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SUMMARY 

Rates  of hemolysis  of r abb i t  e ry th rocy tes  induced b y  Prvmnes ium parvmn 

toxin  (prymnesin)  have  been measured  color imetr ica l ly  at  25.5 ~. The d a t a  have been 
t r ea t ed  as consecut ive f i rs t -order  ra te  processes associa ted  with ti le pro ly t ic  and lv t ic  
per iod for which two specific ra te  cons tan ts  were ob ta ined  (k' and kv,, respect ively) .  
Both  are a function of concent ra t ion  and t empera tu re ,  though only tile first cons tant  
has a l inear  Arrhenius  relat ionship.  The var ia t ion  of the  second cons tant  with concen- 
t r a t ion  of prymnes in  follows Michael is -Menten kinetics.  Both  constants  are decreased 
bv  inhibi tors  (cholesterol and cephalin (approx.  IO #M)) at  a given concent ra t ion  of 
prymnesin ,  and the effect is ascr ibed to reduct ion in the effective concent ra t ion  of 
prynmesin  owing to tile format ion  of a l o x i n - i n h i b i t o r  complex.  Tile b inding  of 
p rynmes in  to e ry th rocy te  membranes  dur ing the pro ly t ic  period was inves t iga ted  
using t r i t ium- labe led  toxin,  and  it was found t ha t  about  IO % of tile labeled mate r ia l  
is loosely bound  and about  3 ° % is more f i rmly bound.  

INTRODUCTION 

Tile euryhal ine  ch rvsomonad  Prvmnes ium parvmn (Carter) p roduced  toxins  
t ha t  have tmmolytic ,  ieh thyotoxic ,  and  cy to tox ic  act ivi t ies  1 a. Few studies  have been 
concerned with the chemical  na ture  of t l le hemoly t ic  toxin (prymnesin) 2. Useful 
purif icat ion schemes have been devised 1,2, and the proper t ies  of purified toxin  are 
s imi lar  to those of acid polar  l ipids 2. Receni  work by  ULITZtTR AND SHILO 2 indica ted  
tl le mate r ia l  to be a l i p i d - c a r b o h y d r a t e - p r o t e i n  complex,  and p re sumab ly  tile chem- 
ical s t ruc ture  of p rymnes in  is being s tud ied  in more detai l .  

Compara t ive ly  l i t t le  a t ten t ion ,  however,  has been given to character iz ing the 
hemoly t ic  ac t i v i t y  of prymnesin ,  though this p rope r ty  is used as an assay of pur i ty .  
Typica l ly ,  the ac t iv i ty  is expressed as hemoly t ic  units,  tile amount  of toxin needed to 
induce hemolysis  of e ry th rocy tes  within a cer tain per iod under  defined condit ions.  
However ,  hemolysis  is a complex set of processes. Fo r  example ,  previous  s tudies  bv 
PADILLA 1 and RAUCKMAN AND PADILLA a of hemolysis  of human  e ry th rocy tes  by  
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2I 4 D.F. MARTIN, G. M. PA1)ILLA 

P. parvum toxin (prymnesin) indicated that  toxin- induced hemolysis occurred in tw(, 
stages (a prolytic period, followed by a lytic period), that  max imum toxin aetivi t  3 was 
observed at pH 5.5, that  the length of the prolytic period and the rate of the lysis was 
inversely related to the amount  of toxin present, and that  certain lipids (cephalin, 
cholesterol, and lecithin) inlfibited the lysis of hu ma n  erythrocytes.  

The present s tudy is concerned with the de terminat ion  <)f the kinetics ()f prym- 
nesin-induced lysis, par t icular ly as these are revealed by kinetic data. 

MATt~RIALS AND METHOI)S 

]>l'V;tllle.';illl;l ]bat'i)lll;l toxftl 
The toxin was isolated from P. flarvum cultures in artifical sea water (io':'00) 

main ta ined  at 25 ~ under  constant  i l luminat ion.  The sea water was enriched with liver 
infusion (Oxoid, 3oo rag/l), glycerol (o.25 M), and Vitamins B 1 and B~ 2 (o.o2 and o.oI 
l,g/1, respectively) (@ ref. I). Cells were collected after 5-7 days of growth at a densi ty 
~f Io: cells/ml by centr ifugation (5ooo × g, Io min), ground in a tissue grinder, and the 
pigment  was extracted with acetone. The insoluble residue was extracted several times 
with methanol  to obta in  the toxin. The methanolic  extracts were combined, purified 
t) 3" gel filtration chromatography (see below), concentra ted under  reduced pressure, 
and a s tandard  solution was kept at 2o ;> for use in subsequent  studies. 
Labeled to:ri,¢ 

The toxin was obtained from cultures enriched with tall--glycerol. A 5oo-ml 
sample of medium was inoculated with ioo ml of glycerol-free P. ffarwtm stock culture. 
The inoculated medium was t reated with 4o ml of 3-44 M glycerol conta ining 5oo/~(" 
of 2-all ,glycerol (Tracerlab, 2oo mC/mmote). Cells were harvested after 7 days, and 
the toxin was isolated as usual. The toxin was purified further by gel filtration chr . -  
matography using Sephadex LH-2o in a I5 inch >: I inch column and using methanol  
as eluant.  Tubes Iq-2~) (Fig. I) were used in subsequent  studies. 
Rabbit ervthrocvte susfle~sions 

Heparinized rabbi t  blood, stored at 4 ,  was suspended in isotonic blood buffer 
(Io mM phosphate-buffered saline solution (pH 5-5))-The ervthrocvtes were collected 
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l:ig. i. Purification of tritimn-labelled prymnesin by means of gel-filtration chromatography 
(Scphadex LH-2o. methanol, about 5 ° rain per tube, 4 inl per tube). The relationship between 
activity (counts/min, open circles, right-hand scale) and hemolytic activity 2 (closed circles, left- 
hand scale) is indicated. Arrows indicate the toxin fraction ('l'ul~es 19 29) used in this study. 
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H E M O L Y S I S  I N D U C E D  B Y  P. parvum T O X I N  2 1 5  

by centrifugation in a clinical centrifuge (2 rain at 18oo rev. /min) ,  and washed twice  
with blood buffer. For kinetic  studies,  a standard erythrocyte  suspension was prepared 
so as to have an absorbance of I.O at 54 ° nm. The electronic cell count of the standard 
suspension was about i o  v cells/ml.  When complete ly  lysed, the standard suspension 
had an absorbance of about o.19 at 54 ° nm. 
Hemolytic units of toxin 

A hemolyt ic  unit (HDs0) was defined essential ly as before 2 as that amount  of 
toxin in o .I  ml of methanol  that  caused 5 ° % hemolys is  of 2. 9 ml of standard erythro-  
suspension after IO rain at room temperature.  
Lipicls 

Stock solutions (6 raM) of cholesterol (Aldrich Chemical Co.) and cephalin 
(Nutrit ional  Biochemicals  Corporation) in methanol  were prepared. Addit ional  solu- 
tions were prepared by serial dilution for the inhibition studies.  In all such studies  
o.o 5 ml of inhibitor solution and 0.05 ml of toxin solution were used with 2. 9 ml of 
standard erythrocyte  suspension. 
Lysis kinetics (Tables I and II) 

Rates  of hemolys is  were determined colorimetrical ly  at 54 ° nm using a B e c k m a n  
DB-G spectrophotometer ,  equipped with  a thermostat ted  cell compartment  and a 
recorder. In all determinations ,  2. 9 ml of standard erythrocyte  suspension was al lowed 

T A B L E  1 

S U M M A R Y  OF K I N E T I C S  OF P R Y M N E S I N  R A B B I T  E R Y T H R O C Y T E  R E A C T I O N S  AT 25.5  c 

Toxin conch. Prolytic Rate constants (rain) 1" 
- period 
Relative HDso units (rain) k" kq, 

t 125o < o . i  5 . 8 J  ± o . 1 8 "  

o . i  125 o.1 5 .75  ± 0 .28  
0 .02  25 o . i  5 .73  ± 0 .38  
o .o1  12. 5 0 .2  1. i  4 ~ o . o i  5 .22  ± o . i i  

0 . o 0 7  8 .75  0 .35  0 .70  ~_ 0 . 0 4  3 .84  s o . 1 9  
o . 0 0 5  6 .25  0 .4  0 .32  7-- o-03 2 .80  ± 0 .33  
o . o o 2  2 .50  t . i  o . 14  ± 0 .04  1.62 ± 0 .08  
0 .001  1.25 2 0 .052  
O.O001 O. I 25 a p p r o x .  5 o . o o 6 1  

* ~ S . D .  

T A B L I £  I I  

S P E C I F I C  R A T E  C O N S T A N T S  AT S E L E C T E D  T E M P E R A T U R E S  

Temperature Pro@tic Rate constants (rain 1) 
period 
(rain) k' k,/, 

I t . o '  0. 5 o .15  ± o .o2  0 .87  L_ o . I o  
15 .o  c' 0. 4 0 . 6 8  ± 0 .02  1.o 7 +~: o .12  
I6.O ° 0. 3 1 .43 ~ o . o i  
21 .o  ~ o .2  0 .73  1.73 :k  0 .03  
25 .5  ° 0.2 1.14 ± o . o o  5 .23  -~ o. i i  

Biochim. Biophys. Acta, 241 (1971)  213 -22 .5  
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t{} reach the reaction temperature  before being mixed  thoroughly with o.~ ml {}t 
methanol ic  toxin solution. Kinetic data (absorbance as a function of time) were trans- 
cril)ed from the chart-stri t) recorder and replotted. Pseudo first-order rate constants,  
kq,, were calculated from the linear portions of the rate plot, toge (At - A m ) a s  a 
function {}f t ime (rain), using the c{mventional relationship k m, where m is the 
slope, and A t and A z refer to the absorbance values at t ime t and at the complet ion 
of the reaction, respectively.  

T . \  131.1'~ 11I 

I'2FFI~;C'I" OF I N H I B [ T O R S  ON I{A'I'P,S {IV I I E M O L h ' S I S  OF R A H B I T  t ' ;I ,~YTIIROCYTES 135' TOXIN AT 2 5 .  5 

12. 5 HDa0 un i t s  of t o x i n  w e r e  used .  

l nkeb:tor l n k i b i l o r  Prolvt ic  Relat ive rat~ l nk lb i t i on  
co~wn. {.,t31) p~riod couslant  paramclcr  * 

(mi;~U (kr,.t) 

1).2 0 . 2 5  I .O 

{ ' h o l e s t e r o l  1o o.25 0.35 o.93~ : .  o .o i  7 
Cho le s t e ro l  .50 0.8 - I .  I 0 " 5 9 5  2 0 " 0 5  l 

( ' h o l e s t e r o l  ~oo I. 5 2.0 0.247 : 0.024 
C e p h a l i n * "  l{} 0. 3 0. 5 0.864 : :  0 . 0 0 4  
C e p h a l i n  25 {}.6 0. 7 {}.(}26 : o.oo2 
C e p h a l i n  5 ° ~.3 [ . 0  o . 2 2 i  i 0 . 0 7  

* (I /¢rel)/krel. 
* * Mean  m o l e c u l a r  w e i g h t  a s s u m e d  to  be 700. 

o.o74 
0.68 

3.o49 
0. i57 
{)-597 
3.525 

T A B L E  IV 

B I N D I N G  OF 3 H - L A B E L E D  P R Y M N E S I N  BY E R Y T H R O C Y T E S  A N D  G H O S T S  

P r v m n e s i n :  a b o u t  6 HI)a0  un i t s .  

M i l l i o n  Tox i n  Ac t i v i t y *  Fract ion o /  
cells c.rlraction - -  activi@ 
per 0.5 ml  method S u p c r n a t a n t  Pellet in pelh'l 

Er3,tkrocytcs A * " 
48.5 466 t 63*** 36 ± o 0.07 
97 433 42 ° .o9  

140 42.5 00 : 5 o.12 
Ery t h roo ,  tvs H* * 

0 . 3  t.55 - (i 9 4  ± 3 ° .38  
9 3  159  ~ 21 9 4  : rr 0 . 3 7  

93{:) 175 !_ I2 72 i {) 0 . 2 9  
(;hosts  12; * * 

2 2o0 : 9 147 :: 20 0.30 
297 ~ 26 ~74 ° .37  

~o 323 2 4 o I77  :~ 5 0"35 
344 : 4 T55 :,~ o o . 3 I  

2o 34 ~ :: 72 324 ± 14 o.40 
316 : t4 245:1 15 0.44 
252 : 2 2(35 0.4£ 3 

* C o u n t s / n l i n ,  c o r r e c t e d  for  b a c k g r o u n d .  
** A, p e l l e t  w a s h e d  w i t h  m e t h a n o l  to  r e m o v e  l oos e ly  b o u n d  p r v n l n e s i n  13, pe l le t  c r l l shed  a n d  

w a s h e d  w i t h  m e t h a n o l  to  g i v e  t o t a l  e x t r a c t a b l e  p r y m n e s i n  
*** S.D.  

f l i och im.  B i o p h y s .  Ac ta  24t  (197I)  213 -225  



HEMOLYSIS INDUCED BY P. parvmn TOXIN 2 I  7 

Dthibitio~z ki~etics (Table III) 
Essentially the same procedure was used except that a methanolic solution of 

the toxin (o.o5 ml) was added to the inhibitor solution (o.o 5 ml) in the spectrophoto- 
meter cell, then as rapidly as possible, 2.0 ml of erythrocyte suspension were added to 
the mixture. 
Nwdling of erthvrocvtes by prvmtlesi~z 

Three erythrocyte samples were prepared: a 'standard sample' (5.8" IO ~ erythro- 
cytes/ml), 2.9 ml phts o.I ml methanol; 'prolytic sample', 2. 9 ml of erythrocyte sus- 
pension phts o.I ml of methanolic solution of toxin (12.5 HD~0units) were incubated, 
for 12o sec and quickly diluted 1:5o with buffer before lvsis occurred; 'iysed sample', 
prepared similarh" to the preceding sample except the incubation period was 15 rain 
during which time about two-thirds of the cells lysed. The cells in each diluted sample 
were counted with a Model A Coulter Counter at 5 threshold-unit intervals (current 5, 
gain 5). 
PrvmHesin bi~zdi~ N by red blood cells (Table I1 ~) 

Erythrocyte suspensions (2.9 ml) of known cell counts were treated with 
o. I ml 3H-labeled toxin and cells were separated within 20 sec of mixing by centrifu- 
gation (36400 x g, IOO sec). The prolytic period was 0. 4 min and the extrapolated 
reaction time was 3.5 rain. The supernatant was separated and divided into four 
o.5-ml portions. Two were used for controls, and two were treated with 0.3 ml 3 ° % 
H e 0  2 to bleach the hemoglobin. The pellet was treated with 1.5 ml of methanol (with 
and without crushing) to extract the toxin, and two o.5-ml aliquots were saved for 
counting. The activity of each of the three duplicate samples in liquid-scintillation 
solution was determined. Raw counts were corrected for quenching using the percent 
efficiency calibration curve derived by the automatic external standardization pro- 
cedure in the scintillation spectrometer (Nuclear-Chicago Mark II Series). Activities 
were redetermined at different times until efficiences of 50 °,o were obtained. 

The experiment was repeated using suspensions of erythrocyte ghosts in blood 
buffer. Toxin (o. I ml) was added to 0. 4 ml of suspension and the ghosts were separated 
after 20 sec by centrifugation (36400 x g, IO min). Replicate samples (IOO #1) were 
removed from the supernatant. The pellet was treated with 0. 5 ml of methanol, crushed, 
agitated, and centrifuged (36400 x g, IO rain) and replicate samples (ioo /,1) re- 
moved. The activities of all samples were determined as before. 

RESULTS 

Kiuetics of hemolysis 
The rates of hemolysis of rabbit erythrocyte suspensions were determined colori- 

metrically. A typical reaction curve (Fig. 2) shows the two phases that are observed. 
Each determination was characterized by a prolytic period during which no change in 
absorbance was observed. In a general way, the length of the prolytic period is related 
to the logarithm of the toxin concentration. The prolytic period was followed by the 
lvtic period, the rate of the reaction being proportional to the slope (change of absor- 
bance per unit time). 

The two phases can be characterized in a more satisfactory manner by calcu- 
lating the specific rate constants. Consecutive pseudo first-order rate constants k' and 
k, t, are obtained from conventional first-order rate plots (Fig. 3). It is difficult to obtain 

Biochim. Biophys. Acta 24I  ( I97  I) 2t  3 225 
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accura te  values for the  first ra te  cons tan t  which are associated with a process t ha t  
ev iden t ly  occurs dur ing the pro ly t ic  per iod and }ust pr ior  to the  pronounced  change in 
absorbance  t ha t  is typ ica l  of the  lysis period. The accuracy  is l imi ted  by  two factors. 

050 i 
i 
I 

t ' or-- ' r - ~ " ] ~ % 

3 0  k\ ~ < 0 0 5  
• \ \  '~",~ 
- , s o  

s ~o ik ' \ \ .  i k 1 

,, _ _ ~ ± _ _ .  ~ o o J L _ L ~ £  ~ . ~ _  , i ~ 
" - - (  2 c 3 0 4 0 5 ,q o 2 0 3 0 

TIME ,MINUTES TIME, M'NUTES 

1:i£. 2. T y p i c a l  r a t e  p l o t  of h e m o l y s i s  of r a b b i t  e r y t h r o c y t e s ,  u s i n £  2.5 H l)so u n i t s  of p r y n : n e s i n .  

Fig. 3. l : i r s t - o r d e r  r a t e  p l o t  of p r y m n e s i n - i n d u c e d  h e m o l y s i s  u s i n g  d a t a  o b t a i n e d  f rom I:ig. 2. 

First ,  there  are insufficient d a t a  for a sa t i s fac tory  es t imate  except  at  lower tempera-  
tures. Second, enhanced  accuracy  would require  an accurate  value for A ~ ,  the  infini ty 
absorbance  for the  first process. I t  has not  been possible to es t imate  the  correct  value 
because of the  t rans ien t  na tu re  of the  p roduc t  of the first process, and  a re la ted  con- 
s t an t  value,  the  inf ini ty  absorbance  value for the second process has been used in- 
s tead.  Nevertheless ,  the  values for the first specific ra te  cons tan t  are reasonably  con- 
s t an t  for a given toxin  concentra t ion ,  and  appear  to be fair ly consis tent  from one con- 
cen t ra t ion  to another .  

The specific ra te  cons tan t  associated with a second majo r  process, k~,, can be 
ob ta ined  with grea ter  precision (Table I), and typ ica l ly  good f irs t-order  ra te  plots  were 
ob ta ined  for be t t e r  than  05 % of the reaction.  

The var ia t ion  of these cons tants  with concentra t ion  of toxin,  t empera tu re ,  and 
inhib i tor  concentra t ion  has been determined.  

Effect of lemperature 
Hemolysis  ra tes  were de te rmined  at  several  t empera tu res  (Table I I) in order  to 

ascer ta in  the na ture  of tile two specific ra te  constants  (k' and  k~) as well as to deter-  
mine the ac t iva t ion  energy. A convent ional  l inear  re la t ionship  was ob ta ined  from the 
Arrhenius  plot  for the  first specific ra te  constant .  The accuracy  of tile values is en- 
hanced at  lower t empera tu re s  as the  ra te  cons tant  decreases and addi t iona l  da t a  
points  can be obta ined .  An ac t iva t ion  energy of I o kcal /mole  was ca lcula ted  and this 
value corresponds to a 0~0 wdue of 3.0 for the range of 15-25.5 °. 

In contras t ,  the ac t iva t ion  energy could not  be ca lcula ted  for the second specific 
ra te  cons tan t  because the re la t ionship  was non-l inear .  Tile magni tude  of the curva ture  
is too great  to be reduced to l inear i ty  by  means  of the  modified Arrhenius  plot  (loge 
(k/7 "1~2) vs. I /T ;  cf. ref. 4). 

Riock/t~.  []/o]Sk?,,,~. Acta  24i  (1071) 213-225  



HEMOLYSIS INDUCED BY P .  parvum TOXIN 2 I  9 

These results indicate a significant distinction between the two constants.  The 
first constant  is probably associated with a single process ; the second constant  must  be 
a composite one tha t  is associated with two or more processes tha t  individualh" have 
different activation energies. 

The nature of the two processes is further  characterized by studies of the effect 
of concentrat ion and inhibitors on the hemolysis rates. 

Here, 
units. 

EC/ec! of co~zccnlratio~ 
Specific rate constant  (kv,) were determined at 25.5 ~ as a function of hemolysin 

concentration,  expressed as hemolytic units (HD.@. A plot of k v, as a function of con- 
centration, (expressed as loge (HDa.) for the sake of convenience (Fig. 4)) indicates a 
sigmoidal relationship typical  of a fragility curve. With the semi-logarithmic plot, 
three essentially linear portions are easily distinguished. At HDa0 values of less than 
z.25 {low range) and above 25 (high range), the rate constant  is essentially independent 
of hemolysin concentrat ion;  with intermediate concentrations, the rate constant  
shows a marked concentrat ion dependence. 

Data  from the intermediate and high concentrat ion ranges were used in a Line- 
weaver -Burk  plot (Fig. 5), and two parameters  (kwm and Kin) were obtained. Here, 
lev,,, (7.69) refers to the maximum pseudo first-order rate constant,  and K,~ (<).53) has 
the usual meaning. 

The two parameters were used to calculate values of k v, from the usual relation- 
ship (Eqn. z), assuming that  Michaelis-Menten kinetics adequately  describe the lysis 
step. 

/e~,m(L, HDso) 
k~ = K,n + (L, HI).50) (z) 

(L, HDs0 ) refers to the concentrat ion of hemolysin, expressed in hemolytic 

The values calculated for the pseudo first-order rate constant  (open circles, 
Fig. 4) are in excellent agreement with experimental  values in the low and intermediate 
concentrat ion ranges. The agreement is admit tedly  poor in the high ranges of heine- 
Ix,sin concentration. 

?~,o] 
0 1 2 5  r Z 5  a s o  6 2 5  l a 5  2 5  r e 5  iz~o 

, , , 

}! I I 
E 5 'F 
5 4 F 
g i 

cn  

Toxin Concentration 

Fi~. 4. Variatlon of specific-rate constant, kv,, for lysis with concentration of prymnesin. Observed 
(c losed circles)  v a l u e s  w i t h  --  S.D.  a re  c o m p a r e d  w i t h  c a l c u l a t e d  v a l u e s  (open  c i rc les ,  f rom E q n .  1). 

Biochim. Biophys. Acta 24I  (197 I) 213 225 
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Two quest ions arise at  this  point.  Is the agreement  fortui tous? If it  is not, why 
is the  agreement  between observed and ca lcula ted  values of kw poor in the high range? 

The agreement  does not  seem to be for tui tous  on the basis of two observat ions .  
Firs t ,  good agreement  was ob ta ined  in the  low range (HDs0 o.I25, 1.25), though 
these d a t a  were not  used in the  L ineweave r -Burk  plot  (Fig. 5). Secondly,  comparison 
()f the da t a  used for the two plots  indicates  no special d is t inct ion for those interme- 
d ia te  range values (HD,~ 0 - z.5, 25) tha t  exac t ly  follow the lAneweaver Burk rela- 
t ionship  verszts those tha t  dev ia te  (HD.-,, 6.e 5, 8.75, IZ.5) somewhat .  

07[  

-I 

/ 

0 OI 02 0'3 
Rec~rocal Toxin Ccncentrot,0n, E~Ds~ i 

i"i~..5, l .mvweave r  B u r k p l o t  showing the or ig in of the parameters used to  calculate values of X,, r 
Ver t ica l  l ines ind icate  . S.I) .  

Poor agreement  in the high concentra t ion  range could be ascr ibed t,) f()ur 
tx)ssible causes: (U exper imenta l  l imita t ions ,  (2) incorrect Michael is-Menten pa la -  
meters,  (3) inhibi t ion by  products ,  or (4) inhibi t ion by hemolysin.  The first two 
possibil i t ies can be discounted.  The value of /?V, m iS p robab ly  less than 7 o % ()f the 
exper imenta l  l imi ta t ion  of the. i n s t rumenta t ion  used in this s tudy.  Also, the para-  
meters  ob ta ined  (from lrig. 5) were c(mvent ional lv  ob ta ined  and are reasonably  
accurate .  A drast ic  decrease (2o %} in the value of ]ev,m would be needed to improve 
the agreeinent  in the high range;  then, the agreement  in the in te rmedia te  range 
becomes poor. 

By el iminat ion,  then, the poor agreement  may  be ascr ibed to inhil~itii)n ei ther 
l)v hemolysin or byproduc t s .  Both are plausible.  The toxin,  as released by IL/~as'i'mlz 
m na tu ra l  l~looms, is thought  to form a micel lar  aggregate  s. In the present  stud.v, the 
effect (if such an aggregate  would be mi)st pronounced at the high range and would 
tend to l imit  the a t t a c k  of o ther  hemolysin units  on the e ry th rocy te  menabrane. \Ve d(~ 
n(it suggest tha t  such inhibit i(m is exclusive;  inhibi t ion by  lysis products ,  n ( ) t abh  by 
e ry th rocy t e  ]ipids is a possil)i]ity tha t  must  be considered. 

IJthibitio~z &, l@ids  

P~AUCRMAN AND PADILLA a inves t iga ted  the effect of three lipids on 1vsis ()t 
human ery throcytes ,  as indica ted  by  the t)ercent lysis following various periods ()[ 
incubat ion of toxin,  red blood ('ells, and inhibi tor .  Specific ra te  constants  were not 
de termined,  but  the effect of concent ra t ion  on the ex ten t  of lvsis was evaluated .  \Vith 
cephal in and lecithin,  the  same amoun t  of lysis occurred whether  toxin and l ipid had 
reacted for o or 6oo sec before blood was added.  Cholesterol was different ; it appeared  
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to be binding to the toxin as time progressed. On the basis of results with the method 
of SEE.X.IAN 6 for distinguishing specific from non-specific hemolysins, RAUCK.~iAN AND 
PAI>ILLA 3 concluded that  prymnesin is a specific hemolysin and thus has an affmitv 
h}r a specific component  of the membrane,  such as cholesterol. Cephalin, at concen- 
trati(ms higher than those used in this s tudy,  appeared to be a non-specific hemolysin 
in tha t  it exerts a protective action by non-specific binding to the membrane,  rather  
than binding directly. 

In the present s tudy,  a different approach was used in an effort to gain an in- 
sight into the nature of inhibition by cholesterol and cephalin. Specific rate constants 
were determined as a function of concentrat ion of added inhibitor, using a toxin con- 
centrat ion in the intermediate range (I2.5 HDs0 ). In all instances, the prymnesin was 
added to the inhibitor solution, followed as quickly as possible by the addition of the 
ervthrocvte  suspension. 

The inhibited rate da ta  (Table I I I )  are expressed in two ways:  (I) as relative 
rate constants,  krel; (the ratio of the inhibited rate constant  to the uninhibited con- 
stant,  kv,) and (2) as the inhibition parameter,  (I---krel)/krel.  The first parameter  
corresponds to fractional residual act ivi ty  (r') and the second corresponds to i /(I  i), 
where i is fractional inhibition and is equal to I - -  r' (cf. ref. 7)- 

Examinat ion  of the inhibition da ta  (Table I I I ,  Fig. 6), indicates two significant 
features. First in the range studied (approx. o .o i -o . I  raM) cephalin is not a hemolysin 
and it is a more effective inhibitor than cholesterol. For example, at krel = 0.5 (5 ° °i, 
inhibition), the inhibitor concentrat ion required is 30 and 55 # N  for cephalin and 
cholesterol, respectively. I t  should be noted tha t  a mean molecular weight was 
assumed for cephalin. The reported 8 ranges were used to define the envelope of values 
(Fig. 6) tha t  still attests to the greater effectiveness of cephalin. 
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Fig. 6. Effect of lipids on the rate of prymnesin-induced lysis (HD~0, [2.5) at 25.5 :. 

FiR. 7. Diagnostic plot, inhibitor concentration as a function of the inhibitor parameter, showing 
the parabolic relationship indicative of the formation of inhibitor-prymnesin complex. 

Secondly, the nature of the interaction of hemolysin (L), erythrocytes  (E), and 
inhibitor (I) (Eqn. 2) is indicated by  a diagnostic plot (Fig. 7), inhibitor concentrat ion 
as a function of the inhibitor parameter.  In analogy with enzyme processes, we assume 
tha t  inhibition of lysis can occur v ia  at least three pa thways :  (I) decrease in effective 
concentrat ion of hemolysin by  formation of a hemolysin-inhibi tor  complex (Ld 
(2) formation of a complex (L d that  reacts with erythrocytes  in competi t ion with 
hemolysin;  (3) competi t ive hemolysin displacement bv inhibitor. 

k~ k3 k4 
E -: L k,~ LC: C ~ E 4- P; L - / ~- L¢; E 4 (2) ,k 2> k_a L~ k~-4 C+ 
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bsing the diagnostic plot (Fig. 7), we should expect three different relation- 
ships: for Pa thway  I, a hyperbola (concave downward) should result; for Pathwa\" 2, 
a linear relationship should result; for Pa thway  3, a curve (concave upward) is ex- 
pectedL Pa thway  I seems to be indicated for both inhibitors in the c(mcentration 
range studied. 

I)ISCUSSION 

The kinetics of events [)receding and accompanying lvsis are of considerable 
interest, though they are complex and difficult to study. A review of thorough treat- 
ment of tile problems by PONDER ~ indicate tha t  they have a 3-fold basis. First, helm> 
lvsis is not subject to a simple delineation of kinetic parameters as is possible with 
simple chemical systems. Second, the utilization of lvsin (amount in solution versHs 
amount  henlolvticallv active ver sus  amount  associated with erythrocytes) is n,)t well 
understood. Finally, the effect of inhibitors, endogenous or added, is also not well 
understo(>d. 

All problems arise because of theoretical and methodological limitations, though 
the two are not t ruly separable. For example, PONI)t~R ~ noted in several instances that  
a theoretical t rea tment  had failed because some parameter  could not be determined 
directly. 

These ditticulties ha\ 'e been mitigated ii1 the present study. A spectn@lot(> 
metric method has permit ted a more adequate characterization of the rates of binding 
and hemolysis, and a radiochemical s tudy has indicated the extent of binding ,)f 
prymnesin t() ervthrocvtes  and ghost meinbranes. 

A casual examination of these results might suggest that  the kinetic patterns ot 
binding and hem(>lvsis can be reduced to a simple model that  shows a good anah>gy 
with enzyme kinetics, particularly with respect t() Michaelis Menten t>r Henri (.qua- 
tions. This is undoubtedl \ '  an ()versimplification in view ()f the known complexity ()f 
prymnesin and the cell membrane.  Thus, it may be useful to c()nsider the basis ()f the 
apparent  similarity and the evident simplicity of the kinetic pattern. Several teas(ms 
may  be advanced. 

l:irst, there are some actual similarities, for example, the binding of substrate 
(L, Eqn. 2) to suitable sites (E). However, tile assumption of only one active c~mq)lex 
(C) is a mechanistic simplification, and the rate data  do not permit a distincti(m be- 
tween this possibility and a more likely one, i.e., several active complexes ((', (", V", 
e lc  ). 

Secondly, the observation that  the k~ prymnesin relationship (Eqn. I, l:ig. 4) 
follows a common pattern might be puzzling at first glance if it is assumed that  tile 
total  concentration of erythrocytes  is critical to the validity of the relationship 
(Eqn. I). The critical factor is the total concentrat ion of reactive sites of the ervthro-  
cyte meInbranes (Eo),  and this value appears to be significantly lower for erythrocytes  
than for ghosts (Table IV). Probably,  the formation of the reactive complex(es) 
requires a precise interaction between a cumbersome lysin (L} and a limited number  of 
reactive sites, so that  the value of/% (or k') is probably nmch less than that  of ]e.,, but 
once formed a complex is probably stable. Thus,/e 1 should be much less than tee, and 
a s teady-state  condition applies resulting in the validity of Eqn. I, and the evident 
similarity with enzyme patterns. 
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Thirdly, the evident simplicity of the kinetic pattern,  i.e., two first-order rate 
constants,  is valid in a gross sense, but  it does not  reflect the range of rate constants  
tha t  nmst  be involved, assuming a reasonable population of cells that  have individual 
tendencies to lyse (cf. ref. 9). This simplicity is undoubtedly  a consequence of the 
spectrophotometr ic  method and a degree of insensitivity to subtle changes. For 
example, the kinetic parameters  obtained are probably based upon only three ex- 
tinction coefficients, one each for erythrocytes,  active complexCes ) and hemogh)bin. 
Subtle changes might be expected during the course of binding and lysis, e.g., an 
increase in the number  of sites being occupied by one prymnesin molecule, or defor- 
mation caused by forces exerted by prynmesin bound to the membrane.  Such changes 
could have profound effects (e.g., release of various structural  components),  but  these 
changes would not be reflected in the spectrophotometr ic  rates. To detect these subtle 
changes other techniques would be needed, possibly ion-flux rates or changes in the 
ro ta tory  dispersion curves. 

\Vith these limitations in mind, it is appropriate  to consider the application of 
kinetic parameters and binding data  to unders tanding the hemolytic action of prym- 
nesin, part icularly in comparison with lvsins tha t  have been studied previously. 
YARIV ANI) HESTRIN 11 suggested that  prynmesin behaves like one such lysin, sap()nin. 

The accunmlat ion of lysin at the ervthrocvte  surface during the prolytic period 
is a central feature of lvsin-induced hemolysis. With  such lvsins as saponin, s(~dium 
taurocholate  and glycocholate, three concentrations nmst  be considered "~'. These are: 
(I) the amount  orginally added;  (2) the amount  determined, say, colorin~etricalh" 
during the prolytic period ; and (3) the ainount determined at the same time by hemo- 
lvtical assay. The first two quanti t ies evidently are about  the same ; the third is about  
6o % ~)f the first '~. The difference between the second and third amounts  was ascribed '~ 
to lysin material tha t  is chromogenic, but  not hemolytic material. PONDER ~' offered 
two explanations:  either the lvsin had reacted with a component  and the pr(~duct 
diffused into the solution or the lysin molecules were rendered inert upon contact  with 
the cell surface. 

In the present study, it was possible to decide between the two possibilities and 
to demonstra te  a significant difference between prynmesin and saponin. When all- 
labeled prymnesin was used, about  4 ° % of the act ivi ty was associated with ervthro-  
cvtes during the prolytic period. In short, the difference between the first two concen- 
trations is significantly different, in contrast  to the situation with saponin and other 
lvsins. Though about  Io  % of the material was loosely bound, as evidenced by its ease 
of removal with simple methanolic washing (Table IV), the rest was bound more 
firmly. The fraction bound appeared to be independent of the number  of cells added. 
Moreover, the fraction of toxin associated with cells, either erythrocytes  or ghosts, is 
quite similar. This suggests there are no fundamental  differences in prynmesin-binding 
sites due to the deformation of membrane  structure. Further,  it seems to eliminate the 
first of the two suggestions of PONDER of where prynmesin is involved. 

Some information bearing on the first and third lysin concentrations (total and 
heinolytically active during the prolytic period) is also available in the studies of 
RAUCKMAN AND PADII.LA a. They found that  during the prolytic period (IOO sec 
for about  2 HD~ 0 units of prymnesin) the toxin was bound to the erythrocytes  
in lineartime course and was completely removed from the solution during this 
interval. In a o.5-min exposure, approx. 4 ° °o of the toxin appeared to be removed 
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from the supernatantfluid,  in agreelnent with our findings in the present s tud \ .  
In addition to the two problems concerned with basic kinetic parameters and 

utilization of toxin, a third probleln (effect of inhibitors) nlust be considered in an 
anahs i s  of prynmesin-induced helnolvsis. The rate t)arameters Clmsidered here are 
useful in several ways. 

l;irst, the rate parameters are sensitive to the presence of lipids (cholesterol, 
cephalin, and prM)ably lecithin). A consideration of the inhibitor dat~J (Table I II ,  
Figs. 6 and 7) and comparison of these data  with a typical rate plot (Vig. 3) would 
indicate tha t  prymnesin is not interacting with cholesterol or cephalin that  may  N.t 
released and accunmlate at middle or late stages of the h ' t ic  period. If, during the 
course of lysis, loosely blmnd lipids are released, the value of/eq, should continuoush" 
decrease and the rate plot (@ 1;ig. 3) should change from a linear relation to a curve 
concave upward. I.ipid release might be expected for ox erythrocytes,  which are 
repi)rted ]" to have about zo % of the lipids loosely bound;  these are lost t() the sus- 
pension medium when the cells are osmoticalh" hemolvzed. 

Secondly, it appears tha t  the magnitude of the first rate paralneter, fe', can be 
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I:i~4, ,~. D i f f e r e n t i a l  ce l l  n u m l ~ e r  vohl l i l t ,  r e l a t i o n s h i p  f o r  r a b l f i t  e r y t h r o c y t e s  s h o w i n g  p r y m n e s i n -  
i n d u c e d  c h a n g e s  as  o b s e r v e d  f o r  t h e  s t a n d a r d  s u s p e n s i o n  (be fo re  t r e a t m e n t ,  t o p ) ,  d u r i n g  the  
p r o l y t i c  p e r i o d  {middle},  a n d  d u r i n g  t h e  ly t i c  p e r i o d  ( b o t t o m } .  T h e  i n s t r u m e n t  w a s  c a l i b r a t e d  us in~ 
l a t e x  s p h e r e s  of  k n o w n  d i a m e t e r  (1)ow ( ' h e r o i c a l  Co . .  l ~ i o p r o d u c t s  l ) e p a r t m e n t ,  1 . 9 7 - 3 5  p r o )  
R e s u l t s  a r e  g i v e n  as  s p h e r i c a l  e q u i v a l e n t s .  
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used in two ways:  to help characterize the binding step and to indicate the presence of 
inhibitors. The length <)f the prolytic period increases and k' is reduced. 

In addition, it is instructive to consider the volume changes tha t  occur during 
the prolytic and lvtic phases. These have been reviewed by POXl)~.:R 'a and ()thers. 
1.ittle at tention has been given to changes in cell volume distribution that  (wcur, 
part icularly as these are indicated by electronic counting (l:ig. 8). For rabbit  erx'thr,)- 
cvtes in c<)unting solution, two cell size t)opulations are n()ted. The values given are 
spherical equivalents, the volume cells w<mld have if spherical. For example, the mean 
('ell volulne of rabbit  erythrocytes  (a non-swollen biconcave disc) is 57 ~ ma- The value 
calculated using the maxiinum diameter (7.3 #m) 'q and assuming a sphere is 2o 7 u m  a 

(spherical equivalents). The observed value (Fig. 8), 2 I I / , m  a, is remarkably  ch~se to 
the spherical value. This suggests tha t  the cells are swollen in counting solution ~)r tha t  
there is an artifact in the electronic counting technique and tha t  the cells behave 
as spheres. In any case, we compare spherical equivalents for a given suspension 
under comparable conditions and are concerned with the changes. The populations 
shift during the prolytic period of toxin binding and coalesce during the lytic phase. 
These changes indicate that ,  at least for lhe system studied, changes in the cell- 
volume distribution may  be as significant as the changes that  occur in the average 
cell volume. 

The importance of prymnesin as a membrane-modifying agent, as suggested 1)\, 
the observations in the present s tudy  is evident, and will warrant  further investigation. 
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