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SUMMARY 

The relationship between binding of the hemolytic toxin (prymnesin) to bovine 
erythrocytes and the amount of heat liberated was examined as a function of pH 
using a flow microcalorimeter and all-labelled toxin isolated from the euryhaline 
alga Prymnesium parvum. A high degree of correlation (correlation coefficient 
= 0.986 ) was found between the amount of heat generated and the quant l ty  of toxin 
that  was allowed to interact with the erythrocytes. No significant binding of toxin 
was observed at  pH 7 but it  increased linearly as the pH was reduced to 5-5- Maximum 
heat and binding occurred at a pH range 4.5-5.5. The same pattern was followed in 
terms of the amount of heat liberated and the hemolytic activity of the toxin. The 
differences in the maximum binding and heat production as a function of pH was 
independent of the average red cell volume which remained constant at pH 5-5 and 
6.2 (lO2. ~ and lO2.6/,m a, respectively). 

INTRODUCTION 

Previous studies in this series have been concerned with prymnesin, the toxin 
isolated from the euryhaline chrysomonad Prymnesium parvum (Carter) that  pro- 
duces toxins with hemolytic, ichthyotoxic, and cytotoxic activitiesL 2. Some studies 
have been concerned with the chemical nature of the hemolytic toxins 8 and useful 
purification schemes have been devised1, 3. Ulitzur and Shilo 1 found the material 
to be a l ipid-carbohydrate-protein complex, though the details of the chemical 
structure of prymnesin evidently are still under study. More recent studies 4, 5 have 
been concerned with the kinetics and binding P. parvum toxin to red cells4 the effect 
of primaquine on the prymnesin-induced hemolysis ~, and the effect of Gymnodinium 
breve toxin ~n the activities of prymnesin 5. 

Sol~e efforts have t~een directed toward describing the hemolytic activities 
of prymnesin n terms of kinetics of prymnesm-mauced" " " lysis 4. Rates of hemolysis 
of rabbit erytnrocytes, induced by prymnesin, were measured colorimetrically at 
25 °C and two consecutive first-order rate processes associated with the prolytic 
and lyric periods were characterized. A critical factor in the hemolytic activity, 

* To whom correspondence concerning this paper may be addressed. 
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obviously, is the binding of prymnesin to erythrocyte membranes. The binding 
during the prolytic period was investigated using 8H-labelled toxins, and rabbit 
erythrocytes, and it appeared that about IO % of the lal~elled material was loosely 
bound and 3o % is more firmly bound s. 

The present study is concerned with the nature of the binding of prymnesin, 
partic~flaxly as revealed by calorimetric data. Conventional calorimetry by means 
of batch methods has limitations as applied to studies of binding with erythrocytes 
becatl:;e of large sample requirements and the consequent difficulties in maintaining 
a variety of stoichiometries. These difficulties, however, are mitigated by use of a 
flow microcalorimeter which permits variation of stoichiometry and measurement 
on small samples. 

MATERIALS AND METHODS 

P. 13arvum toxin (prymnesinJ 
The toxin was isolated from cultules of the euryhaline flagellate P. parvum 

and was purified by means of gel filtration chromatography as described previously*. 
Labelled (all) toxin was obtained from glycerol-free cultures that  were enriched 
with [2-SH]glycerol (Traceflab, 2oo Ci/mole) as described previously*. 

Erythro~yte suspensions 
Heparinized bovine blood, stored at 4 °C, was suspended in isotonic buffer 

(IO mM phosphate-buffered saline solution, pH 7.2 or 6.2). Erythrocytes were col- 
lected by centrifugation in a clinical cemrifuge and washed twice with buffer. For 
calorimetric studies, a suspension was prepared in buffet" of defined pH so as to have 
a hematocrit value of approximately 4 ° %. 

Microcalorimetry (Table I) 
The calorimeter used in this work was a Beckman Model :9~P, ~licrocalori- 

meter, previously calibrated for batch measurements 7. This instrument was modified 
for flow calorimeter using a design described by Sturtevant and L ~ n s  s. Samples 
were introduced by syringe using a pair of Harvard Apparatus Corn,any infusion 
pumps, Model 975 The thermopile of the calorimeter was maintalm " m a constant 
ambient temperature by inserting it in an insulated cylinder which was submerged 
in a constant temperature oil bath. Temperature was hem at 24.987 o~• t~-¢ a TRONAC 
precision temperature controller Model PTC-Iooo A. 

Calibration as a flow calorimeter using both NaOti + HCI and Tris + HC1 
gave results within 4 % of the earlier electrical calibration. The two chemical mea- 
surements gave agreement within o.1%. A quan t i t y ,  was calculated at each flow 
rate which gives the heat production q when multiplied by the number of chart 
units deflection (C.U.) on range 25 (IOO C.U. = 25/A'). The value of ~ increases. 
gradually with increasing total flow rate 

4 = (5) (C.U.) cal-min - t  ( I )  

Representative values of e ale shown in Table II. 
Two heat measurements were made for each prymnesin-erythrocyte reactant 

ratio and were obtained in the following way. The heat for the control runs was 
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obtained by flowing erythrocyte suspension and methanolic buffer of the same pH 
together and measuring the heat rate as chart units on the potentiometrie recorder. 
In a separate test run, prymnesin in methanolic buffer replaced the methanolic 
buffer in the second syringe and the same flow rate was repeated. At the highest 

T A B L E  I 

PRYMNESIN-BOVINE RIsD CELL INTERACTIONS AT 2~ ° C  I N  PH0$PHI~T]~ BUtvt~J~R 

p H Prymnesin Total Corrected flow rates mg .prym~sin 
co nch  flow ra te  
(mgJml) (ml/min) Blood Prymnesin 

(cm a packed (rag~rain) 
cells~rain) 

Heal gen~ated, C.U.* 

cm s packed cells Control Test Net 

7.o** 0.90 0.380 0.075 o.o716 0.97 9.0 9.2 
7.0 0.9o 0.456 ° J 4 °  1-87 9-4 9.0 
7.0 0.90 0.600 0.27 ° 3.6o t6.o x5.8 
7.0 0.90 0.900 0.540 7.20 4 z 42 

6.x 0.60 0.380 0.075 0.477 0.64 I~).o 22.9 
6.I o.6o 0.600 o.I8O 2.40 4::-9 47 .x 
6.I 0.60 0.900 0.36o 4.80 69.8 8x.o 

6.2 1.20 0.380 O.II  4 0.O954 0.837 32.8 41.5 
6.2 X.2O 0.456 0"I87 I ' 6 4  44-9 53-9 
6.2 1.2o o.6oo 0.360 3.I6 68. 4 76.6 
6.2 1.2o o.9oo 0.72 6.32 I2 ~ I24 

6.2 0.90 o.I96 0.0702 0.0355 0.506 I3.8 I6.O 
6.2 0.90 0.236 o.o716 I.O2 23-3 26.8 
6.2 O.90 O.312 O.I40 2.OO 26.6 37.I 
6.2 0.9O 0.456 0-270 3-85 28.6 36.2 

5.5 I .o8 o.I5X ° ' °319  0-0428 1-34 Ig . I  25.3 
5.5 t .o8 o.i67 0.0599 1.88 22.0 32.3 
5.5 x.o8 o.I89 o-o84I 2.63 2~.x 38.8 
,5.5 I .o8 0.220 o.xr8 3.7 ° 27-5 45.I 
5.5 I .o8 0.325 o.23x 7.24 33.0 53.x 

4.6 I.O8 o . I5r  0.0389 0.0428 I .Io 24. 7 2 6 6  
4.6 I.O8 o.i67 0.0599 1.54 29.5 33.3 
4.6 x.o8 o.I89 o.o842 2.16 33.0 39.8 
4.6 x.o8 0.220 o . I I 8  3.03 54 .0 44.9 
4.6 x.o8 0.264 o.x65 4.24 55.0 45.4 
4.6 x.o8 0.325 o.23I 5.94 37.0 46.5 

k 

3-9 
4-3 

I I . 2  

8.7 
9 . 0  
8 . 2  

2 

0 . 2  

3.5 
Io.5 

7.6 

6 .  ~: 

IO. 3 
I4.7 
I7.6 
20.  [ 

I .~  

3-8 
6.~ 

I0 . ,~  

xo. 4 
9.5 

* Range 25, se :  Fqn  r for conversion of chart units (C.U.) 
** Tempera tu re ,  37 °C. 

T A B L E  I i  

VARIATION OF 8 VALUES WITH FLOW RATE ON RANGE 2 5 

Total flow rate e × 1o 5 
(mltmin) (cal. rain -I. C. U.-I) 

o.i 5.47 
0.2 5.52 
0-3 5.56 

to heat. 
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flow rates of pryrImesin and erythrocyte suspension, the residence time in the calor~- 
meter was 33 s .  

Size determinations 
Solutions of erythroc~es in phosphate buffer (pH 6.2 or 5.5) were counted 

electronically at  4 threshold unit intervals. Counts (cells/ml) were corrected for 
background and differential counts a.ud mean cell totals were calculated. The in- 
strument (Coulter counter, Model B, xoopm aperture) was calibrated in units of 
/an s using latex spheres (Dow Chemical Company, Bioproducts Division) of known 
value. 

Prymnesin (SH-labdled) binding by red blood cells (Table IIIJ 
Erythrocyte suspensions in phosphate buffer (2.9 ml) of known concentrations 

were treated with o.I ml all-labelled toxin. Reaction was stopped and cells were 
separated within 20 s of mixing by cooling in an ice-water bath and by centrifugation 
(36400 x g, zoo s). Supernatant was separated and pellets were treated with 1.5 ml 
of methanol to extract the toxin. Two o.5-ml aliquots were used for counting, an i 
the extractions were repeated twice. The activity of each sample in liquid scintiUation 
solution was determined in a Packard Tri-Carb Model 3375 Liquid Scintillation 
Spectrometer. Total pellet activity was divided by total activity to give the fraction 
of bound 3H-labelled toxin. 

T A B L E  I I I  

BIi~DING OF 3 H - L A B E L L E D  BY BOVIN~ ERYTHROCYTES 

pH Cells/ml Sample: Fraction of activity 
( x zo-g) 

7.0 1.93 2 o . i i o  _..Z. 0.025* 
6.2 1-94 3 o.I86 ± 0.026 
5.5 2.I7 3 0.264 -2:0.033 
4 .6 2.70 3 0.263 -t- 0.022 

* ~ z S . D .  

RESULTS 

Micro :alorimetry 
Before considering the microcalorimetry results it is useful to consider two 

basic requirements First, the solutions of prymnesin in buffer and methanolic 
buffer that were used ill this study had to have the same pH, the same methanol 
concentration, and thus be microcalorimetrically equivalent. It was important 
to verify this because the heat of dilution of methanol could account for appreciable 
heat production, as could heat of neutralization assuming that the control- and test- 
run buffers had dilierent pH values. Hence, there was a need to verify that the pH 
values were nearly the same, using a pH meter, and by testing that heat produced 
by mixing the two buffers was equal to that of viscous heating. 

Tile second requirement was to correlate the heat produced with some usef~ 
parameter. The heat produced is a function of temperatun~, pH, concentration 
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of prymnesin, concentration of erythrocytes, i.e. hematocrit, and flow ,'ate. We have 
combined several parameters into one useful one, the binding parameter which is 
defined (Eqn z, Fig. x) 

Binding parameter = 
prymnesin (mg) 

packed red cells (cm 3) 
m 

flow of prymnesin solvent x conch solution 
flow of red cell suspension x hematocrit (2) 

Referring to Table I, we compared the situation when the temperature is 
25°C, the pH was constant (6.2), but the prymnesin concentration was different 
(I.2O, Line 9; o.9o, Line x4, Column z) and the hematocrits were similar (o.38 , 
Line 9; o.45, Line i4). The net rate of heat produced (9.o and xo.5, Co!umn 9) and the 
binding parameters (r.64 and 2.oo, Column 6) were both similar, and the trend was 
correct: the heat produced was a linear function of binding parameters for a constar,: 
flow of erythrocyte suspension (cf. Fig. 2). This is reasonable if the heat produced 
by binding should be related (at given pH and temperature) to the concentration 
of prymnesin and to the surface area, which is reflected in the concentration of 
packed cells. 
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Fig. x. Generalized representation of a flow microcalorimetry correlation plot, rate of,heat pro- 
duced (chart units) as a function of binding paravaeter (mg prymnesin/cm 3 packed bovine erythro- 
cytes). Here a represents the maximum binding parameter for three flow rates ,as described in 
the text. 

Fig. 2. Rate of net heat pz~duction (ordinate: chaz~ ~nits) as a function of the binding parameter 
(abscissa: mg prymnesin per cm 3 packed bovine erythrocytes) at 25 °C and indicated pH values 
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l"hree other factors ~Te involved in magnitude of heat produced for a given 
value of the parameter: temperature, total flow rate, and pH and these can be 
considered in order. 

The heat produced per unit flow rate of packed cells at 37 °C was greater 
than at 25 °C at a pH of 6.1-6.2 and a binding parameter of o.5-o.6, but ~ temperature 
of z5°C was selected to permit comparison with rate studies 4 and to mitigate effects 
of hemolysis. 

The effect of total flow rate can be to diminish the apparent heat produced 
as seen in the correlation plot, heat produced as a function of binding parameters 
(Fig. I). Given an optimal total flow rate (Case I) the amount of heat produced 
should be a linear function of the binding parameter until a maximum value for the 
parameter is attained. Beyond this point, a plateau should be observed, i.e. the heat 
prod:reed is constant and independent of the binding parameter. At supraoptimal 
flow rates (Case II), i.e. those that are too fast, the ~esidence time in the micro- 
calorimeter reaction chamber may be less than th~ time needed for completion 
of the reaction, which would explain a negative slope. At suboptimal flow rates 
(Case III), two problems arise: (I) the heat output with time can become ,slightly 
erratic, and (z) the residence time may be excessively long and hemolysis can occur; 
and the slope beyond the value of the maximum binding parameter would be positive 
because of additional heat being liberated hy hemolysis. 

The third factor that affects the am,~unt of heat liberated is the pH This 
"s of special interest because the hemolytic activity of pryr=nesin was previously 
found ~o be maximal at pH 5 5 (ref. 3). In the present stody, the pH had three 
different effects. First, the maximum binding parameter (Table I, Fig. 3) was sensi- 
tive to pH: no significant binding of toxin was observed at pH 7, but its increase 
to pH 5.5 was linear, ~,,d below *~,is value to pH 4.6 there was no change in maximum 
binding parameter. Se~ ond, the heat associated with maximum binding parameter 
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Fig. 3- Maximum binding parameter-pH profile for all-labelled prymnesin attd bovine erythro- 
cytes at  25 °C. The left ordinate (O) shows the maximum binding parameter (Fig. 2) measured 
at each pH indicated. The right ordinate (x~ indicates the fraction of the labelled toxin measured 
in the pellet. See text for details. 
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also varied with pH; a maximum was observed at pH 5-5 and the pattern followed 
that observed for hemolytic activity. Third, in the diagnostic plot (Fig. 2~, changes 
of sloFe beyond the inflection point appeared to vary with pH, though many addi- 
tional data would be needed to confirm this point. 

Size determination 
Mean cell values for bovine erythrocytes and latex spheres were determined 

in the phosphate buffers (pH 5.5 and 6.2) used in the microcalorimetry studies. 
The mean cell volumes were identical (lO2.4 and lO2.6/an z at  pH 6.2 and 5.5, respec- 
tively). We conclude that the differences in tnaxi~,~anm binding parameter and heat 
values at this parameter cannot be attributed to differences in mean cell volumes 
or total surfaces. 

Prymnesin (SH-labdled) by bovine cells 
Binding values (fraction of 8H-labelled toxin in pellet) showed two interesting 

results. First, the fraction bound at pH 5-5 for bovine cells (o.26 + o.o33) was 
similar to that reported 6 for rabbit cells (o.289 for 1.86. x#  cells/ml). Second, the 
fraction of toxin bound to bovine cells showed a dependency (Fig. 3) on pH that  
is quite similar to that observed for the maximum binding parameter. The correlation 
coefficient (maximum binding parameter vs binding fraction) was o.986 and the 
degree of association, tt ' ,  was 0.972. 

DISCUSSION 

The results of this study show that microcalorimetry can be a useful means 
of characterizing the binding tendencies of a hemolysin such as prymnesin. We 
believe that the approach may be a generally useful one and that erythrocyte- 
binding tendencies of marine bioactive substances (and drugs in general) may be 
conveniently measured by flow microcalorimetry. Suitable instrumen',s are commer- 
cially available and are becoming rather widely used. 

Not only is the method convenient, but it offers advantages of directness and 
rapidity over some other procedures. The binding of certain hemolysin has been 
measured indirectly in previous studies. For example, the action of G. breve toxin 
in limiting hemolytic activity of prymnesin was measured as the former affected 
hemclytic rates 6 of the latter. Also, binding tendencies of prymnesin were measured 
as rate constants though direct binding of 3H-labelled toxin was also determined 4. 
Finally, Seeman's method (cf Roth and Seeman 9) has been used to measure the 
protective action of lysins using stressed red cells'.. 

Our results compare the results with microcalorimetry (as maximum binding 
parameter) with binding ot all-labelled toxin, and we find that the two sets of values 
are closely related, as indicated by the high degree of association. This observation 
provides reason for coafidence in the microcalorimetry procedure. 

The maximum amount of toxin bound (pH 5.5, 4.6) was 26 4- 3 % for bovine 
cells (Table III) and 29 % for rabbit cells 6 (pH 5.5) using concentrated cell sus- 
pensions (approx. I. 9- IO ~ cel~s/ml in both instances). This study also shows that 
pr3annesin is maximally bound to rabbit cells at pH 5.5. 

The results with microcalorimetry and with radiochemical studies are cc.m- 
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plementary and dispel one possible concern that the SH-labelled toxin is pro- 
fotmdly different from the ordinary toxin. The hemolytic activity-fraction profile 
(using gel filtration chromatography) are similar for the two toxins. Microcalorimetry 
with c~:dinary toxin indicates the maximum binding parameter-pH profiles are 
similar to binding-pH profiles obtained for the SH-labelled toxin. The quality of 
agreement is emphasized by the high correlation coefficient (o.986) for the two 
profiles. 

The reason for maximal binding in pH range of 4.6-5.5 is presently uncertain, 
but three reasonable possibilities can be considered. First, the critical pH value 
(approx. 5-5) could be related to the pKD of prymnesin. Second, the value is related 
to the maximum rate of hemolysis. Third, the critical pH values could be related 
to the dissociation constant of sialic (nonulosaminic) acids (cf. Gottschalk 1°) present 
on the red cell membranes. 

The first suggestion can be dismissed as being an unlikely cause. The critical 
pH would require a reactive carboxyl group associated with prymnesin with a pK]) 
equivalent to acetic acid, and current evidence does not support this possibility n. 

The second possibility is superficially an attractive one because the hemolytic 
tendency-pH profile (expressed as percent hemolysis for a 2 % red blood cell sus- 
pension at various pHs) for rat blood s shows a similarity to the maximum binding 
parameter-pH profile for bovine blood. The tendency of bovine blood to lyse, how- 
ever, shows a minimum, not a maximum, at pH 4-6-5.5 (0.0006 mg/ml red cell 
suspension). As noted previously, the kinetics of lysis are biphasic: (a prolytic phase 
is foUowed by a lytic phase) and are complex 4. The length of the prolytic phase is 
inversely related in a general way to the ;-ate of the lyric process, but the measurement 
of gross hemolysis (percent lysis after a defined incubation period) is not as revealing 
as rate data, and the lysis rate-pH profile has not been reported for re.J cell suspen- 
sion. 

The third su¢.-,estion seems more reasonable at fir.,,t glance. Glaser la reported 
that the net charge on intact cells exists exclusively at the outer surface. On rat 
erythrocytes, tt~e entire mobility-pH curve was consistent with a hypothesis that 
sialic acid is mainly responsible for the surface charge 12. The mobility-pH profile 
(for human erythrocytes) also does not show any breaks in the pH range 4-6 or 
down to the isoelectric point (pH 2) of hemolysed cells 14. The pKD reported ~or sialic 
acid (2.8)1-~ does not correspond to a change in the maximum binding parameter-pH 
change at pH 5.5, but it would be reasonable to expect that the pKD of sialic acid 
incorporated on a membrane surface would be greater than that of the free acid. 
Thus, though the maximum binding parameter-pH profile cannot be related to 
mobility, it may be reasonable to try to relate a change in dissociation constant of 
bound sialic acid to changes in the properties of sialic acid on the ercthrocyte mem- 
brane. This, however, must remain a tentati,le suggestion and a definitive solution 
w, mld require much additional study. 
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