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Phytoplankton blooms, including toxic species such as the diatom
genusPseudo-nitzschiaor the dinoflagellateGymnodinium 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.1 This increasing incidence has sparked interest
in species of bacteria closely associated (or symbiotic) with toxic
dinoflagellates. Thus, axenic (bacteria-free) dinoflagellate cultures
often cannot be established, and even when they can, they require
the addition of vitamins and artificial metal complexes for satisfac-
tory viability.2 It can be inferred that under natural conditions, these
heterotrophic bacteria contribute some critical factor(s) to the
nutrition of the relevant marine algae.

A broad hypothesis that links these bacterial “symbionts” to the
growth of toxic dinoflagellates is in their control of the supply of
iron since this element, while the fourth most abundant in the
Earth’s crust, is present under aerobic conditions at neutral pH only
in the form of extremely insoluble minerals that severely restrict
its bioavailability. The iron level in open ocean waters is even lower
than in most terrestrial environments.3,4 While the iron uptake
systems of phytoplankton are largely unknown, bacteria on the other
hand have evolved sophisticated systems based on high-affinity iron
specific binding compounds called siderophores to acquire, trans-
port, and process this essential metal ion. Several hundred sidero-
phores, whose biosyntheses are repressed by high iron levels, are
known, and extensive studies of their isolation, structure, transport,
and molecular genetics have been undertaken in the last two
decades.5 The structural variety of siderophores, both terrestrial and
marine, has been comprehensively reviewed.6 Considered essential
to their role as iron transporters is the fact that siderophores have
both high affinity and high specificity for Fe(III) over other
biologically significant cations.

In the process of searching for new siderophores fromMarino-
bactersp. DG870, 893, and 979, marine bacteria associated with
G. catenatum,2 we isolated by BioGelP2 size exclusion chroma-
tography from extracts of spent culture medium, one CAS7 positive
fraction. Negative ion ESI-MS revealed two major mass peaks in
this fraction near 400 amu. Further purification via RP-HPLC
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

1. Vibrioferrin is a member of the carboxylate class of siderophores
and contains twoR-hydroxy acid groups. It was previously isolated
from Vibrio parahemeolyticus, an enteropathogenic estuarine
bacterium often associated with seafood-borne gastroenteritis and
has been extensively studied by Yamamoto et al.8,9 Because of its
close association with the CAS positive fraction, we also investi-
gated the nature of the CAS negative species with molecular mass
441 amu. A curious isotope distribution pattern suggested the
presence of an element other than the expected C, H, N, or O. In
fact a search through the periodic table produced a match only for
the unexpected element boron. The presence of boron was rapidly
confirmed by11B NMR and this, coupled with high-resolution MS
and a variety of other 1- and 2-D1H and13C NMR experiments,
revealed that the CAS negative, 441 amu, fraction is boronylated
vibrioferrin! Since boron was not a component of the artificial
seawater media used in culturing the bacteria, the boron incorporated
into VF could only have been derived from the borosilicate glass
flasks, suggesting a strong sequestering ability of VF for B. Indeed
when we added boric acid to the media in the concentration reported
to be present in seawater (0.4 mM)10 boronylated vibrioferrin was
the predominant species observed. A comparison between the13C
NMR peaks of free VF and its boronylated analogue reveal
significant coordination induced shifts (CIS) only for the carbon
atoms assigned to the two citryl groups demonstrating that the
binding of boron by VF is through those four oxygens. This was
confirmed by the position of the peak in the11B NMR at 8.5 ppm
that is consistent with a spiro-borate diester.11 The structure of a
variety of salts of “borodicitrate” have been reported where the
boron is bound in a tetrahedral fashion through the carboxylate
and R-hydroxyl groups from each of two citrates exactly as
predicted from the CIS NMR data for B-VF.12

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 (Schro¨dinger), the lowest energy structure of
which is shown (Figure 2). It is clear from this structure that it is
easy for VF to bind to a tetrahedral borate through the citrate groups
in a strain-free way. The presence of several internal hydrogen
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Figure 1. Vibrioferrin.
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bonds also appears to stabilize the structure. Further experiments
show that some, (i.e., rhizoferrin and petrobactin), but not all (i.e.,
any of the hydroxamate) siderophores also bind boron to varying
degrees (data not shown).

While boron is a known dietary requirement for various
phytoplankton13,14structurally characterized boron-containing natu-
ral products are confined to just a few macrolide antibiotics15 and
a bacterial quorum-sensing molecule.16 The latter observation opens
many intriguing possibilities. Quorum sensing molecules have been
reported to be involved in siderophore production in some spe-
cies17,18 and a naturally occurring derivative of a non-boron
containing quorum-sensing molecule has been reported to possess
siderophore-like iron binding abilities.19 Conversely, there is
evidence that siderophores, in addition to their iron binding role,
may function as signaling molecules.17 These 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 unknown.20 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 1023-25 for KML. 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 Fe3+.
The low binding constant also suggests a less negative reduction
potential for the iron complex (as there is typically a strong
correlation between redox potential and the Fe(III) binding con-
stant). Such a redox potential would likely be well within the range
of cell surface reductases reported to be present in some phy-
toplankton.21 In addition to its unexpected property of binding boron

and its relatively weak iron binding, vibrioferrin, when complexed
with Fe, is like other marine siderophores that contain anR-hydroxy
acid moiety, photoreactive.22 However despite these properties,
bioassays in media rendered iron limiting by the presence of
chelators, 2,2′bipyridyl, 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
specific selective processes operating between the bacterium and
dinoflagellate.23 Why are dinoflagellates selecting for such a
phylogenetically and functionally specific group of marine bacteria?
The unique features of vibrioferrin may provide important clues
as to the nature of this and related algal-bacterial relationships.
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Figure 2. The DFT geometry-optimized structure of the lowest energy
MMFF derived conformer of boron-vibrioferrin.
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Bacterial Culture.  All chemicals (A.C.S. grade or better) were purchased from Fisher 


Scientific unless otherwise indicated.  Strains were cultured in on a broth consisting of 


0.5 g Bacto Peptone (Difco), 0.1 g Yeast Extract (Difco), 750 ml GFC filtered open-


ocean seawater, 250 ml dH2O per liter with the pH adjusted to 7.5. Media was dispensed 


into appropriate volumes/vessels and autoclaved for 15 min at 121˚C to sterilize. 


Working agar plates were made with the same media upon addition of 1.5 % agar. Large 


scale cultures (2L) for VF isolation utilized a chemically defined media containing per 


liter: 15g NaCl, 0.75g KCl, 3g CaCl2
.2H2O, 1g NH4Cl, 5g Succinic acid, 12.4g 


MgSO4
.7H2O, and 0.1g β-glycerophosphoric acid (Aldrich) and the pH adjusted to 7.5.  


The bacteria were grown at room temperature with constant shaking at 160 rpm for 7 


days in 4L acid-washed flasks to eliminate residual iron. 


Siderophore Growth Bioassay.  DG870 and DG979 were grown in separate agar plates 


with supplemented seawater that was rendered iron-deficient by the addition of 150 µM 


EDDHA and 150 µM 2,2’-bipyridyl to the agar broth prior to autoclaving. 200 µL 


aliquots of bacterial solution broth cultures were added to the plates prior to agar 


solidification.  Sterile filter disks were then impregnated with 20 µL of 250 µM solutions 


of VF, BVF, water (as negative control) and iron citrate (as positive control) and various 


known siderophores (e.g. aerobactin, petrobactin and ferrioxamine E) and dried.  Filter 
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disks were then placed on the agar plates, which were then incubated at 28 oC overnight. 


A positive response (siderophore utilization) was indicated by a halo of growth around 


the disk. 


Vibrioferrin and Boron Vibrioferrin Purification.  The supernatant was isolated from 


bacterial cells by centrifugation at 5000 rpm for 25 min at 4oC using Sorvall RC5C+ 


centrifuge and acidified to pH 2.5.  Amberlite XAD-2 resin, (ca. 100 g / L, SUPELCO), 


was added to the supernatant and the suspension shaken for 12 hours.  Subsequently, the 


resin was poured into a column, washed with several bed volumes of milli-Q water and 


finally eluted with methanol.  Concentration of the methanol eluent by rotary evaporation 


yielded crude culture extracts.  Vibrioferrin was isolated from the extracts by purification 


on a size exclusion column (Biogel P-2, BioRad).  Siderophore-containing fractions were 


identified via the Chromeazurol S (CAS) assay described by Schwyn and Neilands, 


combined and repurified using semipreparative reverse-phase HPLC.  A Phenomenex 


Synergi-Hydro C18 column was used with the following gradient: (A = 0.1% TFA in 


water, B = 0.1% TFA in Acetonitrile) 0-15% B in 30 min, 15-95% B in 15 min, 95% B 


for 5 min, and 95-0% B in 10 min at a flow rate of 6 mL/min and monitoring of the 


eluent at 220 nm.  The BVF and uncomplexed VF -containing fractions were separated at 


this point. The BVF containing fractions were identified by negative ion mode ESI-MS 


(441 amu) while the VF fractions were determined by the CAS assay. The VF-containing 


fractions were further purified on a Phenomenex Luna C18 column with the following 


gradient: 0-3% B in 5 min, 3-12% B in 5 min, 12-15% B in 5 min, 15% B for 2 min, and 


15-0% B in 5 min at a flow rate of 5 mL/min.  The appropriate fractions were then pooled 


and lyophilized. 
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BVF and VF Characterization.  The identity of VF was confirmed by high resolution 


MS, 1H, 13C, and gCOSY NMR.  The identity of BVF was confirmed by all the previous 


experiments in addition to TOCSY, HMQC, HMBC, DEPT, NOESY and 11B NMR 


(Figures S1-S4 and Tables S1 and S2). 


Electrospray-ionization mass spectrometry. High-resolution mass spectra were obtained 


on a Micromass (Manchester, UK) QTOF-2 time of flight mass spectrometer (made 


available to us at UCSB by the courtesy of Prof. Alison Butler) with electrospray 


ionization source. Samples (in aqueous solution, 30 mM NH4HCO3 buffer or methanol) 


were injected by a Harvard Apparatus (Holliston, Massachusetts 01746, USA) infusion 


pump at a speed of 5 µL/min. For exact mass measurements an internal standard of 


known mass  (H9985, an octapeptide with m/z = 829.5393), was co-infused with the VF 


or BVF.  The exact mass measured for the parent peak of BVF in positive ion mode of 


440.0971 agrees within 4.1 ppm with that calculated for C16H18
10BN2O12 (440.0989).  


Routine ESI-MS and MSn spectra were obtained on a Finnigan LCQ ion-trap mass 


spectrometer equipped with an ESI source (Finnigan MAT, San Jose, CA). MS/MS 


spectra were obtained utilizing a collision voltage between 20-50 V and argon as the 


collision gas. Isotope distribution patterns were simulated using the program IsoPro 3.0 


NMR.  All 1 and 2-D NMR experiments were carried out on a Varian 500MHz 


instrument using standard pulse sequences available on the instrument. 11B NMR spectra 


were acquired using quartz NMR tubes to reduce the broad borosilicate background of 


glass tubes and referenced to boric acid at pH 2. 


EDTA Binding Competition.  Solutions contained 1:1, 1:5, and 1:10 VF to EDTA ratios 


with the pH fixed at 7.90 using 50 mM Bicine buffer.  In addition, ionic strength was 
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fixed by maintaining a NaCl concentration of 0.25 M.  Iron was added in a 1:1 ratio with 


respect to VF in the form of standard atomic absorption solution purchased from Fisher.  


Solutions were left to equilibrate for 5 days and monitored at 330 nm (the absorption 


maximum of FeVF using a Cary 50 UV-Vis spectrophotometer.  







 5


 


 
 
 


 


 
Figure S1. TOCSY spectrum of BVF in DMSO-d6. 
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Figure S2. HMBC spectrum of BVF in DMSO-d6. 
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Figure S3. 11B NMR of BVF.  Spectra were referenced relative to an external standard of 4 mM  
boric acid (pH 2.3) at 20 ppm.  The peak at 8.5 ppm is due to the coordination of the boron to VF, while the  
peak at 20 ppm is unbound boric acid. 
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Figure S4. Proposed structure of BVF. 


 
 


TableS1.  1H NMR assignments for BVF in DMSO-d6. 


Chemical Shift (ppm) Assignment 


1.25 (d) 3΄΄ 
1.89-2.03 (m) 4΄΄΄A 
2.15-2.25 (m) 4΄΄΄B 
2.26-2.39 (m) 3΄΄΄A 
2.40-2.50 (m) 3΄΄΄B 


2.52 (d) 4Aa 
2.62 (d) 2Aa 
2.64 (d) 4Ba 
2.68 (d) 2Ba 


2.90-3.0 (m) 2΄A 
3.57-3.68 (m) 2΄B 
3.80-3.89 (m) 1΄A 
4.20-4.28 (m) 1΄B 


4.40 (q) 2΄΄ 
8.08 (dd) -NH 


 


a Assignment of H-2 and H-4 maybe interchanged. 
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Table S2.  13C Coordination Induced Shifts in BVF compared to VF. 


Assignment Vibrioferrina 
δC (in Acetone-d6) 


Boronylated Vibrioferrin 
δC (in DMSO-d6) 


Difference 
(ppm)b 


 
3΄΄ 14.3 13.2 -1.1 
3΄΄΄ ~ 29c 28.5 ~ 0.5 
4΄΄΄ 33.0 32.4 -0.6 
2΄ 39.0 37.6 -1.4 
2 43.4 42.4 -1.0 
4 44.2 43.3 -0.9 


2΄΄ 52.5 53.4 +0.9 
1΄ 63.9 62.1 -1.8 
3 73.6 77.6 +4.0 


5΄΄΄ 90.7 91.9 +1.2 
1 170.0 169.2 -0.8 
5 171.6 170.1 -1.5 


1΄΄ 171.9 172.1 +0.2 
6΄΄΄ 173.0 176.7 +3.7 
6 175.4 177.0 +1.6 


2΄΄΄ 175.6 174.4 -1.2 
 
a Only the major ring closed form of Vibrioferrin was taken into account since it is believed to be the only form capable of effective 
boron chelation. Data taken from reference 8 in the text. 
b Small (ca. 1 ppm) negative shifts are due to difference in solvents, significant positive shifts are coordination-induced shifts. 
C Estimate, partially obscured by solvent 
 
 





