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Brown algae, such aéscophyllum nodosurand Laminaria
digitata, have the ability to accumulate halogens, such as Br and |,
from seawater to an amazing extent. Haloperoxidases, enzymes that
incorporate halide ions into organic substrates witdHas a co-
reactant, are essential for the mediation of halogen uptakd
are involved in the biosynthesis of various halogenated natural
products? They contan a V cofactor in the form of vanadate,
which appears to interact with B, only, not with Br or the
organic substraté.The absence of coordination of Bito V is
well established by X-ray absorption spectroscopy (XAS) at the
vanadium K edgé.In Br K edge extended X-ray absorption
fine structure (EXAFS) studi€swhere Ascophyllum nodosum
bromoperoxidaseAnvBPO) was titrated with Br in the absence k (A1)
of H,0O,, it was reported that Br is incorporated in the enzyme
by formation of a covalent bond. This Br was proposed to be
bound to an amino acid in the active site, that is, a Ser residue
which is H-bonded to the vanadate, with implications for the
catalytic cycle. We have recently interpreted the EXAFS of a
number of relevant | and Br reference compounaisd demon-
strated that it is possible to distinguish the bond lengths between
halogens and $pand s@-hybridized carbons. This prompted us
to investigate the proposed reactive Br intermediat@rimBPO in
more detail.

Our experimental approach initially followed that described in
the literature, in which XAS spectra at the Br K edge were taken

of AnvBPO in the presence of varying amounts of Bup to 1 Figure 1. Experimental (solid) and simulated (dashed ters in Chart
. . . _ Figure 1. Xperimental (solid) and simulate ashed, parameters in al
molar equiv. We hardly detected EXAFS contributions character 1) Br K EXAFS (top panel) and phase-corrected ET (bottom panel) of (top

istic®7 of noncovalently bound, hydrated Bin our titration® The to bottom) BeTyr in BN (raw data), 1.3 mMAIVBPO in 50 mM Tris-HCI,
Fourier transform (FT) showed significant peaks up until ap- pH 9.0, and BrIBA in aqueail M KOH (Fourier-filtered 0.87.0 A).
proximately 6 A, which is exceptional for biological EXAFS. The

pattern of peaks reminded us of that characteristic of a phenyl ring  The enzyme has probably had opportunities to react with both
which is meta-disubstituted with halogehsnd indeed, a good Br~ and HO,, either during its translation and folding or under
match was found with the spectrum of 3,5-dibromotyrosine physiological circumstances in the alga. It is also possible that the
(Br,Tyr). It is unlikely that the enzyme would be able to use the €nzyme was halogenated during extraction and purification. If Br
Br~ added in the titration to incorporate it into its aromatic groups aPpears to be incorporated on Tyr residues of the enzyme, there
in the absence of ¥,. We therefore hypothesized that the Br was May have been opportunities for | to be incorporated, as well.
already incorporated in the aromatic groups in the enzyme at the Preliminary XAS experiments at the iodine L3 edge revealed that
start of our titration, to such an extent that its EXAFS signal the native enzyme indeed contain® Guided by the results for
dominated that of the Brthat had been added in near-equivalent Our reference compounds (Figure 1), we undertook simulations of
amounts. This hypothesis was confirmed by the result of a blank the AnvBPO Br EXAFS to determine whether the other halogen
experiment in which the Br EXAFS oAnvBPO was measured ~ atom in the brominated aromatic ring was Br or |. Following an
in the absence of added Brthe agreement with the results for ~approach described in detail elsewhéree simulated the EXAFS
Br,Tyr and the mixed halogen aromatic reference compound SPectra with the program EXCURVHsing distances derived from
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3-bromo-5-iodobenzoic acid (BriBA) is excellent (Figure 1). the crystal structué of the methoxy analogue of BFyr as
restraint&! for the ring atoms in the refinement. The results of the
! Radboud University Nijmegen. refined simulations (dashed lines in Figure 1, geometries in Chart
igﬁggﬁ?ggog'&‘;‘?i'ns‘ﬁggémry’ Oban. 1) for the BeTyr EXAFS are consistent with those of the crystal
#EMBL, Hamburg. structurell including the Be-Br distance (5.664 vs 5.672 A), while
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Chart 1. Distances (A) to the Br Absorber Atom Found in the structure were 16.5%R) and 21.9% Ryee), respectivelyt? At these
Refined Simulations for the Spectra in Figure 17 occupancy values, negative peaks almost disappeared from the
566 (0.006) 570(0.007) 5.85 (0.006) Fo—F electron density mapThe occupancy of the Br position in
! | i

Y398 remains very low+20%), in agreement with MS analyses,
where no halogenation of this Tyr was detected.

In conclusion, using a combination of experiments (EXAFS,
MS/MS of tryptic digests) and modeling (structure refinement), we
find that nativeAnvBPO contains Br in the surface Tyr residues
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41500117 | 504 4180007y [ 538 = 418(0002) ; b4 447 (frequently dibrominated) and 398 (rarely monobrominated).
463 (0.007) (0.011) 467 (0.002) (0.004) 4.68 (0.005) (0.011) These brominated Tyr residues are not likely to be reactive
2Left, BroTyr; middle, native AnwwBPO; right, BriBA. Atoms in intermediates in the catalytic cycle AfvBPO due to their location

parentheses were not included in the simulation. DetWaller-type factors at the surface and the nature of the-Biyr bond. | XAS reveals

as @2 (A?) in parentheses. Errors for first shell distances are 0.02 A, other . . S

distances are 0.05 A. I incorporation to a lower extent, which is not detectable by MS/
MS. Our results are an important correction to the iodinated Tyr

Table 1. MS/MS Analyses of the 438—454 Residues Tryptic and reactive brominated Ser residues that were proposed in earlier

Peptides from AnvBPO? crystallographi®? and spectroscogicstudies, respectively. The

MH*(obs.) (Da) ~ MH*(calcd) (Da) ~ AM(Da) peptide sequence reactive role of this Ser residue in haloperoxidases was already
1881.86 1881.77 0.09 GGDCYPDPVYPDDDGLK controversial because of a lack of both solvent accessiiktyd
2039.67 2039.57 0.10  GGDCYPDPVXPDDDGLK  an effect of mutation to Al&° In future work, we will address the

questions of the origin of this post-translational modification in
AnVBPO, of possible differences in enzymatic efficiency between
halogenated and nonhalogenate®@BPO, and of the halogenation
of algal vanadium haloperoxidases, in general.

ax = BraTyr.

the Br—I distance in BrIBA was somewhat longer (5.845 A), in

line with the larger atomic radius of I. F&nvBPO, the best fit ]
(Figure 1) was with Br in the meta-position and an optimum Acknowledgment. The European Union supported access to
occupancy of 90% of that of the ring atoms. Mixtures of Br and | the EMBL under Contract RII3-CT-2004-506008 (IA-SFS). We
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