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ABSTRACT. The X-ray crystal structure of the complex of salicylhydroxamic acid (SHA) withromyces
ramosusperoxidase (ARP) has been determined at 1.9 A resolution. The position of SHA in the active
site of ARP is similar to that of the complex of benzhydroxamic acid (BHA) with ARP [ltakura, H., et

al. (1997)FEBS Lett. 412107—110]. The aromatic ring of SHA binds to a hydrophobic region at the
opening of the distal pocket, and the hydroxamic acid moiety forms hydrogen bonds with the His56,
Arg52, and Pro154 residues but is not asscoiated with the heme iron. X-ray analyses-ofesBfeinol

and ARP-p-cresol complexes failed to identify the aromatic donor molecules, most likely due to the
very low affinities of these aromatic donors for ARP. Therefore, we examined the locations of these and
other aromatic donors on ARP by the molecular dynamics method and found that the benzene rings are
trapped similarly by hydrophobic interactions with the Ala92, Pro156, Leul192, and Phe230 residues at
the entrance of the heme pocket, but the dihedral angles between the benzene rings and the heme plane
vary from donor to donor. The distances between the heme iron and protons of SHA and resorcinol are
similar to those obtained by NMR relaxation. Although SHA and BHA are usually considered potent
inhibitors for peroxidase, they were found to reduce compound | and compound Il of ARP and horseradish
peroxidase C in the same mannempasresol and resorcinol. The aforementioned spatial relationships of
these aromatic donors to the heme iron in ARP are discussed with respect to the quantum chemical
mechanism of electron transfer in peroxidase reactions.

Heme-containing peroxidases are a family of enzymes thatwhere E is the enzyme in the resting state and compound |
catalyze the oxidation of many organic and inorganic (cpd I} and cpd Il are intermediates that have two and one
compounds at the expense of hydrogen peroxide or organichigher oxidation equivalent than the resting state, respec-
oxide (1—3). Oxidation of aromatic compounds (A}bccurs tively. AH; is the organic electron donor molecule, and*AH

through the following scheme: is its radical that produces the final product through a
K nonenzymatic reaction such as disproportionation or polym-
E+H,0,—cpd I+ H,0 (1) erization.
o . It is known that eqs 2 and 3 are single-electron transfer
cpd I+ AH2k3 cpd 11+ AH (2) reactions; the latter is the rate-limiting step. Little is known
cpd Il + AH, —E+ AH"+ H,O 3) about the mechanism of electron transfer during these
AH" + AH"— AH, or A + AH, (4) reactions. Reactions 2 and 3 are second-order, but there are

some reports demonstrating saturation by the substrate in
these reactiong-7). This suggests that the electron transfer
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I'and cpd Il ar_e the same as those on the resting form of _theTabIe 1: Summary of Data Collection and Crystallographic
enzyme, studies of the locations of donors on the resting refinement

enzyme become significant in the study of the electron - _
transfer mechanism. Accordingly, the binding of various (A) Conditions and Results of Data Collection

donors to HRP has been studied by NMR, optical difference gfgﬁﬁgﬂ@e of IP (deg) f; 18
spectrum, and other method8—(10). Evidence has been exposure time of IP (min) 30
obtained by physicochemical methods showing that the native no.ofIPs 60
enzyme interacts with aromatic donors to form a 1:1 resolution limit (A) 1.9
lex. NOE 8, 11) and chemical modification 1) no. of measured reflections 119252
complex. J no. of independent reflections 24996
showed that protons of BHA and other donors are located completeness (%) 93.9
close to heme methyl C18Hand 5-meso proton C20H. Rmerge (%0)° 4.3
Further studies of the precise binding sites and binding mode g) Rresults of Crystallographic Refinement
were difficult due to the lack of HRP with a high-resolution resolution range (A) 701.9
structure. Therefore, several groups developed modeling and no. of refined atonfs 2767 (207)
MD procedures for locating the aromatic donors on HRP no. of reflectionsk > 20t) 24343
L . . R-factor (%) 16.3
with limited information (.3—15). Very recently, the three- Rfree (%) 228
dimensional structures of recombinant HRPC and its complex root-mean-square deviations from ideal values
with BHA were analyzed by X-ray crystallography at 2.15 bond distances (A) 0.019
and 2.0 A resolution, respectivel\L§ 17). These studies angle distances (A) 0.051
d Its obtained with tated d by NI§) planar groups 0.023
and results obtained with mutated enzyme and by ( . chiral volumes (&) 0.129
19) indicate that the closest amino acid residue to BHA is torsion angles o (deg) 3.0

Phel79 z_;md that bound BHA forms a network of hydrogen a After the intensities of the equivalent reflections had been scaled
bonds with His42, Arg38, and Pro139. However, HRPC and averaged, those whefe< or were rejected? Ryerge= =S| lni —
complexed with smaller aromatic donors such as phenols I\, ¢ Numbers in parentheses are the number of water
was not analyzed, and comparative studies with other molecules.
peroxidases to clarify the reason for the nonspecificity of ] ) )
donors are necessary. peromdase-cgtalyzed r_eactlon_s. At the end of this paper, our
After the first report of the X-ray crystallographic structure results are discussed in relation to the quantum chemical
of CCP in 1980 20), several other peroxidases, including Mechanism of electron transfer.
lignin peroxidase Z1), manganese peroxidasg?, ARP
(23), Coprinus cinereuperoxidase44), ascorbate peroxidase MATERIALS AND METHODS
(25), peanut peroxidase2¢), and barley grain peroxidase Materials. ARP was crystallized as described previously
(27), were analyzed. Of these peroxidases, ARP is particu- (42). ARP used for other experiments was provided by T.
larly interesting. Although ARP and HRPC belong to Amachi of Suntory Co. The Reinheit Zahh\{yAzg0) was
different classes within the plant peroxidase superfamily, i.e., 2.63. The concentration of the enzyme was determined
class Il and class Ill, respectivelg§), these two enzymes  spectrophotometrically from the molar extinction coefficient
resemble each other with respect to kinetic and structural of 1.09 x 1 cm* M~ at 405 nm 80). HRPC (type VII,
properties 28—36). We therefore selected ARP as the most RZ = 3.1, and type |, RZ 1.2) was purchased from Sigma
appropriate enzyme for comparison with HRP, which has (St. Louis, MO). The enzyme concentration was determined
been studied extensively. spectrophotometrically from the extinction coefficient of 1.02
We first analyzed ARP in a complex with iodide by X-ray x 10° cm™* M~ at 403 nm 43). H,O, and guaiacol were
crystallography and found that the iodide is located at the purchased from Wako (Osaka, Japan). Deuterium oxide
entrance of the access channel 12.8 A from the heme iron(>99.85% pure) was purchased from the Commissariat
(37). The electron transfer from the iodide to the ferryl oxide I'Energie Atomique (Grenoble, France).
of the heme appears to cover the 7.8 A to His56. The crystal  X-ray Crystallography of the ARPSHA ComplexThe
structure of ARP-BHA complex was then determined at crystals of ARP in a complex with SHA were prepared by
1.6 A resolution 88). The work presented here extends our soaking native ARP crystals for 10 h in 20 mM ammonium
study to the X-ray analysis of binding of SHA to ARP and acetate buffer (pH 5.5) containing 25 mM SHA and 33%
compared it with the findings for MPOSHA (39). Although saturated ammonium sulfate. The crystals belong to space
we tried to locate the phenols in the ARPhenols complex,  groupP4,2;2 having one ARP molecule in the asymmmetric
no definite electron density for phenols was found, probably unit with the following cell dimensionsa = b = 74.4 A
due to their low affinity for ARP. Therefore, we used the andc = 117.0 A.
MD technique to locate several phenol compounds on the Diffraction data for the complex crystal were collected at
basis of the location of SHA as determined by X-ray 1.9 A resolution at room temperature on an R-AXIS IV
crystallography. The heme ireiproton distances were imaging plate area detector. X-rays generated with a Rigaku
examined by NMR relaxation. Furthermore, the rate constantsrotating anode at 40 kV and 100 mA were focused with
of the reduction of cpds | and Il by BHA and SHA were double-bent mirrors. The diffraction data recorded in each
determined for HRPC and ARP with a stopped-flow ap- imaging plate were read out at 1@®n intervals and then
paratus. processed using PROCES#&4). Intensities of the partial
Quantum chemical treatments for the redox reactions werereflections recorded on two adjacent imaging plates were
investigated by Marcus and colleagué8, @1), and recently, combined to obtain the integrated intensities. The conditions
the theory has been applied by several groups to theand results of data collection are shown in Table 1A.
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The atomic parameters of ARP at pH 7.5 and 1.9 A predicted under the same conditions. A snapshot of the
resolution (PDB file name 1ARP2B) were used to initiate  representative local minimum structure of each simulation
the structural refinement; several water molecules near thewas considered as a candidate for the ARP structure that
heme were excluded from the analysis. The parameters weranteracts with appropriate aromatic donors. For the asym-
refined by using the observed diffraction data of the complex metrical aromatic donors, resorcinol and and m-cresol,
with XPLOR @5). The F, — F. andF, — F. maps, in which two initial structures were formed for each donor. After the
F. and the phase angles were calculated with the resultantMD simulation, the donor structure that positioned the
parameters, clearly localized the SHA molecule. An SHA phenolic oxygen closest to the heme iron was adopted.
model was fitted manually to the maps with TURBO- NMR MeasurementProton NMR measurements were
FRODO @6) and an IRIS 4D RPTcomputer graphics performed essentially as described previously with a Bruker
system. The occupancy of SHA was assumed to be 1.0. TheAMX-400WB NMR spectrometer at 298 K8). Samples
locations of water molecules were revised by alternate cyclesdissolved in deuterated phosphate buffer (100 mM) were
of XPLOR refinement and inspection of th&2— F. and analyzed in an NMR microtube (0.2 mL) with symmetric
Fo — Fc maps. In the refinement presented here, the geometry along the gfield (48). The pH was measured in
O-glycoside moiety attached to Ser339 was located. The finalan NMR microtube with a Horiba model F-23 pH meter
model contains 207 water molecules in addition to the protein equipped with a low-impedance long and thin (3.2 mym
and SHA. The results of crystallographic refinement are 180 mm) combination glass electrode (Sanwai Kagaku,
shown in Table 1B. The mean coordinate error was estimatedTokyo, Japan). The pH was calibrated with standard aqueous
to be approximately 0.2 A from a Luzatti plot. (H20) buffer, and the isotope effect was disregarded for the

Molecular DynamicsComplex structures of ARP with  deuterated solutions. All the parameters were fitted by
several aromatic donors were estimated by MD with Insight nonlinear least-squares methods unless otherwise sfated.

II/Discover (Biosym/MSI, San Diego, CAX{). The initial values were obtained by a standard inversion recovery
structure of ARP with each aromatic donor was constructed method followed by a nonlinear three-parameter fitting
on the basis of the X-ray coordinates of the ARFHA method, andy values were obtained from UWis differ-

complex. Each aromatic donor was placed manually in the ence spectraly, and Ty were derived from a set of observed
heme cavity of resting ARP (PDB file name 1ARP) in T values 8) with the following equation:

reference to the spatial position of SHA in the ARBHA

complex defined by X-ray crystallography. After removal 1T, = [Ef(Kg + NV Typ — LTy + LTy (5)

of the X-ray-defined water molecules that collided with the

aromatic donor, artificial solvent water molecules were added where Ty, and Ty¢ are the spir-lattice relaxation bound to

to the heme cavity of the complex within the region less and free from ARP, respectivelfg, and & are the initial
than 20 A from the heme iron. The calculation was based concentrations of ARP and aromatic donor, respectively, and
on the extensive systematic force field, which is very accurate Ky is the dissociation constant for dissociation of the aromatic
for organometallic compounddT). To confirm the validity donor from ARP. The value ofi, was then transferred to
of the MD approach, we first attempted to predict the ARP Ty using the relationship

SHA complex structure. The initial structure model of ARP

SHA was constructed by manual docking of SHA to the T, = (1T, + @M (6)
resting ARP as described above. After the structures were

predicted with various restraints, we determined the condition where T,y is the relaxation time of aromatic donor protons
that yielded the structure that best approximated the X-ray due to the paramagnetic iron of ARP afhg* is the extent
coordinates of the ARPSHA complex as follows. No  of induced relaxation enhancement due to the binding of
restraint was applied to the ARP side chain atoms which aromatic donor to a large moleculBy* was obtained from
were exposed to the entrance edge, heme cavity, atoms o diamagnetic ARP-CN, which was generated by mixing 50
the heme and aromatic donors, and all the water moleculesmM KCN with 0.3 mM ARP.Tyy is related to the distance

in the initial structure with exception of the distal water r between the heme iron and donor protons according to the
molecule located between the heme iron and Hiss6Q% Solomon-Bloembergen equatiord9, 50):

atoms of the residues exposed around the heme were tethered

with a quadratic force constant of 50. All of the ARP atoms 1/, = [2)/'2),525(34_ 1)/(15’6)][31C/(l + wIZTCZ) +

except those mentioned above were tethered with a quadratic 2 2

force constant of 85. The quadratic force constant for 711+ st (7)
tethering in the Discover software varies from 0 to 100, ) )

indicating the atom is not tethered or tethered completely. Wherey, andys are gyromagnetic ratios of the proton and
In addition, distance restraints were applied to the oxygen €lectron, respectivel\§is the spin quantum number of the
atom of the distal water molecule. The distance between theh€me ironw, andws are Larmor frequencies of the proton
oxygen atom and the Fe or His5& Mas restrained to less ar_ld electron, respectively, amgd is the correlation time. In
than 3.5 A. The corresponding water molecule (W364) was this system, we could safely assume tBat %2, w’rc® <
also observed between the heme iron and Hiss6éni\the 1, andws’rc® > 1 (51). Then eq 7 reduces t&3)

X-ray crystallographic structure of the ARISHA complex.

After minimization of the energy of the initial structure, MD r=(8.66x 10 * x 1/T;*7o)"®cm (8)
was performed at 300 K for more than 20 ps until the

potential energy of the structure reached equilibrium. The If it is assumed thatc =5 x 10 s (29, 30), eq 8 is further
ARP structure for interaction with each aromatic donor was simplified to
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r=(4.33x 10 ** x 1/T;,)"®cm 9) .
H
Thus, the distance between the donor protons and the heme 0
center is calculated from the observed valuesTofor a Hs Ho
set of aromatic donor protons. o7 (g —He
Optical Difference SpectraOptical difference spectra c',\
(enzyme and donor vs enzyme) were recorded in a Beckman o Ho
DUB50 spectrophotometer as described previousty). ( BHA

Titrations were carried out at pH 7.4 in 50 mM sodium
phosphate buffer at 28C. The enzyme concentration was

7—10 uM, and the substrate concentration was QN to 'OH 'OH 'OH 0H 'OH
50 mM. The cyanide-ligated form was prepared in the Chs
presence of 2 mM KCN. The dissociation constatt,was % * % % a
calculated by a nonlinear least-squares method with the oH CHa
equation 4OH 4+CHs

hydroquinone  resorcinol p-cresol m-cresol o-cresol

— _ 2 _
AA=AKg T By + S = [(Ky T B+ ) Ficure 1: Atom numbering of BHA, SHA, hydroquinone, resor-
4EOSJ]1’2}/2 (10) cinol, andp-, m-, ando-cresol molecules used in the text.

where$, andE, are the initial concentrations of the substrate 1—1.2 equiv of KFe(CN)} and used immediately in the
and enzyme, respectiveliy is the dissociation constant, reaction with the aromatic substrakeysfor the reaction was
AAis the absorbance for the peak minus that of the trough, measured from the decrease in absorbance at the isosbestic

and Ac is the difference in molar absorbance. WHgr point (426 nm) between the resting state enzyme and cpd |
E,, the following equation was used (36).
The rate of the steady-state reactions was measured in a
AA= AeES/(Ky+ §) (11) Beckman DU650 spectrophotometer with guaiacol as a
) hydrogen donor in 33 mM sodium phosphate buffer (pH 7.4)
That is, at 25°C. The concentrations that were used were ABD

for guaiacol, 270uM for H,O,, 5 nM for enzyme, and
1-1000uM for hydroxamic acids. The initial increase in

Usually, two individual experiments were performed, and (()Spé;cal density at 470 nm was taken to calculate the rate
the mean value is shown. '

Kinetic Studies.Transient-state experiments were per- pesyLTS
formed on an Applied Photophysics SX-17MX stopped-flow
reaction analyzer equipped Wit 1 cmcuvette, by mixing Binding of Aromatic Donors to ARP Probed by Optical
equal volumes of two solutions at 2&. For the stopped-  Difference SpectroscopWe previously reported that, with
flow experiments, one drive syringe contained the aromatic respect to the optical difference spectrum patterns of HRPC
substrate and buffer [0.1 M phosphate buffer (pH 7.4)], and donor versus HRPC, aromatic donor molecules are divided
the second drive syringe contained cpd | or cpd Il. Both into two groups $4). One group (termed type I), which
syringes contained potassium nitrate (0.1 M). Usually, three includesp-cresol and phenol, undergoes a hypsochromic shift
to five runs were accumulated, and pseudo-first-order ratein the Soret band of HRPC, and the other group (termed
constants K,,9 were calculated by one-exponential curve type Il), comprising donors such as resorcinol and guaiacol,
fitting. From the kops Values obtained at three different is characterized by a bathochromic shift in the Soret band.
substrate concentrations (10, 30, andud0), the k, andks BHA (Figure 1) had a type II-like change in the Soret region
values were calculated and expressed as the mestandard ~ of the enzyme, a noticeably loi value, anl a 3 order of
deviation. magnitude difference in the extinction coefficient. Therefore,

HRP cpd | was prepared by adding 1 equiv ofCH to we classified BHA as type 11154). The difference spectrum
the resting enzymesf). The reduction of HRP cpd | with  of SHA was examined under the same conditions used to
substrate was followed at 411 nm, which is the isosbestic analyze BHA (Table 2). Itis interesting that tKe value of
point between HRP cpd Il and the resting enzyme. For the the HRPC-SHA complex is approximately 30 times larger
formation of ARP cpd |, a fresh preparation of ARP was than that of the HRPEBHA complex.
preincubated with 1 equiv of 4D, and allowed to stand until In this study with ARP, the optical difference spectra of
the resting form was recovered. One equivalent gdHvas aromatic donorsp-cresol, resorcinol, BHA, and SHA) were
furthermore added. The reduction of ARP cpd | with aromatic observed in a similar manner, and the peak wavelength, the
substrate was followed at 414 nm, which is the isosbestic trough wavelengthkK values, and\¢ values are also listed
point between cpd Il and the native enzyme. HRP cpd Il in Table 2. It is noteworthy that-cresol, which has a type
was prepared by adding 1 equiv ob® and 1 equiv of | spectrum for HRP, was converted to type Il in the binding
K4Fe(CN) to a fresh enzyme solution, and the rate of its to ARP and that th&y values of BHA and SHA for ARP
reduction with aromatic substrate was obtained at 423 nm,increased 700- and 20-fold, respectively, compared with
which is the isosbestic point between cpd | and the resting those for HRPC. Table 2 also shows that cyanide barely
state. ARP cpd Il was prepared from ARP cpd | by adding affected the binding of resorcinol apecresol in accordance

1S, = (AelK)(EJAA) — 1K, (12)
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Table 2: Dissociation Constants of SHA, BHA, and Phenol Complexes with Resting ARP and Cyanide-Ligated ARP
difference spectrum

enzyme donor max (nm) min (nm) max (nm) type  Kg(mM) Ae (MM~tcm™?) ref
ARP p-cresol N 381 410 Il 58 11.0 this paper
ARP resorcinol N 382 411 1] 22 9.0 this paper
ARP BHA N 378 409 1} 3.2 66 this paper
ARP SHA N 381 409 ] 3.2 49 this paper
ARP-CN p-cresol N N 429 1 86 1.3 this paper
ARP-CN resorcinol N N 429 1l 27 0.86 this paper
HRPC p-cresol 378 404 423 | 35 4.9 54
HRPC resorcinol N N 411 I 6.7 3.0 54
HRPC BHA N 376 408 1l 0.0046 51 this paper
HRPC SHA N 375 408 1} 0.17 58 this paper
HRPC-CN p-cresol N N 425 il 5.7 3.7 54
HRPC-CN resorcinol N N 425 il 7.8 3.2 54
HRPC-CN BHA N N I’ 0.15 - 58
HRPC-CN SHA N N 428 il 0.28 1.4 this paper
a2See Hosoya et al5@) for the definition of types I, II, 1ll, and IL ® N means that no peak and no trough were found in the regions.

FiGure 2: F, — F. omit map of the SHA-bound form of ARP superimposed on the final model.Ftfand phase angles were calculated
from the aromatic parameters except those of SHA and the solvent molecules.

with the observation reported for HRPG4j, but it does (Ala92, Prol56, Leul92, and Phe230). The hydroxamic
affect the binding of hydroxamic acids, especially BHA. It acid group of SHA is located in the distal cavity and is
should be noted that the spectra were not affected by iodidehydrogen-bonded to His56, Arg52, and Pro154 (Figure 3).
(not shown). This is explained by the fact that the iodide The additional hydroxyl group of SHA relative to BHA does
binding site is at the entrance of the access channel on thenot form hydrogen bonds with any amino acid residues in
distal side of the heme3{) and is distinct from the binding  the heme cavity. The distance from the heme iron to the
sites for aromatic donor molecules. Furthermore, the differ- center of the aromatic rings§ for the ARP-SHA complex
ence spectra for cyanide-ligated enzymes coincided withis similar to that for the ARPBHA complex 38) (Table
those for the resting enzymes. 3).

Location of SHA in the Acte Center of ARP Determined The dihedral angle between the aromatic ring of BHA or
by X-ray Crystallography and MDThis X-ray analysis =~ SHA and the heme plane in the X-ray analysis was about
determined the crystal structure of the ARBHA complex 16—18° (Table 4)? This inidicates that the aromatic rings
at 1.9 A resolution. The difference Fourier map (Figure 2) are nearly parallel to the heme plane, and the benzene rings
exhibits significant electron density, which clearly indicates of BHA and SHA are close to C18-Gibf the heme plane
the conformation and orientation of SHA. This map also (Table 4 and Figure 4), which was first found in the HRPC
shows the location of a solvent molecule at the distal side BHA complex by means of NOE3( 11).

of the heme iron. It was reported that in the MPESHA complex, the SHA
The mode of SHA binding to ARP is shown in Figure 3. molecule displaces three of four water molecules from the

Comparison with the structure of the ARBHA complex distal heme pocket of the native enzyn3d) In the ARP-

(39) reveals that the location of SHA in the active site is SHA complex, six water molecules (W417, W624, W625,

similar to that of BHA. The SHA molecule is located in the W626, W675, and W723) were replaced by one SHA

cavity on the distal side. The aromatic ring of SHA is

accommodated in a hydrophobic region created by the 2|, the previous studydg), the dihedral angle between the heme D

heme pyrrole ring D and nearby hydrophobic amino acids ring and the aromatic ring of BHA was calculated to I5e 9




Binding of Aromatic Donors tdA. ramosusPeroxidase Biochemistry, Vol. 38, No. 39, 19992563

Ficure 3: Closeup view of the environment of the heme group in the ARAA complex obtained by X-ray crystallography viewed
parallel to the heme plane.

Table 3: Distances between the Heme Iron and the Atoms of SHA and BHA Obtained by X-ray Analysis, NMR Relaxation, and Molecular
Dynamics

distance (A) from the heme iron
C1 c2 C3 C4 C5 C6 06 C7 o7 N7 08 @P

line substrate technique H22 H3?2 H42 H5?2 H62 H72 H8?
1 BHA X-ray® 6.6 7.6 8.8 9.1 8.3 7.0 - 54 4.9 53 4.4 7.8
2 BHA X-ray® - 7.6 9.7 10.1 8.8 6.5 - - - 6.0 35 -
3 BHA NMR¢ - 8.3 10.1 10.3 10.1 8.3 - - - - - -
4 BHA MD¢ 9.2 9.5 10.5 11.9 11.6 10.3 - 7.9 7.9 6.8 55 10.5
5 BHA MD¢® - 8.9 11.3 12.9 12.4 104 - - - - - -
6 SHA X-ray 6.9 7.8 9.1 9.5 8.9 7.6 7.1 5.6 5.1 5.3 4.4 8.2
7 SHA X-ray - 7.8 10.0 10.7 10.0 - - - - 6.2 35 -
8 SHA MDe 8.5 9.0 10.4 11.4 11.0 9.7 9.7 7.2 7.3 6.2 5.0 9.9
9 SHA MDe - 8.5 10.8 12.4 11.8 - - - - 6.4 4.5 -

aData concerning hydrogen atoms are expressed in italic nunthgmdenotes the center of the benzene ringaken from Itakura et al.38)
and this paper. The italicized numbers are for the distance between the heme iron and the hydrogen atoms attached thTakatorfrom
Sakurada et al.g). ¢ Obtained via the MD procedure as described in Materials and Methods.

molecule, and two water molecules (W416 and W686) were Table 4: Dihedral Angles and Distances between the Benzene Ring
shifted to W465 and W365, respectively (Figure 4). W365 of Donors and the Heme Plane, or His56
in the complex lies between the distal histidine and the heme dihedral angle disfancé_(_A)

iron; the W365-iron distance is_2.8 A. W365 is connected donor technique (deg) i i v
to O(9) of the SHA molecule via a hydrogen bond. BHA X-ray® 18 41 67 33 27
The binding of BHA or SHA to ARP was also examined BHA MD4 32 6.7 7.6 48 43
by the MD method under various conditions as described in gm ;\;—IB%W %g g-g ?I 2-2 %é
Mate_rlals and Me_th_ods. One of thesg conditions yielded the hydroquinone  MD 12 42 75 48 41
locations most similar to those obtained by X-ray analysis p‘cresol MD! 18 38 6.4 45 41
(Table 3), but the locations of both the BHAand SHA- mcreSC}' mg 113‘51 2(7) i'é ;% g-g

H 0O-Creso . . . .
ARP complexes evaluated by MD are shifted outward as ¢ ol MD 7 39 62 35 26

compared with the X-ray structures. Therefore, the distances

- - . aDihedral angles between the heme plane and the benzene ring of
O(7)—Arg52 Ne, N(8)—Pro154 O, and O(9)His56 Ne were substrates? i represents the distance between the center of the donor

too great for the formation of hydrogen bonds. This dis- penzene ring and C18Hii that between the oxygen atom of the
crepancy may be due in part to the lack of stabilization hydroxy group of the donor and the center of the pyrrole D ring, iii
energy that involves hydrogen bond formation, which was that between the oxygen atom of the hydroxy group of the donor and
disregarded in the MD procedures. the oxygen atom of Fé&=0, and iv that between the oxygen atom of

. . . the hydroxy group of the donor and thes Nf His56. The spatial
Location of Phenol Analogues in the AetiCenter of ARP position of the ferryl oxygen atom of ARP was estimated on the basis

As Examined by MDThe p-cresol and resorcinol complexes  of the Fe-0 distance in CCP’s X-ray coordinates?). © Obtained by
of ARP were analyzed by X-ray analysis in a manner similar X-ray analysisd Obtained via the MD procedure as described in

to that used for the ARPSHA and ARP-BHA complexes. Materials and Methods.

The aromatic donors, however, were not found in electron

density maps most likely due to the low affinity of these locations of these compounds on the enzyme by modeling
compounds for ARP (Table 2). Therefore, we studied the and the MD method. The aromatic donors that were used
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Ficure 4: Closeup stereoview of the superposition of the models of the SHA-bound form and the native form. Balls and sticks represent
the residues and the heme group of the SHA-bound form, and the thin bonds represent the three residues (R52, H56, and P154) in the native
form. Large circles represent the water molecules in the native form that are replaced by the SHA molecule, while two small circles (W365
and W465) represent the water molecules found in the SHA-bound form. Possible hydrogen bonds involving SHA are depicted as broken
lines. The hydrogen bond distances are as follows: ©4Fy52 Ne, 3.3 A; N(8)-Pro154 O, 2.9 A; O(9)His56 Ne, 2.7 A; and O(9)

W365, 2.6 A. The FeW365 and Fe-O(9) distances are 2.8 and 4.3 A, respectively.

Table 5: Distances between the Heme Iron and C or H Atoms of Aromatic Dbnors
distance from the heme iron (A)
C1 Cc2 C3 Cc4 C5 C6 o1 04 o3 M2 M3 M2 @°

substrate technique H2d H4d H5d Hed
hydroquinone MDB 6.3 6.3 6.8 8.5 6.5 7.5 5.5 9.7 — - - - 7.4
p-cresol MDD 6.1 6.2 7.4 8.5 8.4 7.4 53 - — 9.9 — - 7.3
m-cresol MDD 8.9 9.5 10.8 11.5 10.7 9.5 7.8 — — — 11.7 - 10.1
o-cresol MD 4.2 4.4 5.7 6.5 6.3 5.2 34 - — — — 4.0 5.3
resorcinol MO 5.7 6.2 6.5 7.6 8.1 7.5 49 - 8.5 - - - 6.9
resorcinol MO - 6.5 - 9.6 8.1 6.0 - - - - - - -
resorcinol NMR — 9.2 — 9.4 10.0 9.4 - - — — — — -

2The structures of ARPdonor complexes were obtained by MDM denotes the C atom of the methyl grodg denotes the center of the
benzene ring? Data concerning hydrogen atoms are expressed in italic nunfi@kained via the MD procedure as described in Materials and
Methods. Indicating that either one is the cas®.(

include hydroquinone, resorcinop-cresol, m-cresol, and An NMR relaxation experiment was performed only for
o-cresol. MD data, including the distances from the heme resorcinol as a representative. Comparison of the MD data
iron to the carbon and oxygen atom, and the centers of thewith the NMR data (Table 5) shows that the H4 value
benzene rings of these donors derived by MD procedures,obtained with MD is similar to that obtained with NMR,
are listed in Table 5. The dihedral angles between the but revealed that those for H2 and H&& A closer to the
benzene rings and the heme plane are listed in Table 4. It isheme iron.
interesting that the dihedral angles of these five donors vary  pifierence NOE spectra were obtained with various
from 7° (resorcinol) to 35 (m-cresol). On the basis of these jradiation powers applied alternatively to the heme methyl
results, we hypothesized that these small donors enter théyrotons and offset position, and intensity differences in the
crevice with various binding modes. protons of aromatic donors at various irradiation times10
Determination of Protorlron Distancesvia an NMR 500 ms) were observed. The difference NOEs were observed
Relaxation ExperimentPreviously, we used the NMR on the protons of aromatic donors irrespective of which heme
relaxation method to determine the distances from the hememethyl protons were irradiated. These results indicate that
iron to protons of aromatic donors bound to HRRSL The there is a nonselective spin diffusion between protons in the
proton—iron distances in ARPdonor complexes obtained ARP-—resorcinol complex, but the contribution of this
by a similar method are listed in Tables 3 and 5. As seen in nonselective NOE was less thélg of that of the selective
Table 3, the NMR relaxation data generally agree with those NOE generated by irradiation at the 87 ppm resonance (peak
of X-ray analysis of the ARPBHA complex, except an a). We concluded that these results were valid for the
approximatef 2 A difference in the H6 of BHA. The  qualitative assessment of the proximity between heme methyl
proton—iron distances of the complex obtained by X-ray and aromatic donors. Peakwas assigned tentatively to
analysis are similar to those obtained by MD (lines 7 and 9 3-methyl protons 37) following the assignment tcC.
in Table 3). cinereusperoxidase3l). Nevertheless, the results presented
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Table 6: Reduction Rate Constants of Cpd | and Cpd Il of ARP
and HRPC for Reduction by BHA, SHA-Cresol, and Resorcinol

ke x10°6(M~1s7?) ks x 106 (M~1s?)

substrate ARP HRPC ARP HRPC
BHA 23+0.2 5.2+05 1.1+ 0.1 3.0+ 0.1
SHA 9.2+04 1.4+0.2 3.19+0.03 1.2+0.1
p-cresol 3.9 42420 noe 1.06+ 0.0
resorcinol 1% 8.0+ 0.9 nd° 0.3524+ 0.003'

aMean values of two experimentsValues reproted in ref2. ¢ Not
determined? Values reported in reb5.

here for NOE are inconsistent with the findings that the
protons of BHA 87) and SHA (Figure 3) are closer to the
8-methyl than to the 3-methyl protons of the heme. Most
likely, this is due to erroneous assignment of paakbtained

Biochemistry, Vol. 38, No. 39, 19992565

complex B9), the ARP-BHA complex @38), and the
HRPC-BHA complex (L7), have been reported. The results
presented here for ARPSHA were compared with the
previous findings. The similarity of the ARFSHA complex

to the ARP-BHA complex @8) is clear. Both the aromatic
rings are 79 A from the heme iron, the distance for SHA
being approximately 0.55 A greater than that for BHA, and
both are surrounded by hydrophobic amino acid residues at
the entrance of the heme cavity. Both hydroxamic acid side
chains extend inside the cavity, forming hydrogen bonds with
His56, Arg52, and Pro154. The aromatic rings of BHA and
SHA are nerely parallel with the heme plane, the dihedral
angles being approximately 17The dissociation constants
of the complexes also are similar to each other; both are on
the order of millimolar.

for C. cinereusperoxidase because the amino acid sequences The mode of BHA binding to HRPCL{) is similar to
of the two peroxidases are identical except for an additional that of SHA in ARP-SHA and that of BHA in ARP-BHA.

N-terminal Gly inC. cinereusperoxidase. The same tech-
nigue was applied to give a result consistent with the
assignment of 8-methyl proton8)(

In HRPC-BHA, BHA forms hydrogen bonds to the catalytic
histidine and arginine residues (His42 and Arg38) at the distal
side of the heme and to the three-dimensionally conserved

and Other Aromatic Donors with Compounds | and Il of
ARP and HRPDue to the high-affinity binding of BHA to
HRP (8) and its inhibitory action on the oxidation of
guaiacol b9), BHA was considered a competitive inhibitor
of HRP. However, it was also reported that BHA was
oxidized in addition to the usual donor molecules during
catalysis of HRP §0) and lactoperoxidases9). In 1981,
Aviram (60) reported theks value for HRP, but this value

located just above the heme iron in HRPBHA as is the
case in ARP-SHA and ARP-BHA, and the wateriron
distance in HRPEBHA (2.6 A) (17) is comparable to that

in ARP—SHA (2.8 A) and that in ARP-BHA (2.7 A) (38).

Nevertheless, the mode of binding of BHA to HRPC

differs from that of SHA or BHA to ARP in the following
ways. (i) The hydrogen bond partner of the carbonyl oxygen
of the aromatic donor molecule is the;Mtom of Arg38 in

was obtained with steady-state measurements, based on theRpC-BHA, whereas it is the Natoms of Arg52 in ARP-

assumption thak, > ks. In the study presented here, the
reduction rates for HRPC cpd Il and ARP cpd Il with BHA

SHA and ARP-BHA. (ii) The water molecule closest to
the heme iron atom is hydrogen-bonded to the carbonyl

and SHA were obtained using a stopped-flow method (Table oxygen atom of BHA in HRPEBHA, but in ARP—SHA

6). The reduction ratesk{) of HRP cpd | and ARP cpd |
with BHA and SHA were also measured (Table 6). For a
comparison, the reduction ratds &ndks) of cpd | and cpd

and ARP-BHA, this water molecule is hydrogen-bonded
to the hydroxamic hydroxyl groups of SHA and BHA.
The structure of the ARPBHA complex is similar to that

Il'with p-cresol and resorcinol are included in Table 6, of the HRPG-BHA complex, whereas binding of SHA to
although these data were obtained under slightly different ARp (Figure 3) or MPO39) is different. The distances from

conditions.

The k; and ks values for BHA and SHA had a similar
order both for ARP and for HRP, indicating that the> ks
assumption is not correct for these donors. khend ks

the heme iron to the atoms of the benzene ring aré &
shorter in MPG-SHA than in ARP-SHA, indicating that
the SHA molecule is more deeply embedded in the center
of the pocket in MPG-SHA. The C1C7 bonds are rotated

values for ARP are greater in SHA than in BHA, and the 18 with respect to each other in the two complexes; SHA
reverse is found in HRP. Similar results were obtained for \ings to MPO displacing three waters, one of which (W1)
k; andks values measured witprcresol and resorcinol. The s positioned most closely to the heme iron. The addition of
k; andks values for ARP with resorcinol were larger than gHA to ARP displaces two water molecules (W365 and
those withp-cresol, and the relative magnitude was reversed \y465), W365 being closer than W686 to the heme iron (2.8
for HRP values. An additional hydroxyl group in SHA and Ry

resorcinol may contribute to this phenomenon, although the  “The jron-water distance in the ARPSHA complex is
exact cause is not clear. In contrast with the results for BHA 5 g & \which is longer than the usual Fgand distance.
and SHA, thek, values forp-cresol and resorcinol were |, the case of the HRPEBHA complex, the Fe-water
found to be 26-40 times greater than the values for HRP.  istance in the crystal is 2.6 A7), and a 6¢-HS heme is
The inhibitory action of BHA on the oxidation of guaiacol  t5rmed in the solution and in the crystd1). It should be
catalyzed by HRPC and ARP was tested with a steady-stateygted, however, that the accuracy of the distance between
method 66). Plots of the activities revealed that the the heme iron and the ligand is generally limited (about 0.2
concentrations of BHA causing half-inhibition were ap- &) More quantitative studies of the correlation between the

proximately 15uM for ARP and approximately 56M for
HRPC.

DISCUSSION

To date, only three X-ray crystallographic analyses of
aromatic donor complexes with peroxidases, the MISBIA

distance and the electron structure for a given ligand are
needed.

Itis generally accepted that the structure of protelonor
complexes will be most exactly elucidated by X-ray crystal-
lography, but it is impossible to apply this method for
proteins in which crystallization rarely occurs and with low
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affinity for the substrate. MD calculations are used to provide
structural models for those systems for which X-ray char-
acterization is not possibl&3, 64). This method has already
been applied to the structural models of cytochrome
peroxidase®b), and the MD-derived structure was compared
to the structure determined by X-ray crystallography. In this
study, we used the MD method to study the AFBHA and
ARP—SHA complexes and to determine the conditions
which provide reasonable locations for BHA and SHA. On

Tsukamoto et al.

resorcinol complexed with ARP in solution.

The ARP form that was used was the resting state and
not one of the intermediates (cpd | and cpd 11). It is likely,
however, that the structure of the substrate binding site in
the latter is similar to that in the native enzyme, because the
tertiary structure of the enzyme is not influenced by the
formation of the oxyferryl group, as seen in the cyanide-
binding form of ARP 84) and in the cpd | form of CCP
(71). In addition, the dissociation constants of the aromatic

the basis of the resulting conditions, we attempted to predict substrates were found to be a few millimolar, being similar
the location of the five phenols on ARP. This study with to the Michaelis-Menten constants7}. Therefore, it may
BHA and SHA shows that MD procedures could provide be reasonable to assume that the electron transfer to the heme
results comparable to those of X-ray analysis (Table 3). We iron may occur essentially from the binding sites mentioned
found that the benzene rings are trapped by the sameabove, although donor molecules with a high kinetic energy
hydrophobic amino acids at the entrance of the heme cavity, are thought to oscillate strenuously at approximately equili-
whereas the distances from Fe to the center of the rings ofbrated positions.
m-cresol ando-cresol ae 2 A longer ad 3 A shorter, Electron transfer reactions can be described by the
respectively, than those of BHA and SHA. As for the dihedral semiclassical Marcus theory@ 41), which can be sum-
angle between the benzene ring and the heme plane, the fivenarized, for reactions between two centers held in a fixed
donors showed values ranging frortd 35°, indicating that distance, by the equation:
each donor can occupy a unique attitude in the heme cavity.
These findings suggest that, in contrast to BHA and SHA | _ 4_712H 2 1
molecules, the aromatic donors have significant freedom of ket = h  AB (4niR1)1/2
movement in the heme cavity. This could be related to the
fact that peroxidases in general exhibit low substrate wherekg is the rate constant of the electron transfer reaction,
specificity. AG®° is the standard free energy change for the electron
The distances between the heme iron and protons of thetransfer,Hag is the electronic coupling between the redox
aromatic donors or the peptide amino acids were estimatedcentersh is Planck’s constant, antistands for the nuclear
by the NMR relaxation method3( 53, 66). In this study, reorganization energy which is defined as the energy required
we compare these results with those of X-ray crystallographic to distort the equilibrium geometry of the reactant state into
analyses. The data presented in Table 3 demonstrate that théhe equilibrium nuclear geometry of the product state without
results of the two methods agree to within 1 A. The slight electron transfer.
difference in the distances between the heme iron and the In the reaction between cpd Il and a donor molecule, an
protons of substrates may be ascribed to the use of theelectron in the HOMO of the latter is transferred to the
Solomon-Bloembergen equation under the assumptions of LUMO of the heme of the former. The HOMO electron is
isotopic paramagnetic susceptibility and Boltzmann electron practically 2pr electrons of hydroxyl oxygen atoms of the
energy distribution§3, 67). In addition, the effect of zero-  aromatic donorsg5), and the LUMO acceptor is considered
field splitting on the paramagnetic relaxation should not be to be the &—ps orbital formed between the Fe and O atoms
disregarded@8—70). in cpd Il (72). The MO energy of the latter has recently been
As mentioned, the results obtained by means of NMR calculated by Density Functional Calculation to-b8.4 eV
relaxation experiments closely agreed with those of X-ray (72). On the other hand, the HOMO energies of phenols were
analysis in the case of hydroxamic acids. However, there not calculated by this method, but we have the results
was a serious disagreement between the NMR data and thebtained by ab initio calculation methodss). The difference
MD data for resorcinol. MD predicted that H6 in resorcinol in energy at these levels should be related to the values for
is 0.5 A closer to the heme iron than was H2, and NMR AG?° in eq 13. The rate constaky; is also affected byHag
demonstrated that H2 is approximately 0.2 A closer to the which is a function of the distance between and orientation
heme iron than H4/H6 (Table 5). This suggests that resorcinol of the redox centers. As shown in distance iii in Table 4,
adopts a revised orientation with respect to the heme. It the distances between the hydroxyl oxygen atoms of aromatic
should be noted that the distanceés calculated from an  donors and the oxygen atom of =0 are on the order of
observed average relaxation rate of H4 and H6, and this rate3—6 A. These distances are shorter than those of CCP or
is proportional to the average of the r()f/for each proton. cytochromec system 21).
Therefore, the distance to H4/H6 determined by NMR should It is noteworthy that the dihedral angles between the heme
be considered that from the closest adjacent proton. Misas-plane and the benzene ring of phenols vary greatly (Table
signing H2 for H4/H6 is unlikely, and it is clear that H2 4). This implies that these small substrate molecules can bind
relaxes fastest in the presence of ARP and slowest in theto the enzyme in various orientations and that a condition
absence of ARP. This indicates that H2 is positioned most where there is a small dihedral angle with respect to the heme
closely to the heme iron. On the other hand, MD prefers an plane is not necessarily a prerequisite for a high rate of
orientation which has more hydrogen bonds in the complex. electron transfer.
The reversed orientation is rejected on the basis of an It is well-known that peroxidases have various substrates
estimation of stabilized energy. Although further study is (1, 2). We previously reported that lolgs values for an
needed to explain these inconsistencies, it is possible thatanalogue of phenols and anilines correlate well with the
MD is not accurate enough to discern the orientation of HOMO energy levelsg5). Because HOMO energy is related

exp[-(AG® + 1)4IRT] (13)
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to redox potentials and factors, the correlations of these
values for analogues of phenols and indoleacetic acids with
log k, and logks have also been reporte@Q 73—75).

In the reaction between cpd | and a donor molecule, an
electron in the HOMO of the donor molecule is transferred

to the LUMO in the heme of cpd I. The ground state of cpd  17.

| is the a, sr-cation radical state*f\,,) with a total spin of
3/, localized to the porphyrin ringS= %,) and the F&=0
center 6= 1). The LUMO isp spin g, with —8.4 eV. This
is approximately 5 eV lower than the LUMO of cpd Il in

formed by the 2@ orbital of the hydroxyl oxygen and the
apy Orbital that covers the heme plane. These orbitals are in

them is 3-6 A as shown in Table 4.

Special attention should be given to the distance between
the hydroxyl oxygens of the donors and the His56 of the
enzyme because modification of His42 of HRPC (which
corresponds to His56 of ARP) inhibits the reactiaf6)(
Although it has not yet been confirmed that the electron
transfer from the donor to the LUMO of the heme is
mediated by His56, it is interesting to note that these
distances are found to be of an order similar to those
described above (Table 3) and that the electron transfer from
iodide to F&=0 of ARP seems to be mediated by His56
and hydrogen tunneling3p).

A quantitative study based on the spatial distributions of
donors in the active center of ARP will lead to furthering
our understanding of the electron transfer mechanism of
peroxidase reactions.
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