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Abstract

Vanadate(V)-dependent haloperoxidases VHPOs in marine macroalgae catalyze the 2e" oxidation, by H,O,, of
bromide and iodide (X") to X* species such as HOX, X, and X,". Several other substrates, including sulfides, are also
oxidized. In the active center, H,VO, is covalently attached to the Ne of a histidine residue, an arrangement that has
successfully been modeled with synthetic analogs of the active center. Vanadium acts as a Lewis acid, forming an
intermediate peroxido/hydroperoxido complex. The X* species generated by the VHPOs halogenates organics present
in seawater, from which halomethanes CH, X (nis chiefly 2 or 1) evolve. Additionally, the hypohalous acids can protect
the algae against biofilm formation. Prospective applications point towards this biocidal (anti-bacterial) potential of the
peroxidases. The seaweeds further exploit the haloperoxidase activity in the synthesis of a multitude of brominated
bio-functional molecules. Algal bromoperoxidase activity may account for up to 25% of the atmospheric bromine load.
Bromomethanes and iodine released from the aqua- into the atmosphere substantially contribute to ozone depletion,

and thus indirectly also to the oxidative conversion of (atmospheric) dimethyl sulfide and nitric oxide.
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Introduction

With an average concentration of 35 nM, vanadium (essentially
present in the form of ion pairs Na*H,VO,) is the second-to-most
abundant transition metal in sea water, outclassed only by molybdenum
(present as molybdate MoO,, ca. 100 nM). Vanadate-dependent
haloperoxidases (VHPOs) can be present in marine brown, green
and red algae, in (symbiotic) marine cyanobacteria, in Streptomyces
bacteria, and in terrestrial fungi and lichen. Since the discovery of the
first representative of these haloperoxidases, the bromoperoxidase
VBrPO of the brown alga Ascophyllum nodosum [1], also known
as knobbed wreck or pig weed, a plethora of macroalgae has been
reported to have available VHPOs, hence haloperoxidases that contain
vanadate H,VO,” coordinated to a histidine residue in the enzyme’s
active center, and thus clearly distinct from the more common heme-
based and non-heme peroxidases. Contrasting the heme and non-heme
peroxidases, VHPOs are rather robust: they withstand comparatively
high concentrations of hydrogen peroxide and temperatures up to
70°C, and are also resistant to high concentrations of organic solvents
[2]. Depending on the substrate selectivity, one distinguishes between
VHPOs that catalyze the oxidation of (i) iodide only (VIPOs), (ii)
iodide and bromide (VBrPOs), and (iii) iodide, bromide and chloride
(VCIPOs). Along with halides, pseudohalides (such as cyanide and
thiocyanate) and sulfides (for example dimethylsulfide) can be oxidized.
Prochiral sulfides RR’S are oxidized enantioselectively. The general
reactions for the enzymatic two-electron oxidation of a substrate X"
(halide(1-) and pseudohalide(1-)) or a (prochiral) sulfide are depicted
in Egs. (1a) and (1b), respectively. In addition to halides and sulfides,
VHPOs catalyze the oxidation of many other organic substrates either
directly or indirectly, i.e. via intermittent bromination. In the absence
of a substrate, singlet oxygen is formed, Eq. (1c).

X+H,0,+H">HO-X+H,0 (1a)
RR’S + H,0, > RR’S=0 + H,0 (1b)
HOX + H,0,~'0, + H,O + HX (1c)

Chloroperoxidases are mostly present in Streptomyces bacteria
[3,4] and in terrestrial fungi where they serve as chlorinating agents

for antibiotic compounds (Streptomyces), and for the production
of hypochlorous acid HOCI (fungi). HOCI degrades the cell wall
lignocellulose and thus allows access of the fungal hypha to the
intracellular space [5]. An iodoperoxidase has recently been found
in the cyanobacterium Acaryochloris marina, a symbiotic organism
isolated from the sea squirt Lissoclinum patella collected from the Palau
Island in the Pacific [6]. Apart from having available a VIPO, A. marina
is also of interest in as far as it contains chlorophyll-d (also present in
red algae), and hence a chlorophyll allowing for the absorption in the
near infrared [7].

At a mean salt concentration of 0.6 M, the pK_ for the equilibrium
H,VO,” / HVO,* + H* is 57.95 [8]. At a pH of ~8, free vanadate is
thus available in the form of a mix of mono- and dihydrogenvanadate,
HVO, and H,VO,". Along with vanadate(V), some vanadate(IV)
H,VO, =VO(OH),” can be present, formed by one-electron reduction
from vanadate(V) through biological as well as non-biological activity,
and via the desorption from superficial sediments in hypoxic bottom
waters [9]. The mean mean concentrations of the VHPOSs’ substrate
halides, ¢(X"), are 0.55 M (X = Cl), 0.82 mM (X = Br), and 0.47 uM
(X =1). Kelps, such as the brown alga Laminaria digitata, known and
utilized for its capacity to accumulate iodide, take up iodide from
seawater by means of the oxidation of I with H,O, to HOI, catalyzed
by a VIPO. Within the cells, HOI is reduced back to I [10], where it
is present in the extracellular matrix, associated via hydrogen bonds
with organic molecules, in concentrations of up to 50 mM [11]. The
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concentration of H,O, in sea water is rather variable; in open ocean
water, c(H,0,) can go up to 0.25 uM. H,0, is also produced biogenically
in the frame of metabolic processes; VHPOs which, in contrast to the
heme peroxidases, are particularly robust against H,O,, thus (also)
counteract oxidative stress [12].

This review provides a brief overview of structural and
functional details of algal VHPOs, including mechanistic aspects of
substrate oxidation, and also including the relationship of VHPOs
to phosphatases, and hence the vanadate-phosphate antagonism.
Synthetic mimics of the VHPOs will be briefly discussed with special
reference to their (potential) use as anti-fouling agents and thus
protective capability for stationary and mobile submerged structures,
such as hulks. Finally, the impact of the algal production of inorganic
halogens, and of halogenated organic compounds, on the marine and
atmospheric environment, and thus also - in the context of ozone
depletion - the global radiation budget — will be addressed.

Distribution, Structure and Function

Examples for marine macroalgae containing bromoperoxidases are
the brown algae Ascophyllum nodosum, Macrocystis pyrifera, Laminaria
digitata and Fucus distichus, the red algae Corallina officinalis and
C. pilulifera, and the green algae Ulva lactuca and Halimeda sp.
(Figure 1). Information on the active site structure is available for the
bromoperoxidases of A. nodosum [13] and C. pilulifera [14], and for the
phosphate variants (i.e. the apo-enzyme reconstituted with phosphate)
of C. pilulifera and C. officinalis [15]. In the case of A. nodosum, two
isoenzymes have been structurally characterized, viz. VBrPO(AnI)
[13] and - by the group of Hartung - VBrPO(AnII) [16]. VBrPO(AnI)
is a homodimer (557 amino acids per subunit) of molecular mass M
= 136 kDa, while VBrPO(AnlII) is a hexamer (641 amino acids) of
M = 420 kDa. The two isoenzymes share 41% sequence homology.
The peroxidase from C. pilulifera, VBrPO(Cp), is a homododecamer
(hexamer of homodimers) with 595 amino acids per subunit, stabilized
by one Ca** per subunit.

Figure 2 provides insight into structural details of the active centers
of VBrPO(AnII) and VBrPO(Cp) + bromide. In both peroxidases,
active site vanadate(V), commonly present in the form of H VO -
(where n probably equals 2), is coordinated to the Ne of a histidine
residue of the protein matrix, giving rise to a trigonal bipyramidal
coordination environment for the vanadium center, with the histidine
Ne and an oxido(1-)/hydroxido ligand in the axial positions. For the
first and second sphere environment of vanadium in VBrPO(AnI) see
also the schematic presentation in Figure 3a and 3b. Noteworthy is a
near-by serine (Ser450 in the case of VBrPO(AnII)) that might mediate
the contact to the catalytic center via the intermittent formation of
bromoalanine, Eq. (2) [17]. The bromide in the active center of the
VBrPO(Cp) is located in-between vanadate and an active site arginine
(Arg387) within hydrogen bonding distances [14], suggesting the
activation of bromide by arginine. The absence of direct binding of
bromide to vanadium has also been evidenced by V-XAS studies [18].

~CH,OH + Br + H* > -CH,Br + H,0 )

Interestingly, there is a close homology between the active
site arrangements of phosphatases and VHPOs [19,20]. Given the
structural similarity between the tetrahedral anions phosphate and
vanadate, such a homology might be anticipated. There are, however,
clear-cut differences between phosphate and vanadate with respect
to the redox activity and the potential expansion of the coordination

Figure 1: Marine macroalgae that have available vanadate-dependent
haloperoxidases: Ascophyllum nodosum, Corallina officinalis, Ulva lactuca
(from left to right).

Figure 2: The active centre of the vanadate-dependent bromoperoxidases
VBrPO(Anll) (left [16]) and the VBrPO(Cp) (right [14]), the latter soaked
with bromide (cyan sphere). Histidine (His517 in the case of VBrPO(Anll)) is
coordinated to the vanadium center (yellow) of the vanadate anion (oxygens
in red) via Ne. Reproduced with permission from Elsevier.

. VRN
His418 & Asp258
N )%
H
Ser416 o no” ©
e SN LO~H
OH N” NH H
Arg 480 o = Hisann Arg79  ©g )
HN | | His257
>=163HZ HOmy—0 ® HOMny,— )
. Arg 15
—NH HO' IL H;NT Lys3d1 rg HO/|
° N,
A O, N
\ 7 >,_\ Argll \
Arg349 NH o) NH
) Asp490
(a) Hisd86 His12 (b)

Figure 3: The coordination and second sphere environment of the active
center H,VO,” in VBrPO(Anl) ((a); adapted with modifications from Wischang
et al. [22]), and the vanadate analog of rat prostatic acid phosphatase ((b);
Lindquist [49]).

sphere: Vanadate(V) is easily reduced to oxidovanadium(IV) while
phosphate is comparably redox-stable. Further, vanadium can easily
adopt the coordination number five (as in the VHPOs) - the reason
for the inhibitory effect of vanadate towards many phosphatases -
while penta-coordinate phosphate is restricted to enzymes’ transition
state. In Figure 3, the coordination environments of VBrPO (a) and
rat acid phosphatase reconstituted with vanadate (b) are compared,
clearly demonstrating the similarities. Even more so, vanadate-
substituted bacterial acid phosphatases have been shown to exhibit
bromoperoxidase as well as sulfide peroxidase activity [21].

Mechanistic Aspects and Marine Chemistry

The primary species obtained from the enzymatic oxidation
of bromide with hydrogen peroxide according to Eq. (la) (X =
Br) is hypobromite that, released into water of pH ~8, is mainly
present as hypobromous acid HOBr: the pK, for the equilibrium
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HOBr S H* + “OBr is 8.7. In secondary reactions, HOBr undergoes
symproportionation with bromide to form bromine, Eq. (3a), which
further can take up with Br- and generate tribromide, Eq. (3b). Only
Br, is sufficiently electrophilic for the formation of a C-Br bond in
bromination reactions [22].

HOBr + Br™ - Br, (3a)

Br, + Br- > Br,~ (3b)

The initiating step in the oxidation of bromide (and other
substrates of the peroxidases) with H,0, is the coordination - and
thus activation - of peroxide O, to the vanadium center, (a) in
Scheme 1. Concomitantly, the coordination geometry changes from
trigonal-bipyramidal towards strongly distorted tetragonal-pyramidal,
stabilized by hydrogen bonding interaction, mediated via H,O, between
the apical oxido(2-) ligand and the apical histidine [23]. The next step
is the protonation of the peroxido ligand to form a hydroperoxido
intermediate [24], (b) in Scheme 1. Nucleophilic attack of bromide
onto the peroxido oxygen (c) delivers hypobromous acid (e), likely
via a hypobromito intermediate, (d) [25]. The oxidation of sulfides to
sulfoxides, Eqn. (1b), likely proceeds accordingly, i.e. by nucleophilic
attack of the sulfide to the peroxo oxygen of the hydroperoxido
intermediate (f), followed by the release of the sulfoxide, (g) in Figure 4.
The chiral information for the generation of chiral sulfoxides RR’S=0
is communicated by the protein matrix in the immediate proximity of
the reaction center [8].

The net halogenation reaction catalyzed by VHPOs is represented
by Eq. (4). Generally, basic inorganic vanadium (V) compounds such
as [VO,(H,0),]* and H,VO," also catalyze the oxidation of bromide
by peroxide and thus, in a successive step, the bromination of organic
substrates, with low turn-over numbers, however, and commonly at
non-physiological conditions. Several synthetic mimics for the active

H
b A A
H,O0 O H* (0]
Hom =0 —2» O//vf — O//Vf
Ho” | / oH OH
N N N
(a) (b)

center of the VBrPO have been synthesized that are efficient catalysts
in the peroxide-driven bromination of organic substrates and/or the
enantio-selective oxidation of organic sulfides. Two examples are
shown in Figure 4.

X+H,0,+RH+H">R-X+2H,0 (4)

Natural products formed in the wake of the catalytic activity
of haloperoxidases in marine macroalgae — VBrPOs in red algae in
particular - encompass simple compounds such as CH,Br, and CHBr,,
to be addressed in the context of the aquatic and tropospheric halogen
chemistry in section 4, mixed halomethanes, for example CHBr I
and CHBr,Cl, and more complex organic compounds, a selection of
which is collated in Figure 5. This selection includes compounds such
as a-snyderol, formed by bromination of the sesquiterpene (E)-(+)
nerolidol [5,26] (5 in Figure 5), and (E)-deacetyllaurencin (6 in Figure
5). Compound 6 forms from laurediol by cyclisation plus bromination,
employing a VBrPO present in the red alga Laurencia nipponica [27].

As noted, the hypohalous acids generated by marine macroalgae
do not only initiate a wide array of halogenations and - more generally
- oxidations of organic substrates, but also protect the sea weeds
against bacterial infection in as far as they oxidatively damage the
cellular membrane of bacteria and thus cause leakage of intracellular
components, or disrupt the bacterial signaling system and/or gene
expression, for example by brominating lactones and/or furanones
responsible for regulatory functions [28]. The bromofuranone (7
in Figure 5) is an example. These antibacterial and thus antifouling
characteristics of VHPOs can, in principle, also be exploited for the
disinfection of medicinal equipment [29], and the destruction of
underwater biofilms. An example for the latter is the protection
of submerged structures such as the paintings of ship’s hulls [30].
The antimicrobial effect of VCIPOs does further have potentiality
in endodontics, i.e. in the treatment of dental biofilms produced by

H
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/\ =0 HO\”
= V—OH H,O
/ﬁko//V\ —_— BrO/l 2
Br OH
N N
(©) (d)
HOBr, H*
H s
R %0 ©
\V4O H,0 HOum,, \lf_O
O/ —_—
= / \OH \ HO/l
N . N
RR'S=0, H
® (2

Scheme 1: A likely mechanism for the VHPO-catalyzed formation of hypobromous acid HOBr (a to e), and of sulfoxides RR'SO (a to b, and f to g); for details, see
text. ‘N’ represents the Ne of the directly coordinated histidine. For mechanistic considerations, see also (Butler, 2009).
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Figure 4: Two chiral oxidovanadium(V) complexes with an O,N donor set in a trigonal-bipyramidal geometry, mimicking the active center of haloperoxidases (Figure

3) and the peroxidases’ activity; (a) [50,51], (b) [62,53].
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Streptococcus mutans [31] and Enterococcus faecalis [32]. In the context
of these anti-microbial effects, it is interesting to note that allelopathic
activity has been observed for the marine benthic diatom Nitzschia
pellucida. This organism releases cyanogen bromide BrCN that causes
cell death of other co-occuring competing diatoms, and there is
clear evidence that this biogenic production of BrCN is connected to
haloperoxidase activity [33].

The capability of VHPOs to catalyze the oxidation of prochiral
sulfides to chiral sulfoxides, Eq. (1b), hints towards a possible
application also in a pharmaceutical context [34,35]. Further, the
selection of organic compounds in Figure 5, naturally produced by
oxidative halogenation as catalyzed by algal VHPOs, VBrPOs in
particular, clearly demonstrates the potential of these peroxidases
also in industrial applications. An example is the formation of
3-cyanopropanonic acid - a key intermediate in the synthesis of
acrylonitrile (and thus in the manufacture of polyacrylonitrile) - by
oxidative decarboxylation of glutamic acid with H,O, in the presence
of VCIPO and catalytic amounts of bromide [36], as shown in the
(non-stoichiometric) Eq. (5). Glutamic acid is abundant in a number
of biofuel rest streams.

0
H,0,
HO,C % hoc
V\H\OH (VCIPO, Br) N ®)
NH, N

Impact on Atmospheric Chemistry

A graphical overview of the speciation of atmospheric components
through the interaction with (biogenic) halogen compounds -
exemplified for bromine - released by seaweeds and phytoplankton
from essentially marine environments into the atmosphere is

Dibromoacetaldehyde

Br_ (I
Br =
H;C” CH; “on
4 5

Bromochloro-

o-Snyderol
dimedone

4-Bromopyrrole-
2-carboxyate

provided in Figure 6. It should be noted that there is also substantial
anthropogenic input of methylbromide into the environment: CH,Br
is a widely employed gaseous pesticide. Bromomethanes are further
released by sediments, partially via bacterial degradation. In the
following, selected scenarios will briefly be addressed.

In these scenarios, halogenated methanes play a pivotal role. While
mono-halogenated methane CH,X (X = Br, I) is essentially formed
by transfer of the methyl group of adenosyl-S-methylmethionine
AdMetS*CH3 to the halide [10], Scheme 2, hence without the
participation of VBrPO, the generation of di- and tri-halogenated
methanes CH, X, and CHX, is dominated by haloperoxidases associated
with algae and cyanobacteria. These organisms resort to halide and
H,O, (produced by photosynthesis, photorespiration, or exogenously),
or to ozone O, when the algae are exposed to air at low tide. The reaction
with external halide is facilitated by the fact that, in many cases, the
algal VHPOs are located in the transitional region between cortex and
medulla of the algal cells forming the outer cell wall. The primary step
in the formation of CHX is the oxidation of X~ to an {X*} species such
as HOX, X, or X7, followed by the halogenation of dissolved organic
matter {C H} that (partially) decays, releasing the haloform [28,37].
For the generation of bromoform CHBr,, see the non-stoichiometric
reaction sequence provided in Eq. (6). Iodoform CHI, can form
correspondingly [38]. Estimates of the global coastal sea-to-air fluxes
of bromine in the form of brominated methanes CH, Br_amount to
2.5-10° mol (2-10® kg) Br per year [39], accounting for about 25% of
tropospheric + lower stratospheric ozone depletion by bromine that is
released photolytically from CH, Br , see Eq. (7) for x = 2. Coastal and
equatorial regions represent regional hotspots of bromocarbons. As an
example, the sea-surface water concentration of bromoform in the Gulf
of Mexico can go up to 1.7 nM [40].

Br OH
N e
N
H o
2 3

o-Bromophenol

Br
— Br—\ Br
Ty / O \
[
\ o ”(\/\
§ OH Is)
H;C—
6 7
Deacetyllaurencin Tribromofuranone

Figure 5: A selection of marine natural brominated products, the formation of which is catalyzed by VBrPOs. Refs: 1 [54], 2 [55], 3 [56], 4 [22], 5 [5,26], 6 [47], 7 [57].
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Scheme 2: The formation of monohalogen-methanes from adenosyl-S-methylmethionine AdMetS*CH,, catalyzed by methyltransferase; X = Cl, Br, I.
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BrO+ HCO2
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Figure 6: Some aspects of the cycling of halogen species, exemplified here for bromine, between the hydrosphere (blue) and the atmosphere, and within the
atmosphere. [VBrPO] is vanadate-dependent bromoperoxidase, [HPO] represents a yet to be identified haloperoxidase. {CH} stands for more or less complex
dissolved organic matter, mediating the generation of bromomethanes via the intermediate formation of the partially labile brominated organics {CBr}.

Br> {Br‘} + e (6a)
{Br'} + {C H} » {C Br} + H* (6b)
{C.Br} > {C_} + CHBr, (6¢)
CH,Br, + hv > {CH,Br} + Br (7a)
Br+0,>BrO+0, (7b)
BrO + O, > Br + 20, (7¢)

A particularly efficient mechanism of ozone depletion during spring
time in polar regions involves hypobromous acid HOBr absorbed in
liquid brine particles: HOBr and bromide symproportionate to bromine
Br,, Eq. (8a), from which atomic Br is generated photolytically, Eq.
(8b). As shown in Eq. (7b), Br reacts with ozone to form BrO. HOBr is
then recovered in the reaction with the radical HO,, Eq. (8c), generated
for example from O,, hydroxy radicals and carbon monoxide, Eq. (9).
The reaction sequence (8a) to (8c) proceeds auto-catalytically and is
therefore sometimes referred to as ‘bromine explosion’ [41].

HOBr + Br + H* > Br, + H,0O (8a)
Br, + hv > 2Br (8b)
BrO + HO, > HOBr + O, (8¢)
0, + OH + CO » HO, + CO, ©)

In coastal regions, kelps dominate the iodine flux from the ocean
to the atmosphere by converting, in connection with oxidative bursts,
iodide to iodocarbons and to IO, thus providing precursors for cloud
condensation. Iodide is an effective scavenger for Reactive Oxygen
Species (ROS) such as superoxide (O,) and singlet oxygen (*O,), H,0,
in the cell wall space, and external ozone, Eq. (10a). The reaction with
ozone in particular effectively impacts atmospheric chemistry [11].
Similarly, iodine formed according to Eq. (10a), by oxidation of iodide
with ROS and released into the atmosphere, or via photo-dissociation
of methyl iodide, Eq. (10b), can react with ambient ozone to form

iodine oxide, Eq. (10c) [42].
O,+2I'+2H*> L +H,0+0, (10a)

CH[I+hn->{CH}+1 (10b)

[+0,510+0, (10c)

The capability of atomic and molecular halogens, as well as of
halogen oxides and hypohalous acids, to oxidize substrates can also
result in the oxidative conversion of dimethyl sulfide (CH,),S and
elemental mercury. (CH,),S is released from the marine environment
into the atmosphere by dimethylsulfoniopropionate DMSP [43];
DMSP derives from S-methylmethionine), and subjected to oxidation
to dimethylsulfoxide (which is further processed to sulfurous and
sulphuric acid). BrO, formed according to Eq. (7b), can act as the
oxidant, Eq. (11). The atmospheric depletion of elemental mercury
can be achieved via the oxidation of Hg with bromine, Eq. (12).
Elemental mercury is released into the troposphere by volcanic events,
anthropogenic issues, and volatilization — by methylation - of marine
CH,HgClI with subsequent photolytic fission of (CH,),Hg, Eq. (13).
Finally, halogen species such as BrO and IO exert a pronounced impact
onto the speciation of atmospheric nitrogen oxides [41]; for examples
see Egs. (14) and (15).

(CH,),S + BrO » (CH,),SO + Br (11)
Hg + Br > %2Hg Br ; 2Hg Br, + Br > HgBr, (12)
CH,HgCl + {CH,} » (CH,),Hg + {Cl}, (CH,),Hg + hv> Hg + C,H,(13)

BrO + NO Br + NO,;NO, +hv>NO +0 (14)
I0 + NO, > IONO,; IONO, + hv > 1 + NO, (15)
Perspectives

Inorganic vanadium(V) compounds are versatile oxidation
catalysts. In common applications in homogenous and heterogeneous
catalysis, their catalytic activity is due to the ease of change between the
oxidation states +V and +IV [44]. In contrast, the peroxidase activity of
the algal peroxidases (as well as of peroxidases from diatoms, bacteria,
fungi and lichen) relies on the Lewis acidity of the V°* center. This fact
should revive and initiate novel studies into the catalytic potentiality
of high-valent, comparatively simple vanadium compounds. Also
of interest in this context are the anti-fouling properties of nano-
particulate V, O, [45], reminiscent of the antibacterial and anti-fungal
potential of VHPOs present in seaweeds and diatoms. The antibacterial
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properties of externally applied native VHPOs or, even more efficient,
in the form of mutants thereof [46], will likely have an impact on the
future development of formulations for disinfection, for example of
submerged structures, but also in a medicinal context.

In addition, a more detailed study of the reaction paths leading to
the production of the partially rather complex halogenated organics
[47,48] should provide more profound insight into the mode of action
of the peroxidases, as well as into the versatile synthetic potential of the
VHPOs. A more broader level of awareness on functional aspects will
encourage synthetic chemists to pursue the synthesis of novel inorganic
and metal-organic mimics of the active center, in particular complexes
with the oxidovanadium(V) moiety in a five-coordinate environment .

The release of volatile organohalides, bromo- and iodomethanes
in particular, into the troposphere, and further into the stratosphere,
has provided valuable - but still incomplete - information on the role
of halogens in atmospheric processes (including ozone depletion) in
the past few years [11,41]. The recent detection of BrCN as a product
of haloperoxidase activity [33] is another encouraging record pointing
into this direction. Interest in view of the role of haloperoxidases
further arises from these enzymes’ involvement in the speciation and
distribution of halides from anthropogenic sources. An auspicious
example in this respect is radioactive iodine-129 [42], a fission product
from nuclear weapon tests, and thus of particular environmental
concern.

References

1. Vilter H (1984) Peroxidases from phaeophyceae: A vanadium(V)-dependent
peroxidase from Ascophyllum nodosum. Phytochemistry 23: 1387-1390.

2. Tromp MG, Olafsson G, Krenn BE, Wever R (1990) Some structural aspects
of vanadium bromoperoxidase from Ascophyllum nodosum. Biochim Biophys
Acta 1040: 192-198.

3. Kaysser L, Bernhardt P, Nam SJ, Loesgen S, Ruby JG, et al. (2012)
Merochlorins A-D, cyclic moroterpenoid antibiotics biosynthesized in divergent
pathways with vanadium-dependent chloroperoxidases. J Am Chem Soc 134:
11988-11991.

4. Bernhardt P, Okino T, Winter JM, Miyanaga A, Moore BS (2011) A
stereoselective vanadium-dependent chloroperoxidase in bacterial antibiotic
biosynthesis. J Am Chem Soc 133: 4268-4270.

5. Winter JM, Moore BS (2009) Exploring the chemistry and biology of vanadium-
dependent haloperoxidases. J Biol Chem 284: 18577-18581.

6. Bernroitner M, Zamocky M, Furtmiller PG, Peschek GA, Obinger C (2009)
Occurence, phylogeny, structure, and function of catalases and peroxidases in
cyanobacteria. J Exp Bot 60: 423-440.

7. Loughlin P, Lin Y, Chen M (2013) Chlorophyll d and Acaryochloris marina:
current status. Photosynth Res 116: 277-293.

8. Rehder D (2008) Bioinorganic Vanadium Chemistry. John Wiley & Sons,
Chichester, West Sussex, UK.

9. Wang D, Wilhelmy SAS (2009) Vanadium speciation and cycling in coastal
waters. Mar Chem 117: 52-58.

10. Paul C, Pohnert G (2011) Production and role of volatile halogenated
compounds from marine algae. Nat Prod Rep 28:186-195.

11. Kiipper FC, Carpenter LJ, McFiggans GB, Palmer CJ, Waite TJ, et al. (2008)
lodide accumulation provides kelp with an inorganic antioxidant impacting
atmospheric chemistry. Proc Nat Acad Sci USA 105: 6954-6958.

12. Mata L, Gaspar H, Justino F, Santos R (2011) Effects of hydrogen peroxide
on the content of major volatile halogenated compounds in the red alga
Asparagopsis taxiformis (Bonnemaisoniaceae). J Appl Phycol 23: 827-832.

13. Weyand M, Hecht H, Kiess M, Liaud M, Vilter H, et al. (1999) X-ray structure
determination of a vanadium-dependent haloperoxidase from Ascophyllum
nodosum at 2.0 A resolution. J Mol Biol 293: 595-611.

20.

21.

22.

23.

2

=

25.

26.

27.

28.

29.

30.

31.

3

N

33.

34.

35.

. Littlechild J, Garcia Rodriguez E, Isupov M (2009) Vanadium containing

bromoperoxidase — Insights into the enzymatic mechanism using X-ray
crystallography. J Inorg Biochem 103: 617-621.

. Isupov MN, Dalby AR, Brindley AA, Izumi Y, Tanabe T, et al. (2000) Crystal

structure of dodecameric vanadium-dependent bromoperoxidase from the red
algae Corallina officinalis. J Mol Biol 299: 1035-1049.

.Wischang D, Radlow M, Schulz H, Vilter H, Viehweger L, et al. (2012)

Molecular cloning, structure, and reactivity of the second bromoperoxidase
from Ascophyllum nodosum. Bioorg Chem 44: 25-34.

.Kraehmer V, Rehder D (2012) Modelling the site of bromide binding in

vanadate-dependent bromoperoxidases. Dalton Trans 41: 5225-5234.

. Christmann U, Dau H, Haumann M, Kiss E, Liebisch P, et al. (2004) Substrate

binding to vanadate-dependent bromoperoxidase from Ascophyllum nodosum:
a vanadium K-edge XAS approach. Dalton Trans 2534-2540.

.Davies DR, Hol WG (2004) The power of vanadate in crystallographic

investigations of phosphoryl transfer enzymes. FEBS Lett 577: 315-321.

Plass W (1999) Phosphate and vanadate in biological systems: chemical
relatives or more? Angew Chem Int Ed 38: 909-912.

Tanaka N, Dumay V, Liao Q, Lange AJ, Wever R (2002) Bromoperoxidase
activity of vanadate-substituted acid phosphatases from Shigella flexneri and
Salmonella enterica ser. typhimurium. Eur J Biochem 269: 2162-2167.

Wischang D, Radlow M, Hartung J (2013) Vanadate-dependent
bromoperoxidases from Ascophyllum nodosum in the synthesis of brominated
phenols and pyrroles. Dalton Trans 42: 11926-11940.

Messerschmidt A, Wever R (1998) X-ray structures of apo and tungstate
derivatives of vanadium chloroperoxidase from the fungus Curvularia
inaequalis. Inorg Chim Acta 273: 160-166.

. Zampella G, Fantucci P, Pecoraro VL, De Gioia L (2005) Reactivity of peroxo

forms of the vanadium haloperoxidase cofactor. A DFT investigation. J Am
Chem Soc 127: 953-960.

Bortolini O, Carraro M, Conte V, Moro S (2003) Vanadium-bromoperoxidase-
mimicking systems: Direct evidence of a hypobromite-like vanadium
intermediate. Eur J Inorg Chem 2003: 42-46.

Carter-Franklin JN, Butler A (2004) Vanadium bromoperoxidase-catalyzed
biosynthesis of halogenated marine natural products. J Am Chem Soc 126:
15060-15066.

Ishihara J, Kanoh N, Murai A (1995) Enzymatic reaction of (3E,6S,7S)-
laurediol and the molecular modeling studies on the cyclisation of laurediols.
Tetrahedron Lett 36: 737-740.

Wever R, van der Horst MA (2013) The role of vanadium haloperoxidases
in the formation of volatile brominated compounds and their impact on the
environment. Dalton Trans 42: 11778-11786.

Renirie R, Dewilde A, Pierlot C, Wever R, Hober D, et al. (2008) Bacterial and
virucidal activity of the alkalophilic P395D/L2412V/T343A mutant of vanadium
chloroper oxidase. J Appl Microbiol 105: 264-270.

Macedo-Ribeiro S, Hemrika W, Renirie R, Wever R, Messerschmidt A (1999)
X-ray crystal structure of active site mutants of the vanadium-containing
chloroperoxidase from the fungus Curvularia inaequalis. J Biol Inorg Chem 4:
209-219.

Hoogenkamp MA, Crielaard W, ten Cate JM, Wever R, Hartog AF, et al.
(2009) Antimicrobial activity of vanadium chloroperoxidase on planktonic
Streptococcus mutans cells and Streptococcus mutans biofilms. Caries Res
43: 334-228.

. Persoon IF, Hoogenkamp MA, Bury A, Wesselink PR, Hartog AF, et al. (2012)

Effect of vanadium chloroperoxidase on Enterococcus faecalis biofilms. J
Endod 38: 72-74.

Vanelslander B, Paul C, Grueneberg J, Prince EK, Gillard J, et al. (2012) Daily
bursts of biogenic cyanogen bromide (BrCN) control biofilm formation around a
marine benthic diatom. Proc Natl Acad Sci USA 109: 2412-2417.

Wu P, Celik C, Santoni G, Dallery J, Rehder D (2008) Sulfoxygenation
catalysed by oxidovanadium complexes. Eur J Inorg Chem 2008: 5203-5213.

Senanayake CH, Krishnamurthy, D Lu Z-H, Han Z, Gallou | (2005) Enantiopure
sulfoxides and sulfinamides. Recent developments in their stereoselective
synthesis and applications to stereoselective synthesis. Aldrichimica Acta 38:
93-103.

Oceanography, an open access journal
ISSN: 2332-2632

Seaweeds, Micro- and Macro-algae

Volume 2 - Issue 2 + 1000121


http://www.sciencedirect.com/science/article/pii/S0031942200804719
http://www.sciencedirect.com/science/article/pii/S0031942200804719
http://www.ncbi.nlm.nih.gov/pubmed/2400770
http://www.ncbi.nlm.nih.gov/pubmed/2400770
http://www.ncbi.nlm.nih.gov/pubmed/2400770
http://www.ncbi.nlm.nih.gov/pubmed/22784372
http://www.ncbi.nlm.nih.gov/pubmed/22784372
http://www.ncbi.nlm.nih.gov/pubmed/22784372
http://www.ncbi.nlm.nih.gov/pubmed/22784372
http://www.ncbi.nlm.nih.gov/pubmed/21384874
http://www.ncbi.nlm.nih.gov/pubmed/21384874
http://www.ncbi.nlm.nih.gov/pubmed/21384874
http://www.ncbi.nlm.nih.gov/pubmed/19363038
http://www.ncbi.nlm.nih.gov/pubmed/19363038
http://www.ncbi.nlm.nih.gov/pubmed/19129167
http://www.ncbi.nlm.nih.gov/pubmed/19129167
http://www.ncbi.nlm.nih.gov/pubmed/19129167
http://www.ncbi.nlm.nih.gov/pubmed/23615924
http://www.ncbi.nlm.nih.gov/pubmed/23615924
http://onlinelibrary.wiley.com/book/10.1002/9780470994429
http://onlinelibrary.wiley.com/book/10.1002/9780470994429
http://www.sciencedirect.com/science/article/pii/S0304420309000875
http://www.sciencedirect.com/science/article/pii/S0304420309000875
http://pubs.rsc.org/en/content/articlelanding/2011/np/c0np00043d#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2011/np/c0np00043d#!divAbstract
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2383960/#__ffn_sectitle
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2383960/#__ffn_sectitle
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2383960/#__ffn_sectitle
http://link.springer.com/article/10.1007%2Fs10811-010-9582-y
http://link.springer.com/article/10.1007%2Fs10811-010-9582-y
http://link.springer.com/article/10.1007%2Fs10811-010-9582-y
http://www.ncbi.nlm.nih.gov/Structure/mmdb/mmdbsrv.cgi?uid=1qi9
http://www.ncbi.nlm.nih.gov/Structure/mmdb/mmdbsrv.cgi?uid=1qi9
http://www.ncbi.nlm.nih.gov/Structure/mmdb/mmdbsrv.cgi?uid=1qi9
http://www.ncbi.nlm.nih.gov/pubmed/19230976
http://www.ncbi.nlm.nih.gov/pubmed/19230976
http://www.ncbi.nlm.nih.gov/pubmed/19230976
http://www.ncbi.nlm.nih.gov/pubmed/10843856
http://www.ncbi.nlm.nih.gov/pubmed/10843856
http://www.ncbi.nlm.nih.gov/pubmed/10843856
http://www.ncbi.nlm.nih.gov/pubmed/22884431
http://www.ncbi.nlm.nih.gov/pubmed/22884431
http://www.ncbi.nlm.nih.gov/pubmed/22884431
http://www.ncbi.nlm.nih.gov/pubmed/22415551
http://www.ncbi.nlm.nih.gov/pubmed/22415551
http://www.ncbi.nlm.nih.gov/pubmed/15303169
http://www.ncbi.nlm.nih.gov/pubmed/15303169
http://www.ncbi.nlm.nih.gov/pubmed/15303169
http://www.ncbi.nlm.nih.gov/pubmed/15556602
http://www.ncbi.nlm.nih.gov/pubmed/15556602
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291521-3773%2819990401%2938:7%3C909::AID-ANIE909%3E3.0.CO;2-S/abstract
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291521-3773%2819990401%2938:7%3C909::AID-ANIE909%3E3.0.CO;2-S/abstract
http://www.ncbi.nlm.nih.gov/pubmed/11985594
http://www.ncbi.nlm.nih.gov/pubmed/11985594
http://www.ncbi.nlm.nih.gov/pubmed/11985594
http://www.ncbi.nlm.nih.gov/pubmed/23881071
http://www.ncbi.nlm.nih.gov/pubmed/23881071
http://www.ncbi.nlm.nih.gov/pubmed/23881071
http://www.sciencedirect.com/science/article/pii/S0020169397059197
http://www.sciencedirect.com/science/article/pii/S0020169397059197
http://www.sciencedirect.com/science/article/pii/S0020169397059197
http://www.ncbi.nlm.nih.gov/pubmed/15656634
http://www.ncbi.nlm.nih.gov/pubmed/15656634
http://www.ncbi.nlm.nih.gov/pubmed/15656634
http://onlinelibrary.wiley.com/doi/10.1002/ejic.200390004/abstract
http://onlinelibrary.wiley.com/doi/10.1002/ejic.200390004/abstract
http://onlinelibrary.wiley.com/doi/10.1002/ejic.200390004/abstract
http://www.ncbi.nlm.nih.gov/pubmed/15548002
http://www.ncbi.nlm.nih.gov/pubmed/15548002
http://www.ncbi.nlm.nih.gov/pubmed/15548002
http://www.sciencedirect.com/science/article/pii/004040399402329A
http://www.sciencedirect.com/science/article/pii/004040399402329A
http://www.sciencedirect.com/science/article/pii/004040399402329A
http://www.ncbi.nlm.nih.gov/pubmed/23657250
http://www.ncbi.nlm.nih.gov/pubmed/23657250
http://www.ncbi.nlm.nih.gov/pubmed/23657250
http://www.ncbi.nlm.nih.gov/pubmed/18266697
http://www.ncbi.nlm.nih.gov/pubmed/18266697
http://www.ncbi.nlm.nih.gov/pubmed/18266697
http://www.ncbi.nlm.nih.gov/pubmed/10499093
http://www.ncbi.nlm.nih.gov/pubmed/10499093
http://www.ncbi.nlm.nih.gov/pubmed/10499093
http://www.ncbi.nlm.nih.gov/pubmed/10499093
http://www.ncbi.nlm.nih.gov/pubmed/19648743
http://www.ncbi.nlm.nih.gov/pubmed/19648743
http://www.ncbi.nlm.nih.gov/pubmed/19648743
http://www.ncbi.nlm.nih.gov/pubmed/19648743
http://www.ncbi.nlm.nih.gov/pubmed/22152624
http://www.ncbi.nlm.nih.gov/pubmed/22152624
http://www.ncbi.nlm.nih.gov/pubmed/22152624
http://www.pnas.org/content/early/2012/01/24/1108062109
http://www.pnas.org/content/early/2012/01/24/1108062109
http://www.pnas.org/content/early/2012/01/24/1108062109
http://onlinelibrary.wiley.com/doi/10.1002/ejic.200800772/abstract
http://onlinelibrary.wiley.com/doi/10.1002/ejic.200800772/abstract
http://www.readcube.com/articles/10.1002%2Fchin.200640264
http://www.readcube.com/articles/10.1002%2Fchin.200640264
http://www.readcube.com/articles/10.1002%2Fchin.200640264
http://www.readcube.com/articles/10.1002%2Fchin.200640264

Citation: Rehder D (2014) Vanadate-Dependent Peroxidases in Macroalgae:

121. doi:10.4172/2332-2632.1000121

Function, Applications, and Environmental Impact. Oceanography 2:

Page 7 of 7

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

But A, Le Noétre J, Scott EL, Wever R, Sanders JP (2012) Selective oxidative
decarboxylation of amino acids to produce industrially relevant nitriles by
vanadium chloroperoxidase. ChemSusChem 5: 1199-1201.

Lin CY, Manley SL (2012) Bromoform production from seawater treated with
bromoperoxidase. Limnol Oceanogr 57: 1857-1866.

McFiggans G, Bale CSE, Ball SM, Beames JM, Bloss WJ, et al. (2010) lodine-
mediated coastal particle formation: an overview of the reactive halogens in the
marine boundary layer (RHaMBLe) Roscoff coastal study. Atmos Chem Phys
10: 2975-2999.

Carpenter LJ, Jones CE, Dunk RM, Hornsby KE, Woeltjen J (2009) Air-sea
fluxes of biogenic bromine from the tropical and North Atlantic Ocean. Atmos
Chem Phys 9: 1805-1816.

Liu Y, Yvon-Lewis SA, Hu L, Salisbury JE, O'Hern JE (2011) CHBr,, CH,Br,,
and CHCIBr, in U.S. coastal waters during the Gulf of Mexico and East Coast
Carbon cruise. J Geophys Res: Oceans 116.

Saiz-Lopez A, von Glasow R (2012) Reactive halogen chemistry in the
troposphere. Chem Soc Rev 41: 6448-6472.

Amachi S (2008) Microbial contribution to global iodine cycling: volatilization,
accumulation, reduction, oxidation, and sorption of iodine. Microbes Environ
23: 269-276.

Vila-Costa M, Simé R, Harada H, Gasol JM, Slezak D, et al. (2006)
Dimethylsulfoniopropionate uptake by marine phytoplankton. Science 314:
652-654.

Wachs IE (2013) Catalysis science of supported vanadium oxide catalysts.
Dalton Trans 42: 11762-11769.

Natalio F, André R., Hartog AF, Stoll B, Jochum KP, et al. (2012) Vanadium
pentoxide nanoparticles mimic vanadium haloperoxidases and thwart biofilm
formation. Nature Nanotechnology 7: 530-535.

Hasan Z, Renirie R, Kerkman R, Ruijssenaars HJ, Hartog AF, et al. (2006)
Laboratory-evolved vanadium chloroperoxidase exhibits 100-fold higher
halogenating activity at alkaline pH: Catalytic effects from first and second
coordination sphere mutations. J Biol Chem 281: 9738-9744.

47.

48.

49.

50.

5

a

52.

53.

54

5

(32}

56.

57.

Butler A, Carter-Franklin JN (2004) The role of vanadium bromoperoxidase in
the biosynthesis of halogenated marine natural products. Nat Prod Rep 21:
180-188.

Butler A, Sandy M (2009) Mechanistic considerations of halogenated enzymes.
Nature 460: 848-854.

Lindquist Y, Schneider G, Vihko P (1994) Crystal structures of rat acid
phosphatase complexed with the transition-state analogs vanadate and
molybdate. Eur J Biochem 221: 139-142.

Lippold I, Becher J, Klemm D, Plass W (2009) Chiral oxovanadium(V)
complexes with a 6-amino-6-deoxyglucopyranoside-based Schiff-base ligand:
Catalytic asymmetric sulfoxidation and structural characterization. J Mol Catal
A-Chem 236: 12-17.

.Plass W (2012) Chiral and supermolecular metal complexes for vanadium

haloperoxidases: Host-guest systems and hydrogen bonding relays for
vanadate species. Coordin Chem Rev 255: 2378-2387.

Santoni G, Licini G, Rehder D (2003) Catalysis of oxo transfer to prochiral
sulfides by oxovanadium(V) compounds that model the active center of
haloperoxidases. Eur J Chem 9: 4700-4708.

Rehder D (2006) Model complexes for vanadium containing enzymes. Concepts
and Models in Bioinorganic Chemistry, Wiley VCH, Weinheim, Germany.

. Kamenarska Z, Taniguchi T, Ohsawa N, Hiraoka M, Itoh N (2007) A vanadium-

dependent bromoperoxidase in the marine red alga Kappaphycus alvarezii
displays clear substrate specifity. Phytochemistry 68: 1358-1366.

.Wischang D, Hartung J (2011) Parameters for bromination of pyrroles in

bromoperoxidase-catalyzed oxidations. Tetrahedron 67: 4048-4054.

Wischang D, Hartung J (2012) Bromination of phenols in bromoperoxidase-
catalyzed oxidations. Tetrahedron 68: 9456-9463.

Manefield M, Rasmussen TB, Henzter M, Andersen JB, Steinberg P, et al.
(2002) Halogenated furanones inhibit quorum sensing through accelerated
LuxR turnover. Microbiology 148: 1119-1127.

This article was originally published in a special issue, Seaweeds, Micro- and
Macro-algae handled by Editor. Dr. Jeffrey Craig Bailey, University of North
Carolina, USA

Oceanography, an open access journal

ISSN: 2332-2632

Seaweeds, Micro- and Macro-algae

Volume 2 - Issue 2 + 1000121


http://www.ncbi.nlm.nih.gov/pubmed/22556065
http://www.ncbi.nlm.nih.gov/pubmed/22556065
http://www.ncbi.nlm.nih.gov/pubmed/22556065
http://wap.aslo.org/lo/toc/vol_57/issue_6/1857.pdf
http://wap.aslo.org/lo/toc/vol_57/issue_6/1857.pdf
http://www.atmos-chem-phys.net/10/2975/2010/acp-10-2975-2010.html
http://www.atmos-chem-phys.net/10/2975/2010/acp-10-2975-2010.html
http://www.atmos-chem-phys.net/10/2975/2010/acp-10-2975-2010.html
http://www.atmos-chem-phys.net/10/2975/2010/acp-10-2975-2010.html
http://www.atmos-chem-phys.net/9/1805/2009/acp-9-1805-2009.pdf
http://www.atmos-chem-phys.net/9/1805/2009/acp-9-1805-2009.pdf
http://www.atmos-chem-phys.net/9/1805/2009/acp-9-1805-2009.pdf
http://onlinelibrary.wiley.com/doi/10.1029/2010JC006729/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2010JC006729/abstract
http://onlinelibrary.wiley.com/doi/10.1029/2010JC006729/abstract
http://pubs.rsc.org/en/content/articlelanding/2012/cs/c2cs35208g#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2012/cs/c2cs35208g#!divAbstract
http://www.ncbi.nlm.nih.gov/pubmed/21558718
http://www.ncbi.nlm.nih.gov/pubmed/21558718
http://www.ncbi.nlm.nih.gov/pubmed/21558718
http://www.ncbi.nlm.nih.gov/pubmed/17068265
http://www.ncbi.nlm.nih.gov/pubmed/17068265
http://www.ncbi.nlm.nih.gov/pubmed/17068265
http://pubs.rsc.org/EN/content/articlelanding/2013/dt/c3dt50692d#!divAbstract
http://pubs.rsc.org/EN/content/articlelanding/2013/dt/c3dt50692d#!divAbstract
http://www.nature.com/nnano/journal/v7/n8/abs/nnano.2012.91.html
http://www.nature.com/nnano/journal/v7/n8/abs/nnano.2012.91.html
http://www.nature.com/nnano/journal/v7/n8/abs/nnano.2012.91.html
http://www.ncbi.nlm.nih.gov/pubmed/16455658
http://www.ncbi.nlm.nih.gov/pubmed/16455658
http://www.ncbi.nlm.nih.gov/pubmed/16455658
http://www.ncbi.nlm.nih.gov/pubmed/16455658
http://www.ncbi.nlm.nih.gov/pubmed/15039842
http://www.ncbi.nlm.nih.gov/pubmed/15039842
http://www.ncbi.nlm.nih.gov/pubmed/15039842
http://www.nature.com/nature/journal/v460/n7257/full/nature08303.html
http://www.nature.com/nature/journal/v460/n7257/full/nature08303.html
http://www.ncbi.nlm.nih.gov/pubmed/8168503
http://www.ncbi.nlm.nih.gov/pubmed/8168503
http://www.ncbi.nlm.nih.gov/pubmed/8168503
http://www.sciencedirect.com/science/article/pii/S1381116908004433
http://www.sciencedirect.com/science/article/pii/S1381116908004433
http://www.sciencedirect.com/science/article/pii/S1381116908004433
http://www.sciencedirect.com/science/article/pii/S1381116908004433
http://www.ncbi.nlm.nih.gov/pubmed/14566876
http://www.ncbi.nlm.nih.gov/pubmed/14566876
http://www.ncbi.nlm.nih.gov/pubmed/14566876
http://www.ncbi.nlm.nih.gov/pubmed/17434548
http://www.ncbi.nlm.nih.gov/pubmed/17434548
http://www.ncbi.nlm.nih.gov/pubmed/17434548
http://www.sciencedirect.com/science/article/pii/S0040402011005023
http://www.sciencedirect.com/science/article/pii/S0040402011005023
http://www.sciencedirect.com/science/article/pii/S0040402012013397
http://www.sciencedirect.com/science/article/pii/S0040402012013397
http://www.ncbi.nlm.nih.gov/pubmed/11932456
http://www.ncbi.nlm.nih.gov/pubmed/11932456
http://www.ncbi.nlm.nih.gov/pubmed/11932456

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Distribution, Structure and Function 
	Mechanistic Aspects and Marine Chemistry 
	Impact on Atmospheric Chemistry 
	Perspectives
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Scheme 1
	Scheme 2
	References

