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ABSTRACT: A simple, rapid ultrafiltration technique has been used to separate free vitamin B12 from 
that attached to the binding factor present in the media of cultures of the marine microalgae 
Mantoniella squamata and Pavlova lutheri (auxotrophic spec~es) ,  and Dunaliella primolecta and 
Phaeodactylum tricomuturn (species with no B12 requirement). The dissociation constant (K,) for the 
B12-binder complex calculated from the results lies in the range 10-l2 to 10-l0 M indicating that the 
binder has a very high affinity for the vitamin. The ecological implications of the data are discussed in 
the light of our present understanding of B12 uptake by microalgae. 

INTRODUCTION 

Many microalgae release a substance which binds 
cyanocobalamin (vitamin B],) (Provasoli and Carlucci, 
1974; Pintner and Altmeyer, 1979). This binding factor 
is produced not only by algae auxotrophic for B,, but 
also by some which do not require the vitamin (Droop, 
1968; Provasoli and Carlucci, 1974; Swift, 1980). Little 
is known about the properties of the algal B,,-binder 
other than that it is probably a protein since it is non- 
dialysable and is denatured by heat or proteolytic 
enzymes (Pintner and Altmeyer, 1979, and references 
therein). To date, the only algal B,,-binder that has in 
any way been characterised is a glycoprotein of MW 
ca. 200,000 produced by Euglena gracilis (Daisley, 
1970). 

An important parameter which has not been deter- 
mined hitherto is the B,,-binder complex dissociation 
constant (K,), which provides a measure of the affinity 
of the binding protein for the vitamin. We report here 
the measurement of the K, value for the B,,-binder 
complex using the binding factor released by a number 
of marine microalgae and a simple, rapid ultrafiltration 
technique. 

MATERIALS AND METHODS 

Algal cultures. A list of the algae and culture media 
used is given in Table 1. All cultures were axenic. The 
media were sterilized by autoclaving at 121°C for 
15 min. Vitamin B,, (74 PM) was added only to the 
culture media for the stocks of auxotrophic algae. Cul- 
tures used for experiments were inoculated with 1 m1 
of stock and grown under the same environmental 
conditions (20°C, 14 W m-2 warm white fluorescent 
light irradiance). B,, (18.4 PM) was again added only 
to media for the auxotrophic species. The chemostat 
culture of Pavlova lutheri (see Droop, 1968 for details) 
contained 7.4 pM B,, in the inflow. The age  and the 
cell densities of the cultures when harvested are shown 
in Table 2. Cells were enumerated using a Coulter 
Counter Model B. 

hepara  tion o f  culture medium containing B,,-bin- 
der. Cells and other particulate matter were removed 
by passing the cultures under slightly positive pressure 
first through a Whatman GF-F glass fibre filter and 
then through a Whatman WCN 0.2  pm pore cellulose 
nitrate membrane. The final filtrate was normally used 
within 1 h. 
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Table 1. Algae and culture media 

Algae Strain No. B12 Medium Reference to Medium 
SMBA' CCAP~ requirement 

Dunaliella primolecta Butcher 57 11 /34  - 'h  ASP^^ Provasoli et al. (1957) 
Mantoniella squamata (Manton 281  - t ASP2 Provasoli et al. (1957) 
& Parke) Desikachary 
Pavlova (Monoch~s i s )  luthen 26 1 - S88 Droop (1968) 
(Droop) Green 
Phaeodactylum tricomutum Bohlin 14 1052/6 'h ASP23 Provasoli et al. (1957) 

' Scottish Marine Biological Association strain number 
Equivalent Culture Centre for Algae & Protozoa (Cambridge) strain number 
75 % of the normal concentrations of NaCI, MgS0,.7H20, KC1 and CaCI2.2H,O. Concentrations of other constituents were 
as in Provasoli et al. (1957) 

Separation of free and bound vitamin B,,. Free and 
bound vitamins were separated by ultrafiltration 
(Sophianopoulos et al., 1978; Whitlam and Brown, 
1981). The apparatus used was the Micro-Partition 
System-l (MPS) manufactured by Amicon Ltd (Fig. 1). 

CLIP 

MEMBRANE 
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W E  

FILTRATE 

FILTRATE 
CAP 

CUP-* L J  
Fig. 1. Micro Partition System (MPS-1) used to separate free 
and bound vitamin B,? Diagram reproduced by permission of 

Arnicon Ltd 

The units were fitted with 14 mm diameter Amicon 
ultrafiltration membranes, type YMT, which have low 
non-specific binding characteristics (typically < 5 %) 
and retain 99 % protein. Because the B,,-binder solu- 

tions were so dilute, it was found that slightly positive 
pressure could be used as the driving force instead of 
centrifugation. 

Pressure was applied by a manually operated 5 m1 
plastic syringe connected with silicone rubber tubing 
to the top of the MPS reservoir. During filtration, the 
unit was clamped at an angle of 45". Small amounts of 
ultrafiltrate which remained on the underside of the 
apparatus were transferred to the collecting cup with a 
micropipette. 

Evaluation of  the MPS apparatus. (a) Non-specific 
adsorption. The possibility of losses caused by non- 
specific adsorption of B,, by the apparatus was investi- 
gated by adding 57Co-B,2 to 0.2 pm membrane-filtered 
uninoculated medium to give concentrations of 33.5 
and 100 pM and passing the solutions through the MPS 
membrane. (b) Variation of B,, concentration in the 
ultrafiltrate. The theory of ultrafiltration (Whitlam and 
Brown, 1981) predicts that, although the concentration 
of the solutes retained by the membrane increases as 
filtration proceeds, re-equilibration between bound 
and free ligand - in this case B,, - should maintain the 
unbound ligand, i.e. that passing through the mem- 
brane, at the same concentration. To verify this, filtrate 
from a Phaeodactylum culture was equilibrated with 
several concentrations of B,, (see Fig. 2 for details). 
One m1 of solution was then transferred to the MPS and 
about 100 p1 ultrafiltrate collected in the receiver cup, 
the precise volume being determined by weighing, 
and its radioactivity measured as described below. The 
cup was then returned to the MPS system and another 
fraction collected, and so on until about 70 % of the 
original solution had been ultrafiltered. 

Stability of the B,,-binder. The stability of the binder 
when heated was tested by autoclaving samples of the 
culture filtrates for 10 min at 121 "C. Samples of culture 
filtrates were also treated with 'pronase' (50 pg m]-'), a 
non-specific proteolytic enzyme (method as described 
in Pintner and Altmeyer, 1979). 5 7 ~ o - ~ , ,  was then 
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added to samples from each treatment to give a con- 
centration of 100 PM, incubated for 1 h and finally 
ultrafiltered as described above. 

Determination of the dissociation constant, K,. Prior 
to the determination of K,, a preliminary trial was 
made to ensure that the binding capacity of the filtrate 
was approaching saturation at the highest concentra- 
tions of B,, used in each experiment. Using a mic- 
ropipette, various volumes of 57Co-cyanocobalamin 
(Amersham International plc, specific activity 
11.04 GBq pmol-l), were placed in a series of vials to 
give the required range of final concentrations (nor- 
mally from 14 to 200 PM) and 2.5 m1 of the culture 
filtrate was then added to each vial and gently mixed. 
The vials were incubated at 20°C for 1 h. A 0.2 m1 
sample was then transferred to a plastic 'minivial', its 
precise volume being found by weighing. The radioac- 
tivity in this aliquot was measured to enable the con- 
centration of B,, in the incubation mixture to be calcu- 
lated. A further 1 m1 of filtrate from each vial was 
transferred to MPS units for ultrafiltration as described 
above. Radioactivity in the 'minivials' and MPS units 
was measured using a sodium iodide well crystall 
photomultiplier counting head coupled to a 'Panax 
Reigate Series' scaler, type RAD 54. Counting effi- 
ciency in the 'minivials' and MPS cups was identical. 

Calculation of K,. Assuming the system was at 
equilibrium: 

Free B,, + Binder * B,, - Binder complex 

the dissociation constant K, = F (B,,-B)/B (1) 

where F = concentration of free B,, (in the ultrafil- 
trate); B = concentration of bound B,, = total B,, 
concentration -F; B,, = maximal Blz binding capac- 
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% f i l tered 

Fig. 2. Variations of the concentration of vitamin B,, in the 
ultrafiltrate (UF) with percentage volume filtered for 
Phaeodactylum tricomutum binding factor. UF B,, concentra- 
tions: (a) PM; (b) pM X 10-l; (c) pM X 10-,. Initial B12 
concentrations before ultrafiltration were (PM): (a) 20.1; 
(b) 67.0; (c) 201.0. The % B,, bound was: (a) 85; (b) 66; (c) 29 

ity of the culture medium (expressed as moles B,, 
bound 1-l). 

Equation (1) transforms to 

K, is thus also the half-saturation constant for B,, 
binding (equal to the concentration of free vitamin 
present when half of the binding sites are occupied). 
Values of B,, and K, were obtained by fitting the 
experimental data to this expression using the method 
of Droop et al. (1982; Appendix 2). Some examples of 
these fits are given in Fig. 3. 

RESULTS AND DISCUSSION 

Evaluation of the MPS Apparatus 

Non-specific adsorption 

This was not significant. The decrease in the con- 
centration of B,, in the ultrafiltrate of binder-free solu- 
tions was less than 5 %. 

Variation of B,, concentration in the ultrafiltrate 

The concentration of B,, in the ultrafiltrate did not 
vary significantly after passage of 200 11 (Fig. 2), indi- 
cating that the behaviour of the algal B,,-binder sys- 
tem conforms to theory (Whitlam and Brown, 1981). In 
experiments to determine K,, at least 200 yl of ultrafil- 
trate was therefore collected. Apparent variations at 
lower concentrations may be attributed mainly to the 
greater degree of uncertainty in radioactivity counting 
statistics at lower concentrations of 57Co-B,2. The MPS 
therefore provides a rapid and convenient method for 
separating free and bound B,, when the binder is 
present at the low concentrations typical of algal cul- 
ture media (see Pintner and Altmeyer, 1979). 

Stability of the B,, binder 

Exposure to heat or treatment with a proteolytic 
enzyme destroyed the ability of the culture filtrates to 
bind B,,. More than 95 % of the 57Co-B,2 added to the 
denatured binder was recovered in the ultrafiltrate as 
opposed to ca 10 % in the controls. Denaturation of the 
binders by heat and by a protease implies that the 
binders are most probably proteins. This is consistent 
with the observations of Daisley (1970) and Pintner and 
Altmeyer (1979). 
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B,, binding constants 

7 5  1 
K,, the dissociation constant for B,, binding, is both a 

measure of the affinity of the binder for the vitamin 
(the smaller the value, the greater the affinity) and also 
equivalent to the half-saturation constant for binding 
(see Equations 1 and 2).  Table 2 gives the dissociation 
constants and the vitamin binding capacities of the 
algal binders. The K, values demonstrate that (a) B,, is 
tightly complexed by the binders and (b) since K, is 
also the half-saturation constant, that these substances 
are very efficient at binding low concentrations of 
vitamin. The relevance of this will be discussed later. 

Highley et al. (1967) found that the l : 1 complex 
formed between B,, and hog intrinsic factor gradually 
dimerized over a period of 7 h ,  and Pintner and Alt- 
meyer (1979) thought that, in their experiments, more 
than 1 mole of B,, was attached per mole of algal 
binder. There was, however, no evidence from the 
plots of our data (Fig. 3) that either of these effects had 
occurred during the l h incubation employed in this 
study. 

Table 3 summarises the association constants (K, = 

K,-') for B,, binders from a variety of sources. K, 
values for algal binders lie in the range 10" to 10'' M 
and are similar to those of mammalian origin but 
significantly greater than the K, for the binding protein 
from the bacterium Escherichia coli. 

Fig. 3.  Computer i te ra t~ve  fit of data summarised in Table 2. 
B = bound B,, (PM), F = free B,, (PM). Data points are shown 
within 95 % fiducial limlts, except for polnts on the truncated 
part of the abscissa. (A) Dunaliella binder (expt. 1) Kd = 3.35 
(PM) Value of truncated point = 145.5 PM; (B) Pavlova bin- 
der (expt. 1) Kd = 2.97 ( P M )  Values of truncated points: 

upper 238.8 PM, lower 309.9 pM 

Table 2. Microalgal ectocrines: dissociation constants of B,, complexes and capacities for B,, binding 

Algae Expen- Age of Cell Disso- Blndlng factor Number Cell volume2 Reference 
ment culture density clation released per 106 of data (pm3) and for cell 
No (d) N X 10-3 constant1 cells ( ~ n  B,, po~nts assumed dlmens~ons 

(106 l-l) K, equivalents)' shape 
(PM) BmA" 

(fmole) 

Dunabella 1 15 1 27 3 35 (0 36) 44 5 (0 35) 6 32-45 Butcher 
pnrnolecta 23 - 2 76 (7 78) 23 4 (2 1) 6 ovold (1959) 

3 6 1 384 7 68 (1 34) 49 6 (1 4) 7 

Manton~ella 1 14 6 35 1 24 (1 92) 521  (0 18) 7 14-48 Manton and 
squarnata 2 7 2 86 0 94 (1 11) 5 91 (0 10) 7 sphere Parke (1960) 

Pavlova 1 2 2 3 81 2 97 (0 76) 61 9 (0 62) 9 36-150 Droop (1953) 
lutheri 2 7 3 56 3 41 (0 23) 36 0 (0 36) 6 square 

3 Chemostat5 1 19 0 94 (0 52) 125 (1 3) 9 plate 
4 Chemostat6 1 06 102  (1 48) 22 5 (0 48) 7 

Phaeodactylum 1 22 3 71 45 3 (5 96) 7 76 (0 27) 8 
trlcornu turn 2 26 5 91 18 8 (1 91) 1 6 8  (060) 6 - 

3 35 8 80 28 2 (7 46) 6 90 (0 60) 6 

Standard errors In parentheses 
Volume range based on m ~ n ~ m a l  and maxlmal dimensions glven In reference 
Medlum from the prevlous expenment held at 20°C for 5 h then d~luted  threefold w ~ t h  B,,-free med~urn 
The hlgher cell population wlth a shorter culture t ~ m e  was due to the use of a denser lnoculum 
Filtered S88 medium from a chemostat culture (dilution rate 0 1 d - l )  

Flltered medlum from Pavlova luthen cells whlch had been taken from a chemostat (3) harvested by centrlfug~ng (104 x g for 1 mln) 
and re-suspended In fresh B,, free med~um for 3 h at 20°C 
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Table 3 Comparison of values of the association constants for B,, binders from various sources 

Source of binder Association Reference 
constant-K, (M-') 

Algae 
Dunaliella pnrnolecta 2.2 X 10"' T h ~ s  study 
Mantoniella squamata 5.8 X 10"' This study 
Pavlova lutheri 3.2 X 10"' This study 
Phaeodactylum tricornutum 3.3 X 10'O' This study 

Bacteria 
Eschenchia coli 2 X 108 Taylor et al. (1972) 

Mammals 
Pig gastric intrinsic factor 4 X log Francis et  al. (1977) 
Human gastric intrinsic factor 3 X log McGuigan (1967) 
Human gastric intrinsic factor 6 X 10' Hippe and Olesen (1971) 
Human gastric intrinsic factor 1.5 X 10l0 Allen and Mehlman (1973) 
Transcobalamin I and I1 3 X 10" Hippe and Olesen (1971) 

Reciprocal of mean value of K, in Table 2 

The binder from Phaeodactylum tricornutum (a 
diatom) showed a lower affinity for B,, than that from 
the other algae. It is difficult to argue that this is a 
reflection of the lack of a B,, requirement by this alga 
since binder from Dunaliella primolecta (a chloro- 
phyte), also a non-requirer, has a K, similar to that of the 
two B,, auxotrophs. The lower affinity may be related to 
the specifjcity of the binder, i.e. its ability to bind 
analogues of B,,. Many diatoms are able to utilize a 
range of B,, analogues for growth whereas chlorophytes 
are more specific (Provasoli and Carlucci, 1974; their 
Table 27.2). However, this question can only be resol- 
ved when more data are available for K, and binding 
specificity for a wide range of algae. 

Binding capacity 

In Table 2 we list the binding capacities of the culture 
filtrates used in our experiments. Messina and Baker 
(1982) estimated that, on a cellular basis, Gonyaulax 
tamarensis released 120 times more binder than Cyc- 
lotella cryptica but the same amount per unit volume of 
cell material. Our data suggest that binder production 
by Mantoniella squamata was lower than that of the 
other flagellates studied even if differences in cell size 
are taken into account (Table 2). 

Role of algal B,, binders 

As far as we are aware, this is the first report of 
dissociation constants for algal B,, binders. Previous 
attempts to determine K, using equilibrium dialysis 
were unsuccessful (Droop, pers. comm.). These con- 

stants, together with other data obtained in our experi- 
ments, make it possible to reinterpret some of the 
published data concerning algal B,, binders and to 
discuss their likely role and effects in cultures and in 
natural waters. 

B,, binder as an ectocrine 

The physiological role of the B,, binding protein 
released by microalgae remains an enigma. Droop 
(1968) suggested that the binder is an ectocrine, i.e. a 
substance secreted by phytoplankton which may have 
growth-promoting or growth-inhibiting properties 
and, as a result, may influence species succession 
(Smayda, 1980). Certainly the K, values (equivalent to 
the half-saturation constant for binding) of the algal 
binders indicate that they would be very efficient at 
sequestering the low concentrations of vitamin B,, 
present in natural waters. Messina and Baker (1982) 
found that the growth response of Skeletonema cos- 
tatum to vitamin B,, decreased in the presence of 
exudate from Gonyaulax tamarensis and Cyclotella 
cryptica at vitamin concentrations and cell densities 
possible in the environment. This led them to argue 
that, under natural conditions, the growth of phyto- 
plankton having little or no B,, requirement would be 
favoured because the binder would suppress the 
growth of auxotrophic species. Our data suggest, how- 
ever, that this would be true only in unusual circum- 
stances. The steady state concentration of B,, binder in 
a chemostat culture (in B,, equivalents I- ' )  is given by 
rN/p where t is the specific rate of release of the 
inhibitor in B,, equivalents (fmoles 106 cells-' d - l ) ,  N 
is the number of cells 1-' (in millions) and p is the 
specific growth rate (equal to the dilution rate) (Droop, 
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1968). Using the data from Experiment 3 with Pavlova 
lutheri (Table 2), the value of T may be calculated to be 
12.5 fmoles 106 cells-' d-' If this value is typical, it 
would clearly take several months for a population of 
even 106 cells 1-' to release enough binder to inacti- 
vate the picomolar concentration of B,, reported to be 
present in coastal waters (Swift, 1980). 

Furthermore, using values for the B,,-binding capac- 
ity of the ectocrine released by phytoplankton and the 
dissociation constant for binding representative of 
those in Table 2, viz. 40 fmoles per 106 cells and 2 PM, 
and assuming that sea water contains B,, in solution 
(bound plus free) at a concentration of 1 PM, and that 
the binder concentration is proportional to the cell 
population, it may be calculated that, whereas the 
ectocrine released by a population of log cells l- '  
would bind 95 % of the vitamin, the value would fall to 
63 % for a cell density of 108 1-' and to only 12 % for 
one of 10' I- ' .  Even in the experiments of Messina and 
Baker (1982), the final population of Skeletonerna cos- 
tatum growing in B,,-limited cultures (0.37 pM = 

0.5 pg B,, ml-') was reduced only by about 37 % by 
the exudate from (effectively) 8.8 X 106 cells 1-' of 
Cyclotella cryptica. We therefore concur with Droop 
(1968) that severe inhibition of the growth of B,, 
requiring species would be expected only after the 
development of very high cell densities, such as occur 
in exceptional blooms, in supra-littoral pools and, of 
course, in cultures. 

B,, binder and uptake of the vitamin 

An alternative to the 'ectocrine hypothesis' is the 
idea that the algal B,,-binder is somehow involved in 
the uptake of the vitamin by the cells. It may be 
significant, in this context, that the association con- 
stants for algal B,,-binders are very similar to those for 
Transcobalamin I and I1 (Table 3) which facilitate 
transport of B,, in mammals (Ellenbogen 1975). How- 
ever, whereas in mammalian systems uptake of B,, by 
cells or tissues normally takes place only if it is bound 
to proteins such as transcobalamin or 'intrinsic factor' 
(see DiGirolamo and Huennekens, 1975; Ellenbogen, 
1975), the presence of B,,-binder in algal cultures 
actually obstructs uptake of the vitamin by cells 
(Droop, 1968). Provasoli and Carlucci (1974) suggested 
that the B,,-binding protein is involved in transport of 
B,, into cells and that, when excess is produced, it is 
excreted into the medium. The similarity of the half- 
saturation constants for B,, binding by the Pavlova 
luthen ectocrine (mean K ,  values 3.1 PM, see Table 2) 
and those for surface adsorption by the same species - 
0.88 pM for exponentially growing cells and 2.55 pM 
for stationary phase cells (Droop, 1968) lends credence 

to this view. The observations that, although both 
Phaeodactylum tricornutum and Dunaliella spp. do not 
require B,, but nevertheless retain a high affinity 
uptake system for the vitamin (Droop, 1968; Scott; 
1981) and also produce a high affinity binder, provide 
additional support for the transport hypothesis. 

B,, incorporation by microalgae, in common with 
bacterial (Bradbeer, 1979) and mammalian cells 
(DiGirolamo and Huennekens, 1975), is biphasic: 
Ochromonas (Reeves and Fay, 1966; Bradbeer, 1971), 
Euglena (Sarhan et al., 1980); Pavlova (Droop, 1968) 
and Brachiornonas and Dunaliella (Scott, 1981). The 
primary phase is very rapid (completed within 1 min), 
insensitive to metabolic inhibitors and is thought to 
involve adsorption of B,, to cell surface receptors or 
carrier sites, while the secondary phase, which is 
slower (lasting up to at least 1 h), energy-dependent 
and affected by metabolic inhibitors and temperature, 
is presumed to represent active transport of the vitamin 
into the cell (Bradbeer, 1971; Sarhan et al., 1980). 

Thus, in order for microalgae to incorporate B,, from 
the culture medium, the primary surface uptake sites 
have to compete with the binding factor for the vit- 
amin. Assuming that the rate of dissociation of the B,,- 
binder complex is rapid enough to maintain equilib- 
rium, the distribution of B,, between the uptake sites 
and the binder would be a function of the relative 
affinities of the two for the vitamin and also their 
relative concentrations: 

By analogy with Equation (l), vitamin binding to the 
cell sites can be described by the equation 

where K, = the dissociation constant for cell surface 
B,, uptake sites; C = amount of B,, attached to 106 
cells; N = number of cells (in millions) 1-l; C,, = the 
maximal binding capacity (in B,, equivalents) of 106 
cells. The form of Equation (3) not containing N may be 
rearranged to 

which is the form of the Langmuir adsorption isotherm. 
Thus, K, is identical to the half-saturation constant for 
B,, binding by the cell surface. 

Thus the ratio 

B,, bound to cell surface 1-' C N  C,,N K,+F - 
B,, attached to binding factor 1-' B B,,, K c + F  

Cm,N (if K,, + K,, as discussed earlier) - 
B,, 

Maximal B,, surface binding 

- . . - 
Binding factor in B,* equivalents { released by 106 cells 
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Droop (1968) found that the cell surface B,,-binding 
capacity of Pavlova lutheri was 20.5 fmoles per 106 
cells for exponentially growing cultures but only 2.04 
fmoles per 106 cells for stationary phase cells. If the 
data in Table 2 for 7 and 22 d old batch cultures are 
applied respectively to these 2 phases of growth, it may 
be calculated that, whereas in logarithmic phase cul- 
tures about 36% of the vitamin would be bound to the 
cell surfaces, the figure would be only about 3% for 
stationary phase cultures. Distribution of the smaller 
percentage of vitamin on the cells amongst the greater 
population present in the stationary phase would mean 
that the cell surface B,, concentration would be consid- 
erably lower than in the logarithmic phase. It is inter- 
esting to note that the decrease in the proportion on the 
cells would be due mainly to the lower cell surface 
binding capacity of the cells rather than to an increase 
in the amount of binder released in the stationary 
phase. 

While this alone provides an adequate explanation 
for the auto-inhibitive effect of the production of B,, 
binder by auxotrophic phytoplankton, the possibility 
that the rate of dissociation of the B,,-binder complex 
might be too slow to maintain the supply of B,, to 
newly produced cellular binding sites and thus also 
retard growth should not be overlooked. 

Acknowledgement. We are grateful to Dr. Michael Droop for 
critical discussion of this work. 

LITERATURE CITED 

Allen, R.  H., Mehlman, C. S. (1973). Isolation of gastric vit- 
amin B,,-binding proteins using affinity chromatography. 
I. Purification and properties of human intrinsic factor. J. 
biol. Chem. 248: 3660-3669 

Bradbeer, C. (1971). Transport of vitamin B12 in Ochromonas 
malhamensis. Arch. Biochem. Biophys. 144: 184-192 

Bradbeer, C. (1979). Transport of vitamin B,, in Escherichia 
coli. In: Zagalak, B., Friedrich, W. (ed.) Vitamin B,,. Wal- 
ter de Gruyter, Berlin, p. 711-723 

Butcher, R. W. (1959). An introductory account of the smaller 
algae of British coastal waters. Part I. Introduction and 
Chlorophyceae. Fishery Invest.. Lond. Ser. IV: 1-74 

Daisley, K. W. (1970). The occurrence and nature of Euglena 
gracilis proteins that bind vitamin BI2. Int. J. Biochem. 1: 
561-574 

DiGirolamo, P. M., Huennekens, F. M. (1975). Transport of 
vitamin B,, into mouse leukemia cells. Arch. Biochem. 
Biophys. 168: 3 8 6 3 9 3  

Droop, M. R. (1953). On the ecology of flagellates from some 
brackish and fresh water rockpools of Finland. Acta bot. 
fenn. 51: 1-52 

Droop, M. R. (1968). Vitamin B,, and marine ecology. IV. The 
kinetics of uptake, growth and inhibition in Monochrysis 
lutheri. J. mar. biol. Ass. U.K. 48: 689-733 

Droop, M. R., Mickelson, M. J., Scott, J. M,, Turner, M. F. 
(1982). Light and nutrient status of algal cells. J .  mar. biol. 
Ass. U.K. 62: 403434  

Ellenbogen, L. (1975). Absorption and transport of cobalamin. 
Intrinsic factor and the transcobalamins. In: Babior, B. M. 
(ed.) Cobalamin: biochemistry and pathophysiology. 
Wiley and Sons, New York and London. p. 215-286 

Francis, G. L., Smith, G. W.. Toskes, P. P,, Sanders, E. G. 
(1977). Purification of hog gastric intrinsic factor by a 
simple two-step procedure based on affinity chromatogra- 
phy and a selective guanidine hydrochloride gradient. 
Gastroenterol. 72: 1304-1307 

Highley. D. R.. Davies. M. C. ,  Ellenbogen. L. (1967). Hog 
intrinsic factor. 11. Some physicochemical properties of 
vitamin B12-binding fractions from hog pylorus. J. biol. 
Chem. 242: 1010-1015 

Hippe, E., Olesen, H. (1971). Nature of vitamin B,, binding. 
111. Thermodynamics of binding to human intrinsic factor 
and transcobalarnins. Biochim. biophys. Acta 243: 83-89 

Manton. I.. Parke, M. (1960). Further observations on small 
green flagellates with special reference to possible rela- 
tives of Chromulina pusilla Butcher. J. mar. biol. Ass. U.K. 
39: 275-298 

McGuigan, J. E. (1967). Measurement of the affinity of human 
gastric intrinsic factor for cyanocobalamin. J. Lab, clin. 
Med. 70: 666-672 

Messina, D. S.. Baker, A. L. (1982). Interspecific growth regu- 
lation in species succession through vitamin BI2 competi- 
tive inhibition. J. Plankton Res. 4: 41-46 

Pintner. I. J.. Altmeyer, V. L. (1979). Vitamin B,,-binder and 
other algal inhibitors. J. Phycol. 15: 391-398 

Provasoli, L., Carlucci, A. F. (1974). Vitamins and growth 
regulators. In: Stewart. W. D.  P. (ed.) Algal physiology and 
biochemistry. Blackwell. Oxford, p. 741-787 

Provasoli, L., McLaughlin, J. J. A., Droop, M. R. (1957). The 
development of artificial media for marine algae. Arch. 
Mikrobiol. 25: 392-428 

Reeves. R. B., Fay, F. S. (1966). Cyanocobalamin (vitamin B,,) 
uptake by Ochromonas malhamensis. Am. J. Physiol. 210: 
1273-1278 

Sarhan, F., Houde, M., Cheneval, J. P, (1980). The role of 
vitamin B12 binding in the uptake of the v~tamin by 
Euglena gracilis. J. Protozool. 27: 235-238 

Scott. J. M. (1981). The vitamin B12 requirement of the marine 
rotifer Brachionus plicatilis. J. mar. biol. Ass. U.K. 61: 
983-994 

Smayda, T. J. (1980). Phytoplankton species succession. In: 
Morris, I. (ed.) The physiological ecology of phytoplank- 
ton. Blackwell, Oxford, p. 493-570 

Sophianopoulos, J. A., Durham, S. J.,  Sophianopoulos, A. J.,  
Ragsdale, H. L., Cropper, W. P. (1978). Ultrafiltration is 
theoretically equivalent to equilibrium dialysis but much 
simpler to carry out. Archs Biochem. Biophys. 187: 
132-137 

Swift, D. G. (1980). Vitamins and phytoplankton growth. In: 
Morris, I. (ed.) The physiological ecology of phytoplank- 
ton. Blackwell, Oxford, p. 329-368 

Taylor, R. T., Norrell, S. A., Hanna, M. L. (1972). Uptake of 
cyanocobalamin by Escherichia coli B: some characteris- 
tics and evidence for a binding protein. Archs Biochem. 
Biophys. 148: 366-381 

Whitlam, J. B., Brown, K. F. (1981). Ultrafiltration in serum 
protein binding determinations. J. Pharm. Sci. 70: 146-150 

This paper was presented by Dr. M. R. Droop; it was accepted for printing on October 20, 1984 




