPO-Fe(lll) 413 507, 550, 640 / W
EPO-Fe(ll) 450 566, 600 o aifri e
EPO-Fe(lll) + NO 426 547,588 1.3% 1¢¢ 65 ' H
EPO-Fe(ll) + NO 436 547,590 1.2% 1C° 24 H
EPO-Fe(ll) + CO 436 550, 587 0.65% 10° 0.012 1
LPO—Fe(lll) 413 502, 544, 635 t
LPO—Fe(ll) (immediate) 447 563, 598 s
LPO—Fe(ll) (final) 433 563,598 Ve
LPO—Fe(lll) + NO 417 542,577 >3.00x 10° b g wEESIIIN,
LPO—Fe(ll) + NO 423 545,582 1.4& 10° 0.25 S oL 0 7 ey
LPO—Fe(ll) + CO 425 542,577 0.59 10° 0.0013 2 02
1.40x 10°  0.029 2 “[tB Lpo-Fe" 0131 45 min

MPO—Fe(lll) 430 573,630, 694 < A "
MPO—Fe(ll) 476 642 N "-/PO'FG -NO
MPO—Fe(lll) + NO 433 575,630 1.0% 10° 10.8 e \
MPO—Fe(ll) + NO 467 635 1.00< 10° 4.6
MPO—Fe(ll) + CO 476 642

a Absorbance maxima were obtained from Figures 1, 2, and 5. The
interaction of NO and CO with the ferric (NO only) or ferrous forms 0.1
of peroxidases were studied at (0. Theky, andk.s rates were derived
from the slope and intercept, respectively, following linear regression

analysis ofkos versus NO or CO concentratiohNot detected.

tions by rapid mixing of a prereduced or native enzyme with

buffer solutions supplemented with different NO concentra- ol , B ,
tions. In both cases, analysis of stopped-flow traces collected 400 500 600 700

when EPO solutions rapidly mixed with NO was accurately Wavelength (nm)

fit by a single-exponential function. As shown in F_igure 3, Ficure 2: Spectral changes upon LPO heme reduction and NO
the plots of the apparent rate constants as a function of NOpinding to LPO ferric and ferrous forms. Panel A shows absorbance
concentration for both EPOFe(lll) and EPG-Fe(ll) were spectra for LPG-Fe(lll) as isolated (ground state)-, after
linear, consistent with NO binding to each form in a simple addition of NO to form a LP©&Fe(ll))~NO complex (---), and
one-step mechanism wheigps = kon[NO] + ko The after reduction by dithionite to form the FeNO complex ¢).

L ) Panel B shows the absorbance spectra for the enzyme as isolated
positive intercepts confirm that NO bound to both EPO (e 1) form] and after addition of a slight molar excess of sodium
Fe(lll) and EPG-Fe(ll) in a reversible manner. dithionite. Spectral traces were recorded immediately after reduction
Parallel studies examining NO interaction with LPO and then after every 3 min for up to 30 min. Addition of NO to

indicate that NO binds to LPOFe(lll) faster than the LPO—Fe(ll) at any time following heme reduction generates the
instrument limits (2 ms dead time for acquisition) under the S2M€ Spectrum characteristic of LPEe(ll)~NO complex £). The

e inset of panel B magnifies the spectral changes that occur in the
conditions employed. Although a rate constant for the goret region from 420 to 455 nm following heme reduction. Arrows

combination of NO and LPO©Fe(lll) could not be obtained in the inset indicate the direction of spectral change over time.
at 10 °C, binding of NO to LPG-Fe(ll) to form the Selected spectra_wgre omittgd from thebpanel fg_r_clarity. Exgeri-
respective Fe(IFNO complex could be monitored by Ments were carried out under anaerobic conditions in sodium
following the increase in absorbance at 423 nm. The plot of P1OSPhate buffer (200 mM, pH 7.0), at 26.

kobs VS NO concentration was linear withintercept close ~ EPO, and LPO heme reduction on their catalytic sites.
to zero, indicating that the dissociation of NO from LPO  MPO—Fe(ll) displays a Soret absorbance peak at 476 nm
Fe(I)—NO is extremely slow (Figure 4). Together, the and an additional visible peak at 642 nm, which were used
kinetic parameters obtained for NO binding to LPO along to monitor CO binding. Unlike EPO, addition of CO to
with EPO and MPO are summarized in Table 1. MPO—Fe(ll) complex caused minimal changes in the Soret
Formation, Stability, and Rersibility of EPO-, LPO—, region, indicating that CO did not bind to MPO heme iron
and MPO-Fe(Il)—CO ComplexesOptical studies demon-  (Figure 5). These findings are consistent with MPO heme
strated that addition of CO to the reduced form of EPO reduction causing alterations in the heme environment that
produced an increase and a shift in the Soret absorbance peakmit interaction of CO with MPO heme iror26, 63.
from 450 to 436 nm, as well as additional absorbance peaks Stopped-Flow Analysis of CO Binding to EPO and LPO.
in the visible range at 550 and 587 nm (Figure 5 and Table To examine how EPO and LPO heme reduction affects CO
1). These results indicate that CO binds to EPO to form a binding, we used stopped-flow spectroscopy and the kinetic
six-coordinate low-spin Fe(H)CO complex. The EPSFe- parameters obtained were compared to rates of CO interac-
(I)—CO complex is stable; however, the original spectrum tion with other hemoprotein model compounds. Kinetic
was restored by degassing CO under anaerobic conditionsanalysis indicated that the buildup of EP®e(l)—CO
indicating the reversible nature of this complex. Similar complex follows a monophasic reaction, and the plot of CO
results were obtained for LPO (Figure 5). concentration vs observed rate was linear with positive
We also investigate the effect of CO on the optical y-intercept (Figure 6). These results indicate that CO binding
spectrum of MPG-Fe(ll), to compare the effect of MPO, to EPO-Fe(ll) is reversible and follows a simple one-step
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Fe'"-NO Fel.NO

250

Rate (s)

| |
0 0.2 0.4

NO (mM)

Ficure 3: Plot of the observed rates of NO binding to EPREe-

(I and EPO-Fe(ll) as a function of NO concentration. An
anaerobic solution containing 0.88V EPO—Fe(ll) was rapidly
mixed with an equal volume of sodium phosphate buffer (200 mM,
pH 7.0) supplemented with differing concentrations of NO at 10
°C. The observed rate of EP&e(lll)-NO (®) and EPG-Fe-

(I1) —NO (O) formation were plotted as a function of NO concentra-
tion. The formation of EP©Fe(lll)-NO and EPG-Fe(ll)-NO
complexes were monitored at 413 and 460 nm, respectively.

Absorbance

2007 LPO
Fe'-NO
©
o 100+
S
o
(]
400 600 800
Wavelength (nm)
0 | | Ficure 5: Spectral changes upon CO binding to EPO, LPO, and
0 0.6 1.2 MPO ferrous forms. (Upper panel) UV/vis spectra show EPO
NO (mM) Fe(lll) (—), after reduction by dithionite to form EP&Fe(ll) (---
), and after addition of CO to form EP&Fe(l)—CO (--+). The
Ficure 4: Plot of the observed rate of NO binding to LP®e(ll) inset magnifies the three spectra in the region from 450 to 700

as a function of NO concentration. An anaerobic solution containing nm. (Middle panel) UV/vis spectra of LP&re(lll) (—), im-

0.86uM LPO—Fe(ll) (>30 min following reduction) was rapidly =~ mediately after reduction by dithionite to form LP®e(ll) (---),

mixed with an equal volume of sodium phosphate buffer (200 mM, and after addition of CO to form LP&Fe(l)—CO (~). The inset

pH 7.0) supplemented with differing concentrations of NO at 10 magnifies the three spectra in the region from 450 to 700 nm.

°C, and the buildup of Fe(H)NO complex was monitored at 427  (Lower panel) UV/vis spectra of MPEFe(lll) (—), after reduction

nm. The observed rates of EP®e(ll)—NO formation were plotted with dithionite to form MPGO-Fe(ll) (---), and after addition of CO

as a function of NO concentration. to form MPO-Fe(ll)-CO (~). Experiments were performed under
anaerobic conditions in sodium phosphate buffer (200 mM, pH 7.0)
containing 0.86-1.5uM EPO, LPO, or MPO in the absence and

mechanism wher&ys = ko [CO] + Kor. The combination presence of 30@M CO at 25°C.
(kor) and dissociationki) rate constants calculated from the DISCUSSION
slope and intercept, respectively, are summarized in Table

1. Binding of the LPO-Fe(ll)~CO complex was biphasic Members of the mammalian peroxidase superfamily, such
and best fit to two-exponential functions, indicating that at @ MPO, EPO, and LPO, are receiving increased attention

least two species are present. Between 50% and 60% Wag)ecayse_of their roles in host 'defen.ses a.nd. the_ir potential
contribution to the pathogenesis of tissue injury in inflam-

associated with the slow phase. Figure 7 shows the rate Ofmatory disease@(, 64-69). At ground state, these enzymes
the spectral changes for t_)Oth the slow and fast phases as %perate in their ferric forms to utilize 4@, in the production
function of CO concentration. In both cases, the plots were o reactive oxidants and diffusible radical species. Although
linear with finite positive intercepts at theaxis, indicating  they utilize similar catalytic mechanisms, these distinct gene
that CO binding is reversible and follows a simple one-step products demonstrate unique substrate selectivities and
mechanism (Figure 7). The, andkex values derived from  operate in distinct physiological environments. A variety of
the graphs are summarized in Table 1. spectroscopic techniques including resonance Raman, elec-
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04~ Epo model of how mammalian peroxidases interact with diatomic
ligands in the ferric and ferrous forms (Figure 8). NO binds
reversibly to Fe(lll) forms of EPO, LPO (this study), and
MPO (25), through a simple one-step mechanism generating
their respective low-spin six-coordinate Fe(HBitrosyl
complexes. Nitrosyl complex formation was demonstrated
for each peroxidase by direct spectroscopic techniques. Rapid
kinetic methods demonstrated that the rates of NO interac-
tions with ferric EPO are comparable to those observed with
MPO (25) and other hemoproteins, while the rates of NO
interactions with LPG-Fe(lll) are faster than the detection
0 \ | limit of the stopped-flow apparatus under the conditions
0 0.3 0.6 employed (Table 1). The rate constants for NO dissociation
CO (mM) from ferric EPG- and MPG-nitrosyl complexes are rela-

Ficure 6: Plot of the observed rate of CO binding to EPBe(Il) tively high Compare_d to Other, hemOprO,temS' such as .cyto-
as a function of CO concentration. An anaerobic solution containing chromec, hemoglobin, and microperoxidase, whose disso-
0.86uM EPO-Fe(ll) was rapidly mixed with an equal volume of  ciation rate constants range from 0.03 to 3.4 &1, 55,

sodium phosphate buffer (200 mM, pH 7.0) supplemented with 79) The high off rates observed with EPO and MPO are

differing concentrations of CO at 1TC, and the buildup of Fe- . :
(I —CO complex was monitored at 427 nm. The observed rates similar to the rates recently reported for INOS, eNG3, (

of EPO-Fe(ll)~CO formation were plotted as a function of CO  /9), @nd myoglobin §1, 53. In contrast, the rate of NO
concentration. dissociation from the LPOFe(lll)-NO complex appears

to be exceedingly slow. While we are unable to determine
%8 " Lpo kinetic parameters for NO interaction with LP®e(lll)
based upon the present studies, analysis of the interactions
of NO with LPO intermediates during steady-state catalysis
reveal a dominant role for NO-dependent sequestration of
LPO into the LPO-Fe(lll)-NO form, removing enzyme
available for catalysis (Abu-Soud and Hazen, manuscript in
preparation). The ability of ferric EPO, LPO, and MPO to
bind NO with relatively high rates compared to other
» hemoproteins supports the hypothesis that their heme pockets
are relatively open and readily accommodate NO as a sixth
axial ligand (Figure 8).
0.0 Loom—=0—=—0=——0——"07"7, Ferric hemoproteins may be reduced to ferrous forms by
00 08 06 a variety of potential reductants. While the relevant reducing
€O (mM) species for peroxidases in vivo are unclear, NADPH,
Ficure 7: Plot of the observed rate of CO binding to LPBe(ll) ascorbate, and superoxide may play a role since they are
as a function of CO concentration. An anaerobic solution containing heen shown to serve as reductants for MPO and other ferric

0.86 uM LPO—Fe(ll) [prepared by mixing LPSFe(lll) with a . - . .
slight molar excess of dithionite 30 min earlier] was rapidly mixed N€MOproteins¥9, 27. In addition, ferric forms of peroxi-

with an equal volume of sodium phosphate buffer (200 mM, pH dases can bind superoxide to generate compound Ill, a
7.0) supplemented with differing concentrations of CO, af@0 ferrous-dioxy complex (9, 27). This may dissociate to

Experiments were carried out by following the increase in absor- generate @and ferrous forms of peroxidases. Thus, super-
bance at 425 nm. Spectral changes were best fit to two exponentlaloxide may also promote reduction of heme peroxidases from
functions. A plot of each of the observed rates of L-FPe2(ll)— - . S

CO formation as a function of CO concentration is shown. The their ferric to ferrous forms by an indirect pathway. .
two lines present in the figure indicate that CO binding under this ~ The results of the present study demonstrate that reduction
condition was biphasic and each step follows a simple one-stepof ferric EPO, LPO, and MPO heme groups into their
mechanism. corresponding ferrous forms significantly affects their cata-

) o ] lytic sites, differentially influencing heme iron reactivity and
tron paramagnetic resonance (EPR), magnetic circular dichro-coordination structure for each peroxidase. A simplified
ism, and X-ray structure indicate that the native enzymes ,qe jllustrating functional changes (with respect to affinity
exist primarily as hexacoordinate hlgh—spln com.plexes with o diatomic ligands) to the heme pocket of EPO, LPO, and
a water molecule or carboxylate amino acid residue present\,po that occur upon reduction is shown in Figure 8. The
as a weak distal ligan®8, 34, 76-73). In the present studies  4ctive site of ferrous EPO remains accessible to diatomic
we directly compare the ferric and ferrous forms of EPO, |igands such as NO and CO, rapidly generating the corre-
LPO, and MPO using diatomic ligands to interrogate the gponding six-coordinate complexes. In contrast, access of
heme environment. The present results demonstrate thatjiatomic ligands such as NC%) and CO (this study) to
MPO, EPO, and LPO differentially ligate diatomic ligands ferrous MPO is significantly impaired, suggesting collapse
and respond to heme reduction, processes that significantlyor narrowing of the heme pocket following reduction. Finally,
reshape their catalytic sites, and in some cases are known t@edyction of LPO results in formation of two spectroscopi-
lead to inhibition of peroxidase activityl). cally (Figure 2B) and kinetically (Figure 7) distinguishable

On the basis of the present results and prior publishedforms of enzyme that demonstrate differential reactivities to
studies 81—34, 43, 73-77), we have generated the following diatomic ligands consistent with the presence of an open and

02—

Rate (s

0.4 -
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Formation of Fe"-NO Complexes

" S" Y

fast fast v. fast fast slow slow slow no reaction

Formation of Fe'-x Complexes

Ficure 8: Simplified model describing the perturbations in the heme environment for EPO, LPO, and MPO that occur upon heme reduction.

a closed form (Figure 8). In Figure 8, closed forms of ferrous LPO—Fe(lll) heme, an initial rapid buildup of an LP&Fe-
peroxidases (MPO and one of the LPO intermediates) are(ll) species (Figure 2) that displays a relatively open heme
schematically illustrated as a collapse or narrowing of the pocket geometry is observed, as judged by its ability to bind
heme pocket, preventing access of diatomic ligands to theCO and NO at a fast rate. Approximately 50% of this
distal catalytic center. Narrowing in the heme pocket transient intermediate is gradually converted into another
geometry upon LPSFe(lll) and MPO-Fe(lll) reduction LPO species that binds to CO at a slower rate, consistent
may result from significant increases in the affinity of the with a conformational alteration that results in narrowing of
heme iron toward a sixth ligand provided by either a water the heme pocket. Both LPO species are populated at
molecule or one of the amino acids located above the hemeequilibrium and can be distinguished by their characteristic
prosthetic groupd5, 33, 34, 4R Indeed, the X-ray crystal  optical spectra (Figure 2) and their ability to bind CO at
structure of MPG-Fe(lll) reveals that the imidazole ring of  distinct rates (Figure 7). At equilibrium, CO binds to one of
His% is located only 5.7 A from the heme iro83, 34, 80. the Fe(ll) forms slowly, with a second-order rate constant
The guanidinium group of Af§° and the side chain of Glh that is 24-fold slower than that observed with the faster form.
also lie close to the heme surface with minimum interatomic Similarly, the second-order rate constant for the dissociation
distances of 7.0 and 4.5 A, respectively, to the iron atom of CO from this form is also 22-fold slower than that
(33, 34, 80. Thus, either steric interactions or an alteration observed with the other equilibrium form. Biphasic rates of
in the potential coordination of the heme iron likely accounts CO binding have also been reported for Fe(ll) forms of NOSs
for the hindered interactions of NO and CO with ferrous and other hemoproteing3, 83.

forms of MPO and LPO. X-ray studies with model porphyrins indicate that-Fe
The presence of two different conformational states of CO complexes are more rigid than--80O complexes and
LPO—Fe(ll) has been reported in studies using rapid kinetic consequently occupy more spa&4,(89. Thus, binding of
measuremenbg), resonance Raman spectrosco®$) (and CO to a sterically restricted form of the enzyme should be
UV/vis spectroscopy82). However, functional differences  more difficult than that observed for NO. Indeed, incubation
between the two forms have not been reported. For example of CO with MPO—-Fe(ll) caused little or no alteration in the
resonance Raman spectroscopy studies demonstrated that tHgoret and visible region, as was first reported by AgB8&J.(
equilibrium species display no significant differences in the The small changes in optical spectra in the presence of
character of the FeN(histidine) bond, and both share the saturating concentrations of CO have been interpreted as
same spin-state configuratioryd). The present studies binding of the diatomic ligand to the MPO Fe(ll) moiety
revealed that reduction of LP&re(lll) generates at least (86, 87. However, when interpreted within the context of
two spectroscopically and kinetically distinguishable species the dramatically decreaséd, and k. of another (smaller)
in equilibrium, which are functionally distinguishable on the diatomic ligand, NO (Table 1), and the rates of diatomic
basis of their rates of binding to diatomic ligands; i.e., their ligand interactions with the ferric and ferrous forms of EPO
behavior mirrors that observed with MP®e(ll) (closed and LPO, we speculate that the results are consistent with
form) and EPG-Fe(ll) (open form). Upon reduction of MPO heme reduction preventing CO binding altogether



10754 Biochemistry, Vol. 40, No. 36, 2001

either by a conformational change that narrows the heme
pocket geometry filling the space above the heme moiety or
by higher binding affinity of heme iron toward a sixth ligand
that prevents CO access to heme iron.

It should be noted that there is increasing evidence that
hydrogen bonding and electrostatic field interactions, and
not necessarily structural alterations in heme pocket geom-
etry, play a contributory and even predominant role in ligand
discrimination by hemoprotein88—92). In the case of NO
binding to Fe(lll) forms of hemoproteins, NO donates an
electron from thes orbital to the heme iron. In contrast, in
the case of NO binding to Fe(ll), NO serves as an electron
acceptor through itg orbital (88). Thus, a factor that may
contribute to the dramatic differences in affinity noted
between NO and the ferrous forms of mammalian peroxi-
dases may be that the heme iron of MPERe(Il) is a worse
Lewis acid than either EPESFe(Il) or LPO-Fe(ll) (the rapid
binding conformer). Similar arguments can be made for a
role of electronic interactions influencing CO binding to Fe-
(1.

Recently, we demonstrated that NO serves as a physi-
ological substrate for members of the mammalian peroxidase
superfamily 25, 26. NO and HO, consumption by per-
oxidases follows the same mechanism but with different
microscopic rate constants. We have also demonstrated that
MPO may play a role in atherogenesis by conversion of LDL
into a high-uptake form for macrophages, capable of promot-
ing cholesterol deposition and foam cell formation, critical
events in the atherosclerotic proce88-(95). Peroxidases
such as MPO, EPO, and LPO are also enriched in asthmatic
airways 96—99), and we have demonstrated that EPO and
MPO play a role in protein oxidative modification in asthma,
a chronic inflammatory process that is reaching epidemic
proportions in industrialized countrie8q, 68, 93-95). Thus,

a wealth of evidence suggests that mammalian peroxidases
may play a critical role not only in host defense but also in

10.
11.
12.
13.

15.
16.

17.

Abu-Soud and Hazen

Klebanoff, S. J., Waltersdorph, A. M., and Rosen, H. (1984)
Methods Enzymol. 10899-403.

Albrich, J. M., McCarthy, C. A., and Hurst, J. K. (198rpoc.
Natl. Acad. Sci. U.S.A. 7210-214.

Rosen, H., and Klebanoff, S. J. (198R)Biol. Chem. 257
13731+13735.

van der Vliet, A., Eiserich, J. P., Halliwell, B., and Cross, C.
E. (1997)J. Biol. Chem. 2727617-7625.

. Eiserich, J. P., Hristova, M., Cross, C. E., Jones, A. D.,

Freeman, B. A., Halliwell, B., and van der Vliet, A. (1998)
Nature 391 393—-397.

Weiss, S. L. (1989N. Engl. J. Med. 320365-376.
Heinecke, J. W., Li, W., Daehnke, H. L., lll, and Goldstein,
J. A. (1993)J. Biol. Chem. 2684069-4077.

Hazen, S. L., Hsu, F. F., Mueller, D. M., Crowley, J. R., and
Heinecke, J. W. (1996aJ. Clin. Invest. 98 1283-1289.

. Hazen, S. L., d’Avignon, A., Anderson, M. M., Hsu, F. F.,

and Heinecke, J. W. (1998. Biol. Chem. 2734997-5005.

. Kettle, A. J., and Winterbourn, C. C. (199Redox Rep.,3

3—15.

20. Furtmuller, P. G., Burner, U., Regelsberger, G., and Obinger,

23.

C. (2000)Biochemistry 3915578-15584

. Podrez, E. A., Abu-Soud, H. M., and Hazen, L. H. (2000)

Free Radical Biol. Med28, 1717-1725.

. Marquez, L. A., Dunford, H. B., and Van Wart, H. (199D)

Biol. Chem. 2655666-5670.
Dunford, H. B. (1999) irHeme Peroxidasegpp 349-385,
Wiley-VCH, New York.

24. Bolscher, B. G., Zoutberrg, G. R., Cuperus, R. A., and Wever,

25.

R. (1984)Biochim. Biophys. Acta 784.89—-191.
Abu-Soud, H. M., and Hazen, S. L. (20@0Biol. Chem. 275
5425-4530.

26. Abu-Soud, H. M., and Hazen, S. L. (20Q0Biol. Chem. 275

37524-37532.

27. Kettle, A. J., Sangster, D. F., Gebicki, J. M., and Winterbourn,

28.

29.
30.

disease processes. Obtaining a better structural and mecha-31.

nistic understanding of these hemoproteins is a necessary
step in the development of pharmacological interventions
designed to selectively inhibit these enzymes.
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