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ABSTRACT. Ascorbate peroxidase is a bifunctional peroxidase that catalyzes@®weddpendent oxidation

of both ascorbate and various aromatic substrates. The ascorbate binding site was recently identified as
being close to the-heme edge [Sharp, K. H., Mewies, M., Moody, P. C. E., and Raven, E. L. (2003)
Nat. Struct. Biol. 10303—307]. In this work, the X-ray crystal structure of recombinant soybean cytosolic
ascorbate peroxidase (rsAPX) in complex with salicylhydroxamic acid (SHA) has been determined to
1.46 A. The SHA molecule is bound close to hdaeme edge in a cavity that connects the distal side of

the heme to the surface of the protein. There are hydrogen bonds between the phenolic hydroxide of the
SHA and the main chain carbonyl of Pro132, between the carbonyl oxygen of SHA and the side chain
guanadinium group of Arg38, and between the hydroxamic acid group and the indole nitrogen of Trp41.
The structure provides the first information about the location of the aromatic binding site in ascorbate
peroxidase and, together with our previous data [Sharp, K. H., et al. (20&3)Struct. Biol. 10303—

307], completes the structural description of the binding properties of ascorbate peroxidase. The mechanistic
implications of the results are discussed in terms of our current understanding of how APX catalyzes
oxidation of different types of substrates bound at different locations.

The heme peroxidase enzymes (reviewed in fefg) substrate, and*Ss the one-electron oxidized form of the
catalyze the KHD,-dependent oxidation of a wide variety of ~ substrate).
substrates, in most cases small organic substrates. They have
been classified on the basis of sequence homol&linfo
three types. Class | heme peroxidases contain the prokaryotic
enzymes, including cytochronmperoxidase (CcP)ascor- Compound H- HS— Compound IH-S" (2)
bate peroxidase (APX), and the gene-duplicated bacterial
catalase-peroxidases. Class Il contains the fungal peroxidase Compound Il+ HS— P+ S + H,0 ®3)

enzymes, including manganese peroxidase and lignin per- Much of the structurefunction work (—4, 6-8) on the

oxidase. Class Ill contains the classical secretory peroxidasesheme eroxidases has focused on Compound | formation (e
the most notable example being horseradish peroxidasel) ang a consistent picture of this step has emerged: t(hg
(HRP). Mechanistically, these enzymes are very well char- "/’ P P ged:

acterized: they share a common catalytic cycle that involves peroxidases have very similar heme active site structures that,

formation of a two equivalent oxidized intermediate, known Ik? ar:l callsets,chave betanl q?5|gnec<ij' tto slu ppor': fortmt?]thg oftj[he
as Compound I, followed by reduction of Compound | by igh valent Compound lintermediate. In contrast, the identity

substrate (eqgs -13, where P is peroxidase, HS is the of the sul_ostrate (egs 2_and 3) ve_1ries enarmously (it can t_)e
' ' a metal ion, an organic/phenolic substrate, or a protein

molecule), and it is this variety in substrate specificity, and
' This work was supported by The Wellcome Trust (Grant 063688/ not Compound | formation, that delivers the rich diversity

Z/01/Z to E.L.R.), the Engineering and Physical Sciences Research : ; ;
Council, and The Institute of Applied Catalysis (studentship to K.H.S.). of function across the peroxidase family. It follows that to
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"Imperial College London. features that define substrate specificity in the heme peroxi-
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ramosusperoxidase. has been slower to emerg@—<17), but is also because, in
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FIGURE 1: Structure of iron protoporphyrin IX, showing the Sa"cy'hggg’xamic Be”Zh’;‘i:gxamic Ferulic acid
nomenclature used in this work. This nomenclature is consistent
with that used in our previous wori2§).
some cases9( 12), the substrate is atypical and has not, OH OH O
therefore, provided the necessary generic insight. A lack of OMe @)J\OH
comparative substrate binding information, to allow connec- | |
tions to be made between different peroxidases, has also been
prohibitive. Guaiacol Salicylic acid

Within this wider framework, it was recently realized that FIGURE 2: (A) Structure of ascorbic acid. The&pvalues of the
ascorbate peroxidase (APX), which catalyzes th®H 2-OH and 3-OH groups are 11.3 and 4.0, respectivéB). ((B)

ot Structures of the various aromatic compounds discussed in this
dependent oxidation of ascorbate8{-20), has structural, paper. Salicylhydroxamic acid contains two acidic protons on the

functional, and substrate binding properties that places it alphenolic [K. = 9.8 33)] and hydroxamic acid [§. = 7.4 33)]
an important interface between peroxidases [a distinction thatgroups.

has been highlighted recentl21)]. Hence, the sequence of

APX is highly identical with the most prominent and well- EXPERIMENTAL PROCEDURES

characterized class | peroxidase, CcP, as well as with the

bacterial catalase-peroxidases. In addition to ascorbate, APX Protein Purification and Preparation of CrystalRecom-

is also able to catalyze the oxidation of a variety of aromatic binant soybean cytosolic APX (rsAPX) was prepared from
substrates [e.gp-cresol, guaiacol, pyrogallob-dianisidine, ~ Escherichia coliSG1300 (pREP4) by incorporation of a
and 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) PQE30-derived expression vector and purified as described
(ABTS)] that are typical of the class Il and class Ill previously 7). The final elution from the Nt —nitrilotri-
peroxidases A1, 22). In some cases, oxidation of these acetic acid agarose column (Qiagen) was carried out using
aromatic substrates is faster than oxidation of ascorbate itselfoH (4.2) rather than using imidazole, and the heme recon-
(18), and it is likely that this is linked to a physiological Stitution step was carried out and then left overnight rather
role, since there are high levels of phenolic compounds than over 15 min as described. Samples prepared in this way
presenin planta Altogether, the close sequence identity to €luted as a single band by SBBAGE and by FPLC using
CcP coupled with its bifunctional substrate specificity that a Superdex 75 HR 10/30 column. Purity was also assessed
mimics that of the class Il and Ill peroxidases makes APX using the ratio of absorbancies at the Soret and 280 nm peaks.
an exceptionally useful comparative model for our general For rsAPX, samples with afuo7/Azg Of greater than 2.0
understanding of substrate binding because it provides anwere considered pure. Samples20 mg/mL) were stored
overarching framework that encompasses many features thatn deionized water in 5L aliquots. Enzyme concentrations
have, so far, only been found separately. were determined using the molar absorption coefficient for

Itis only recently that detailed information about substrate 'SAPX [€a07 = 107 mM™ cm™ (27)]. Samples of rSAPX
binding in APX has appeared. The hypothesis that hasWere assayed (100 mM phosphate at pH 7.0 and 25)0
emerged is as follows28—25). There are two, separate against guaiacol using established protocﬁl@_@nd using
substrate binding locations. The first, close to jheneso &N €aro Of 22.6 MM cm™ (28). Data were fitted to the
(C15) position of the heme (Figure 1), is utilized by Michaelis—Menten equation.
ascorbate; the second is used primarily by aromatic substrates Crystals of rsAPX were prepared as described previously
(23), but its location is not known. We have recently (26). The best crystals grew te150 um in length and 75
determined the crystal structure of recombinant soybeanum in cross section. Guaiacol is too insoluble in water for
cytosolic APX (rsAPX) in complex with ascorbateg). The sufficiently high concentrations to be obtained in solution
structure has confirmed theheme edge as the primary site for soaking into rsAPX crystals. Guaiacol is soluble in EtOH
of oxidation of ascorbate and provides the first comparative or MeOH, but attempts to soak it (at various concentrations
rationalization of the different substrate specificities of APX in EtOH or MeOH) into the crystals resulted in cracking of
and CcP. In this work, we have identified the second, the crystals under all conditions that were attempted.
aromatic binding site by determining the crystal structure of Solubility can be improved by functionalization of the
rsAPX in complex with salicylhydroxamic acid (SHA, Figure methoxy group with the (more hydrophilic) hydroxamic acid
2). Together with our previous datag), this now provides group. In this case, it was possible to obtain crystals of the
a complete description of substrate binding in APX. rsAPX—SHA complex by soaking the crystals in a mother
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Table 1: Data Collection and Refinement Statistics for the
rsAPX—SHA Compler
data collection °
resolution range (outer bin) (A) 501.46 (1.511.46) 2
total no. of observations 310054 §
no. of unique reflections 43221 2
1ol 32.2(3.4) <
Rmerge (%0) 7.6
completeness (%) 99.2
refined structure
RWDI’k (Rfr(_ee)_ ) 0.155 (0185) " s n 1 L 1 L Ly
rms deviations from ideal 300 400 500 600 700
bonds (A) 0.011 Wavelength (nm)
angles (deg) 1344 Ficure 3: Electronic absorption spectra of rsAPX) and the
aThe crystal cell dimensions are as follows=b =82.77 A,c = rsAPX—SHA complex (- - -) (100 mM phosphate at pH 8.0). SHA

74.99 A. The space group Bh2:2. Refined coordinates and structure ~ absorbs strongly below 350 nm, and this spectrum has been
factors have been deposited with the Protein Data Bafikds entry truncated.

1VOH.
RESULTS

liquor solution containing 100 mM SHA (Aldrich, 99.0%)  The UV—visible spectrum of rsAPX/max = 407, 505,
for approximately 1 min. The SHA was dissolved by adding @nd 637 nm) and the rsAPYXSHA complex are shown in

1 M sodium hydroxide to the mother liquor to adjust the pH Figure 3. Addition of SHA leads to an increase in intensity
to ~10. The pH was then returned to 8.3 by adding and a red shift of the Soret band from 407 to 418 nm. New

hydrochloric acid. bands at 540, 580, and 630 nm appear. These changes are
consistent with the formation of a predominantly six-
Equilibrium Binding Constant€quilibrium dissociation coordinate heme derivative in the presence of SHA. A
constantsKq (100 mM potassium phosphate at pH 8.3), for binding constantky, of 8 + 1 uM was determined for the
the binding of SHA to rsAPX were determined using rsAPX—SHA interaction (100 mM phosphate at pH 8.3)
electronic spectroscopy according to previously published (data not shown). Binding of SHA to the heme will inhibit
proceduresZ9) by addition of known amounts of SHA to  peroxidase activity by competing with ,8,, which is
rsAPX (5 uM rsAPX). Additions of SHA were determined analogous to the binding of other strong ligands (e.g.,
gravimetrically. Binding constants were determined from cyanide). At high concentrations of SHA, thkg, value for
plots of fractional saturation versus free ligand concentration oXidation of guaiacol by rsAPX is onls50% of the value
according to pub“shed procedurﬁx_ On the basis of pH- observed in the absence of SHATo establish whether

dependent binding data, which show an increasé;imith binding of SHA is affected by the presence of other
pH that corresponds with thekg of the SHA, it has been substrates, the binding constaky, for SHA was determined
reported that only the neutral form of SHA bindB0¢32). in the presence of both ascorbate (25 mM) and guaiacol (25

Binding of SHA to rsAPX was also found to be pH- mM). In this case, th&q for SHA binding in the presence

dependent (not shown), and we have therefore correctedOf guaiaCOI incr_easesKQ = 32 & 2 M), but the corre-
binding data for ionization [, = 7.4 33)] of the hydrox- sponding value in the presence of ascorbate does not change

. . . . (Kg = 8 + 1 uM) (data not shown), indicating that guaiacol
amic acid group of SHA, as previously describég, (31). and SHA compete for the same site but that ascorbate and

_Reported values foKq are an average of at least wo SHA do not. When HO; is added to a solution of rsAPX

independent measurements. and SHA, there is no decrease in the SHA peak at 300 nm,
Data Collection and RefinemenRiffraction data were indicating that no oxidation occurs.

collected for the rsAPXSHA complex on beam-line ID14-4 The overall structure of rsAPX in complex with SHA is

at ESRF (Grenoble, France) using an ADSC Quantum-4 shown in Figure 4. Comparison with the structure of the

detector. Data to 1.46 A were collected over 4 &ftation ~ SHA-free enzymeZ6) shows that binding of SHA leads to

in 0.5° images. All data were collected at 100 K. Data NO major structural rearrangements of the enzyme (rms

collection statistics are shown in Table 1, and 5% of the deviation in G positions of 0.21 A). However, there is a

data were flagged for the calculation Bfee and excluded sl!ght adjustment of the side chain dihedral anglef His42

from subsequent refinement. The structure was refined from With respect to that of the rsAPX structure (not shown). The

a model derived from the 1.45 A rsAPXascorbate complex electron density for the SHA molecule in the region of the
(26) (Protein Data Bank entry 10AF) by the removal of heme group is unambiguous, allowing its position to be

bound ligand and water molecules. Several cycles of refine- I(:ggt]sg i\rll\”;hcg\r/?tcf;woar; ég:wgnuerstsél'zr.\e-rgsste?liﬁjem(;}ktar?lejlﬁelr?we
ment using REFMAC5 from the CCP4 suit@4f and y

. . : to the surface of the protein. The mouth of the cavity is
incorporation of solvent molecules gave a model with a

crystallographidR-factor for all data of 15.5% and

fy18 50/9 'I?h | density for SHA 0 Iéiﬁree q 2 Competitive inhibition experiments with rsAPX and ascorbate
0 -270. e electron density _Or Was_ clear and .0, in the presence of SHA were not carried out because SHA absorbs
unambiguous; the structure was incorporated into the lastintensely at the wavelengths used for ascorbate assays (290 or 260 nm).

cvcles of refinement. XTALVIEW was used throuahout  The corresponding experiment with guaiacol showed a change in both
y $5) 9 Km andkea. This may be due to the fact that both®4 and guaiacol

for manual adjustment, ligand fitting, and interpretation of e inhibited by SHA; these experiments were not pursued further,
water structure. therefore.
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Ficure 4: Stereo representation of the overall structure of the rsABMA complex, showing the heme with the proximal histidine
residue in black and the bound SHA in green. The loops defining the mouth of the binding pocket are highlighted in magenta. The loop
including Ala70 is shown directly above the SHA molecule; the loop including Asp133 is to the left of the SHA molecule, and the loop
including Ser173 is to the right. The atoms of the side chains of Ala70, Asp133, and Ser173 are also shown. This figure was prepared using

MOLSCRIPT ¢8) and RASTER3D 49).
QWA P132 o o
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Ficure 5: Stereoview of the rsAPXSHA complex, showing the heme (gray) and the difference electron density (green) for the SHA.
Hydrogen bonds are indicated by dashed lines (black). This figure was prepared using P$BIOL (

P132 W41 P132 W41

FiGure 6: Structure-based alignment of the rsAPXscorbate complex [yellow26)] and the rsAPX-SHA complex (orange). The residues
involved in binding of ascorbate (Arg172 and Lys30) and SHA (Pro132, Arg38, and Trp41) are shown in both cases. The heme is shown
in gray in both cases. The two hemes directly superimpose (for clarity, only one heme is indicated). Hydrogen bonds are indicated by
dashed lines (black). This figure was prepared using PyM&tl). (

defined by the loop incorporating Ala70, the turn including [pKa = 7.4 (33); Figure 2] of the hydroxamic acid group is
Asp133 and the region of Ser173, and the edge of the hemeoordinated to the heme iron at a distance of 2.1 A, which
these are highlighted in Figure 4. The polar side chains of is consistent with the electronic absorption spectra above.
Aspl33 and Ser69 extend into the solvent region. In the The SHA molecule is also able to hydrogen bond to the
rsAPX and rsAPX-ascorbate stucture2€), the equivalent  indole nitrogen of Trp4l (Figure 5). There are hydrogen
site is occupied by five well-ordered solvent atoms. bonds between the phenolic hydroxid&fp= 9.8 33)] and

The detailed structure of the rsAPXSHA complex inthe  the main chain carbonyl of Pro132, and between the carbonyl
region of the heme is shown in Figure 5. The phenolic group oxygen of SHA and the side chain guanadinium group of
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FiGure 7: Structure-based alignments of the rsAPSHA complex (orange) and (A) the HRIBHA complex (dark greenl3), (B) the
ARP—BHA complex (blue;15), and (C) the ARP-SHA complex (light blue38). The residues involved in binding of the substrate for the

HRP (Prol39, His42, and Arg38) and ARP (Prol54, His56, and Arg52) structures are overlaid with the corresponding residues in the
rsAPX—SHA structure (Pro132, His42, and Arg38, respectively). The heme is shown in gray, and the two hemes directly superimpose in
all cases; for clarity, only one heme is indicated. Hydrogen bonds for the-HBRIA, ARP—BHA, and ARP-SHA structures are represented

by dashed lines (black); hydrogen bonds for the rsAFSKIA complex are omitted for clarity, but are according to Figure 6. This figure

was prepared using PyMOI50).

Arg38 (Figure 5). Pro132 and Arg38 are conserved in all (separation of 3.4 A) and makes a shallow angle-45°
APXs examined so far3g) as well as in other peroxidases with the plane of the heme, and it overlaps with theeme

(5). Trp41 is conserved in all but two APX8esembryan-  edge (C20 position) and the 8-Me group of the heme. The
themum crystallinunAPX and a membrane-bound enzyme Ca and @3 atoms of Ala70 are within van der Waals distance
from spinach which contain Phe at this posifjor\ithough of the SHA &3.5 A, Figure 4). Figure 6 shows an overlay
Ne of the distal histidine (His42) is 3.0 A from the phenolic of the rsAPX-ascorbate26) and rsAPX-SHA structures;
oxygen of SHA, the geometry is poor for formation of a this clearly highlights the different binding locations of the
hydrogen bond between His42 and SHA. The aromatic ring SHA and ascorbate close to thie and y-heme edge,

of the SHA molecule is almost parallel to the heme respectively.

% In addition, these are also the only APXs examined so far that do DISCUSSION

not contain Trp at position 179 (replaced with Phe); they also lack one . L - .
of the residues required for ascorbate binding (Rt7dle for M. The identification of an ascorbate binding site close to the

crystallinumand K30— D for the spinach enzyme). y-heme edge26) was counter to established thinking in
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Ficure 8: Proposed proton transfer pathway using Arg38. Water molecules are shown as red spheres, and hydrogen bonds are represented
by dashed lines. The OH group orf 6f ascorbate (Figure 2) is indicated. This figure was prepared using PyNMQL (

which substrate binding and oxidation at thédveme edge  the heme iron is via a water molecule (compared to through
had been widely assumed. However, most APXs that havethe hydroxyl group of the SHA in rsAPX) and the proline
been identified so far are also functionally competent for carbonyl interacts with the NH group of the hydroxamic
oxidation of aromatic substrates, and in some cases, oxidatiorgroup (compared to the phenolic group of SHA in rsAPX).
of aromatic substrates occurs at a rate comparable to the rat@together, the bound ligand for the HRP and ARP structures
of oxidation of ascorbate itselil8, 22). The identity of this is displaced by approximately a bond length from the binding
second substrate binding location was not known, but the pocket relative to SHA in rsAPX. It is possible that the
region close to thé-heme edge has been directly implicated additional hydrogen bonding interaction between SHA and
(23 24). Trp4l in rsAPX (Figure 5) is partly responsible for this

The data presented in this work now complete the ifference (Trp41 is replaced with a Phe in both HRP and
structural definition of the two binding sites in APX and  ARp).

confirm the d-heme edge as the binding site for aromatic
molecules. The structure is consistent with our steady-state " 2. . .
data that show that APX modified at theheme edge using OX|dat_|on of related aromatic _subst_rates in other _class I
phenylhydrazine retains:10% activity with ascorbate but ~ Peroxidases? Cytochronogeroxidase is knowr8) to bind

is inactive against guaiacol (data not shown). The structure @/0matic substrates at a different location compared to
also provides rationalization of the empirical observatii) ( cytochromec (40), and theo-meso heme edge has been
that salicylic acid (2-hydroxybenzoic acid, Figure 2) is a implicated @0, 41). This is consistent with our data because
(slow) substrate for APX with a possible rdteplanta For ~ the key hydrogen-bonding residues (Arg38, Trp4l, and
salicylic acid, coordination to the iron is not observéd)(  Prol32) are conserved in CcP (Arg48, Trp51, and Pro145,
but the main hydrogen bonding interactions between Pro132respectively) and because CcP contains a similar binding
and Arg38 (Figure 5) are still possible. pocket as identified in APX.

Comparison with Other Peroxidasem the following Mechanistic and Functional Implications light of these
discussion, we correlate these structural data with our currentnew data, and with the location of both the ascorbag (
understanding of substrate binding and oxidation in other and aromatic binding sites in APX now defined, it is
class I, class II, and class Il peroxidase enzymes. In Figure appropriate to correlate the new structural information with
7, we compare the rsSAPXSHA structure with the structures  fynctional data and to consider the broader mechanistic
of the HRP-BHA complex (L3) (Figure 7A), the ARP- question of how APX might most effectively deal with
BHA complex (5 (Figure 7B), and the ARPSHA oxidation of different types of substrates bound at different
complex @8) (Figure 7C). It is clear from Figure 7 that the |,cations. For ascorbate oxidation, our dz) Ghow direct
bjnding location of the substrate for all the structures is coupling of the heme to the substrate through the 6-propi-
S'm'lar. and clos_e to thé-heme edge. (We hote al_sc_) that  5hate and electron transfer to the heme is presumed to be
oxidation of guaiacol has been reported to be inhibited by facile. The data presented in this work show SHA to be in
the presence of BHAZQ), indicating that BHA also binds van der Waals contact with the porphyrirsystem, and for

ﬁt ctirr]c? (Seﬁng)%sr-\zsnmein?g?aclzrt]io/;}lzﬁ()at\l/ce‘i fﬁgesé(}?sgﬁea;r_aromatic substrates, we therefore assume that electron
bzn Igof a rolineg and between the distal arginine residue transfer is directly through the-orbitals of the porphyrin.
y b g Reduction of both Compound | and Compound Il by both

and the carbonyl of the BHA or SHA molecule; the distal :
histidine hydrogen bonds to the substrate in the HRP and ascorbate (at the-heme edge) and aromatic substrates (at
the 6-heme edge) also requires proton transfer (eg8)1

ARP structures, but not in rsAPXThere are other differ-

ences. For the HRP and ARP structures, the interaction with however, the mechanism of .proton transfer 1S no.t well-
developed for any heme peroxidase, and there is no informa-

4The distal histidine and arginine groups, and the main chain tion at all for APX. For ascorbate, oxidation of the (anionic,

carbony! of proline, are also involved in binding of ferulic acid to HRP Figure 2) substrate gives the protonated monodehydroascor-
(14). bate radical which is very acidic f = —0.45 for C-OH

Might this binding site be used more generally for
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(42, 43); Figure 2] and will rapidly deprotonate. A proton
transfer pathway from the ascorbate to a water molecule
bound to the heme iron is identified that involves Arg38
(Figure 8). (Proton transfer to His42 may subsequently occur
in solution, but the crystallographic data do not show a good
hydrogen bonding interaction between this water and His42.)
This distal arginine residue, which is known to be mobile in
CcP @4—47) and which is conserved across all peroxidases
(5), is also involved in binding of SHA in rsAPX (Figure
7), so might this residue also provide a conduit for proton
delivery for aromatic substrates bound at thbeme edge,
thereby providing APX with a common mechanism for
proton shuttling during oxidation of both types of substrates?
Clearly, this has yet to tested experimentally, but it would
be consistent with the idea that APX is a hybrid enzyme
that combines features that are characteristic of both class |
and class Il peroxidase2l) and with the suggestion that
Arg38 in HRP is involved in proton transfer during oxidation
of ferulic acid (L4).
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