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Prorocentrin: An Extracellular Siderophore Produced by the 
Marine Dinoflagellate Prorocentrum minimum 

Abstract. Prorocentrin, a putative iron transport compound, has been extracted 
from the Jiltrates of Prorocentrum minimum cultures by XAD-2 resin. Production of 
prorocentrin can be stimulated by culturing Prorocentrum minimum under condi- 
tions of iron dejiciency. The ironlIlI) complex of prorocentrin has an ultraviolet- 
visible absorption spectrum typical of hydroxamate siderophores. 

Marine phytoplankton, like most other 
living organisms, have a nutritional re- 
quirement for iron (I).  Iron in seawater is 
either associated with organic chelators 
(2) or present as  aggregates of the almost 
totally insoluble iron(II1) hydroxide (sol- 
ubility product constant = (3). 
Although a portion of the chelated iron- 
(111) may be utilized by phytoplankton, 
the large pool of insoluble iron(II1) hy- 
droxide is presumed to be unavailable as  
a nutritional source. 

Aquatic microorganisms-for exam- 
ple, bacteria (4) and cyanobacteria (5- 
8)-produce extracellular iron(II1)-spe- 
cific chelating compounds (sidero- 
phores) that enable them to solubilize 
and therefore acquire the iron present in 
the iron(II1) hydroxide aggregates. 

It  is not clear whether eukaryotic phy- 
toplankton acquire iron(II1) in a similar 
manner. Spencer et al. (9) characterized 
a possible siderophore from a nonaxenic 
marine diatom, Chaetoceros socialis. 
The isolated substance had chemical 
properties similar to those of a hydroxa- 
mate siderophore, but definitive evi- 
dence for the origin of the compound 
(from the diatom and not the bacteria) 

was not presented. More recently 
McKnight and Morel (10) have conclud- 
ed that a number of axenic eukaryotic 
phytoplankton are unable to produce 
iron(II1)-specific chelators. They have 
suggested that the diatom Thalassiosira 
weissflogii utilizes iron(I1) rather than 
iron(II1) ( l l ) ,  because ferrous iron is 
more soluble in seawater and therefore it 
should be more nutritionally accessible. 
Since iron(I1) is extremely labile in the 
marine environment, transformation of 
iron(II1) to iron(I1) at  the cell membrane 
may be required for efficient uptake. 
Armstrong and Van Baalen (7) showed 
that a concentrated chloroform extract 
of the supernatant from an iron-depleted 
culture of the marine diatom Cylindro- 
theca was Csaky-positive (12) and that it 
stimulated the growth of the siderophore 
auxotroph Arthrobacterflavescens JG-9 
(13). Circumstantial evidence for the uti- 
lization of siderophores by phytoplank- 
ton comes from numerous observations 
that either synthetic or natural chelators 
stimulate phytoplankton growth in cul- 
ture and in the field, possibly by enhanc- 
ing the availability of iron (14, 15). 

T o  clarify whether marine eukaryotes 

Table 1. Influence of culture medium on growth rate of Prorocentrum minimum and production 
of Csaky-positive compounds. 

Medium and 
nutrient status 

Growth 
(divisions 
per day) 

Final yield 
( x  lo7 cells 
per liter) 

Csaky 
test* 
(kg) 

ESNW, iron-sufficient 1.04 t 0.08 6.27 5.9 
AQUIL-Fe, iron-deficient 0.42 5 0.01 4.01 127.2 
ESNW-Fe, iron-deficient 0.75 t 0.02 3.95 133.0 

*Measured as micrograms of NHIOH per lo8 cells. 
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do produce siderophores, we conducted 
a survey of marine phytoplankton spe- 
cies in the North East Pacific Culture 
Collection (NEPCC) (16) for the produc- 
tion of either intracellular or extracellu- 
lar metabolites that are Csaky-positive 
(12) and that satisfy the requirements of 
the siderophore auxotroph A. flavescens 
JG-9 (13). Our survey (17) revealed that 
the cell and filtrate extracts of the non- 
toxic, red tide dinoflagellate Prorocen- 
trum minimum Schiller (NEPCC 96) 
showed considerable promise as a 
source of hydroxamate siderophores. 

Microbial production of siderophores 
is stimulated by growth in iron-limited 
media (8, 18). We therefore grew 6-liter 
axenic cultures (19) of P. minimum in (i) 
charcoal-treated natural seawater fol- 
lowed by addition of all required nutri- 
ents (ESNW) (20); (ii) charcoal-treated 
natural seawater followed by the remov- 
al of most of the available iron (15) and 
then supplemented with all nutrients ex- 
cept FeC13 and EDTA (ESNW-Fe medi- 
um); and (iii) charcoal- and Chelex-100 
resin-treated natural seawater supple- 
mented with AQUIL nutrients (21), mi- 
nus FeC13 and EDTA (AQUIL-Fe medi- 
um). The first medium provided an iron- 
sufficient control, whereas the other me- 
dia provided iron-stressed conditions. 

All cultures were harvested when the 
extracellular siderophore concentration 
was maximum. This occurred approxi- 
mately 3 days after the culture reached 
senescence. Cells were harvested by 
continuous centrifugation and membrane 
filtration (0.45 ym). The cell-free filtrates 
were acidified to p H  2 and passed over 
XAD-2 (2,22) resin to extract the Csaky- 
positive metabolites. Methanol elution 
removed the organics from the XAD-2 
resin. Evaporation of the methanol un- 
der reduced pressure and partitioning of 
the resulting residue between chloroform 
and water generated an aqueous fraction 
that contained the Csaky (12) activity. 

The influence of the three different 
types of media on growth parameters 
and Csaky-positive metabolite produc- 
tion is shown in Table 1. The reduction 
in growth rate and final cell yield is 
attributed to the iron-deficient culture 
medium. Cells grown under iron- 
stressed conditions produced more of 
the Csaky-positive compound. The addi- 
tion of freshly prepared FeCI3 to allevi- 
ate the iron deficiency in ENSW-Fe and 
AQUIL-Fe reestablished maximum 
growth rates (1.01 2 0.07 and 0.94 5 

0.01 divisions per day, respectively) and 
reduced the production of Csaky-posi- 
tive compound to less than 5 kg of 
NH20H per 10' cells. 

A 40-liter culture of P. minimum 

Table 2. Comparison of ferri-prorocentrin 
with desferri-prorocentrin; N.D., not deter- 
mined. 

Ferri- Desferri- 
Item psoro- proro- 

centrin centrin 

Rf* - 0.60 0.18 to 0.20 
IZ vapor + + 
FeC13 spray None Pink color 
Perchlorate test + + 
Csaky test + + 
Molecular size N.D. 560 to 590 

(daltons) 

*In a mixture of butanol, water, and acetic acid 
(60:25: 15). 

grown in ESNW-Fe medium and har- 
vested shortly after the cessation of 
growth provided a sufficient amount of 
the extracellular Csaky-positive com- 
pound to enable purification and prelimi- 
nary chemical characterization. We have 
named this compound prorocentrin. Cul- 
ture filtrates were extracted as described 
above. Ferri-prorocentrin was formed by 
adding freshly prepared iron(II1) hydrox- 
ide (23) to the resulting aqueous fraction 
and heating the suspension at 80°C for 2 
hours. Excess iron(II1) hydroxide was 
removed by filtration, and the deep red 
filtrate was reduced in volume by rotary 
evaporation under reduced pressure. A 
white precipitate that formed in the con- 
centrated filtrate was removed, and the 
mother liquor was applied to a rotary 
thin-layer chromatography plate [Chro- 
matotron (Harrison Research), HF  silica 
gel with a starch binder]. Fractionation 
was achieved by elution with a series of 
solvents (methanol and water, 1 : 24; 
methanol and water, 3:7; and butanol, 
water, and acetic acid, 60:25 : 15). Sever- 
al red-orange fractions were collected in 
each solvent pass. After concentration 

Wavelength (nm) 

Fig. 1. The ultraviolet-visible absorption 
spectra of desferri-prorocentrin (solid line) 
and ferri-prorocentsin (broken line) in water. 

by rotary evaporation, each fraction was 
assayed by the Csaky test. A single red- 
orange fraction from the butanol-water- 
acetic acid pass was positive. 

Analytical thin-layer chromatography 
of the Csaky-positive fraction on silica 
gel (SIL G/UV254 eluted with a mixture 
of butanol, water, and acetic acid, 
60:25:15) showed a single iodine-posi- 
tive spot at a relative mobility (Rf) of 
approximately 0.6, corresponding to 
ferri-prorocentrin. The iron could be re- 
moved from the complex by treatment 
with 1N NaOH. Thin-layer chromatogra- 
phy of the desferri-prorocentrin showed 
a single spot at Rf .= 0.2, which took up 
iodine and gave a pink spot with ferric 
chloride spray (2 percent FeC13 in etha- 
nol). Prorocentrin was desalted on a Bio- 
Gel P-2 column to give approximately 7 
mg of a white solid. Calibration of the 
BioGel column with several low molecu- 
lar weight standards allowed us to esti- 
mate that the molecular size of prorocen- 
trin is 560 to 590 daltons. We could not 
estimate a molecular size for ferri-proro- 
centrin because it streaked on the col- 
umn. 

Prorocentrin shows only strong end 
absorption in its ultraviolet-visible spec- 
trum (Fig. I). Formation of the iron(1II) 
complex at neutral pH generates a new 
absorption band with a wavelength for 
maximum absorption (A,,,) of 440 nm 
(H20), which shifts to a A,,, of 450 nm 
upon acidification to p H  2. The ultravio- 
let-visible absorption spectrum of ferri- 
prorocentrin is typical of trihydroxamate 
siderophores such as ferrichrome (24). 

Several observations support the 
claim that prorocentrin is a hydroxa- 
mate-containing siderophore produced 
by the dinoflagellate P. minimum. First, 
the axenic condition of our cultures and 
the isolation of the same compound 
(identical results on thin-layer chroma- 
tography) from cell extracts eliminates 
the possibility of a bacterial origin. Sec- 
ond, the positive Csaky test shown by 
pure prorocentrin (Table 2) and the ultra- 
violet-visible absorption spectrum of 
ferri-prorocentrin are characteristic of 
hydroxamate siderophores. Third, in- 
creased production of prorocentrin in an 
iron-limited culture medium is the re- 
quired physiological manifestation of 
a siderophore-based iron acquisition 
mechanism. Finally, we have demon- 
strated that the desferri and ferri forms 
of prorocentrin can be readily intercon- 
verted. 

Success in isolation of the siderophore 
can be attributed to the use of iron- 
deficient media and the concentration of 
prorocentrin on XAD-2 resin. Although 
the recovery with XAD-2 is less than 
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that the iron uptake mechanism of dino- 
flagellates may closely parallel that of 
prokaryotic siderophore-producing orga- 
nisms (8, 18). The production of a strong 
trace metal chelator by a red tide orga- Multiple Sclerosis: Distribution of T Cell 
nism has many important ecological im- 
plications. Blue-green algae can effec- 
tively eliminate competing algal species 
in freshwater lakes by sequestering all 
the available iron as a siderophore com- 
plex ( 3 ,  and there is some indication that 
exogenous siderophores can both posi- 
tively and negatively affect the growth of 
marine phytoplankton (6). Strong trace 
metal chelators can also reduce the tox- 
icity of cupric ions to sensitive marine 
phytoplankton species (27). It will be 
interesting to test whether this dinofla- 
gellate siderophore is readily available to 
prokaryotic organisms. 
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Subsets Within Active Chronic Lesions 

Abstract. The distribution of T cells and T cell subsets was examined within the 
human central nervous system in active lesions from seven patients with chronic 
multiple sclerosis. The monoclonal antibodies anti-T11, anti-T4, and anti-T8 were 
used to detect total (whole) T cells, helper T cells, and suppressor-cytotoxic T cells, 
respectively, and a monoclonal antibody against human l a  was used for macro- 
phages and B cells. Lesion progression was associated with large numbers of T4' 
cells at the lesion margin and these extended great distances into the adjacent 
normal-appearing white matter. T8' cells were most commonly concentrated around 
the lesion margin and displayed a preferential perivascular distribution. Within the 
lesion center, only a few T cells were found. la' macrophages were most numerous 
within the centers of active lesions and were always present in the adjacent normal 
white matter. The monoclonal antibodies to T cells did not cross-react with glial cells 
including oligodendrocytes. These results indicate that T4' cells are actively 
involved in lesion extension and la' cells, in demyelination. 

Evidence from several sources has im- 
plicated cell-mediated immunity in multi- 
ple sclerosis (MS), the paradigm of the 
human demyelinating diseases. For ex- 
ample, levels of circulating T cell subsets 
fluctuate according to disease activity 
( I ) ,  lymphocyte studies support sensiti- 
zation against nervous tissue (2), and the 
lesion pathology is similar to that occur- 
ring during T cell-dependent autoim- 
mune demyelination (3). However, with 
the exception of a few studies on humor- 
a1 factors and plasma cells in MS (#) ,  
little is known about immunologic events 
at the level of the target organ, the 
central nervous system (CNS). Lacking 
in MS (and, indeed, in any CNS condi- 
tion) are studies in situ on T cells and 
their subsets, since these cells have nev- 
er been identified within human nervous 
tissue. The present study has demon- 

strated T cell involvement in the brains 
of patients with MS by means of mono- 
clonal antibodies against whole T cells, T 
cell subsets, and Ia-positive cells (mac- 
rophages and B cells). In CNS tissue 
containing active chronic MS lesions, 
that is, chronically demyelinated, gliotic 
lesions displaying abundant inflamma- 
tion at the margins, we found distinct 
variations in T cell distribution in the 
CNS, suggesting that certain T cell sub- 
sets predominate at different stages of 
lesion development. 

Samples of CNS tissue were obtained 
at autopsy from seven patients with doc- 
umented MS for 3 to 13 years. For 
control purposes, CNS tissue was taken 
from one case each of systemic lupus 
erythematosus (SLE), leukemia, and 
carcinoma of the lung. Seventy blocks of 
MS tissue containing grossly visible le- 
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