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Abstract

Brown algal kelp species are the most efficient iodine accumulators among all living systems, with an average content of 1.0% of dry weight
in Laminaria digitata, representing a ca. 30,000-fold accumulation of this element from seawater. Like other marine macroalgae, kelps are known
to emit volatile short-lived organo-iodines, and molecular iodine which are believed to be a main vector of the iodine biogeochemical cycle as
well as having a significant impact on atmospheric chemistry. Therefore, radioactive iodine can potentially accumulate in seaweeds and can
participate in the biogeochemical cycling of iodine, thereby impacting human health. From a radioecological viewpoint, iodine-129 (**°I, half-
life of 1.6 x 107 years) is one of the most persistent radionuclide released from nuclear facilities into the environment. In this context, the
speciation of iodine by seaweeds is of special importance and there is a need to further understand the mechanisms of iodine uptake and emission
by kelps. Recent results on the physiological role and biochemistry of the vanadium haloperoxidases of brown algae emphasize the importance of
these enzymes in the control of these processes.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction sources are known [3]. Low levels of iodine are found in
soils, rivers, lakes and terrestrial plants. By contrast, oceans
are the major source of iodine in the geochemical cycle with
average concentrations of around 58 pg 1! iodine in seawater.
The global cycle of iodine involves intense exchanges in the
marine boundary layer (MBL) in which iodine is transferred
from the oceans to the atmosphere (Fig. 1). This process occurs
primarily by iodovolatilization, i.e. the direct emission of mole-
cular iodine (I;) and of volatile halogenated organic com-

The biogeochemical cycling of iodine has been recently
reinvestigated in the light of the importance of this element
for human health, hydrologic processes and radioecology [I,
2]. It is generally assumed that iodinated compounds are exclu-
sively of biogenic origin since no significant anthropogenic

Abbreviations: VHOC, volatile halogenated organic compound; MBL,
marine boundary layer; HPO, haloperoxidase; vHPO, vanadium-dependent
HPO; vCPO, vanadium-dependent chloroperoxidase; vBPO, vanadium-
dependent bromoperoxidase; vIPO, vanadium-dependent iodoperoxidase; MS,
mass spectrometry.
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pounds (VHOC), from the open oceans (mostly via phyto-
plankton) and coastal areas (mostly via macrophytic algae).
These compounds are thus considered as a major carrier of
gas phase iodine from the ocean to atmosphere, which in turn
supplies iodine in precipitation to marine and terrestrial envir-
onments [4,5]. Compared with marine ecosystems, much less
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Fig. 1. The global cycle of iodine mainly involves gas exchanges in the MBL with the atmosphere. The current state of knowledge indicates that coastal nucleation
events are driven by biogenic emissions that undergo rapid chemical reactions to produce condensable iodine oxides leading to nucleation and growth of new
particles. The primary source of the condensable iodine vapors is thought to be molecular iodine (I,). Photolysis or other processes lead to the formation of highly
reactive I° radicals and iodine oxides (I0), impacting the ozone layer. lodine is deposited on land or back into the sea by rain-falls or aerosols. The limited availability
of inorganic iodine on land conditions its incorporation in thyroid hormones by thyroperoxidase, leading eventually to some disorders.

information is available about iodine volatilization from terres-
trial environments, although it was recently reported that paddy
fields [6] and soil bacteria [7] contribute significantly to iodine
emission.

Iodine undergoes a complex chemistry in the atmosphere.
Both I, and iodocarbons are broken down by photolysis [8]
or other processes leading to the formation of highly reactive
I° radicals, thereby significantly influencing ozone cycling,
especially in the polar lower stratosphere [9]. A variety of
short and long lived iodine oxidized species are formed, some
as aerosol particles which eventually initiate cloud condensa-
tion and subsequent iodine fallout redistribution. On land, this
input represents an important source of iodine in the human
diet. This update on our knowledge of iodine biogeochemical
cycle has been recently reviewed [10,11], and indeed consid-
ered as a new research front in a dedicated issue of Environ-
mental Chemistry [12], because of the climatic incidences of
the phenomenon.

Since the discovery of iodine in kelps as a new chemical
element by Courtois in 1811 [13], these brown algae have
been a major source of this element. Hence, Laminaria species
are the strongest iodine accumulators among all living systems,
with an average content of 1.0% of dry weight in Laminaria
digitata, representing an accumulation of this element up to
10* times compared to seawater concentration [14]. A particular
class of peroxidases, the vanadium-dependent haloperoxidases,

was proposed to facilitate iodine transfers across biological
membranes and the halogenation of organo-iodine in macroal-
gae [15,16].

A combination of physiological, biochemical, structural and
chemical approaches should allow to confirm the basic mechan-
ism of iodide oxidation into hypoiodous acid and molecular
iodine. This mechanism requires constitutive apoplastic levels
of hydrogen peroxide of ca. 50 pM, which can be either main-
tained by active photosynthesis or in response to various stres-
ses. Mimicking such stresses by specific inducers such as oligo-
mers of alginate [17,18], the main kelp cell wall polysaccharide,
is of great advantage in deciphering the nature and the regulation
of these processes [19]. Then, in combination with a structural
characterization of the key enzymes, such as haloperoxidases
specific for iodide oxidation, and with an increased knowledge
about iodine chemistry in biological solutions, these studies
should provide new insights in the context of radioactive and
non-radioactive iodine cycling in the marine environment.

2. Speciation of iodine, seaweeds and ocean/atmosphere
exchanges

In seawater, dissolved inorganic iodine (ca. 0.5 uM) is
known to be mainly present as iodide (I') and iodate (I05")
ions in various proportions [20]. In the English Channel, iodide
and iodate concentrations are routinely measured at values of
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ca. 0.35 and 0.25 pM, respectively, with insignificant seasonal
fluctuations (Fievet et al., unpublished data).

Organic iodine compounds contribute, in a lesser extent, to
the global iodine budget in seawater. In open oceans, methyl
iodide (CH;I) appears to be the dominant iodine organic form,
with a mean concentration in the picomolar range [5]. Other
various alkyl-iodide compounds, such as ethyl-, propyl-
iodide, chloroiodomethane (CH,CII), bromoiodomethane
(CH,Brl) and diodomethane (CH,l,) also occur in seawater
and atmosphere [10,21]. Due to the high chemical reactivity
of these compounds in seawater, the different mechanisms
involved in volatile iodocarbons production still remain
unclear. The abiotic production of CH3l has been reported via
aqueous photochemistry [22,23] and more recently through
chemical oxidation processes, involving organic matter in sedi-
ments and soils [24]. However, the biogenic production of
mono- and polyhalogenated hydrocarbons by both phytoplank-
ton and marine macrophytes has been extensively investigated
through field and laboratory experiments [25-34]. In micro-
and macroalgae, VHOC production is known to involve halide
methyl transferases [35-37] and haloperoxydases, respectively
[38].

In the iodine biogeochemical cycle, large uncertainties still
remain in assessing global emission fluxes of volatile iodine
compounds at the sea-atmosphere interface. First reasonable
estimates of marine CHjl production from phytoplankton
range from 1 to 3 x 10° mol years*1 [5,39,40], whereas macro-
algal production of various iodocarbons (i.e. CHzI, CH,CII,
CH,Brl, CH,I,) has been found to be two orders of magnitude
lower [10]. In other reports, the global oceanic emissions of
CH,I, were of similar magnitude (i.e. from 3 to 6 X
107 mol years™') and comparable to those of CHsl [41,42].
Although microalgae are likely to produce polyhalogenated
compounds [33], CH,l, is mainly released from macroalgae
in coastal areas [43—45] and is even thought to be the main
iodine input into the MBL from the shore biota [46].

In coastal environment, brown macroalgae, and especially
kelps, are then considered as major contributors to the flux of
iodine in the MBL, by iodovolatilization, as reported by early
investigators [47-49] or the incorporation of iodine in VHOCs
[10,50]. The formation of iodocarbons by kelps was re-
investigated in the light of its relationships with oxidative
stress [51] and recently of its possible correlation with iodine
particle emissions to the atmosphere [19]. This latter study sup-
ports the hypothesis that biogenic molecular iodine is a major
source of coastal particle formation. Therefore, iodocarbon
emissions would contribute to the production of iodine oxides
in the atmosphere by processes that are distinct from iodine
particle formation. Even if the global significance of volatile
iodinated compounds production may be limited, since coastal
areas only represent ~0.5% of the total ocean surface [52], the
potential importance of iodine emissions from kelp beds for the
provision of condensation nuclei for coastal cloud formation
was recently highlighted (Fig. 1) [19,53,54]. These new aerosol
nanometer-range particles are believed to result from polymer-
ization and condensation of iodine monoxide (I0), the reaction
products of iodine with ozone, into higher oxides (OIO, 1,0s,

1,0y,...) ([53], for review [11]). The redox state and speciation
of iodine in aerosol is thought to play a key role in regulating
ozone destruction processes [55,56]. Large fractions of I, 103~
and organic iodine have been measured in small particle aero-
sols [57], indicating that abiotic iodine speciation processes
occur inside MBL particles, independently from algal photo-
chemistry.

3. Radioactive iodine in the marine environment

From the viewpoint of global iodine circulation, the intro-
duction of radioisotopes by human activities is likely to have
an impact on the environment [58]. Iodine has 33 radioactive
isotopes. The main iodine radioisotopes generated by human
activities related to nuclear energy are 'l (half-life of
8.04 days) and '*°I (half-life of 15.7 x 10° years). "*'I is a
fission by-product of uranium 235 generated in power plants
to produce electricity. Because of its rapid decay, it is also used
for medical purposes (diagnosis and radiotherapy). '*I is also
produced in power plants, its very long half-life making it the
major remaining iodine radioisotope of the nuclear fuel cycle
[59,60]. Other sources of radioactive iodine include medical
uses of '*'T and natural production of '*°I, fallout from atmo-
spheric nuclear weapon testing and major nuclear power plant
accidents (Chernobyl in spring 1986).

In 1999, '*°I controlled liquid wastes discharges by the
nuclear fuel reprocessing plant of COGEMA' La Hague in
the English Channel reached 1.8 TBq and remained above
1 TBq per year until 2004. Beside control samplings by
COGEMA, two brown seaweed species were periodically
sampled by IRSN” between 2002 and 2005 on the French
shores of the English Channel, and analyzed for '*°I mass
activities. In the vicinity (~ 5 km) of the pipe outlet of the
COGEMA La Hague reprocessing plant (Goury), ranges were
20-150 Bq kg ' dry weight (dw) in Fucus serratus and
80-740 Bq kg ' dw in L. digitata. From the point of release,
liquid wastes discharges dispersion towards the Eastern Eng-
lish Channel, according to hydrodynamics is well documented
(see [61] and references herein for details). In Brittany (Rosc-
off, Western English Channel), '*I was not detected
(<2 Bq kg dw) in F serratus whilst in the Straits of Dover
(Wimereux), values ranged from 5 to 21 Bq kg ' dw. Laminar-
iales are also exploited to extract alginates, and are used in
food industry and cosmetics, or directly in agriculture as ferti-
lizing agents. Transfer of radionuclides released in the marine
environment towards alginate extraction products was investi-
gated and the conclusions were that more than 95% of '*°I
present in the initial product (seaweed) were eliminated in the
end products [62,63]. In addition to their key roles in iodine
cycling in the marine environment, macroalgae are an impor-
tant feeding source for a number of marine herbivores [64],
thus representing a major initial trophic level in the food
web. A clear understanding of the metabolism of iodine in

' COGEMA : COmpagnie GEnérale des MAtiéres nucléaires (AREVA).
2 IRSN: Institute for Radioprotection and Nuclear Safety.
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brown algae as well as their possible labeling by radioactive
iodine from nuclear industry is thus needed.

4. Physiology of iodine transfers in a model species
L. digitata

4.1. lodine speciation and uptake in L. digitata

Iodine is known to accumulate in brown seaweeds in a con-
centration range which does not compare with other biological
systems [14,65]. Individual iodine levels in L. digitata sporo-
phytes from natural populations range from 0.3% dw in the
largest plants to a maximum of 4.5% dw in juvenile plantlets
[66]. These contents represent a 30,000—150,000-fold accumu-
lation of this element from seawater. In this perennial species,
iodine contents increase from the younger meristematic zone to
the older distal parts of the blade and from the stipe towards
the holdfast [67]. In the annual L. saccharina, however, iodine
appears to be translocated towards the meristematic zone [68].

In the Laminariales, ancient reports indicate that iodine is
mostly stored as inorganic iodine which amounts to 80-90%
of the total iodine content, the remainder consisting of the iodi-
nated amino-acids mono- and di-iodotyrosine [69—72]. Recent
investigations using anion-exchange chromatography coupled
to ICP-mass spectrometry (MS) confirmed that the most pre-
dominant inorganic iodine species present in commercial
brown seaweeds is iodide and also revealed the presence of
monoiodotyrosine and di-iodotyrosine in protein fractions of
the brown alga Undaria pinnatifida [73]. Moreover, X-ray
absorption spectroscopy (EXAFS’ studies have detected a low
iodine incorporation into Tyr residues of haloperoxidase from
Ascophyllum nodosum (see part 5) [74]. However, the presence
of iodide as the major form inside the cells implies that a huge
transmembrane electrochemical gradient exists (the membrane
is supposed to be polarized and negatively charged inside).
Therefore, understanding the transport mechanism responsible
for the net iodine uptake in Laminaria cells represents a real
challenge for physiologists. Whether iodide is homogeneously
distributed in the cytosol or trapped in internal cell structures
just displaces the question from the plasma membrane to
another intracellular membrane. According to early cytological
studies using cresyl blue stain, iodine is believed to be loca-
lized in non-specialized vacuoles in the blade cortical cells
and in phenolics-containing physodes in stipe cells [49,68,75].

In seawater, iodide spontaneously reacts with hydrogen per-
oxide to produce hypoiodous acid (HIO) and this oxidation
reaction is slow (Fig. 2) [76]. It was originally observed that
oxidation of iodide obviously occurs very efficiently at Lami-
naria cell surface [47-49]. Kylin (1929) proposed that an
“iodine oxidase” was responsible for the catalyzed oxidation
of iodine and that I, was finally taken up in the algae [49].
The key role of iodine oxidation in its uptake was pointed
out later by Shaw [71,72]. Indeed, both HIO and I, are more
lipophilic than I anion and may diffuse across the membranes
lipid bilayer. More recently, Kiipper et al. (1998) [14] con-
firmed that apoplastic oxidation of iodide increased iodine per-
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Fig. 2. Mechanisms of iodine uptake in L. digitata cells, involving vanadium-
dependent iodoperoxidase (adapted from Refs. [14,72]). The reduction
processes of HIO or I, in the cytosol are still unknown.

meability in Laminaria, and underlined the key role of
vanadium-dependent haloperoxidases in these processes. In
L. digitata the occurrence of such an enzyme, specialized in
the oxidation of iodide (see part 5), should explain its high
efficiency for iodine accumulation, as compared to other
algae [77,78]. The mechanism of iodine uptake in L. digitata
formerly suggested by Shaw [72] and refined by Kiipper et al.
[14] is depicted in Fig. 2.

This model deserves a few comments: The cell plasma
membrane must be impermeable enough to iodide to prevent
overleaking along the huge electrochemical gradient. The
iodine uptake mechanism must be efficient enough to counter-
balance iodide leaking and a little bit more to account for iodo-
volatilization as well as growth of the seaweed. Transformation
of seawater iodide into oxidized iodine species (HIO, I,)
increases its permeability and those oxidized forms may diffuse
across the plasma membrane, provided their chemical gradient
is favorable (as explained below in terms of chemistry and
thermodynamics). Therefore, maintaining this favorable inward
gradient is obviously a key issue to achieve iodine net uptake.
The concentrations of oxidized iodine forms outside the cell
are presumably low since they are in a chemical equilibrium
with iodide and to maintain the favorable inward gradient, the
concentrations inside must be kept lower. This means that
reducing iodine back to iodide into the cells must be very effi-
cient. In other words, each time an iodide leaks out of the cells
or is lost through iodovolatilization, an I, or HIO molecule
must enter the cell and be reduced to replace that departed
iodide ion and hence ensure homeostasis. Thus the question
arises as to whether the intracellular reducing capacity is suffi-
cient to achieve this mechanism.

4.2. lodine release by L. digitata

In response to various biotic and abiotic stresses, marine
algae are known to produce volatile halocarbons [19,34,50,
79]. When incubated in the presence of alginate guluronate
blocks L. digitata responds by a strong oxidative burst [17], a
challenge which likely mimics an alteration of the cell wall by
micro-organisms. In the presence of exogenously-added H,O,,
an increase in radioactive iodine efflux was observed [14], and
a net iodine efflux was also induced by oligoguluronate elicita-
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tion (Fievet et al., unpublished results). It was proposed that
both the oxidative burst and the concomitant iodine efflux
take part in the early defense responses by the algae. More
recently, these two oxidative stresses, as well as ozone or UV
treatments were shown to induce a release of volatile iodocar-
bons and of molecular iodine in L. digitata [19,34]. The libera-
tion of iodide ions outside the cells could detoxify hydrogen
peroxide and the presence of haloperoxidases in the apoplasm
could further catalyze the production of extracellular iodinated
organic compounds, capable of repelling micro-organisms
[37]. This appealing hypothesis (schematized in Fig. 3) raises
the question of the transport mechanisms which would mediate
this iodine efflux. Indeed the problem is no longer the accumu-
lation of iodine against a considerable gradient but on the con-
trary the subtle control of membrane permeability to let iodide
transiently leak out from the cell without depriving the pre-
ciously built cellular iodine pool.

Two complementary techniques may contribute to explore
the transport mechanisms of iodine in L. digitata. Unidirec-
tional fluxes measurements using iodine radioisotopes as tra-
cers were already used in many experiments [14,71]. They pro-
vided valuable information on the changes in membrane
permeability to iodine, and in particular on the effects of iodide
oxidation mediated by haloperoxidases. Indeed, turning poorly
permeable iodide into more permeable oxidized iodine results
in an increase of the overall iodine permeability, which is
reflected by an increased radioactive iodine uptake. But this
technique does not discriminate between an increase in net
iodine movements and an increase in the exchange rate
between radioactive iodine and stable iodine. Net iodine move-
ments could be calculated from the determinations of both uni-
directional iodine influx and outflux, as traced by radioactive
iodine under the same conditions. But this would require a very
precise knowledge of intracellular iodine concentration, which
is not easy to monitor. Another approach consists in measuring
net iodine movements directly by following iodine concentra-
tion in seawater, starting with a suitable ratio between the
external medium volume and the seaweed mass. Thus a
decrease in iodine concentration in seawater means a net
uptake and/or iodovolatilization by the algae. Conversely an
increase in seawater means a leakage of iodine by the algae,
whereas no change outside just means that iodine loss is just
counterbalanced by uptake. The combination of these two tech-
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1, 4-:\ ” _ass oxidative
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: I, + H,0 2
' .
I
efflux !

Fig. 3. Schematic representation of iodine releases in L. digitata cells, in
response to oxidative stress, showing iodide efflux, iodovolatilization and
iodocarbon production with the involvement of vanadium-dependent haloper-
oxidases. Org.: organic compound.

niques allows investigating simultaneously both iodine perme-
ability and iodine net transport across the cell membrane, and
should be completed as far as possible with measurements of
volatile halogenated compounds in both in seawater and in the
gaseous phase. Two experimental conditions may be consid-
ered: (i) control condition where the seaweed has to maintain
homoeostasis (uptake counterbalancing leak, iodovolatilization
and growth) and (ii) response to oxidative stress which is
expected to induce iodine movements and increase in the pro-
duction of volatile iodine organic compounds [19].

5. Vanadium-dependent haloperoxidases in marine
macroalgae

As pointed out below, vanadium-dependent haloperoxidases
are likely to play a central role both in the iodine uptake and in
the production of volatile halocarbons in algae [14-16]. Halo-
peroxidases catalyze the oxidation of halides in presence of
hydrogen peroxide and they are named according to the most
electronegative halide that they can oxidize, i.e. chloroperoxi-
dases (CPOs) can catalyze the oxidation of chloride as well as
of bromide and iodide, bromoperoxidases (BPOs) react with
bromide and iodide, whereas iodoperoxidases (IPOs) are spe-
cific of iodide.

5.1. Occurrence and biochemical characterization

The first vanadium-dependent haloperoxidase was discov-
ered in A. nodosum, a brown alga belonging to the Fucales
[80]. Since, vHPO activities have been detected in a very
large number of red and brown macroalgae and most of them
have been identified as bromoperoxidases (for review [81]). If
o-dianisidine detection assay has been used for qualitative
characterization of vHPOs on native electrophoretic gels [82],
bromoperoxidase specific activities have been measured using
standard monochlorodimedone (MCD) assay. The values
reported are extremely variable, i.e. from 12 units mg ' of pro-
teins in L. saccharina [83] to 1730 units mg™' in Macrocystis
pyrifera [84]. However, given the sensitivity of MCD assay,
especially with pH variations (see part 6), qualitative compar-
isons between different sources of vBPOs seem to be difficult.
A weak chloroperoxidase activity has been reported using the
same assay for the so-called vBPO from A. nodosum, but with
very high concentrations of chloride [85]. Few species belong-
ing to Laminariales [77,83] feature strict iodoperoxidase activ-
ities, i.e. enzymes showing no reaction to the MCD assay and
in which in vitro formation of triiodide has been measured (see
part 6).

Up to now, few data are available on vHPO biochemical
properties, owing to the tedious purification procedures of
these enzymes from algal matrices that are extremely rich in
anionic polysaccharides and polyphenolic compounds. Con-
cerning the Phaeophyceae, the improvement of aqueous two-
phase extraction protocols for Laminariales and Fucales [86]
allowed the acquisition of biochemical data on some partially
or fully purified enzymes. Whereas the molecular masses of
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Table 1
Molecular characterized vanadium-dependent haloperoxidases in marine algae
Species Activity GenBank Accession X-ray structure Mutants References
A. nodosum vBPO P81701° 1QI9° - [91]
FE distichus vBPO AAC35279 - - [92]
L. digitata vBPO CAD37191-2 - - [77]
vIPO CAF04025 - - [78]
C. officinalis vBPO 1QHBA-F* 1QHB® - [87]
AAM46061 - H480AY [93]
C. pilulifera vBPO BAA31261-2 1UP§° R397X¢ [88,94-96]

vBPO: vanadium-dependent bromoperoxidase; vIPO: vanadium-dependent iodoperoxidase; X: all amino-acids except R.

? Obtained by protein sequencing.

Resolution of the crystal structure from the native protein.
¢ From the recombinant protein.
4 Residue numbering according to the translated cDNAs.

b

denaturated proteins are quite similar, i.e. around 65 kDa, the
native enzymes consist of dimeric assemblies, ranging from
100 to 800 kDa. For instance, in the red alga Corallina piluli-
fera, vBPOs are organized in dodecamers [87,88]. In
L. digitata, vBPOs consist of dimers which in solution sponta-
neously self-associate, and the aggregation into forms with a
higher molecular mass is likely to be a common tendency for
brown algal haloperoxidases [77,83].

In contrast to heme-haloperoxidases, vVHPO activities are
relatively resistant to high temperature exposures and the
enzymes are still active in oxidative conditions and in the pre-
sence of different organic solvents such as acetone, methanol
or ethanol (for reviews, [81,89]). These properties as well as
the ability to halogenate a broad range of organic compounds
of both commercial and pharmaceutical interests make vHPOs
good candidates for use in industrial biotransformations [90].

5.2. Molecular and structural characterization

At the molecular level, four closely-related cDNAs are
available for Corallina sp. vBPOs, whereas four cDNAs of
vBPOs have been cloned in the three following brown algae,
A. nodosum, Fucus distichus and L. digitata (Table 1). In the
latter species, a full-length cDNA has been shown to encode a

A B

His 404\ .@ ) Arg 490

.t His 496 ~y

Gly 403

Try 350 Arg 360
Arg 395

s._(//_

Phe 397

;W
.! His 478

Wrys47s

vIPO enzyme. Up to now, X-ray crystal structures have been
solved for the vBPOs from the red algae and from A. nodosum.

The global dimeric structure of algal vBPOs is extremely
conserved, folding into o-helices with a few short B-strands.
The main tertiary structural motif of two four-helix bundles is
similar to the reported X-ray crystal structure of the vCPO
from a terrestrial fungi, Curvularia inaequalis ([97], for review
[16]). The surfaces of the two monomers are tightly bound one
to another by hydrophobic interactions and in the case of
A. nodosum vBPO two additional inter-molecular disulfide
bridges are also involved in this interface. Very recently,
EXAFS and MS studies have led to partially reassess the elec-
tron density map of the brown algal vBPO structure, showing
post-translational bromination and iodination of tyrosine resi-
dues at the surface of 4. nodosum vBPO [74].

The vanadium-binding site motif, HP[S/A]Y[P/G][S/A]
GHA, is relatively well conserved in all algal vHPO protein
sequences [78]. Despite some differences, the protein scaffold
around the vanadium cofactor (4. nodosum) or the inorganic
phosphate substitute (Corallina officinalis and C. pilulifera) is
very similar between the crystallized vBPOs and the vCPO of
C. inaequalis (Fig. 4).

The vanadium cofactor is coordinated by four non-protein
oxygen atoms and one nitrogen (Ne2) atom from a histidine
residue into trigonal bipyrimidal geometry. Based on X-ray

Cc

. . His418\ D

His 551

§ Arg 430

i

His 486

~
xﬂSer 416 voe
Gly 417 g

Arg 349
q His 411

W Lys 341

Tryp 338

Fig. 4. The vanadate-binding site structure of vHPOs. (A) C. inaequalis vCPO (PDB accession no. 1VNC), (B) C. officinalis vBPO (PDB accession no. 1QHB, note
that the numbering is based on protein sequence of C. officinalis), (C) A. nodosum vBPO (PDB accession no. 1QI9). Residues are drawn in atom colors. Vanadate (A
and C) and the inorganic phosphate (B) are represented in the center of the picture and the hydrogen-bonding network, conserved in all three vHPOs, is indicated by

dashed lines around the vanadate center (A).
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data, the linkage between the metal and the histidine ligand
was first assigned as a direct coordinating bond [97,98] and
later as a covalent bond [91,99,100]. The hydrogen-vanadate
(HOVOs™) is stabilized into a hydrogen-bonding network,
involving six highly conserved residues (one apical histidine,
two arginine, a lysine, a glycine and a serine). Kinetics and
structural studies of single site mutants of vCPO from
C. curvularia have shown the importance of these residues in
binding vanadate, but also the rigidity of the active site, result-
ing from a large number of hydrogen bonding interactions
around [100]. It is interesting to note that the only vHPO pre-
senting a substitution among these six residues (the serine is
replaced by an alanine) is the vIPO from L. digitata, and its
fine structure is still unknown [78].

5.3. The catalytic cycle

Detailed steady-state kinetic analyses have suggested a bi—
bi ping—pong two-substrate mechanism, in which hydrogen
peroxide first binds the vanadate active site, followed by halide
oxidation (for reviews [16,89]). For these studies, the
C. inaequalis vCPO and the 4. nodosum vBPO have served
as main models to understand catalytic mechanisms. However,
high conservation of the residues at the catalytic center and
phylogenetic analyses strongly suggest that all vHPOs share
the same mechanism of action [78].

The first step of the catalytic cycle consists in the coordina-
tion of hydrogen peroxide by bound hydrogen-vanadate, pro-
ducing a square-based pyramidal peroxovanadium complex,
from which the X-ray structure of vCPO has been resolved
[98]. X-ray absorption and RMN spectroscopy studies have
also detected the H,O, effect on the vanadium active site struc-
ture and the presence of a peroxovanadium intermediate for
A. nodosum vBPO [101-104]. In addition, this model is con-
sistent with further mutagenesis and steady state kinetic ana-
lyses on fungal vCPO [99,105,106] and on red algal vBPOs
[93,95,96].

Although the interaction between H,O, and the bound
hydrogen-vanadate is widely accepted for vHPOs, the subse-
quent steps of the catalytic cycle are not precisely elucidated.
The halide substrate is not directly coordinated by the peroxo-
vanadium intermediate, as established by X-ray absorption
spectroscopy for A. nodosum vBPO [101,102,104]. Therefore,
a halide fixation site in the vicinity of the active site has been
suggested but never demonstrated. The peroxovanadium com-
plex oxidizes X to produce a diffusible halogen intermediate
(X, and XOH) which has not been clearly identified. The nat-
ure of this first oxidized entity is still doubtful since X, and
XOH are in spontaneous equilibrium (Eq. (1), Fig. 6) [107]
and both can account for the halogenation/oxygen insertion
properties of the VHPO/H,0,/X" system. Although XOH is
probably initially produced through a two-electron oxidation
[108], the reaction product is generally considered as a mixture
of different species (“X™ = XOH, X,, X5). In the absence of
an organic acceptor, a second equivalent of H,O, is oxidized

- R2.__R!
X s

> vHPO / H202 <

e Rz\ R1
(XOH, X,, X5...) 8

o
H202/ \Org.

0, + X Halogenation

oxygen insertion

Fig. 5. Reactions of the vHPO/H,0, system. X: Br, Cl, I. Org.: organic
compound. R', R*: alkyl, aryl.

I, + HyO IOH + I + H* (1)
b+t =——= |5 2

3IO0H —=——= [0y + 2I + 3H" (3)

I+ HyOp + HY === IOH + H,0 (4)
IOH + Hy0, === |+ H" + 0, + H,0 (5

Fig. 6. Main reactions of iodine species in solution.

by “X™, resulting in the formation of singlet dioxygen and X~
(Fig. 5) [109].

Thanks to the “X™ species, VHPOs can catalyze the halo-
genation and/or oxygen insertion of various organic substrates
such as phenols, ketones, indoles, terpenes and sulfides (see
Fig. 5) [16]. Moreover, the vBPO/H,O,/Br system catalyses
regioselective brominations of indole derivatives, suggesting
the fixation of an organic substrate near the active site and/or
the production of a non-freely diffusible halogenating inter-
mediate (an enzyme-bound halogen species) [110,111]. With
regard to the vVHPO/H,O,/I" system, no study of iodination/
oxygen insertion of organic substrates has been carried out,
though the oxidized species of iodine are reactive towards phe-
nols and electron rich heterocycles.

In the absence of halides, vBPOs catalyze the enantioselec-
tive oxidation of sulfides into sulfoxides (Fig. 5) [112]. These
sulfoxidation reactions occur at the vanadium binding site
through a direct oxygen transfer from the peroxovanadium
intermediate to the sulfide [113].

6. Iodide chemistry in solution: implication for vIPO
biochemistry

The determination of enzymatic activity is central for the
understanding of structure, functions and mechanism of action
of an enzyme. Most assays are based on the determination of
substrate consumption and/or product formation rates using
spectrophotometric methods. Haloperoxidases differ from
other enzymes by the production of a very reactive intermedi-
ate which is undetectable using standard methodologies. This
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intermediate undergoes spontaneous redistribution to produce a
mixture of halogen species. Standard assays for the determina-
tion of HPO activity are based on the reactivity of this mixture.
The speciation of such a mixture is strongly dependent on pH
and total iodine species concentration. A slight variation in the
assay conditions leads to significant changes in the nature and
distribution of the iodinating mixture, and may lead to result
misinterpretation. Thus, it is necessary to define the reactivity
of iodine species that are involved in standard conditions for
vIPO activity determination.

6.1. lodine chemistry in solution

Iodine chemistry is unique due to complex and intercon-
nected reactions that produce numerous iodine entities. Iodine
species distribution in aqueous solutions is strongly influenced
by pH, total “T” concentration, and redox state of the solution.
This complexity is illustrated by the spectacular behavior of the
oscillating iodine—clock reaction (Briggs—Rauscher reaction)
[114,115]. In mild conditions (4 < pH < 10), five reactions
dominate in solution (Fig. 6, Egs. (1-5)).

Gottardi reported the distribution of iodine species in aqu-
eous solutions at different pH, I, and I concentrations [116].
The author showed that 105~ formation rate (Eq. (3), Fig. 6) is
negligible at acidic pH and becomes significant at pH > 7. In
addition, the chemical oxidation of H,O, to O, by IOH (Eq.
(5)) or I (Eq. (1) + Eq. (5), Fig. 6) has been known for a long
time [117]. Reaction rates of Eq. (5) increase with pH up to
significant dioxygen production in alkaline solutions. On the
other hand, hydrogen peroxide is capable of oxidizing I to
IOH (Eq. (4)) at rates increasing with H" concentration. Thus
the mixture of I and H,O, represents a pseudo auto-catalyzed
redox system whose equilibrium depends strongly on pH con-
ditions. The degradation of H,O, is minimal at pH within 5-7.

The triiodide formation is the result of I, and I complexa-
tion according to Eq. (2) [107]. As the equilibrium constant of
triiodide formation is small (Kcq> = 830 MY, L/ complexa-
tion is weak in diluted solutions. Free I, I, and I3~ concentra-
tions can be calculated from K.q, for various [I o, and [L ]
At fixed [T Jio/[I2]ior, the percentage of complexed I, strongly
varies and is quasi-total only for [I'] > 102 M (Fig. 7). This

100% - e
[1Tot/ [l2)tor. = 10 .
X4
75% Ra
.
< .
= 50%
= $
= ...
25% o
.
.
0% +—oersmmn_s20 ; . ‘
-6 ‘5 -4 _3 -2 -1 0
Log [1Tet

Fig. 7. Percentage of I,/I" complexation at various [I ], [I Jio/[I2]ior = 10.
Concentrations are expressed in M.

example illustrates the lack of correlation between [I,] and [I57]
throughout a practical range of [I].

It is also important to note that triiodide equilibrium is
dependent on solvent nature. A strong stabilization of I3~
occurs when solvent is added to the solution (K4, = 830 M
in H,O and 25,000 M in 2-propanol/water = 7/3) [118]. As a
result, I;~ is formed at much lower iodide concentration in
alcoholic mixtures. In addition, the molar absorption coeffi-
cient of I3~ at 350 nm drops from 25,000 M ecm™' in pure
water to 14,000 M™' cm™ in a 2-propanol/water mixture
(v/v=17/3), and is accompanied by a shift in A, (350-
357 nm). This spectrophotometric property is explained by
I;~ symmetry breaking induced by solvent polarity [119,120].

6.2. Limitations of vHPO activity assays

A standard assay for measuring bromo- and chloroperoxi-
dase activities is based on the halogenation of monochlorodi-
medone (MCD) [121]. MCD is a 1,3-diketone with an acti-
vated carbon that can be brominated or chlorinated by XOH or
Xj,. The reaction is followed spectrophotometrically at 290 nm
by monitoring the loss of absorbance of MCD
(6=20,000 M™' cm™"). The MCD formation was shown to be
quantitative (with respect to H,O, consumption) only at
pH < 6.5 [108]. This can be explained by enhanced dioxygen
formation (Eq. (5), Fig. 6) in alcaline solutions, as well as
reduced MCD halogenation rates at near-neutral pH, in agree-
ment with the general reactivity of ketones toward electro-
philes. BPO and CPO quantitative activity measurements are
thus limited to acidic pH. An alternative assay consists in the
halogenation of phenol red [122]. This test has only been used
for qualitative purpose due to polyhalogenation of the dye and
because it is restricted to a very sharp range of pH
(6 <pH<7).

The MCD assay is not adapted to measure iodoperoxidase
activity due to the poor reactivity of “I" toward MCD and/or a
high instability of the iodinated product (which can revert back
into MCD and iodide). The determination of vIPO activity is
only based on the triiodide spectrophotometric detection. Triio-
dide is produced from reactions 1 and 2 (Fig. 6). Reactions 3—5
are side-reactions that will lead to non-stoechiometric triodide
formation. Whichever IOH or I, is first produced by the
vIPO/H,0,/I" system, spontaneous redistribution occurs
according to Eq. (1) (Fig. 6) up to virtually total I, formation
(Keq1 = 6.8 % 10"* M? according to Eigen and Kustin [107]).
Then molecular iodine (I;) complexes with I to form triiodide
(Eq. (2), Fig. 6). At pHs and initial iodide concentration gen-
erally used for vIPO activity measurement (i.e. pH<7,
[T o =2-10 mM, [81]), the “T"™ mixture is considered to be
dominated by I5". Triiodide is then quantified spectrophotome-
trically (¢=25,000 M~' cm™ at 350 nm). Unfortunately, this
method is not free of intrinsic problems. For quantitative IPO
activity assay, the stoechiometry of H,O, consumption versus
I3~ production must be ensured. We and others have observed
that for the IPO/H,0,/I" system, this condition is never reached
[123]. Further experiments showed that non-enzymatic I3~ pro-
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duction was very sensitive to H" concentration and is optimal
at pH within 5 to 6.5. This non-stoechiometric I oxidation can
be explained by significant non-enzymatic H,O, degradation
according to Egs. (4) and (5) (Fig. 6), as well as potential
105~ production (Eq. (3), Fig. 6). Moreover, it is usually
observed that the [PO-mediated triiodide formation is negligi-
ble below the millimolar range of I". This result should not be
interpreted as a lack of IPO activity but rather as a consequence
of poor I,/I" association. Thus IPO activity measurement is
restricted to high iodide concentrations, in disagreement with
in vivo conditions.

In conclusion, whereas these two assays are the only ones
available to date for steady-state studies of vHPO, they present
intrinsic problems. Due to high pH sensitivity, qualitative
vHPO activity determinations with both the MCD and triiodide
assays are pertinent only in acidic solutions. The determination
of an optimum pH for vHPO is then questionable using these
assays. Moreover, the IPO activity determination by the triio-
dide assay is not strictly quantitative avoiding Ky; and Vi«
determination and enzymology analyses.

6.3. New insights on vHPO selectivity

Once different types of enzymes have been characterized,
i.e. first vCPO and vBPO, and more recently vIPO, structural
and biochemical researches have been focused on residues to
the vicinity of the active site, which could explain the origin of
halide selectivity. As the halide is not directly bound to the
vanadate, the surrounding amino-acids, which were different
between VHPOs, were suspected to play this role. However,
mutagenesis experiments have not been able to clearly identify
one residue responsible for halide specificity [89,93,96,106].
For instance, in C. inaequalis vCPO, the serine residue which
is hydrogen bound to the vanadate cofactor has been mutated
to alanine [106], leading to a putative conformation similar to
L. digitata vIPO [78]. However, this mutation significantly
decreased chloride oxidation, but had minor effects on bromi-
nation kinetic parameters [106]. A consensus hypothesis is
starting to emerge, i.e. instead of a unique specific binding
site for halide, halogen specificity would involve many factors
such as the hydrogen bonding network in the active site, as
well as the redox state and the distribution of charges of vana-
date center [78,93,106].

Indeed, a significant difference between halogens lies on the
reduction potentials of XOH and X, species, which decrease in
the same order, i.e. C1>Br>1 (Table 2). If the peroxovana-
dium center of vIPO has a low enough redox potential, bro-
mide and chloride oxidation will be chemically unfavorable.
From a molecular point of view, little differences in amino-

Table 2
Redox potentials of XOH/X™ and X,/X ™ at pH 7.8 [124]

Halogen Redox potential (/) at pH 7.8
X, +2e =2X" XOH+H'+2¢e =X +H,0
Cl +1.36 V +1.25 V*
Br +1.07 V +1.10 V*
I +0.54 V +0.76 V*

* Calculated from standard redox potential using the Nernst equation.

acid residues and in stabilization of peroxovanadium inter-
mediate may lead to lowered redox potential, a condition that
is sufficient to account for halide discrimination.

7. Concluding remarks and future research fields

Preliminary measurements on volatile iodinated compounds
generated by L. digitata, either under controlled steady state
conditions or in response to oxidative stresses, suggested they
represent a small part of the overall iodine transport budget,
compared to iodide movements (involving oxidation/reduction
cycling). However, this needs to be confirmed with special
attention to I, which has not been precisely quantified so far
from stressed algae. Recent studies have indeed underlined the
important involvement of I, in marine aerosol formation in
relationships to climatic consequences worldwide [10,11,53,
125]. Investigations using non-destructive EXAFS (Kiipper et
al., unpublished results), trace element imaging by X-ray
microprobe [126] and high-resolution analytical techniques
such as ICP-MS coupled with capillary GC by Schwarz and
Heumann [127], will definitely help to refine our knowledge
of iodine speciation and distribution in brown algae, and espe-
cially during stress responses.

As shown in response to oligoalginate elicitation in
L. digitata, a transient increase in iodide anions permeability
could be mediated by e.g. the opening of anion channels.
Because of the presence of coating alginates, access to the
plasma membrane and use of electrophysiology techniques
are difficult in L. digitata cells. However, the pharmacology
of anion channels should be tested on flux experiments. The
characterization of an iodine-specific haloperoxidase provides
new keys to understand its role in the extreme efficiency of
iodine accumulation in kelps, by reconstituting in vitro and in
vivo uptake systems. The reverse mechanism of iodine intra-
cellular reduction found in L. digitata definitely deserves spe-
cific attention as a central clue to its whole halogen metabo-
lism.

In particular oxidative conditions, a number of physiologi-
cal pathways are likely to involve the intracellular iodine pool
of kelps. In L. digitata, vHPO are encoded by distinct multi-
genic families, which members should have evolved towards
different specialized functions, such as iodine uptake [77,78],
chemical defense and anti-fouling processes through halocar-
bon production [79,128,129], oxidative protection [130], and
cell wall assembly [130,131]. Molecular and structural charac-
terization of these enzymes will help studying their biochem-
ical specificity, their regulation and their subcellular localiza-
tion, in order to understand the special role of haloperoxidases
in the trafficking of iodine through the cell.

Concerning kinetic aspects, it is crucial to design new che-
mical probes for monitoring both “I"” and “Br"” species during
the enzymatic reaction. Moreover, for physiological studies of
iodine transfers, substantial progress definitely lies in the iden-
tification of new chemicals specifically interacting with
vHPOs. Finally, these specific substrates and inhibitors will
also provide useful tools to further analyze high-resolution
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structure of vIPO complexes and to study structure/function
relationships of these enzymes. Altogether, these combined
approaches would lead to a better understanding of the cataly-
tic mechanism of iodination and of iodine transport in kelps.
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