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ABSTRACT. Myeloperoxidase (MPO) (donor, hydrogen peroxide oxidoreductase, EC 1.11.1.7) is the most
abundant neutrophil enzyme and catalyzes predominantly the two-electron oxidation of ubiquitous chloride
(CI7), to generate the potent bleaching oxidant hypochlorous acid (HOCI), thus contributing to bacterial
killing and inflammatory reactions of neutrophils. Here, the thermodynamics of the one-electron reduction
of the ferric heme in its ferric high-spin and cyanide-bound low-spin forms were determined through
spectroelectrochemical experiments. THfe values for free and cyanide-bound MPO (5 an87 mV,
respectively, at 28C and pH 7.0) are significantly higher than those of other heme peroxidases. Variable-
temperature experiments revealed that the enthalpic stabilization of ferric high-spin MPO is much weaker
than in other heme peroxidases and is exactly compensated by the entropic change upon reduction. In
contrast to those of other heme peroxidases, the stabilization of the ferric cyanide-bound MPO is also
very weak and fully entropic. This peculiar behavior is discussed with respect to the MPO-typical covalent
heme to protein linkages as well as to the published structures of ferric MPO and its cyanide complex
and the recently published structure of lactoperoxidase as well as the physiological role of MPO in bacterial
killing.

Myeloperoxidase (MPQ)is a heme-containing dominant The structure of MPO has been determined. Crystal struc-
granule enzyme present in circulating polymorphonuclear tures are available for the ferric proteid)(and for its
neutrophils, which represent the cornerstone of cell-mediatedcomplex with cyanide and bromid®)( The ferric protein
antimicrobial activity in the human innate immune system contains a water molecule weakly bound to the heme iron,
(2). The principal reaction catalyzed by MPO under physio- which is displaced by a cyanide in the corresponding adduct
logical conditions is thought to be the oxidation of chloride (Figure 1). In MPO, the heme is covalently attached to the
by H,O, which vyields the highly reactive oxidizing and protein via two ester linkages between the carboxyl groups
chlorinating agent hypochlorous acid (HOCD).( In this of Glu242 and Asp94 and modified methyl groups on pyrrole
respect, MPO is unique among the other members of therings A and C of the heme (positions 1 and 5, respectively)
animal peroxidase superfamil®)(because its redox inter- as well as a sulfonium linkage between the sulfur atom of
mediate compound | possesses sufficient oxidation capacityMet243 and the¢g-carbon of the vinyl group on pyrrole ring
to oxidize chloride in a two-electron reactio).(Hypochlo- A (position 2) (Figure 1). Due to the covalent bonds, the
rous acid can participate in subsequent nonenzymatic reacheme ring assumes a bow-shaped structure. In fact, although
tions such as oxidation and chlorination of target-cell pyrrole rings B and D are nearly coplanar, rings A and C
components. are tilted toward the distal side (Figure 1A,C).
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reduction potential, termed the standard hydrogen electrode, measured Closely related to the mode of heme to protein linkages

at pH 7.0;AH®, enthalpy change for the reaction center upon reduction are the redox properties of MPO. Normally, in heme

of the oxidized proteinAS™ ., entropy change for the reaction center . . .
upon reduction of the oxidized protein; SHE, standard hydrogen peroxidases, the Fe(lll)/Fe(ll) reduction potential ranges

electrode; ET, electron transport. between—180 and—300 mV (11), which guarantees a stable
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Ficure 1: (A) Nonplanar porphyrin ring in MPO and its covalent attachments to the protein via two ester bonds (Asp94 and Glu242) and
one sulfonium linkage (Met243). In addition, catalytic residues His95, Arg239, and GIn91 are shown, the latter being important in halide
binding. (B) Locations of the five water molecules in the distal heme cavity of ferric high-spin MPO. This panel was constructed using the
coordinates deposited in the Protein Data Bank (entry 1CXP). (C) Structure of the myeloperegigagde complex. (D) View approximately
normal to the heme plane. This panel was constructed using the coordinates deposited in the Protein Data Bank (entry 1D5L).

Fe(lll) form under physiological conditions. Only the ferric and plant heme peroxidase superfamilies, which do not have
form can be efficiently oxidized by D, to the redox inter-  covalently bound heme. Significant differences have been
mediate compound |, which finally oxidizes a variety of found and are discussed with respect to the unique catalytic
organic and inorganic substrates in either one- or two-electronproperties of MPO as well as its physiological relevance.
oxidation reactions. The midpoint potenti&P() of the ferric/
ferrous couple of bovine LPO was determined to-hE90 MATERIALS AND METHODS
mV (12). By contrast, the corresponding couple of MPO was ) - . o
reported to be 21 mV1@, 14), similar to those of globins Highly purified MPO with a purity indexAusg/Azso) of at
(myoglobin and hemoglobin), which have to be stable in the least 0.85 was obtained from Planta Na}tural Products (h_ttp://
ferrous form to function as reversible oxygen carriers. With Www.planta.at). Its actual concentration was determined
respect to that, MPO is a peculiar peroxidase, and an under-SPectrophotometrically by using ago of 91 000 M cmr
standing of the functional consequences needs the analysi€me™ (22). All chemicals were reagent grade.
of the influences of protein matrix and solvent organization  Spectroelectrochemistnpll experiments were carried out
on the electronic structure of MPO. in an OTTLE cell assembled in our laboratofy7(19—21).
Valuable information about the mechanismEsf modula- The three-electrode configuration consisted of a gold mini-
tion in heme proteins has been obtained from the enthalpygrid working electrode (Buckbee-Mears, Chicago, IL), a
(AH®'rc) and entropy AS”'\c) changes of the reduction reac- homemade Ag/AgCI/KGL: microreference electrode, sepa-
tion, measured through variable-temperature electrochemicalrated from the working solution by a Vycor set, and a
and spectroelectrochemical experimeits<21). This paper platinum wire as the counter electrode. The reference elec-
reports for the first time on the thermodynamics of Fe(lll) trode was calibrated against a saturated calomel electrode
to Fe(ll) reduction for the high-spin and cyanide-bound form before each set of measurements. All potentials are refer-
of a member of the animal heme peroxidase superfamily. In enced to the SHE. Potentials were applied across the OTTLE
particular, thermodynamic data of MPO will be presented cell with an Amel model 2053 potentiostat/galvanostat. The
and compared with the corresponding data of representativegunctioning of the OTTLE cell was checked by measuring
of classes 120), 1l (21), and Il (17) of the bacterial, fungal,  the reduction potential of yeast iso-1-cytochromender
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conditions similar to those used in this work0f. The E*' A 0,08
value corresponded to that determined by cyclic voltammetry = ' 1 ggi |
(260 mV). The constant temperature was maintained by a 002 |
circulating water bath, and the OTTLE cell temperature was %10 1 o]
monitored with a Cu-costan microthermocouple. this 0,08 - -0,02 |
spectra were recorded using a Varian Cary C50 spectropho- -0,04 ————
tometer. -0,65 -0,15 0,35 0,85
The variable-temperature experiments were performed < 0,04

using a “non-isothermal” cell configuration. The temperature

of the reference electrode and the counter electrode was kept e
constant, while that of the working electrode was varied. For ~ 0,00 - - . . - - -

E (V)

sorbance

0,06 -

this experimental configuratioS”'. is calculated from the 330 380 430 430 530 580 630 680
slope of theE*' versus temperature plot, where&bl* . is Wavelength (nm)
obtained from the GibbsHelmholtz equationAG'®,. = (B)

AH®'c — TAS”,. = —nFE, namely from the slope of the 0,30 -
E°'/T versus 1T plot (23). The Faraday constang, is
96485.31 C/mol, and represents the number of electrons
transferred by the redox couple. g 0,20 -
The spectroelectrochemical experiments on free MPO and § 015
on its cyanide adduct were carried out under argon from 10
to 45°C, in the presence of 20M N,N,N',N'-tetramethyl-
phenylendiamine, 2-hydroxy-1,4-naphthoquinone, phenazine
methosulfate, and phenazine ethosulfate used as mediators

0,00
0,25 001
w -0,02

-0,03

-0,04 T
-0,10 021 051 081
Log X

[*]
2
< 0,10 A
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(14). In the former case, 1 mL samples containing Q\b 0,00 ; ' '
MPO made up in 0.1 M phosphate buffer and 0.1 M NaCl 400 450 500 550 600
(pH 7) were used, whereas with the cyanide adduct, 1 mL Wavelength (nm)

samples containing 2&M ARP and 2 mM potassium Ficure 2: Electronic spectra of high-spin MPO (A) and its cyanide

; ; complex (B) obtained at various potentials. Spectra were recorded
cyanide made up in 0.1 M phosphate buffer (pH 7) were at 20°C. The insets depict the corresponding Nernst plots, where

employed. ) ) ) X representsAy, o — Ay ) (A, mex — Ay,) andiox = 430 (A) or
Nernst plots consisted of at least five points and were 634 nm (B) andleq = 473 (A) or 615 nm (B).

invariably linear, with a slope consistent with a one-electron
reduction process. Table 1: Thermodynamic Parameters for the Fe(tH)Fe(ll)

Application of conventional diffusion-controlled voltam- ~ Transition in Human Myeloperoxidase (MPO) in Its Resting State
metric techniques to MPO was hampered by its high molec- and in Its Cyanide Addugt

ferric AH e AS"ic(J  —AH*/F TAS”./F

ular mass of 140 kDa. peroxidase  E”'(V)P (kJ/mol) K-TmolY) (V) V)
MPO 0.005 3 10 —-0.031 0.031
RESULTS AND DISCUSSION KatG (20) -0.226 17 —18 —0.176  —0.056
; ; ; ARP (21) -0.183 -—18 -120 0.187 -0.371
The spectroscopl_c propertles of ferric and ferrous MPO HRP-C (17) 0308 o1 210 —0.943 o
and the cprrequndlng cyanide adducts were s[mllar to thoseypo-cn —0.037 0 12 0 —0.037
reported in the literaturel). At pH 7.0, reduction of the =~ ARP-CN(21) -0.390 61 78  —0.632 0.241
Fe(ll)—MPO complex (Soret band at 430 nm, Q-band at HRP-C-CN(17) —0.430 50 30  -0517 0.093

570 nm, and CT band at 624 nm) gives a red-shifted spec- 2For comparison, the thermodynamic parameters of representatives
trum with maxima at 473 and 638 nm. The corresponding ©f the three classes of the plant-type heme peroxidase superfamily are

cyanide complexes have their absorbance maxima at 455 and'ésented: class | (catalase peroxidase, KatG), class. lfanosus
peroxidase, ARP), and class Il (horseradish peroxidase isoform C,

634 nm_ [Fe(ll-CN] and 463 and 615 nm [Fe(H)CN], HRP-C). Average errors fdg*', AH®', andAS™ are+0.005 V,+4

respectively. kJ/mol, and+8 J K- mol~2, respectively? At 298.15 K and termed
The electronic spectra of ferric high-spin MPO measured the SHE. The sum+AH®/F + TAS"\/F) often does not exactly

at different applied potentials in the OTTLE cell are shown mt""gcgf az'gcfetsr:ﬁtﬁsf 9 ag‘:iﬁfn'tca‘l’%‘:r?r are rounded to the closest

in Figure 2A. The reduction potential of MPO (5 mV at ger, P .

25°C and pH 7.0) (Table 1) is somewhat lower than a previ-

ous literature value (21 mV)L4), probably as a consequence of similarity at the active siteﬁo, it is reasonable to assume

of differences in the ionic composition of the protein that they resemble LPO.

solutions that were employed. In any case, the obtalktfed Table 1 shows that th&*' value of the Fe(lll)/Fe(ll)

value underlines the anomaly of MPO compared to homolo- couple of LPO is in the range of plant-type peroxidases. In

gous members of the animal peroxidase superfamily. In LPO, the latter enzyme superfamily, it is generally assumed that

the determined value of the Fe(lll)/Fe(ll) couple is 195 mV the Asp-His—iron interaction at the proximal heme side

lower than in MPO {2), which demonstrates the effect of mainly contributes t&*' by deprotonating the Nposition

modification and distortion of the heme as well as its of the proximal histidine. In all animal peroxidases, the

immediate surrounding polypeptide matrix on the iron redox proximal histidine is hydrogen bonded to an asparagine. In

chemistry and, finally, reactivity. For EPO and TPO, no MPO and LPO, both the orientation of the proximal histidine

reduction potentials are reported, but given the high degreeand the distance between the heme iron and itpdsition
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are very similar £2.2 A). A significant difference exists in 0.02

the distance between the’ Mosition of His336 and the A
carbonyl oxygen of the amide group of Asn421. In MPO

(2.9 A), the distance is much longer than in LPO (2.6 A), 0.00 1

suggesting a higher imidazolate character of the proximal
histidine in the latter metalloprotein. The effect seems to be
enhanced by a closer contact of the guanidinium group of 0.02

Arg333 with Asn421 in LPO compared to that in MPO. +
These structural features will contribute to some extent to

the more positive reduction potential in MPO. The surround-

ings of the heme propionate groups are similar in both

enzymes, but generally, the contacts between the propionate -0.06 . . ' .
group on pyrrole ring D and the guanidinium groups of 10 20 30 40 50
Arg424 and Arg333 are shorter in LPO. In both proteins, T(°C)

the ring C propionate interacts with conserved Asp98 and

Thr100. The distance between the propionate oxygen and 0.10 +

the Thr100 peptide NH group is again shorter in LPO. The 0.05 - B

extent of the influence of this more compact structure at the
proximal heme side in LPO on the observed differences in =~ 000 H?——{_i#—i\
E°®" compared with MPO is not clear at the moment.

A major contribution to thé&®' value in MPO may be the -0.05 -
positive charge of the sulfur atom in the sulfonium ion
linkage, which does not appear to be involved in any addi- 0101 _ % . ~
tional electrostatic interactions with the protet §). The o5 - f + H f ﬁ—
presence of such an electron-withdrawing group strongly '
influences the basicity of the four pyrrole nitrogens and thus 0.20 1
decreases the electron density at the heme iron. Moreover, . . , -
because of the distortions to the porphyrin ring, the iron in 31 32 33 34 35 36
the high-spin state is positioned.2 A to the proximal side, UT x 10° (K7
which further reduces the contacts with the pyrrole nitrogens. Ficure 3: Temperature dependence of the reduction potential (A)
Except for the sulfonium ion linkage in MPO, the distal heme and E*/T vs 1/T plots (B) for human MPO @) and its six-
cavity is similar in both proteins and occupied by the side coordinate cyanide addudll). The slopes of the plots yielS™/F
chains of GIn91, His95, and Arg239. In both proteins, a water 2"d ~AH”J/F values, respectively.

molecule (W1 in Figure 1B), which is hydrogen bonded t0 \yeayer imidazolate character of the proximal histidine,
Ne¢ of the distal histidine, lies approximately midway between compared for example to that of HRP or LPO, and the

N° of His95 and Fe(lll). The distance to Fe(lll) in MPO and  g|ectron withdrawing effect the sulfonium group connecting
LPOis 3.0 and 2.6'A, respectllvely. By all accounts, !t S€eMS \1at243 and thg8-carbon of the vinyl group on pyrrole ring

to be the MPO-typical sulfonium ion linkage that primarily 5 raquce the electron density at the heme iron, thereby
contributes to its peculiar redox behavior. The contribution weakening the enthalpic stabilization of the ferric form of

of heme distortiorper seto E* is unknown. the enzyme due to ligand binding effects.
To gain more insight into the mechanismf modula- In MPO, the distal heme cavity is also filled with water

tion, we further investigated the temperature dependence ofjyg1ecules that are hydrogen bonded to GIn91, His95, and
the reduction potential (Figure 3). This, performed for the Arg239 (Figure 1) and to each other and fill a funnel-shaped
first time for an animal peroxidase, allows factorization of channel leading from the distal cavity to the surface of the
the corresponding enthalpic and entropic components nrotein @) Compared to plant-type peroxidases, the water
(—AH"/F and TAS”/F). In MPO, the oxidized state is  pjecule closest to the metal is farther from Fe(lll) which
much less enthalpically stabilized compared with plant-type ~q.id induce a different H-bonding pattern and a lower
peroxidases. Interestingly, the enthalpy and entropy changeg,qarity. It has been suggested that these factors contribute
fully compensate. Hence, the two redox states of MPO i, gifferences irE®’ between HRP and ARPL, 21).

exhibit the same th_erm(_)dynamic stability at pH 70. As  |nET metalloproteins and redox metalloenzymsle .
Table 1 underlines, in this respect, MPO is a unique heme 4,4 oS, are composed of protein intrinsic contributions
peroxidase. [AH® iny and AS'rciny, the latter of which depends on

It has been shown thatH®' is determined primarily by rotein conformational factors] and solvent reorganization
metal-ligand binding interactions and the electrostatics at f5ctors AH soi and AS” i) (19, 21):

the interface among the metal, the protein environment, and

E* (V)

-0.04 -

E*/Tx10° (VK")

the solvent16). In plant-type peroxidases, the large enthalpic AH" o= AH” iy + AH coon
term that contributes to the stabilization of the ferric form
(Table 1) has been attributed to the basic character of the AS" .= AS” (giny T AS” 1¢(soi)

proximal histidine, which stabilizes the higher oxidation state

of the peroxidase, and to the polarity of the distal heme site Though the structural changes of MPO upon reduction are
maintained by the presence of water molecules involved in not documented by a structure of ferrous MPO, on the basis
an extended network of hydrogen bond3)( In MPO, the of the known structuregl( 5) of the MPO-bromide, MPG-



12754 Biochemistry, Vol. 45, No. 42, 2006 Battistuzzi et al.

thiocyanate, and MP©cyanide complexes, which exhibit 1), in contrast with plant-type peroxidases, whose six-
relatively small conformational changes compared to ferric coordinated low-spin CN adducts are characterized by
MPO, it is reasonable to attribute, to a first approximation, positive reduction enthalpies and entropies (Tablell) (
the measured changes in reaction entropy only to the effects19—21).

of reduction—induced solvent reor_ganization_, thus negle(_:ting The structure of the MPOcyanide complex) shows
protein-based factors related to differences in conformational y,5¢t there are no significant conformational changes associ-
degrees of freedom\[S™ ey ~ O]: ated with cyanide binding. During the transition from the

A = AS high-spin & = %/,) to the low-spin § = %,) form, the iron

fe re(solv) slightly shifts into the heme plane and the bound cyanide

In the case of HRP, it has been demonstrated that thisdisplaces water W1 (Figure 1C,D). The ireayanide carbon
approach is rational since electron uptake of ferric HRP distance of 2.1 Ais shorter than the distant8 & between
induced only a very limited change in the overall protein the oxygen of W1 in the high-spin protein, and cyanide is
structure 21, 24, 25). Moreover, reduction-induced solvent  inclined toward W2 and W3 (Figure 1C). Water molecule
reorganization effects (e.g., changes in the H-bonding W2 shifts slightly away from the cyanide nitrogen, but a
network involving the water molecules within the hydration compensatory shift in W5 maintains the hydrogen bonding
sphere of the protein) have been found to induce compensabetween these water molecules. No other solvent reorganiza-

tory enthalpy and entropy changex6{29): tion effects are obvious from the structure of the MPO
cyanide complex. Taken together, the structural changes are
AH® oy = TAS (50l restricted to the immediate heme surroundings and are small.

) ] o When cyanide binds, the immediate heme iron environment
There_fore, the corresponding enthalpic contribution can be pecomes more compact without influencing the H-bonding
factorized out of the measured enthalpy change, finally neqwork in the substrate channel. Normally, in the Fe(ll) form
allowing estimation of the intrinsic contribution: of heme proteins, the electrostatic interaction of the metal
AHY = AH®  — AH® ion with the water molecules in the heme cavity is weakened
int rc H H H
o , compared to that in the ferric form, lowering the order of
AH e = TAS” (51~ 0 their arrangement. This effect is much smaller in the corre-
sponding cyanide complexes, where the accessibility to the
heme is diminished. Due to the lower polarity in the high-
spin state as well as due to the presence of the sulfonium
ion linkage also in the Fe(ll) form, the effect of spin change
in MPO onAS” is small. SinceAH®' . ~ O, it follows that
the protein intrinsic factors and solvent reorganization factors

than those of HRP and ARP (Table 1), indicating much eﬁger Offset AH"reqm = ~AH reison] Or are negligibly small
smaller reduction-induced solvent reorganization effects than (~0). _ o )
in the latter enzymes. This is in agreement with the In conclusion, MPO exhibits extraordinary redox proper-
impression of an increased rigidity of the hydrogen bond ties that distinguish this heme enzyme from other peroxidases
network involving the water molecules in the substrate and reflect its physiological role in the innate immune
channel leading to the distal heme site, afforded by the defense system. It has a hemoglobin-like reduction potential
analysis of the three-dimensional structure of native MPO Of the Fe(lll)/Fe(ll) couple, and both redox states exhibit
and of its adducts with bromide, thiocyanate, and cyanide the same thermodynamic stability at pH 7.0. As a conse-
(4, 5). This difference is quite intriguing and can be func- quence, ferrous MPO must be taken into account when
tionally relevant. In fact, a low mobility of the water mol- ~ considering enzyme mechanisms. Ferrous MPO is outside
ecules in the heme distal cavity could be crucial in fixing Of both the peroxidase and halogenation cy@ghut can
the position of the chloride ion to be oxidized through react with hydrogen peroxide or molecular oxygen to com-
electrostatic interactions, as indicated by the structure of thepound Il @1) or compound Il 82), the latter being a
MPO—bromide and MP®bromide-cyanide adducts5j, ferrous—dioxy/ferric superoxide complex similar to oxy-
and in helping in the transfer and incorporation of the hemoglobin or oxymyoglobin, and decays to ferric MPO.
oxyferryl oxygen into HCIO 80). This feature is not crucial ~ This peculiar redox behavior, which is not typical for a heme
in HRP and ARP, since they simply extract electrons from peroxidase, is the consequence of its physiological role. To
their aromatic substrates (which do not enter into the hemeoxidize chloride, it is necessary that the higher oxidation
cavity), without oxygen atom transfet ). states (e.g., compound I) also have a very positive reduction
Furthermore, we have determined the reduction potential potential. The only way is to decrease the electron density
of the cyanide adduct of MPO to be37 mV at 25°C and at the heme iron by (i) lowering the basicity of the proximal
pH 7.0 (Figure 2B). This is the onlg® value available for  ligand, (i) lowering the basicity of pyrrole nitrogens of the
a member of the animal peroxidase superfamily in its low- porphyrin by including strong electron-withdrawing groups,
spin form. Comparison with plant-type peroxidases clearly (iii) offering charged groups around the redox site, and/or
shows (Table 1) that the difference &t values between  (iv) heme distortion that favors a pronounced out-of-plane
high-spin MPO and MPOCN is small (42 mV) compared  structure of the iron ion. Myeloperoxidase is an excellent
with that of ARP (207 mV) or HRP-C (124 mV). The slightly model that demonstrates the effect of these modifications
negative value oE® turned out to be fully the result of an  on the redox properties of all relevant couples, i.e., Fe(lll)/
entropic contribution that disfavors Fe(lll) reduction (Table Fe(ll), compound I/Fe(lll), and compound I/compound 1.

rc(solv) =

In the case of MPO, this underlines the fact that the small
enthalpic effect that slightly stabilizes ferric MPO is only
due solvent reorganization effects, whereas in plant-type
peroxidases, protein intrinsic factors also contribute to the
stabilization of the enzymes in the Fe(lll) stater,(21).

The absolute value AAS”'c of MPO is sensibly smaller
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