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with the Toxic Dinoflagellate =~ Gymnodinium catenatum

Shady A. Amin,* Frithjof C. Kiipper,™ David H. Green," Wesley R. Harris,® and Carl J. Carrano**

Department of Chemistry and Biochemistry, San Diego Statedudsity, San Diego, California 92182-1030,
Department of Chemistry, Umérsity of Missouri, 315 Benton Hall, One Umirsity Bouleard,
St. Louis, Missouri 63121, and Scottish Association for Marine Science, Dunstaffnage Marine Laboratory,
Oban, Argyll PA37 1QA, Scotland, U.K.

Received October 20, 2006; E-mail: carrano@sciences.sdsu.edu

Phytoplankton blooms, including toxic species such as the diatom
genusPseudo-nitzschiar the dinoflagellat€&symnodinium catena-
tum, are a characteristic phenomenon in coastal and upwelling
regions of the world’s oceans. Blooms of harmful algal species
have deleterious effects on marine ecosystems, and their impact
on public health and local economies can be large and has been
increasing globally.This increasing incidence has sparked interest
in species of bacteria closely associated (or symbiotic) with toxic
dinoflagellates. Thus, axenic (bacteria-free) dinoflagellate culture_s 1. Vibrioferrin is a member of the carboxylate class of siderophores

often ce_lr_mot be_este_lbllshed, a_n_d even when they can, they_requnreand contains twa-hydroxy acid groups. It was previously isolated
the addition of vitamins and artificial metal complexes for satisfac-

A 5 " from Vibrio parahemeolyticus an enteropathogenic estuarine
tory viability.? It can be inferred that under natural conditions, these P ylieu P 9

: . ) " bacterium often associated with seafood-borne gastroenteritis and
heterotrophic bacteria contribute some critical factor(s) to the . ) .
" . has been extensively studied by Yamamoto et#@Because of its
nutrition of the relevant marine algae.

. . o . y close association with the CAS positive fraction, we also investi-
A broad hyp OthES'S that I|nks_ these b_acterlal symbionts” to the gated the nature of the CAS negative species with molecular mass
growth of toxic dinoflagellates is in their control of the supply of

] . . . . 441 amu. A curious isotope distribution pattern suggested the
iron since this element, while the fourth most abundant in the presence of an element other than the expected C, H, N, or O. In
Earth’s crust, is present under aerobic conditions at neutral pH only fact a search through the periodic table produced a’malltcr; only 'for
in the form of extremely insoluble minerals that severely restrict the unexpected element boron. The presence of boron was rapidly
its bioavailability. The iron level in open ocean waters is even lower confirmed by!'B NMR and this .coupled with high-resolution MS
than in most terrestrial environmerits.While the iron uptake ;

systems of phytoplankton are largely unknown, bacteria on the otherand a variety of other 1- and_ 2-Bi and=C NMR. experiments,
hand have evolved sophisticated svst b ' d on high-affinity i revealed that the CAS negative, 441 amu, fraction is boronylated
e o P ySIems based on high-a Inltylronvibrioferrin! Since boron was not a component of the artificial
specific binding compounds galled S|d§roph0res to acquire, t.rans'seawater media used in culturing the bacteria, the boron incorporated
port, and process this essential metal ion. Several hundred sidero-

h h bi h d by high i level into VF could only have been derived from the borosilicate glass
phores, whose biosyniheses are repressed by nigh iron 1evels, ar‘?Iasks, suggesting a strong sequestering ability of VF for B. Indeed
known, and extensive studies of their isolation, structure, transport,

. . when we added boric acid to the media in the concentration reported
and molecular genetics have been undertaken in the last two

decaded The structural variety of sid h both t rial and to be present in seawater (0.4 mi¥poronylated vibrioferrin was
ecades.The structural variely of sideropnores, both terrestna’ and predominant species observed. A comparison betwe€efddhe
marine, has been comprehensively revie®€nsidered essential

to their rol ron t ters is the fact that sid h h NMR peaks of free VF and its boronylated analogue reveal
0 their role as iron transporters 1s the fact that sigerophores aVesignificant coordination induced shifts (CIS) only for the carbon
both high affinity and high specificity for Fe(lll) over other

bioloaically sianificant cati atoms assigned to the two citryl groups demonstrating that the
ologically significant cations. . . binding of boron by VF is through those four oxygens. This was
In the process of searching for new siderophores fikéanino-

. - ) ..._confirmed by the position of the peak in th# NMR at 8.5 ppm
bactersp. DGS?O’.SQS’ and 979’ marlnel bacteria gssouated with that is consistent with a spiro-borate diesfefhe structure of a
G. catenatun? we isolated by BioGeP2 size exclusion chroma-

h f ¢ | di Cassit variety of salts of “borodicitrate” have been reported where the
‘Ogr"’.‘p y from gxtrgcts of spent culture medium, one pasitive . boron is bound in a tetrahedral fashion through the carboxylate
fraction. Negative ion ESI-MS revealed two major mass peaks in

his fracti 400 Furth ificati 2 RP-HPLC and a-hydroxyl groups from each of two citrates exactly as
this fraction near amu. Further purification via RP- predicted from the CIS NMR data for B-VP.

chromatography followed by a second round of HPLC produced
two clean fractions, one with a mass of 433 amu that was CAS
positive and a second with mass 441 amu that was CAS negative
Subsequent high-resolution MS and a variety of 1 and 2-D NMR
experiments unequivocally demonstrated that the CAS positive, 433
amu fraction was the known siderophore vibrioferrin (VF), Figure

Figure 1. Vibrioferrin.

Using the structural data for borocitrate binding from the crystal
structures as a starting point, we determined the ten lowest energy
‘conformers of the complex using MMFF conformational searching
algorithms as implemented in Spartan 2000. The four lowest energy
conformers were then geometry-optimized at the DFT (B3LYP)
level using Jaguar (Schdinger), the lowest energy structure of
which is shown (Figure 2). It is clear from this structure that it is

: . - . .
. amgg%ooft&ﬁs%ﬂ'r‘i’e“"y- easy for VF to bind to a tetrahedral borate through the citrate groups
' Dunstaffnage Marine Laboratory. in a strain-free way. The presence of several internal hydrogen
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and its relatively weak iron binding, vibrioferrin, when complexed
with Fe, is like other marine siderophores that contain-dnydroxy
acid moiety, photoreactiv&. However despite these properties,
bioassays in media rendered iron limiting by the presence of
chelators, 2,Dipyridyl, and EDDHA, revealed that VF is able to
relieve iron induced growth inhibition in DG870, 893, and 979 as
expected of a true siderophore.

Marine bacteria, including DG870, 893, and 979, specifically
associated with toxic, bloom-forming dinoflagellates, represent a
unique subset of marine bacteria which share the ability to produce
and use vibrioferrin unlike numerous closely related organisms. This
functional conservation is interpreted as indicating that there are
bonds also appears to stabilize the structure. Further experimentsspecific selective processes operating between the bacterium and
show that some, (i.e., rhizoferrin and petrobactin), but not all (i.e., dinoflagellate?® Why are dinoflagellates selecting for such a
any of the hydroxamate) siderophores also bind boron to varying phylogenetically and functionally specific group of marine bacteria?
degrees (data not shown). The unique features of vibrioferrin may provide important clues

While boron is a known dietary requirement for various as to the nature of this and related algal-bacterial relationships.

¢
Figure 2. The DFT geometry-optimized structure of the lowest energy
MMFF derived conformer of boron-vibrioferrin.

phytoplanktof®“structurally characterized boron-containing natu-
ral products are confined to just a few macrolide antibidtiesid

a bacterial quorum-sensing molecti& he latter observation opens
many intriguing possibilities. Quorum sensing molecules have been
reported to be involved in siderophore production in some spe-
cies”!® and a naturally occurring derivative of a non-boron
containing quorum-sensing molecule has been reported to posses
siderophore-like iron binding abiliti€d. Conversely, there is
evidence that siderophores, in addition to their iron binding role,
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may function as signaling moleculésThese observations suggest
a role for siderophores in inter/intraspecies communication and
growth control. Another possibility is that VF could be functioning
as a “boronophore”, that is, a boron-transporting molecule for the
phytoplankton. The presence of a high concentration of boron in
seawater does not a priori eliminate the need for an extracellular

transporter. Indeed membrane-associated boron transporters have

recently been described in plants although an extracellular boron
scavenger is unknowi. The details of these intriguing and
potentially highly significant findings await further investigation,
but it is now clear, in the marine environment at least where the
concentration of boron is high, that the role of siderophores
functioning exclusively as iron binding agents for their producing
bacteria has to be reconsidered.

Despite the fact that VF has been extensively studied from a
biological perspective, its metal binding characteristics remain
largely unknown. Although we have not yet measured accurate Fe
binding constants (these will be reported in due course) there is
evidence that the interaction is weaker than for most other
siderophores. Attempts to determine the overall formation constant
by EDTA competition at near neutral pH, as is standard methodol-
ogy for siderophores, failed in the case of VF as a single equivalent
of EDTA effectively removes all of the Fe from FeVF. This sets
an upper limit of 18325 for Ky . This relatively weak Fe binding
is not entirely unexpected as VF has only five potential donor
groups, insufficient to satisfy the six coordination desired by Fe
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