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INTRODUCTION

The nature of the genetic and cytoplasm!c control of the 

immobilising antigens (3,-antigens) of Paramecium aurelia was clearly 

demonstrated by Beale (1952). Subsequent genetic studies (Finger, 1955; 

Margolin, 1956) have served to confirm Beale f s findings. A full discussion 

can be found in Beale (1954)* Only a brief summary is given below*

The imniunological specificity of each of the many ̂ -antigens is 

controlled by a single gene. There are many such genes, forming multiple
«^A

; i allelic series at several different loci* Each organism expresses only 

one locus at a time, unless it belongs to a clone which is passing through 

the intermediate stage between the expression of one locus and the 

expression of another. Broadly speaking, environmental conditions 

determine which locus will be expressed at a given time; but the cell 

cytoplasm plays a subordinate part and modifies the effect of the environ 

ment to some extent. It seems that environment and cell react to produce 

a cytoplasm!c state which is relatively stable, and allows only one of the 

loci to be expressed. A change in the environmental conditions, acting on 

the cell, may induce a new cytoplasm!c state which is also relatively stable, 

and allows a new locus to be expressed in place of the first.

Several distinct considerations led to this investigation being 

undertaken. The large number of distinguishable alleles at each genetic 

locus suggests that a study of their products may lead to an understanding 

of the control of antigen specificity by genes. Secondly, the switch from 

the expression of one antigen to the expression of another, induced by a 

change in environment, provides a model for cellular differentiation in 

higher organisms. Here, too, a study of the antigens is the obvioua
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starting point of an investigation of the underlying mechanisms* Lastly, 

the high degree of specificity shown by the immobilising antigens suggests 

that they may provide a useful tool for the study of immunological phenomena. 

For aU of these purposes an understanding of the chemistry of the antigens 

is essential.

Very little work along this line has been done to date* The work of 

van Wagtendonk e$ &. (1953), Reisner (1956), Finger (1956, 1957) and Freer 

(1959, a and b) will be discussed later*

A word about nomenclature will not be out of place here* Each gene 

7 is knovnfcy a lower case letter, denoting the locus at which it is found, 

together with a numerical superscript, denoting the stock from which it was 

first isolated, e.g. d^° denotes an allele at the d locus first recognised 

in stock 60 organisms* The loci which will be referred to in the following 

pages are d, g and t loci* The antigens controlled by these genes are 

known by the number and the upper case letter, e.g. the antigen controlled 

by the gene d is known as the 6CD antigen* Beale (195-4) has suggested 

a terminology uhich is useful when a distinction has to be drawn between 

antigens controlled by genes at the same locus and antigens controlled by 

genes at different loci* The antigens controlled by genes at different 

loci are said to belong to different 'types', while antigens controlled 

by different genes at the same locus are known as  subtypes'* Whenever 

reference is made to different subtypes it is to be understood that the 

antigens belong to the same type*
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STOCKS

The stocks used in this study vere stocks 60, 90, 103 and 33 of 

P. aurelia Var* 1, The ^-antigens investigated vere 6CD, 9CD, 1Q3D, 33D 

60T and 60G.



!  PHYSIOLOGICAL SALDIS FOR PARAMBGIUM

Many of the methods described require the use of an inorganic medium 

which will not damage Faramecium. In these studies the following solution 

(designated PSP) was utilised t

NaCl 0.0134 M
KD1 0.0003 M
CaCl2 O.OQ3 M

Sorensen Phosphate pH 6.8 0.004 M

CULTIVATION AIJD HARVESTING OF ORGAMSMS

2. Culture Mediums Fresh medium consisted of a culture of Aorobacter 

aerogenes growing in an extract obtained by boiling dried grass in distilled 

water for 15 minutes. &ch litre of medium contained the soluble material 

from 1.5 gm. of grass. In order to reduce labour, concentrated extracts of 

grass were autoclaved and stored. Two days before use concentrated extract 

was diluted and needed with a growing culture of A. aerogenes. 

Medium for Small Cultures (up to 2 litres)s 54 gm. of dried grass was boiled 

in 3 litres of deionised water for 15 minutes 9 and filtered through Whatman 

No. 1 paper on a large Buchner funnel attached to a water pump. Three equal 

aliquots of the filtrate were dispensed into conical flasks and autoclavcd. 

Two days before fresh medium was required, one aliquot was diluted to 12 

litres and dispensed into 8 two litre flasks. These were then autoclaved, 

and, when oool, were seeded with A. aerogenes.

Madlim for Large Cultures (10 to 30 litres)i 640 gm. of dried grass was boiled 

in 3 litres of deionised water for 15 minutes, filtered through two layers of 

muslin, and passed through the clarifier bowl of an Alfa-Laval continuous-flow
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NaCI-agar Soln.A-agar Filter 
Funnel

NaChagar Soln.A-agar

Figure 1 EI^CTROMIGRATION APPARATUS :

Modified after van Wagtendonk £& &., 1952- Soln. A = PSP. The organisms, originally contained in the culture vessel, migrate through the filter funnel under the influence of the electrical f5^ «* accumulate in the collecting vessel. For further details see Methods,
section /U
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centrifuge (flow-rate 4 litres per hour). The purified filtrate was diluted 

to 10 litres and 500 ml aliquots were autoclaved. Two days before use one 

aliquot of concentrated extract was diluted to 120 litres and seeded with 

a growing culture of A^aerogenes.

3* Cultivation of the Organisms* Stock cultures were maintained in 2 litre 

flasks* Every second day half of the liquid was poured away and replaced with 

bacterised culture medium*

Cultures for experimental work were grown in 10 litre glass aspirators 

or 30 litre polythene buckets. Under these conditions the culture cleared 

(i.e. the cloudiness due to the bacteria disappeared, leaving the obviously 

particulate Paramecium visible to the naked eye) in one to six days, depending 

upon the temperature of cultivation and the vigour of the culture. Half of 

each cleared culture was then removed for harvesting and an equal volume of 

fresh medium was added to the reminder.

4. Harvesting of the Organisms* Qn3y cleared cultures were harvested. Two 

methods of harvesting were employed. One provided a paste of Paramecium suited 

to iramunological work because of its purity. The other supplied the much 

larger amounts of material required for isolation of the antigen, but containing 

some bacteria and grass particles.

Animals to be injected into rabbits or to be used to absorb serum were 

collected by a modification of the electromlgratlon method of van Wagtendonok 

2$ al» (1952) using the apparatus shown in figure 1. The apparatus consisted 

of two electrode vessels, two ion traps, the culture vessel and the collecting 

vessel. The electrode vessels contained saturated NaCl and were connected to 

the ion traps by agar bridges (3% w/v agar in 5% w/v NaCl). The ion traps 

contained PSP (see above) and were connected to the culture and collecting



vessels by two more agar bridges (3% w/v agar in PSP). The collecting 

vessel contained PSP and was connected to the culture vessel by a bridge of 

the same solution carried by a bent filter funnel. A potential of up to 250 

volts was applied across the electrodes to give a current of 1.5mA. Under 

these conditions the organisms were orientated in the electrical field and 

swam towards the cathode. After 12 to 16 hours most of the organisms were 

found to be in the collecting vessel. The Parameciuia were further concen 

trated by centrifugation (800 g for 3 minutes). On occasion they were 

resuspended in PSP and recentrifuged.

When the organisms were to be used as the source of antigen for 

chemical purification they were harvested by passing the culture through the 

clarifier bowl of an Alfa-Laval continuous flow centrifuge, operating at 

maximum flow-rate. The animals were retained in the bowl, and were recovered 

in the form of a smooth paste.

CHEMICAL METHODS

5» Extraction of Antigen into Solution, Lyophilised or frozen and thawed 

Paramecium was extracted in 0.02M phosphate buffer (Sorensen) at pH 6.4 for 

1 hour at 2°C. lyophilised material was suspended at a concentration of 

5% w/v. Frozen and thawed material was diluted with one tenth volume of 

0.2M phosphate buffer, pfl 7, and titrated to pH 6.4 (with IN HC1), if 

necessary* The suspension was then centrifuged at 50,000 g for 60 minutes 

at 2°C, and the precipitate was discarded.

6. Treatment with Acid and Alkali (Preer, 1959a). The liquid extract 

(see 1 above) was stirred with a magnetic stirrer at room temperature while 

IN HC1 was added slowly from a burette to reach pH 2. After a further 10 

minutes stirring the precipitate was removed on VJhatnan No. 1 paper. The
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% Starch 
PH W

9.2

9.4

9.6

9.8

10.0

12.5

12

11.5

U.2

11.0

Table 1 STARCH GEL ELECTROPHORESISi 

Optimal Starch Concentrations for Eleetrophoresis at Different pH Values.

Potential 
gradient 
(Volta/cm)

5 -

15 -

30 -

B

20

40

Ionic 
strength

0.025

0.010

0.007

Table 2 STARCH GEL ELECTROPHORESIS : 

Optimal Ionic Strengths of Buffer for TJse at Different Potential Gradients,
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Figure 4 APPARATUS USED IN PREPARATIVE STARCH GEL
ELECTROPHOKESIS

Assembly of the Apparatus Used in Pouring the Gel. The anode part of 
the tube, A, is placed on the plate, M, and filled with molten gel. 
A glass plate, L, is then placed on top and the gel is left to cool. 
So that a space of any desired size my be left at the origin to hold the 
sample, a special assembly, E, H, J, K, is attached to the cathode part 
of the tube, C. A screw ring, E, holds a clamp, J, fast against the end of the tube! The plunger, H, can be set to the required depth since the 
screwed shaft moves on the screw in the clamp. A hole in the flung** is 
filled by a plug, K. When the apparatus has been set up, the tube is 
filled up with molten gel, the plate, L, is placed in position, and the 
gel is left to cool.
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Figure 3 AFPAKATUS USED IN PREPARATIVE STARCH GEL
EIECTROPHORESIS

Perspective View of the Assembled Apparatus* Lettering as for Figure 2.
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sample

F G D N B D G F

Figure 2 APPARATUS USED IK PREPARATIVE STARCH GEL
ELJSCTROPHORESIS.

Assembly of Apparatus. All parts are made of perspex, except the rubber 
washers, BB. The gel is held in a tube made in two parts, A and C, A 
being towards the anode (positive electrode). These are held together 
after insertion of the sample by a screw ring, E. The ends of the tube 
are sealed to the walls (HN) of the buffer vessels by two screw rings, 
DD, and washers, BB. Filter paper discs, GG, which serve to prevent 
expansion of the gel, are held in place by two more screw rings, FF.
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filtrate was titrated to pH 12 with IN NaOH, again under stirring, and once 

more was filtered* Lastly the solution was returned to pH 7 and the residue 

again removed by filtration.

7» ^HfMllP0 Sulphate Fraotfonation Protein fractions were salted out at 2°C. 

Lower ammonium sulphate concentrations (up to 50% saturation) were attained by 

the slow addition of saturated ammonium sulphate solution from a burette* 

Higher concentrations (50 to 100$ saturation) were attained by the inter 

mittent addition of ammonium sulphate crystals* The solution to be fraction 

ated was previously brought to ionic strength 0,05*

8* Starch Gel Electrophoresis Starch gel electrophoresis was used to purify 

antigen, to estimate the purity of antigen preparations, and to compare the 

electrophoretic mobilities of antigens* In addition to the apparatus described 

by Smithies (1955) which is suitable for use with low potential gradients (up 

to 8 v/cm) two assemblies which utilised much higher potential gradients (10 to 

40 v/cm) were used* Smithies 1 method, unmodified, enabled rapidly moving 

protein contaminants to be detected* Of the two modified assemblies, one was 

used as a preparative technique, the other as a method of comparing the 

electrophoretic mobilities of antigens* The two modified techniques are 

described below:

i. Preparative Starch Gel Electrophoresisa Electrophoresio was 

carried out in a column of starch gel 12 cm in length and 4 cm in diameter, 

held in a perspex tube between buffer boxes of 2 litres capacity* Details 

of the construction and assembly of the apparatus are shown in Figures 2, 3 

and 4* Details of the constitution of the buffer and the gel are given in 

tables 1 and 2* Different pH values required different starch concentrations 

and different potential gradients different ionic strengths*



-8-

Tha gel was prepared as follows. The two parts of the tube were set up 

as shown in Figure 4* all joints first being lightly smeared with silicone 

grease* The mixture of starch and buffer was heated with vigorous swirling 

in a flask over a naked flame until the starch grains ruptured and the liquid 

became viscous. Heating was continued for a further 30 seconds but boiling 

was avoided when the potential gradient of the run was to be above 8 volts per 

em. The flask was partially evacuated by means of a foot pump and held 

bubbling for about 15 seconds. The pressure was released and the gel was 

poured into the two parts of the tube. After 2 minutes the open tops were 

covered with glass plates and the gel was allowed to solidify. The sample 

was introduced on filter paper discs, or as a thixotropic suspension of 

starch grains. In either case it was placed in the space left for it in 

the cathode part of the tube. The two parts of the tube were then screwed 

together and to the walls of the buffer vessels. The vessels were filled 

with buffer, the electrodes wore inserted and the current was switched on. 

The same buffer was used in the buffer boxes and in making the gel.

After 4 to 12 hours of eleotrophoresis the current was switched off and 

the gel removed. In order to localise the protein components on the gel a 

thin longitudinal slice was cut and stained with Naphthalene Black 1GB or 

Nigrosin* Naphthalene Black 1CB (Smithies, 1955) was useful when a concen 

trated protein solution was being studied. The slice of gel was immersed for 

2 minutes in a saturated solution of the stain in methanol t acetic acid t water si 

5 s 1 t 5* Immersion in the same solvent (without the stain) for two periods 

of 15 minutes and one of 2 hours was enough to make the stained protein bands 

visible. Nigrosin is suitable for the staining of weaker protein bands. The 

slice of gel was immersed for 1+ or more hours in a C.I% w/v solution of Higroain
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CLAMP

TOP PLA TE

THIN PLATE

TRAY

FILTER PAPER STRIPS 

SIDE PLATES

5 C M

Figure 6 APPARATUS IKED IN ANALYTICAL STARCH GEL
SLECTROPHORESIS

Breakdown of Assembly. The gel is held in the tray between the filter 
paper pads. These are held in place by the side plates and secured by 
means of the clamps arid screw. The clamp also holds the two plates 
uhi^h cover the surface of the gel. The operation of the apparatus is 
described in section 8ii of the Methods*
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FILTER PAPER STRIPS

WALLS OF BUFFER VESSELS

Figure 5 APPARATUS USED IN ANALYTICAL STARCH GEL
EI^CTROPHORESIS:

Gel Assembly. Contact between the gel and the buffer is made by filter 
paper stripe. The apparatus is held rigid by a clamp supplied with a 
screw. Further details are shown in Figure 6. See section 8ii of 
Methods.
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Starch
treatment concentration

mg./ml.

Elution 5 

Freezing and thawing 1

Adsorption to calcium 
phosphate 0*025

Ammonium ) 30 - 50$ 0.10.
sulphate ) ppt. 

fractionation) 50$ supt. 0.025

  / 

Y

Table 3. STARCH G®L EI^CTROPHCBESIS i

Starch Concentrations of Gel Sluate After Various Treatments. 
Starch slices were homogenosed in two volumes of water and centri- 
fuged (Elution) and then frozen at -15°C, thawed, and again centri- 
fuged (Freezing and Thawing). Adsorption to calcium phosphate gel 
was carried out by th© technique described in section 9i of the 
Methods. After elution the volume was adjusted to be the same as 
the original elution volume. Ammonium sulphate fractionation was 
carried out by the technique described in section 7 of the Methods* 
after the freezing and thawing step. Each precipitate was dissolved 
in the original volume of buffer.

Each value is the mean of three to five determinations made by 
the an throne (Fairbairn) reaction, against a glucose standard.
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in the solvent described above, Tt/o immersions for 30 minutes and one for 4 

hours in the same solvent ware required to wash out unbound dye*

*hen the protein components had been made visible in this way the 

appropriate transverse slices of gel wore removed and homogenised in a glass 

honog'miser, piece by piece, with 2 volumes of distilled water. The thick, 

viscous solutions thus obtained yore immediately centrifuged at 50,OOQg 

for 1 hour, and the cloudy supernatant was frosen at -15°C overnight. 

Ifpon thawing a large proportion of the starch precipitated out and was 

centrifu^ed off at low speed. More starch was removed on occasion fcy 

further froeaing and thawing. In some cases the starch was almost completely 

removed by adsorption of the protein to calcium phosphate gel (se© below). 

(Table 3 shows the amount of starch present after various treatmontsl

ii. Analytical Starch Gol Slectrophoresisi The apparatus used for 

analytical work embodies the same principles as did that described abovo, 

but in this case the gel was only 5 o*n in length raaJdng possible the use of 

higher potential gradients with the sans total voltage difference. By 

reason of its small size it could accommodate only a very small sample of 

material*

The apparatus is amply described fcy Figures 5 and 6. The buffers 

and, starch concentrations used were those described for the preparativa 

method*

To prepare the gel the assembly was sot up idthout the filter papers 

or the top plates, and with the clamp below the tray. The gel, made as 

already described, was poured into the tray and covered by the top plates 

which were then held firmly in place with a load weight. The gel was left 

undisturbed for at least one hour*
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To insert the sample the apparatus was disassembled , leaving the 

gel in the tray* A transverse cut was made in the gel, parallel to the 

open ends and one and one half cm from one of them* the smaller piece 

was carefully removed without disturbing the larger. A filter paper 

strip soaked in the sample and lightly blotted was then applied to the 

freshly exposed surface of the larger piece, and the smaller piece was 

carefully replaced. The apparatus was next reassembled in its final 

form (shown in Figure 5)* The free ends of the filter papers were placed 

in the buffer boxes, and the current was switched on.

Localisation and elution of the protein components were carried 

out as described above for the preparative method.

9« palciup Phosphate Gel (Tiselius et al., 1956). Calcium phosphate 

gel was used as an adsorbent of protein in purifying the antigens. Two 

distinct techniques were used. In the technique known as the batch 

method the protein solution was stirred with a portion of gel, and then 

the gel was removed by centrifugation, carrying with it any proteins that 

it had adsorbed. In the chromatographic technique the protein solution 

to be analysed was applied to the top of a column of packed gel, and 

fractions were eluted by passing buffers of different molarities through 

the column.

i. Batch Method! The gel, prepared by the method of Tiselius 

et al. (1956) was stored in the cold under 0.001 M phosphate buffer, pH 6.8. 

Before use it was thoroughly washed with distilled water by repeated 

decantation and suspended in sufficient H/16 Tris-HCl buffer, pH 7.4, to 

give a final molarity of M/12.

The sample was dialysed in the cold against three changes of distilled
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water, lyophilised, and resuspended in M/12 Trie-HCl buffer at a concen 

tration of 1 mg» antigen per ml, (15 to 20 antigen units per ml in crude 

extracts)* The subsequent procedure differed according to whether crude 

extracts or eleotrophoretically purified preparations were used.

The adsorption of antigen from crude extracts was effected by 

mixing 2 volumes of extract with 4 volumes of gel and stirring for 1 hour 

at room temperature* The gel was then removed by centrifugation at 3*000 g 

for 10 minutes, and the supernatant was discarded* The gel was washed by 

resuspension in 1 volume of H/12 Tris-ICl buffer, pfl 7*4, followed immediately 

by centrifugation. The antigen was eluted by resuspending the gel in 2 

volumes of 0«OQ5M phosphate buffer, pH 7*A and stirring at room temperature 

for 1 hour* The gel was centrifuged off leaving the antigen in the super 

natant* More antigen could be recovered by repeating the elution step.

Antigen was adsorbed from electrophoretically purified extracts by 

mixing 1 volume of sample with 1 volume of gel, and stirring for 10 minutes 

at room temperature. The gel was centrifuged off at 3,000 g for 10 minutes, 

The gel was then washed 3 times in 1 to 2 volumes of ty/12 Tris-HDl, pH 7.4. 

The antigen was eluted by resuspending the gel in 1 volume of 0.005M phosphate 

buffer, pH 7*4 and stirring for 20 minutes at room temperature* The gel was 

centrifuged off and the supernatant discarded* A second elution, performed 

in the same way, recovered about half as much antigen as did the first*

This method, as described, has been used successfully only with 60D 

antigen* It was partially successful with 9CD antigen, and failed completely 

whan 103D antigen was used*

ii. Column Chromatography on Calcium Phosphate Gels The method as 

a whole corresponded almost exactly to that described by Tiselius et al. (1956)*



Two different columns were used, one on a preparative, the other on an 

analytical scale. These differed only in size. The preparative column 

was 2 inches in diameter and 3 inches in length* The analytical column was 

1.5 cm in diameter and 10 cm long. The behaviour of the antigens was 

identical on both columns.

The gel was poured into the column as a slurry in 0*001 M phosphate 

buffer| pH 6.8, and was pressurised for 1 hour with an air pump generating a 

6 cm column of mercury* Excess buffer was removed from the top of the 

column and the sample was applied* This was either crude (pH purified) or 

partially purified (\xy electrophoresis in starch gel or a previous passage 

through the column) antigen, but in either case it was repeatedly dialysed 

against distilled water, lyophilised, and resuspended in distilled water to 

give a final concentration of 5 mg antigen per ml (75 antigen units per ml 

in crude extracts)* Normally 0*5 ml was applied to the analytical column, 

2 mis to the preparative* The top of the gel was gently stirred with a 

glass rod to help the sample to enter evenly, and the sample was allowed to 

penetrate without prossurisation. When the top of the meniscus reached 

the top of the gel 0*001 M phosphate buffer, pH 6.8, was carefully added and 

elution was commenced under pressure. 1*5 ml aliquota were taken from the 

analytical column* 2 ml aliquots from the preparative. The discontinuous 

gradient method was employed. After 30 or so tubes had been collected 

elution was begun with 0*005 M phosphate buffer* The process was repeated 

with 0.01, 0.02, and 0.05 M buffer. Lastly the column was washed with 0.2 M 

buffer overnight and with 0*001 M buffer for two days, neither time under 

pressure* The pH of the various molarities of buffer was rigidly maintained 

at pH 6*8* Protein in the samples was estimated by measurement of the
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optical density at 280 mp- in the Unicam spectrophotometer, 

10   Sedimentation. Ultracentrifugal analysis was applied as a test of the 

homogeneity of purified antigen preparations. Sedimentation was carried out in 

the analytical rotor of the Spinco Model E ultracentrifuge.

11. Protein Estimation. Protein was estimated by the ultraviolet absorption 

method of VJarburg and Christian (1941) in the Unioam spectrophotometer. The 

method of Lowry et al» (1951) utilising the Folin-Giocalteu reagent was occasion 

ally used as a second estimate.

12* Carfohvdrate Sstimation . Total carbohydrate was measured by the carbazole 

(Siebert and Atnof 1946) and anthron© (Fairbairn, 1953) reactions. Ketohexose 

was measured by the cystein-carbazole reaction (Dische and Borenfreund, 1951)*

METHODS

13« Preparation of Sera* Nine to twelve month rabbits were injected intra 

venously with a brei of Paramecium or with a soluble extract. Injections were 

given twice weekly for two to four weeks. Cki the ninth day after the last 

injection 2 mis of blood were taken from the marginal ear vein. Serum was 

prepared (see next paragraph) and assayed by the First Serum Method (see section 

on titration methods below) . If the serum was satisfactory up to 30 mis of 

blood were taken at weekly intervals until the titre dropped to an impracticably 

low level. Occasionally rabbits were rested for 3 months and then injected with 

the same antigen, and bled in the same way.

Each serum was prepared for use as follows. The freshly drawn blood 

was incubated at 32° to 37°C for 2 hours. The clot was then separated from the 

side of the tube with a fine glass needle, and the tube was held at 5°C overnight. 

The serum was drawn off and centrifuged at 1500g for 10 minutos to remove stray 

erythrooytes. Comple'rant was inactivated by heating the serum to 60°C for 30



minutes, and this was followed by 24 hours dialysis at 2°C against a large 

volume of PSP. Paramecium will survive for some days in undiluted normal 

serum treated in this way.

M« Titration of ̂ ntigens and Antisera* Three basic phenomena (the immobili 

sation of Paramecium by immune serum$ the precipitln reaction; absorption of 

serum by intact Paramecium) were used in the titration of antigens and antisera. 

These were used in a number of ways and for a variety of purposes*

The measurements made on the antisera and antigens can be grouped into 

three classes s titration of antisera, titration of antigens, and measurement 

of the cross-reactions of antisera with heterologous antigens*

Antisera were titrated by measuring the immobilisation time of homologous 

Pbrameciura under the influence of the serum* This is called the First Serum 

Method* The First Serum Method was the primary standard to which all other 

measurements were referred. For example, when an antigen was titrated against 

an antiserum, the results were expressed in terms of the amount of antiaerum 

combining with the antigen. The amount of antiserum combining in this way was 

measured by the First Serum Method. Also, the cross-reaction of an antiserum 

was measured as the relative neutralisation of homologous and heterologous sera 

of the same strength* by a single antigen* In this case both the strengths of 

the sera and the degrees of neutralisation by the antigen were expressed in 

terms of the First Serum Method*

A second meubod used to measure the strength of sera (in practice used 

only to measure cross-reactions) was to calculate the amount of antibody 

absorbed per organism when serum and intact Paramecium were incubated together. 

In this case the antibody was estimated by the First Sarum Method before and 

after absorption, and the difference was divided by the number of organisms used.
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Antigen was titrated in two ways against homologous or heterologous 

serums by measuring the immobilisation time of serum in the presence of 

the antigen (First Antigen Method) and by measuring the rate of migration of 

precipitin bands formed when antigen diffused into a mixture of antibody and 

agar (Oudln's Method)* In each case the serum against which the antigen was 

titrated was itself titrated by the First Serum Method* The First Antigen 

Method measured the reduction in the strength of the antibody after it had 

been absorbed by the unknown antigen* (Xxlin's Method was used to measure the 

greatest dilution of the antiserum which would completely neutralise the

unknown antigen (equivalence dilution)* In each case the strength of the >'*'. ' . /
antigen was expressed in terms of the amount of antiserum reacting with it*

Cross-reactions of antisera with heterologous antigens were measured 

by all four methods already described. The reasoning behind cross-reaction 

measurement by the First Serum Method was different from that underlying the 

others* To measure the cross reaction of an antiserum with heterologous 

erganimc by the First Serum Method the serum was titrated against homologous 

and heterologous Parameciumf and the values obtained were compared* When one 

of the other methods was used, the extent of the reaction betwem the hetero 

logous combination of serum and antigen was compared with that between homo 

logous serum and the same antigen* The two sera to be compared were first 

titrated fcy the First Serum Method, each against its own specific type of 

feramecium* Neari both were titrated by the chosen method against a single 

soluble antigen (or a single serotype of organism) homologous to one of the 

 era. On the assumption that the First Serun Method measures the same thing 

in all homologous reactions, a calculation was made relating the affinities 

of the two sera for tLe single antigen. The following example, describing the
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eatimation, by Oudin f s Method, of the cross-reaction between anti-6(D 

serum and 904) antigen, will serve to illustrate the procedure* First anti- 

60D and anti-9CD sera were titrated by the first Serum Method against 60D 

and 9CD animals respectively* This gave values for the concentrations of 

these sera, and they were then adjusted to the same concentration. Next, 

serial dilutions of both sera were set to diffuse against the same solution 

of 90D antigen according to Oudin's Method (see below)* From the rates of 

movement of the precipitin bands the equivalence values of the two sera were 

calculated* The percentage cross-reaction of anti-60D serum with 90D 

antigen was then calculated from

equivalence value of anti-60D serum x 100 
equivalence value of anti-90D serum

Essentially the same procedure was followed when either of the other 

two methods were employed* The equivalent calculations for these methods 

were 

For the First Antigen Method

- concentration from ti^tration against heterologous serum x 100 
antigen concentration from titration against homologous serum

For the Serum Absorption Method

amount of heterologoue serum absorbed per organism x 100 
amount of homologous serum absorbed per organism

There follows a description of the calculations and procedures 

involved in the titrations of antigens and antisera* These calculations were 

the same whether homologous or heterologous reactions were being assayed* 

Titration Methods depending on the Immobilisation Reaction. When Paramecium 

are mixed with specific immune serum their swimming is first retarded and 

then stopped* This phenomenon is called Immobilisation. The time at which 

immobilisation is complete (the immobilisation time) is proportional to the
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dilution of the serum (see below). This forms the basis of the assay. 

i. Measurement of Immobilisation Time: Both antisera and antigens 

were dialysed against PSP. All determinations of inaaobilisation timj were 

carried out in triplicate. This was the obvious number of replicates to 

choose since the depression slides used had three depressions each.

The physiological condition of the organisms employed was found to 

be very important. Most reproducible results were obtained using animals 

subjected to electrosdgration for 2 hours from freshly cleared culture medium 

into PSP. Animals from a freshly cleared cult'ire left in a beaker at room 

temperature for 2 hours were only slightly inferior. Starved or overfed animals, 

or animals transferred directly from the incubator, were unsatisfactory.

Appropriate amounts (see below) of the reagents (antiserum in the 

First Serum Method, both antiserum and antigen in the First Antigen Method) 

were pipetted into the depression slides, and an equal amount of PSP or 

cleared culture medium containing about 10 organisms was added to each 

depression. The stopwatch was started and the depressions were scanned under 

a binocular dissecting microscope at intervals of 15 or 30 seconds. The 

total number of animals immobilised at each time in each depression was noted. 

From this cumulative record the number of animals immobilised in each time 

interval was deduced. The immobilisation time was taken to be the mean time 

to immobilisation of the 30 or so animals observed*

ii. First Serum Method? In the titration of a serum by the First Serum Method 

the first step was to dilute the serum serially. 0.05 to 0.2 ml of each 

dilution was mixed in a depression slide with an equal volume of culture 

fluid containing a few Paramecium, and the depressions were examined under 

the binocular microscope. A dilution was selected which produced immobili-
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sation of the animals in approximately 5 minutes. On the basis of this 

preliminary measurement several dilutions (2 to ID) were made which would 

produce immobilisation between 2 and 10 minutes after mixing (calculated 

on the assumption that a twofold dilution of any antiserum leads to a 

doubling of immobilisation time). The exact immobilisation times of these 

dilutions were then measured exactly after pipetting 0,05 to 0*2 ml of 

each dilution into each of three depressions, and adding an equal volume 

of PSP (or cleared culture fluid) containing about 10 organisms* The slope 

of the line obtained by plotting immobilisation time against the reciprocal 

of the serum dilution was used in the calculation of the concentration of 

the original serum now to be described*

Beale (1943) and I to (1958) showed that immobilisation time (t) 

of Faramecium in antibody excess was linearly proportional to the reciprocal 

of the serum dilution (A) when t, was less than 20 minutes* Data will be 

presented later to show that this is a very close approximation*

Then A/t = a, a constant for each serum* In this study, a. was 

defined as the immobilising activity of the serum, measured in terms of 

concentration, as units of antibody per ml* If times were recorded for a 

number of dilutions the coefficient of the regression of £ upon & was the 

best estimate of a..

The titration technique devised by Sonneborn (1950) measures the 

strength of an antiserum as the greatest dilution which will immobilise 

homologous animals in 2 hours* An approximation to the Sonneborn tltre (T)

is given by
1 

* * 120a
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Figure 7 INHIBITION OF THE EflCBILISATION REACTION BY
SOLUBI£ ANTIGEN i

The amount, R, of 6GD antigen added is plotted against the proportion, P, 
of the serum (anti-6GD, BIOVII) inactivated. (P = (t - to)/t where to and 
t are the immobilisation 'times in the absence and presence of antigen 
respectively). Immobilisation times were measured as described in section 
14i of the Methods. Each point is the mean of three determinations.

Regression Analysis of the first seven points on the graph glvest
Degrees of Freedom Sums of Squares Mean "quarea

Regression 1 0.071664 0.071664
Deviations 5 0.000072 0.000014
Total 6 0.071736

Then, F (1,5) = 5119, i.e. the regression is highly significant, 
confirmed by P 0.001. ;

This is
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iii. First Antigen Method; The titration of antigen by the First Antigen 

Method followed a very similar pattern* First a suitable dilution of antiserum 

vas chosen as described above. Next an antiserum solution of twice this con 

centration was prepared* A suitable dilution of antigen was then selected as 

follows. 0.05 to 0*1 ml of each dilution of antigen (from a serial dilution) 

was mixed in a depression slide with an equal volume of the prepared antiserum* 

After 2 minutes 2 volumes of culture fluid containing a few Parameciura were 

added and the slides were observed* An antigen dilution was selected which 

approximately doubled the immobilisation time* Next several dilutions of the 

antigen were made over a range down to a quarter of this dilution* The 

immobilisation time in the presence of each of these together with an equal 

volume of antiserum and 2 volumes of culture fluid was then measured 

accurately in the manner described above*

It was shown (Figure 7) that over a certain range the reduction 

in immobilising activity of an antLserum was a linear function of the 

amount of antigen added* The reduction in immobilising activity could be 

expressed by

g « (ao - a)

where ao and a were the respective concentrations of the unabsorbed and 

absorbed sera* This could be rewritten

where £ and $ have the meanings assigned to then above, and. if absorbed 

and unabaorbed serum were diluted to the same extent, the formula

gave the reduction in antibody concentration, since AQ = A = 1.
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unit of antigen was defined as the amount of antigen 

neutralising 1 unit of antibody in the linear part of the range. The 

concentration of a given antigen solution was given by

' -J ' 1~ ) units per ml

where jj was the reciprocal of the dilution of antigen in the final 

reaction mixture*

Over the linear part of the curve of immobilising activity of 

antiserum versus amount of antigen added to absorb It

g (1 - toA)

The curve ceases to be linear at about (l - t0/t) = I/2 * For this reason 

dilutions of antigen were chosen to give t < 2t0 (see above). 

ffreoipitfrn Forma tion in Affart ^y Oudin's (1951) technique, antiserum was 

mixed with agar and placed in a narrow glass tube* Antigen was then 

pipetted on top of the antiserum/agar mixture, and the two reagents were 

allowed to diffuse together. After some time precipitin bands were 

formed in the agar, provided that the concentration of antigen was greater 

than the concentration of antiserum.

iv* Clarification of Agar t The agar used in this technique to stabilise the 

antibody must be highly purified. A modified combination of the techniques 

of Qrabar and Williams (1953) and Feinberg (1956) was used to achieve this, 

20 gm of New Zealand agar was dissolved in 1 litre of distilled water by 

boiling for 15 minutes , and was then poured into a flat porcelain dish and 

allowed to solidify. The gel formed in this way was out into 1 cm cubes 

and washed for 24 hours in running tap water. The water was drained off 

and the cubes were melted. 20 gm of Bentonite and 20 gm of acid washed 

Kieselguhr (Hyflo Super Col) were added and the mixture was maintained
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for 3 days at 56-60°C in a stoppered Erlenmeyer. Eaoh day the flask was 

inverted* The clays were then filtered off at 56-60°C TD^T passage of the 

molten agar first through fluted Whatman No. 25 and then through fluted 

Whatman No. 5 paper. The filtered material was dispensed in aliquote and 

stored at 2°C in stoppered bottles until required. At the end of this 

process the agar had reached a concentration of 3-4$ w/v because of evap 

oration. It was found to be suitable for gel diffusion when diluted with an 

equal volume of serum,

v. Oudin's Method: As employed in this study, Oudin's method was as follows. 

2-3 mm bore soda glass tubing was out into 30 cm lengths , soaked overnight 

in chromic acid, washed for three days in a pipette rinser, flushed with 

distilled water and dried in an oven. Each was filled with 0.1$ w/v agar, 

drained f and dried in a vacuum dessicator. The tubes were then cut into 

10 cm lengths. Eaoh of these was formed into two tubes (scaled at one end) 

by heating the middle in a fantail burner. Suitably diluted serum was 

warmed to 60°C, mixed with an equal volume of melted agar, and pipetted 

into the tubes to give 8 cm columns. Antigen was then pipetted into the 

tubes above the agar columns, and the tubes were sealed with plasticene 

and held at 2500. At 3, 6 and 12 days the distances between the leading 

edges of the precipitin bands and the antigen/agar interface were measured 

with a pair of dividers.

Oudin (1951) has shown that for a given concentration of antigen

« o/,.log

where h = the distance between the leading edge of the precipitin band

and the antigen/agar interface* 

t = tine
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a = antibody concentration

= antibody concentration for h^yt = 0 

= a constant less than 0

If h//t is plotted against lost, the straight line obtained cute 

the abscissa at log ao and the slope is i'. a0 is a measure of the equi 

valence concentration of antibody for the antigen concentration employed, 

vi. Identification of the Precipitin Band due to the 1-antigeni The assay 

of an antigen by Oudin's Method requires that the identity of the antigen 

forming the precipitin band and the antigen under study be established* 

Even when material that is nearly homogeneous by chemical standards is 

used (as in this case) it is essential to demonstrate unequivocally that 

the antigen forming the precipitin band is not a contaminant antigen*

A method first employed by Finger (1957) was used to identify the 

single precipitin band observed in preparations of antigen purified ty 

chromatography on calcium phosphate gel* The method relies on the fact 

that there is no precipitin cross-reaction between 1-antigen types (Finger,

1957* variety £) 

A single sample of the method will now be given* Two ^-antigen 

preparations. 6CD and 60G, were set to diffuse against anti-6QD and anti- 

60G sera as described above. *.!! four possible combinations of antigen 

with antiserum were tested. The sera were at a concentration of 20 units 

per ml. (First Serum Method) and each of the antigens covered the range 

from 120 units per ml to 5 units per ml. Neither of the heterologous 

combinations (60D antigen with anti-60G serum and 60G antigen with anti-»* ^^

60D serum) showed a precipitin band in any tube. Both homologous combin 

ations shoved a single preoipitin band in each tube in which the antigen
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concentration exe«ed«d the antiserura concentration*

vli Absorption of Sera. Sera were absorbed both with intact Parameoium 

and vdth breis* When breis were used the purpose was to measure the antigen 

in the brei. Since Breis of Paramecium are toxic to other Faramecium the 

straight First Antigen Mathod could not be employed without modification. 

Instead the mixture of brei and serum was mixed f incubated at 32°C .for one 

hour and centrii uged at 1500 g. The supernatant was then dialysed overnight 

against PSP. Lastly the supernatant was titrated by the measurement of 

immobilisation time of homologous animals. At the same time a control 

sample, treated in the same way except that no brei was added, was titrated. 

The calculations are those given under the First Antigen Method.

Absorption with whole animals was used to measure the kinetics of 

antibody uptake by the organisms, and also to estimate the amount of serum 

that each organism would absorb. The latter was used as a titration method, 

mainly in the estimation of the reaction of sera with heterologous organisms. 

The organisms were always prepared by the electromigration method. 

Paramecium were counted (see below) and suspended in PSP. They were then 

mixed with a measured volume of serum and incubated at 30°C for periods of 

time up to 90 minutes , (in the case of the titration of serum incubations 

were always for 30 minutes)!. The organisms were then centrifuged off. 

The change in volume of the serum was measured, and the serum was titrated 

against fresh Paramecium by the First Serum Method. A control sample treated 

in the same way, but without the addition of animals , was assayed at the 

same time by the same method. The amount of antibody removed by the 

absorbing organisms was taken to be the difference between those two 

assays. When the cross-reaction of a serum with heterologous organisms
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was measured the serum was titrated before and after absorption against 

homologous organisms toy the First Serum Method.

The amount of serum absorbed by the organisms is given by

 * l*a

B

where aQ » the concentration of the serum before absorption

measured by the First Serum Method 

a « the concentration of serum after absorption 

1 ~ the volume of the serum before absorption 

1 » the volume of the serum after absorption 

N = the number of organisms used to absorb the serum

15* Counting of Parameoium . The suspension to be counted was veil 

mixed and three aliquots were removed and diluted 100 fold with PSP. 

0.2 ml aliquots of these were examined under the dissecting microscope, 

and if the number of organisms exceeded 50 the dilution process was 

repeated. This was continued until 0.2 ml samples of the dilutions 

contained 5-20 organisms on average. At this point five 0,2 ml aliquots 

from each replicate were pipetted into depression slides and the 

organisms in each depression were counted as they were removed one by

one with a micropipette* The mean of the 15 aliquots was derived, and
the 

from that/number of Paramecium in the original suspension was obtained.
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Figure 8 TIME COURSE OF ANTIBODY UPTAKE BY INTACT
PARAMECIUM.

Homologous (6(3), open circles) and heterologous (9(3) , closed circles) 
organisms were suspended in 1 ml aliquots of anti-60D serum (BIOVI, 25 
units per ml) at 30°C and centrifuged out at different times. The 
serum was then assayed by the First Serum Method. The figure shows 
the amount of antibody activity removed from the supernatant at each 
time of incubation*
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RESTJLTS

The experimental results have been classified under three main headings. 

The first clasa comprises data which have bearing on the validity and inter 

pretation of the serological titration methods* The second shows the results 

obtained from the various purification procedures* The third class includes 

both chemical and immunological data bearing on the relationships between 

the different i-cmtigens.

RESULTS BEARIHG OH THE SEROLQGIGAL TITRATION METHODS «

1. Results bearing on the Mechanism of the Immobilisation Reaction. It has 

already been stated that the First Serum Method of antibody assay was the 

primary assay in this study* All other titration methods were ultimately 

related to it* The method used to assay ̂ -antigens throughout the purifi 

cation procedure (the First Antigen Method) was especially dependent on 

the immobilisation reaction* Moreover the First Serum Method was important 

in the measurement of the cross-reactions of sera* For these reasons an 

investigation of the kinetics of the reaction was undertaken*

*   jane-fees of AaUfrcKfor Uptake by ^hole Animals. One ml aliquoti 

of anti-6CD serum (diluted to 25 units per ml as measured ty the First Serum 

Method) were mixed with pellets containing from 125 to 125.000 Paramocium. 

Both homologous (60D) and heterologous (9013) organisms were employed* At 

times from 2 to 60 minutes the Pararaecium were oentrifuged off and the anti 

body remaining in the supernatant was measured* Figure 8 gives the result 

of the experiment* It is seen that the heterologous animals could absorb 

only about 60% of the total antibody, no matter how many Paramecium were 

employed, even in 90 minutes. The uptake of antibody was virtually complete 

in 5 minutes. However it appeared that homologous animals released antibody
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Figure 9 KINETIC AHALTSIS OF THE IMMOBILISATION OF 60D
PARAMECIOM BY HOMOLOGOUS SERDMt

At each of 10 antiserura concentrations the mean immobilisation time of about 
30 Paramecium was measured (Methods, section 1#L). The entire procedure 
was repeated twice more* A variance analysis and polynomial regression 
analysis were then performed (Table 4)« Tha reciprocal of the immobilisation 
tiae is plotted against the antiserum concentration* Each point is the mean 
of the throe determinations. The linear and quadratic regression lines 
derived from the analysis are also shown.
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Table 4 KINETIC ANALYSIS OF THE MOBILISATION OF 60D
PARAMECIUM BI HOMOLOGOUS SERUM 
(antt-60D f B 10 VII)

Variance Analysis and Polynomial Regression (Mather, 1945 ). See Results, 
section Hi and the legend to Figure 9.

1. Variance Analysis

Source of 
Variance

Between Estimates of I/? 
Between Serum Concentrations

Error
Total

Regression 
Remainder

Degrees
of 

Freedom
2
1
9
21
33

Sums 
of

Squares 
0,0007703 
0.4383658 
0.0073248 
0.0038056 
0.4501855

Mean 
Squares

0.0008143
0.0001812

The ratio of the variance remaining between dilutions after the variance 
due to the linear regression has been deducted, to the error variance, is a 
measure of whether there is a linear relationship between serum concentration 
and 1/T. F (9,21) ~ 4.487, and a linear relationship does not adequately 
describe the data.

2. Polynomial Regression

First Order
2nd »

"4th 
5th

330
2574
12807
888
463

12.0275
-3.7751
-1.5150
-0.0034
-0*3159

bs

.0364470
..0014666
-.0001177
-.0000450 
..0006750

Sums of 
Squares P

0,4333660 49 < .001
0,0055370 5.6 < .001
0.0001783 0.99 >.3
0.0000000 0.00 > .9
0.0002413 1.11 >.2

An explanation of the significance of these data is not apposite here. 
A full account will be found in Mather (1945). It is sufficient to know that 
each row estimates the likelihood that a term of a particular order is not 
required to describe the data. The first row estimates the likelihood that 
a first order term is not required, the second that a second order term is 
not necessary in addition to a first, and so on. The likelihood in each case 
is given by P. It can be seen that the first two terns are significant, 
wliile the others are not.
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between 5 and 20 minutes from the start of the experiment, The 

significance of this observation will be discussed later,

ii« .Kinetics of ftngiobilisation Reaction. Table 4- &nd Figure 9 

present the results of a statistical analysis (Mather, 1945) of the 

immobilisation times of 6CD organisms in the presence of different 

concentrations of homologous serum* To make the analysis easier the 

regression of the reciprocal of the immobilisation time upon the anti- 

serum concentration was calculated instead of the regression of 

immobilisation time upon the reciprocal of antiserum concentration* 

Three replicate dilutions from a stock solution were made for each anti 

body concentration. The mean immobilisation time of about 30 Paramecium 

waa measured for each replicate dilution*

Table 4- is interpreted as shoving that the probability of 

obtaining a fit as bad or worse, on the hypothesis that a linear relation 

ship exists between immobilisation time and serum dilution, is very low. 

A quadratic curve appears to describe the relationship adequately* 

It should be noted that the very poor fit between the experimental points 

and the hypothetical straight line is not a measure of the deviation of 

the true line from linearity* Rather it is a reflection of the extremely 

low variance between the replicates (variance within estimates)* 

Inspection of Figure 9 reveals* in fact* a quadratic of very slight 

curvature. It is believed that this justifies the approximation of 

linearity incorporated in the antiserum assay by the First Serum Method.

The significance of the quadratic relationship will be considered 

in the discussion.

I to (1953) has suggested a model of molecular events in an attempt
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Antigen and Antiserum 90D 6QD

Method of Tltration F 0 ratioF/0 P 0 ratioF/0

Antigen Concentration 12.0 8.9 1.3 9.7 8.1 1.2 
(result of titration)

P .001 .01 .001 .01 

r2 0.99 0.96 0.94 0.92

Table 6 COMPARISON OF THE TITRATION OF 6QD and 9CD i-ANTIGENS 
Bf THE FIRST ANTIGEN METHOD AND OUDIN'S METHOD :

Each antigen was titrated by the regression variant of each method against 
homologous serum (see Methods, sections l^iii and Lfcv). The results for 
each method (0 = Oudins F = First Antigen) are presented in the table, 
together with the probabilities (P) that the data are not significant, and 
the correlation coefficients (r2 ) of the regressions.
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A

20
60
150
200
300
600

1.16
2.33
4.01
5.84
9.82
16.79

b.

30
50
75
100
150
200

1.67
2.17
4.33
5.02
7.50
10.52

Regression 
Deviations 
Total

Degrees
of 

Freedom

1
4
5

Sums of Mean 
Squares Squares

203747.6 203747.6
52.4 613.1

206200.0

F = 332 P 0.001 
intercept = -0.3627

For probability that intercept 
is not significantly different 
from zero t

t = 0.029 0.9

Degrees
of 

Freedom

1
4
5

Sums of Mean 
Squares Squares

17563
1025

19588

17563
506.3

F « 34 P 0.01 
intercept = 8.0

For probability that intercept 
is not significantly different 
from zero t

= 0.428 I 0.7

Table 5 KINETICS OF THE IMMOBILISATION REACTION

Linear Regression of Time to Ilamobilisatlon upon Reciprocal of Serum Concen 
tration* a   60D animals and serum* b   9CD animals and serum. 
A = reciprocal of serura concentration. T » time to immobilisation. The 
means of five determinations at each serum concentration are given. The 
analysis (Mather, 1945) measures the significance of the regression (F, P) 
and the probability that the intercept does not differ significantly from 
zero (P).
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to explain and analyse the immobilisation of Parameclum by immune serum* 

This model will be considered in more detail in the discussion. I to »s 

calculations made use of the intercept obtained when the immobilisation 

time (T) is plotted against the reciprocal of the antiserum concentration 

(A). As a test of Ito's hypothesis a statistical analysis (Mather, 1945) 

was made of the significance of the deviation of the intercept from zero. 

The result of the analysis is presented in Table 5* The deviation of the 

intercept from zero is not significant, thus casting grave doubt upon 

Ito's hypothesis. 

2* Gosyp&r'JLson of Antigen Titration by the First Antigen Method and Oudin^s

Method > It was of interest to compare results obtained by the two 

different methods of assaying antigen, since if some degree of coincidence 

were not obtained one at least of the methods would be suspect*

Two purified antigens (one of serotype 60D, the other of aero type 

9GSD) were titrated by both methods against their respective antisera. In 

each case the same serum was used for both methods of titration. The 

regression method was used in all four titrations (see the sections describing 

the methods)*

Table 6 presents a summary of the results, including correlation 

coefficients (r2) and estimates of the significance of the regressions (P). 

The First Antigen Method gives values for the antigen concentrations which 

are in both cases greater than those obtained by Oudin's Method. However, 

the difference is not great 3ja either case. Moreover the ratio of one 

method to the other is nearly the same for the two antigens. An explanation 

of the different results obtained by the two methods will be advanced in 

the discussion.
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Treatment of Antigenic Volume of buffer Uhits of activity
material type mls/mg.dry wt. extracted per gm.

	dry wt.

90D 20 100
90D 20 116
60G 20 126

Lyophili- 60G 20 125
sation 60D 20 118

60D 20 108
60D 20 125
60D 60 136

Freezing- 60D 60 183 
thawing

Table 7 YIELDS OF CRUDE ANTIGEN FOLLOWING EXTRACTION:

I$rophilised or frozen and thawed Paramecium was extracted as described in 
the Methods (section 5) and the activities of the extracts were measured 

the First Antigen Method.
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THE CHEMICAL FORIFIGATICH OF THE ANTIGENS t

Several different procedures wers followed in the attempt to 

purify the ^-antigens, The general principles followed in selecting 

techniques x*as that they should lend themselves tothe purification of a 

group of similar complex organic compounds. In the earlier stages of the 

work it was uncertain whether the i-antigens were proteins, or carbo 

hydrates, or perhaps mucopolysaccharidQS, Later it became ever 

increasingly clear that they xrare proteins, and then protein techniques 

were adopted for trial*

Some techniques which were tried proved completely unsuccessful, 

either because they resulted in low yield or because they destroyed the 

antigen activity completely. These will not be described here* Among 

them were extraction with hot ethanolj fractionation with acetone at 

low temperature, and chromatography on IRC-50 ion-exchange resin.

In the following description each technique will be considered in 

a separate section* In acme cases the same technique was applied to j,- 

antigens of different degrees of purity* Where this required a difference 

in t6chniquef or produced a difference in results, the differences will be 

delineated. Following each step the available data on antigenic activity 

and chemical constitution of the product will be presented. A consider 

ation of the relative values of the various techniques, and a suggested 

procedure, will be found in the discussion.

3. preparation of "Crude AntigQn*. The starting material for all later 

procedures, called "crude antigen", was obtained by extracting the antigen 

into solution and then treating the solution with high and low pH.

i. Extraction of the Antigen; Ac shown in Table 7, frozen and
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Purification 

Step

Precipitate

Dry- 
weight 
mg.

Supernatant

Soluble Units of Specific
protein antigenic activity

activity units/nig,

Centrifugation 

pH 2 

pH 12 

pH 6.4

615

181

79

48

216

43

125 0.57

125 2.91

Table 9 TREATMENT OF CRUDE EXTRACT OF PARAMECIUM VHH HIGH
AND LOW pHl

lyophilised 90D Paramecium were extracted as described (Methods, section 5)» 
centrifuged, and treated with acid and alkali (Methods , section 6). At each 
step the precipitate was dried and weighed. After centrifugation and again 
at the end of the procedure the soluble protein in the supernatant was 
measured (by ultraviolet absorption) and the antigenic activity was estimated 
(by the First Antigen Method).
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Concentration of Antigen Injected 
unite per ml.

Antigen 1.33 0.67 0.33

50,000 x g supernatant 0.11 0.09 0.00 
First bleeding

50,000 x g precipitate 0.63 1.5 1.4

50,000 x g supernatant 0.04 0.16 0.02 
Second bleeding

50,000 x g precipitate 3.12 4.09 2.08

Table 8 ANTIBODY ELICITATION BY ANTIGEN EXTRACTED INTO SOLOTION 
AIJD ANTIGEN REMAINING ATTACHED TO THE CELL DEBRIS:

lyophilised 60D animals were extracted as described in the Methods (section 5) 
and oentrifuged at 50,000 x g for 1 hour. The supernatant was diaJysed 
against 30 volumes of PSP at 2°C. The precipitate was resuspended twice 
in phosphate buffer (0.02M, pH 6.4) and once in PSP, each time being re 
covered by centrifugation for 1 hour at 50,000 x g. Supernatant and pre 
cipitate were aser^ed by the First antigen Method (Methods, sections 14iii 
and 14vii) and adjusted to the same concentrations. (The supernatant was 
in solution, the ppt was in the form of a suspension). 0.75 ail of each 
of the six preparations was injected into a rabbit on two occasions with a 
three da/ interval between. After a further ten days, 3 Bis of blood were 
taken from each rabbit and seme was prepared and assayed by the First Serum 
Method* The i-esttlt6 of these assays are given in the first two rows of the 
table. At the same time, a third injection was given, and after an interval 
of three days a fourth injection was given. At the end of another ten days 
a second blood sample was taken from each rabbit and assayed. The results of 
these assays are given in the third and fourth columns of the table.
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thawed material yielded more antigen than lyophilised material, 

irrespective of the volume of buffer used to extract. This fact has 

already been stated by Finger (1957)* In the exploratory stages of this 

work, however, lyophilised material was used since it is more easily 

stored and permits a smaller extraction volume to be employed, 

nevertheless, because of the higher yieH it gives, freezing and thawing 

is the method of choice for preparative work.

No increase in extracted activity was observed at higher 

temperatures than 2°C or over lui^or periods of time than 1 hour. A 

single extraction removed 75£ of the activity* & second extraction 

increased tfaia to 30$. Further extraction had no detectable effect. 

Table 7 shows the initial yields obtained with several different antigens.

The soluble material in the crude extract was much less effective 

in eliciting antibody than the intact organisms. That is to say that 

thQ amount of ani*LbocIy elicited per unit antigon injected was lower when 

the crude extract was injected* (The amount of antigen injected tms 

measured by the First Antigen Method). As will be discussed later this is 

unlikely to be duo to denaturation. However, the difference was entirety 

attributable to the process of bringing the antigen into solution, as shown 

tjy Tabl© 8 which compares the powers to elicit antibody of extracted 

antigon and antigen remaining bound to tho o©U debris after extraction. 

The antibody bound to cell Qcbris is a much moro potent antibody producer.

ii. Treatment of tho Grudo Extract wiffi -£.ft and lew plit Freer (1959) 

hao shown that some of the ^-antigens aro stable down to pi! 2   All i- 

 ntLgtns tested in this study can also be taken to pH 12 without loss in 

activity. Table 9 shows the progress of the purification in a typical
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Fraction Carbohydrate

6.4

t ammonium 
sulphate

50$ ppt.

65$ ppt.

65$ supt.

40$ ppt.

55$ ppt.

55$ supt.

Protein 
(U.V.) mg

0.06

4.41

4.92

0.57

5.73

3.36

(an throne ) 
mg

0.1

0.9

0.2

0.2

0.8

0.4

Activity 
units

0

56.8

64.0

7.6

73.3

43.7

Specific a< 
units per mg

-

12.9

13.1

13.3

12.8

13.0

Table 10 AMMONIUM SULPHATE PRECIPITATION OF 6CD i-ANTIGEN

6GD antigen was purified by electrophoresis in starch gel and by adsorption 
to calcium phosphate gel. Two aliquots of the calcium phosphate gel eluate 
were adjusted to pH 4 and pH 6.4 respectively and fractionated with 
ammonium sulphate (Methods, section 7). Protein and carbohydrate in the 
fractions were measured by ultraviolet absorption and the anthrone reaction, 
respectively. Antigenic activity was measured by the First Antigen Method.
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experiment. Protein and activity estiiaations of purified ^-entigen

(see later) show a specific activity of about 13 antigen \aiits per milligram

protein, as compared vith the specific activity of 3 after acid and

treatment. Thus, after this purification step about ono quarter of the 

total protein is i^ntigen. The greater pert of the remainder (about 60%) 

is a low Bolecular weight protein with the absorption spectrum of mammalian 

cytochraae c. In addition there are five minor components detected by 

starch gel electrophoresis using the unmodified technique of Sai tides 

(1955) &Bd three other protein contaminants detectable by starch gel 

electrophoresis at high potential gradient and pH. The preparation 

contains about 5% nucleic acid (estimated by ultraviolet absorption) and 

6% carbohydrate (estimated ley the carbazole reaction).

4.. Ifiroshiliss.'tlon. As already mentioned, lyophilisation of the paste 

of Paramecium used as starting material leads to a reduction in the amount 

of i-antigen activity which can be extracted. After starch gel electro- 

phcresis if the sterch is not first completely removed, lyophiliaetion 

ftfftHr) results in considerable loss of activity. However when no solid 

natter is present (that is, matter insoluble after lyophilisation) the 

procedure causes no appreciable loss in activity*

5. Ansroniiga Sulphate Precipitation. Salting out of the i-cntigen wac 

used at two different stages in purification. As an attempt to remove 

starch after starch gel electroplioresis it proved disappointing sinco at 

this stage groat lose of activity occurred. It was also used in an attempt 

to remove the 15^ carbohydrate rciaaining after calcium phosphate gel 

treatment of electrophoretically purified antigen (see table 10 ). The 

attezopt u&s unsuccessful, bat (Table 10) the reaulte ohouod a remarkable
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Figure 11 PREPARATIVE STARCH GEL EIECTROPHORESIS OF 
9CD J.-ANTIGEN:

Crude antigen was placed on the gel and electrophoresis was carried out 
for 12 hours at pH 9«6 and 12 volts per cm. 0.5 cm transverse slices 
of the gel ijere eluted and protein, carbohydrate and antigenic activity 
were measured by ultraviolet absorption, the arithrone reaction and the 
First Antigen Method, respectively.
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V.'A

< 90)

4 60G

Figure 10 PREPARATIVE STARCH (SL ELSCTROPHORES3S
OF jL-ANTIGENS:

Separation of the 60T, 9CD and 60G antigens i A mixture of the crude 
antigens was placed in the origin. Elactrophoresis was for 15 hours at 
pH 9»S and 12 volts per cm. The figure shows a slice of the gel stained 
with Nigrosin. The proteins were identified by eluting the portions of 
the unstained slice of gel corresponding to the visible bands f and 
assaying the eluates by the First Antigen Method,
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correlation between antigenic aotlvitgr (First Antigen Method) and protein 

concentration in the various fractions. Precipitation was carried out at 

pH 6 and at pH 4-» Freer (1959) has shoun that i-antigens expressed by 

different loci have different solubilities in ammonium sulphate solutions, 

To apply the precipitation method to the purification of a number of antigens 

would therefore require extensive determinatione on each one. 

6* ffrepaii^tivQ {jjftflTQji ^^ Elgctrophor^sis* This method was chosen because 

of the high resolution between protein components iMch it gives. It 

proved to be particularly useful because of the low eloctroosmosis it 

shows I the i-ontigens move vary slowly indeed at any pH between 4 and 10, 

eo that with any other ionophoresis technique the migration of the antigens 

would be overwhelmed by the net movement to the cathode produced by electro- 

oamoais.

Successful separation from other proteins of all of the i-antigens 

studied uas achieved by prolonged electrophoresis at pH 9»6-9«S with a 

potential gradient of 12-15 volts per centimetre. Figure 10 shovjc a stained 

section of a gel after electrophoreais at room temperature for 15 hours.

As shown ty the profile% of Figure, :l|l the protein was accompanied 

by a great deal of carbohydrate when it was eluted from the gel. Repeated 

freeaing and thaidng remove*?, tfie greater part of this material but its 

complete elicdnatioa was impossible Isy this means. However, the specific 

activity of the dluat© was 13 units por milligrani protein (measured ty ultra 

violet absorption) | a value very close to the nxdjirum obtained. Upon a 

second electrophorosis or colunn chroaatography on calcium phosphate gel 

only very minor traces of other proteins t/ere observed. However, three 

bands cf precipitation wore observed after gel diffuoion by Oudin^ Itethod.
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Figure 12 DLTHACEKKIIFUGAL ANA3ZSIS OF 6d> EXTRACT PURIFIED 
BY STARCH GEL ELBCTROPHORESIS AND ADSORPTION TO 

CALCIUM PHOSPHATE OSLi

The numbers show the order in whloh the photographs were taken. Sedi 
mentation Is from right to left. The major (fastest) component Is the 
J^-antlgen,
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This could be explained by denaturation of the antigen, but a more likely 

explanation is that the additional precipitln bands were due to the carbo 

hydrate contaminating the preparation.

?  Calcium Phosphate Gel - Batch Method of Adsorption and Elution. 

Adsorption to calcium phosphate gel was used at two stages in purifications 

on crude extracts and on material purified by acid and alkali treatment and 

by electrophoresis on starch gel.

Calcium phosphate gel treatment of crude material at pH 7.5 was 

roughly equivalent in the purification it achieves to acid and alkali 

treatment* Only five contaminating proteins were seen in starch gel 

electrophoresis by Smithie's (1955) method, and, furthermore, the major 

cytochrome component was absent, Nucleic acid was reduced to about 2% 

(measured by ultraviolet absorption) and carbohydrate to about 4$« However, 

the method waa inferior to acid and alkali treatment in that about 30% of 

the antigenic activity was lost* Moreover the method worked out for the 6CD 

antigen (described in the Methods section) gave even poorer recovery with 

the 9CD antigen, and failed completely to produce adsorption of the 103D 

antigen to the gel. It is likely that a different procedure would be 

required for each ̂ -antigen studied*

Calcium phosphate gel treatment of electrophoretioally purified 

antigens was introduced as a measure to eliminate carbohydrate. After a 

single adsorption-elution cycle the carbohydrate content was reduced to 

about 15%. Such preparations had an unchanged specific activity in terms 

of protein, but still showed three bands of precipitation in gel diffusion 

ty Oudin's Method. Ultracentrifugation revealed a single major component 

and two minor components which sedimented together (Figure 12). The major



To face page 33

Figure 15 ULmCENTRIFtJQAL AMI3SIS OF 60D EXTRACT
PURIFIED BY CHRCMATOGRAPHY ON CALCIUM PHOSPHATE GEL:

60D antigen was purified (Methods, section 9ii) by one and two chroma to- 
graphic passages. Figure 15a shows the sedimentation diagram obtained 
after one, and 15b after two, passages. Sedimentation is from right to 
left, and the numbers from right to left show toe order in which the 
photographs were taken.
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Figure U AHTIGEMIC PURITY OF 9CD ANTIGEN PURIFIED
BI ciiRosATOGRAPHr ON OALCITM PHOSPHATE GELI

Demonstrated by Diffusion Against antibody in Agar. 9CD antigen was 
set to diffuse against two concentrations of an anti~9CD serum (the left 
hand tube contains the higher concentration)* After 1 week at 25°C 
the tubes were photographed* The bands are located at the bottoms of 
the bright areas in tho centre of the photograph.
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purified by acid and alkali 
•< •• clectrophoresis

OOI

•O 90 IOO

Ol BUFFER MOLARITY

120

Figure 13 CHRQMATOGRAPHX of 60D ^-ANTIGEN ON
CALCIUM PHOSPHATE OELt

Crude antigen (open circles) and antigen purified by starch gel electro- 
phoresis (closed circles) was chromatogrammed (Methods, section 9ii) 
and the optical densities of the eluate fractions (2ml) were measured 
at 280 m . In each case the antigenic activity (measured by the First 
Antigen Method) was associated with the peak eluted between tubes 90 
and 95.
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component, by area measurement, comprised about 80$ of the total material* 

The most likely interpretation of the data is that the two smaller 

components which sediment together in the ultracentrifuge represent the 

carbohydrate content of the preparation, and that they are responsible 

for the two contaminating precipitln bands observed l?y Oudin's Method. 

further evidence of this will be presented below*

Gel ..,  ^polipin^Cji^^piatography* Calcium phosphate gel

chromtography proved highly successful in the purification of the jp* 

antigens* The four best studied antigens can be separated into two classes. 

Three (6 CD, 9CD and 60T) were eluted above 0.01 H phosphate and one (60G) 

was eluted below that concentration.

Adsorption of the three most strongly bound proteins appeared to 

be relatively independent of the other proteins of the mixture (see Figure 

13)* Whether the sample was purified only by acid and alkali treatment or 

better purified by a subsequent elactrophoresis in starch gel, the 1-antigen 

was eluted at the same phosphate molarity, and in about the same volume of 

buffer. A single passage through the gel of a preparation purified by 

acid and alkali treatment yielded an antigen of surprising purity, 

containing 4# carbohydrate (by the an throne reaction) and 3% nucleic acid 

'by ultraviolet absorption) and having a specific activity of 13 antigen 

units per milligram of protein. The preparation showed a single precipitin 

band in diffusion against antibody (Figure H) and a complete absence of 

protein contaminants by starch gel electrophoresis at either high or low 

potential gradient. Sedimentation in the ultracentrifuge (Figure 15) 

revealed a slight trace of a faster moving component. A second passage 

through the gel lowered the percentage of carbohydrate and nucleic acid to
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Extraction, eentrifugation 
(A).

A * acid and alkali 
treatment (B)

A + batch calcium phos 
phate (C)

A + B + starch gel electro- 
phoresis * 0

A + B  »  Calcium phosphate 
chromatography

Specific %
activity carbo-

U/mg.protein hydrate

0.57

2.92

5.2

13.1

13.6

15

nucleic 
acid

5.5

5.0

2.0

0.5

0.5

Overall 
yield

75

75

53

30

65

Table 12 PURITZ OF 6(D PURIFIED BY VARIOUS METHODS :

Carbohydrate and protein were measured by the anthrone method and by ultra 
violet absorption respectively. Antigenic activity was measured by the First 
Antigen Method*
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Passages 

1 2

Carbohydrate % 

Nucleic acid %

Specific activity 
units/rag, protein

2

13.0

0.5 

13.6

Yield %

Detection
of

contaminant 
substances

precipitin
1.reaction in 

agar

starch gel
2. zone

olec trophoresis

3 »sedimentation*

Table 11 CALCIUM PHOSPHATE GEL CHROMATOGRAPHT OF 60D
1-ANTIGSN:

Summary of the Data Bearing on the Purity of the Preparation Obtained by 
One and Two Passages Through the Gel, Two chromatograms (Methods, section 
9 ii) of 5 rag of antigen were averaged to give the data for one passage. 
The second passage was performed on the pooled material recovered from these, 
Carbohydrate was measured by the Anthrone method, nucleic acid and protein 
by ultraviolet absorption, antigen activity by the First Antigen Method.



2 and 0.5$ respectively and increased the specific activity to 

antigen units per milligram of protein, but failed to remove the faster 

moving component seen in the sedimentation diagram. The overall yield 

was about 85^ These results are summarised in Table 11. Perhaps the 

most significant result was that the contaminant in the ultracentrifug« 

was different from the contaminant found after starch gel electrophoresis. 

The two results taken together suggest that the component common to both 

preparations (with Sw 20 of 8» x Kr^) was indeed the ̂ -antigen.

The fourth antigen (60G} was adsorbed only weakly to the gel and 

was readily elated with 0,005 M phosphate buffer. On second and third 

passages it was released from the gel by the same molarity of phosphate, 

but apparently less readily than before, since a greater volume of buffer 

had to be passed through the gel before the antigen emerged* Three 

passages through the gel gave an antigen preparation showing a single 

precipitin band in agar by Oudin's Method, and having a specific activity 

of 13*4 antigen units per milligram protein, with only 3% carbohydrate and 

1% nucleic acid. The overall yield was about 75%•

9. ffilTOOTY Q£ Purification Data. The specific activities, yields, and 

percentage contamination with carbohydrate and nucleic acid of five 

antigen preparations are shown in Table 12. By far the greatest purificat 

ion was obtained ty calcium phosphate chromatography following acid and 

alkali treatment. 

COMPARISON OF THE PROPERTIES OF DIFFERENT AHTIQSIJSi

Three immunological and two chemical methods were employed in the 

follouing comparison of the properties of the different i-antigens. The 

aia of the study was to see whether the pattern of immunological and



To face page 35

100
6 8

NO. OF ANIMALS XIO4 
PER ML. OF SERUM

12 14

Figure 06 ABSORPTION (F ANTI-90D SERUM BY HOMOLOGOUS 
AM) HETEROLOGOUS (60D) PARAMECIUMi

1 ml aliquots of anti-9CD serum (1,3 units per ml, by the First Serum 
Method) were mixed with different numbers of 60D and 9CC Paramecium. 
After 30 minutes at 30^0 the organisms were centrifuged off and the serum 
was titrated by the First Serum Method.
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Serotype of Animals 
Antiserum

6GD 9O> 103D 60G 60T

BIO VII anti - 6QD 100 3.5 3.3 3.4 1.5

181 I anti - 90D 3.5 100 2,5 0.6 3.5

172 II anti - 103D 1.0 3.0 100 -

B 22 II anti - 60G 2.3 0.9 - 100 0.4

Table 13 CROSS REACTIONS OF SEBA WITH HETEROLOGOUS PARAMECItJM
MEASURED BY THE FIRST SMUM METHOD?

Tltrations were performed by the regression method (Methods, section H 11 )  
The titre of each serum against heterologous organisms is expressed as a 
percentage of its titre against homologous organisms.
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chemical relationships mirrored the known pattern of the genetic relationships. 

10. Comparison of the Imunoloffioal Properties of the Antigens. The titration 

methods which form the basis of these studies have been described in some 

detail above, It may be stressed here that the comparisons that will be made 

will be between the reactivities of each serum with different antigens.

Some mention must be made of a fourth technique of measuring serum 

cross-reactions - the First Antigen Method, referred to in the Methods section* 

l<Jo results from this method are presented because no cross-reactions were 

observed* This fact will be further considered in the Discussion*

i* The First Serum Method t Table 13 presents the results obtained 

by this method* Cross-reactions are shown for three sub-typos of Paramecium, 

expressing genes at the d locus (60D, 9QD and 1Q3D) and for two other types 

expressing genes at the g and t loci (60G and 60T). Four antisera (60D, 

90D, 103D and 600) were used* The titre of each serum against each type 

of Paramecium is expressed as a percentage of the titre of the same serum 

against homologous animals*

It can be seen that all of the cross-reactions are small (between 

0*4 and 3.5$) whether the cross-reactions considered are between types or 

between subtypes*

11. The Serum Absorption Hethodi Some characteristics of the 

reaction of a serum with heterologous and homologous animals, as measured 

by the Serum Absorption Method, are illustrated by Figure 16 which shows the 

results of an experiment in which anti-9CD serum was absorbed by different 

numbers of 9QD and 60D organisms. The percentage of antibody removed is 

plotted against the number of animals used to absorb each mi Hi litre of 

antioorum. It can be seen that addition of more than S x K)4 organisms
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Figure 17 CROSS-REACTION OF 6CD i-ANTIGEN WITH TWO
OTHER D-TXPE SERA I

All tubes contain 60D antigen, purified by calcium phosphate gel chroma* 
tography, at a concentration 60 antigen units per ml (First Antigen Method), 
From left to right the tubes contain the sera s anti-6O), 40 units per ml; 
antt-60D, 20 units per ml; anti-9CD* 40 units per ml; anti-lOjD, 40 units 
per ml. The sera were titrated against homologous Parameolum by the First 
Serum Method. Details of the assembly of the Oudin tubes are given on 
section 14v of the Methods.
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Method

Serum

Measurement

Percentage reduction in 
serum titre after 
absorption

Absorption Units of antibody activity 
absorbed by 106 organisms 
(initial slopes, Fig )

Oudin
Percentage of antibody 
taking part in the pre 
cipitation of antigen*

Serum

anti-60D

anti-90D

anti-60D

anti-90D

anti-60D
anti-90D
anti-103D
anti-60G
anti-60T

60D

100

52

66

35

100
55
39

5
5

9CD

54

100

38

71

47
100
60

5
5

Antigen
60G

100

Iable34 CROSS-REACTIONS BETWEER j,-ANTIGENS AND ANTISERA 
MEASURED BT SERUM ABSORPTION AND OUDIN «S METHODS

The cross-reactions are expressed as percentages of the reaction of the same 
antigen with homologous serum* (See Methods, section 14 ).
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failed to increase the amount of antibody removed from the serum by either 

homologous or heterologous organisms* It is also clear that the ratio of 

the amounts of antibody removed ty homologous and heterologous organisms 

is the same for each number of organisms*

The amount of antibody removed from the serum per absorbing 

Paramecium was calculated from the initial slope of the curve (see Figure 

16). The results of this experiment, and also the reciprocal experiment 

(absorption of anti~6(D serum by 6CD and 90D organisms) are summarised in 

Table U«

When 606 organisms were used to absorb antL-60D serum, the amount 

of serum absorbed was just on the limit of detection, being less than 5% 

of the total activity of the serum.

ill* Oudln's Method t 3jp»ilar relationships to those described in 

the preceding paragraphs were observed using Oudin's Method. The antisera 

employed in this case were anti-60D, anti-9CD and anti-103D (subtypes of a 

single type) end anti~60G and anti-60T (two other types). The antigens 

were 6QD, 90D and 60G.

Strong cross-reactions were observed between the D-type antisera 

and antigens. This is illustrated by Figure 17 which shows the relative 

penetration of the precipitln bands formed between 60D antigen and the 

three D-type sera (60D, 90D and 103D). The concentration of the antigen 

was 60 units per millilitre. 3he concentrations of the antisera were: 

anti-6CD, 20 and 40 units per ml., anti-9CD and antl-103D, 40 units per ml. 

Figure 17 shows that the precipitln band has migrated as far against the 

heterologous sera as it has against homologous serum at half concentration*

The cross-reactions between types which wero studied (anti 6(D vs.
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Figure 18 SEPARATION OF THE 6CD and 60G ̂ -ANTIGENS BI
STARCH GEL ELBCTROPHORESIS t

Each antigen was applied separately to the gel, and a mixture was also 
applied* A potential gradient of 30 volts per cara. vas applied for 4 hours 
at pH 9*8 (Methods, section 8 ii) and the gel was sliced and stained with 
Nigrosin. Corresponding parts of the unstained slice were eluted and the 
antigens were identified by the First Antigen Method. The 60G antigen is 
the band on the left, the 60D antigen that on the right* Between the two 
lie the bands due to the mixture of the two antigens. The direction of 
migration is from the origin (bottom of picture) to the anode (top of 
picture).
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60Gj antl-60G vs. 60D and 9CD; and anti-60T vs. 60D and 9CD) showed no 

detectable cross-reaction In any case (Holt of detection is about 5%). 

The results are summarised In Table 14*

11. Comparison of tfe- Chemical Properties of the Antigens. The two methods 

used to compare the chemical properties of the antigens were small scale 

modifications of two preparative techniques already describedi starch gel 

eleotrophoresis and chroraatography on calcium phosphate gel.

!  Analv1A.cal Starch QejL Electrophoresigi The antigens examined by 

this mothod were 33D, 6CD and 103D (same type) and 60G and 60T (different 

types). Figure IS illustrates the results. To obtain Figure 18 three 

samples were applied side by side on t*w gel. These were 60D, 60G and a 

mixture of both antigens. The gel was then subjected to a potential 

gradient of 35 volts per centimetre for 5 hours. The pH of the gel waa 

9.3. The gel was sliced horizontally as described In the Methods section. 

One part of the gel, stained with Nigrosin, is shown in the Figure 18. 

Both antigens have moved towards the anode, but the 60D antigen has mo ml more 

rapidly, resulting in a clear separation of the antigens. A similar result 

was obtained using either of these antigens and the 60T antigen, which moves 

faster towards the anode than the 6CD antigen. In the experiment described 

above the portions of the unstained half of the gel corresponding to the 

bands on the stained half were eluted in the manner previously described, 

and positively identified by the First Antigen Method.

Using the same technique, no separation of the four antigens of the 

same type (I.e. 33D, 6GD, 9CD and 103D) was achieved.

11. Calcium Phosphate Gel Chromatographyt Preparations of the 6CD, 

60T, 60G and 9CD antigens were studied chromatographlcally by the method



To face page 38

001

0 I'

OD
0-1

0-1

2O 4O 6O HO IOO 12O

50

BUFFFR 
*0t

MOLARITY

7O 9O II

A

O 4O 6O BO IOO I2O

-II-

\9f

O 4O 6O SO IO 1*0 WO

2 O 4O 6O SO IOO |2O

EEFLUENT TUBE NO.
I4O I6O

Figure 19 GHROMATOGR&FHIC FRQFX&3S OF FOUR J,-ANTIGENS

The antigens were prepared and shrofcatograomed as described in the Methods 
(section 9ii). Optical densities of the effluent fractions were measured 
at 280 m/*- . Only the peaks containing activity are shown*
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of Tiseliue et al. (1956). The results are shotm in the form of profiles 

in Figure 19. Protein and antigenic activity of the fractions were 

Mastered by ultraviolet absorption and the First /mtigen Method 

respectively.

It can be seen that 60G, 6(D and 9GD antigens differed in their 

behaviour on the gel* It uas especially interesting to note the separation 

of the subtypes 6QD and 90D since these antigens are controlled by allelic 

genes. Other types (6QD and 60T) could not be distinguished, but it is 

possible that with slightly altered conditions separation might be 

achieved.



-39-

Purification of the Ipm^^^ging Antigens

The aim of the investigation of purification methods was to find 

a procedure which would yield a preparation of high purity in high yield , 

but would not involve a very great deal of labour. It was also thought 

desirable that the technique should be applicable to any one of a group 

of closely related compounds without extensive preliminary determinations 

on each one* In large measure this has been achieved, since it is now 

possible to suggest a procedure which is rapid and general, and which 

results in a preparation of antigen which is at least 95% pare.

Of the methods which were investigated, two have shown themselves 

unsatisfactory because of the labour of working out a different technique 

for each i-antigen. These are ammonium sulphate precipitation and batch 

adsorption to calcium phosphate gel. Starch gel electrophoresis was 

unsatisfactory because of the low yield obtained, and because of the 

contaminating carbohydrate found in the preparation* The useful techniques 

were treatment of the antigen with acid and alkali, which showed a 5-fold 

purification with no loss of activity, and calcium phosphate gel chromato- 

graphy which, when it followed the acid and alkali treatment, resulted in 

a 95% pure preparation and a 65£ yield. Both of these techniques proved 

suitable for the purification of related substances, since all antigens 

that were tested were stable to the former treatment, and a single 

chromatographic run was sufficient to characterise the behaviour of an 

antigen on calcium phosphate gel*

The technique finally adopted was as follows. The antigen was 

extracted into solution from frozen and thawed material (section 5 of Methods)
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and treated with acid and alkali (section 6). The filtrate was then 

dialysed against two changes of distilled water (60 volumes) at 2°G* 

The material was shell frozen in an acetone-dry ice bath and lyophillsed* 

the powder was next dissolved in distilled water, assayed by the First 

Antigen Method,, and adjusted to a concentration of 75 antigen units per 

mil 11.litre. The solution was then chromatogrammed on calcium phosphate 

gel as described above (section 9ii)«

There is little doubt that the major centrifugal component (with S, 

w, 20 of 8. x 10r23) of the purified preparation is the imaobilising 

antigen, since this component is the only one common to the preparation 

obtained by the above procedure (Results, section B and Figure 15) and the 

preparation obtained by starch gel electrophoresis (Results, section 7, and 

Figure 12)* The possibility that the antigen was present in these preparations 

in such small amount that it did not appear in the sedimentation diagram can 

be discounted since such a small amount of antigen could not form precipitin 

bands in «gar. Further evidence to this effect is the fact that different 

antigens consistently show different mobilities in starch gel, and are present 

in sufficient quantity to be detected ty conventional protein stains. It 

was such an antigen, its position on the gel clearly distinguishable from 

the positions of other immobilising antigens by virtue of their staining 

propertiesf that was used to obtain the sedimentation diagram shown in 

Figure 12.

P*t»r (1959) has described a procedure for purifying the ^-antigens 

of certain serotypes of P* aurelia Var. 4. This involves extracting intact 

animals with salt-alcohol, and salting out the ^-antigen with ammonium 

sulphate* The preparation is homogeneoua by sedimentation, electrophoresis
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and precipitdn analysis. No clear comparison is possible between the 

specific activities of the preparation described above and of that of 

Freer* but it is safe to say that they are of the same order of magnitude*

Reisner (1956) has reported the isolation of an antigen from 

Paramedics containing a large proportion of carbohydrate, and has claimed 

that it is the i-antigen. However, he has presented no data confirming 

either the purity or the identity of his preparation.

It was a surprising observation that the antigen shoved a 

remarkable drop in its power to elicit antibody as soon as it was dissolved 

(Resulte, section 3i)« There are three possible interpretations of this. 

Firstly, there might be tyo antigens responsible for immobilisation, only 

one of which is soluble. Secondly, the antigen might be denatured on going 

into solution. Lastly, the solid material to which the antigen is bound in 

the living cell might enhance Its power to elicit antibody, either ty 

protecting it or by nonspecifically stimulating antibody production. 

The first possibility is eliminated by the fact that the sum of the anti 

body blocking powers of the extract and the solid residue is equal to the 

antibody blocking power of the intact animals t if two antigens were 

Involved in immobilisation, and only one was soluble, it would be expected 

that the stim of the parts would exceed the whole. The second possibility 

Is made unlikely by the fact that when antigen la titrated against antibody 

formed in response to the injection of extracted antigen it shows the same 

titre as when It is titrated against antibody formed against intact animals i 

if extracted antigen were denatured it would be expected to elicit the formation 

of an antibody which had a higher affinity for denatured than for undenatured 

antigen. Such an antibody would show a lower titre against intact animals



(by the First Serum Method) than that shown by antibody formed against 

whole animals, bat It would be much more strongly inhibited by the 

extracted antigen* The third hypothesis is thus favoured by a process 

of elimination. Some support for it, however, is found in the work of 

Freer and Freer (1957) who found that antigen extracted in a similar manner 

recovered much of Its power to elicit antibody when precipitated with alum.

The i-antigen appeared to form a considerable proportion of the dry 

weight of the cell. 80$ extraction yielded ISO units of antigen per gram 

dry weight (Table 7). Thus the total activity present was about 200 units 

per gram. A 95% pure preparation had a specific activity of 33.6 units per 

milligram protein (Table 11)   A pure preparation should then have a specific 

activity of 33.8 units per milligram. From these daca the total antigen 

per gram of dry Barameclum is 14.5 milligrams. That is, the ̂ -antigen forms 

1.4556 of the dry weight of the cell. About 20% of the cell weight is soluble 

protein (q.v. Table 9), so that 7.5$ of the soluble protein is i-antigan.

It is tempting to speculate from this that the j^-antigens fill an 

important niche in the cell's economy. But what particular function they 

may perform is obscure. It is evident that they cannot serve as a means 

of trapping bacteria or other sources of food since fluorescent microscopy 

has shown (Beale and Kacser, 1957) that the cilia of the gullet, along which 

all partdculato food passes before ingestion, are free of antigen.

An important factor in considering the function of the antigens la 

raised by the fact that intact organisms can absorb as much antibody as can 

3ysed or extracted cells. The question is, whether the antigen resides 

permanently on the surface of the organism or whether it is exuded in response 

to the treatment with antibody. The fact that the antigen is very readily
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Model 1 is due to I to (1958). The models are described in detail in the text.
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soluble In water or dilute saline seems to argue the latter case, since 

if it were exposed it would rapidly be dissolved, and washed Paramecium 

would carry with them little or no antigen* The important consequence of 

this argument is that, if it is not a surface structure, the antigen cannot 

serve a purely protective function.

A further possibility is raised by the invariable association of 

the "avoidance reaction" with immobilisation . "Avoidance reaction 11 is 

the name given to a behaviour pattern of Paramecium (usually studied in 

aoid gradients) characterised by a sudden cessation of swimming, followed by 

backward wriggling, a change in orientation, and the resumption of normal 

forward movement* Both this phenomenon and the exudation of antigen follow 

the same stimulation, namely the impedance of the cilia by antigen-antibody 

complex (it must be assumed that a little antigen is always on the surface). 

It is possible that the association Is not coincidental, but that i-antigen 

Is actively exuded as a lubricant when the organism is trapped by the 

debris amongst which it browses in the wild*

f mb

Following upon Beale's (1948) suggestion that the immobilisation 

time of Paramecium in Immune serum is linearly proportional to the reciprocal 

of the serum dilution (= the antibody concentration) I to (1958) derived an 

aquation relating these two parameters* He postulated a reaction sequence 

(Model 1, Figure 20) in which antibody first combined with antigen and then 

the complex so formed reacted with a "receptor" to produce immobilisation* 

Assuming that the immobilisation time (T) of Paramecium was Inversely 

proportional to the overall velocity (V) of this reaction, Ito observed 

that this model was formally identical to the Michaelis-Menten treatment of



the enayme-substrate reaction, and drew up the appropriate Idneweaver-Burke 

equation t

? max B

where Vmax is the maximum velocity of the reaction, jg is the antibody 

concentration and %% is a constant*

$0%;if the above equation holds, the graph of J against 1/g should 

be a straight line with the slope ^nAp^ and intercept 1/Vjmx. The 

multiplication of the slope by the reciprocal of the intercept should yield 

Km , which would be a constant for each type of Parameciura and its specific 

antibody* Using this formula, I to calculated constants for a number of 

different serotypes.

However, the statistical analysis of immobilisation presented 

earlier (Table 5) shows that the probability that the line does not pass 

through the origin is very low. Thua the intercept value obtained in the 

graph of jg against I/I Is trivial, and Ito f s is not a valid treatment of 

the problem.

The Idneweaver-Burke equation is a general one for two-step reactions 

of the sort proposed by I to, that is, with the rate of the second step 

depending entirely upon the concentration of the intermediate complex formed 

as a result of the first step (the antigen-antibody complex in this case) 

either because the complex does not react with another molecule, or because 

the concentration of the molecule with which it reacts is fixed. It is 

this property of the system which determines that there is a maximum velocity 

of reaction, and consequently that there is an intercept in the plot of jf 

in this case) against 1/k. Consequently the absence of such an intercept
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means that the reaction leading to immobilisation is not a two-step 

reaction of this sort. The alternative possibility is that it is the 

antigen-antibody reaction itself which is responsible for immobilisation* 

This possibility will now be considered*

Two further models of the antigen-antibody reaction are shown in 

Figure 20 (Models 2 and 3). The first step in each model is the formation 

of a complex (AB) between one antigen molecule (A) and one antibody molecule 

(B). Model 2 is built on the hypothesis that antigen is bound to the ciliary 

surface and that immobilisation is the result of a binding together of the 

cilia due to the linkage by each antibody molecule of two antigen molecules, 

each on a different cilium. In this case the first step in the reaction, 

when antibody is in excess, is the combination of each antigen molecule with 

an antibody molecule* The second step in the reaction is the fusion of pairs 

of these combinations, with the loss of an antibody molecule in each case* 

If the surfaces of two neighbouring cilia are denoted by /- and -/» the 

reaction is

/-AB - BA-/       /-ABA-/ + B

Model 3 is built on the typo thesis that it is the agglutination of the cilia 

by a preclpitin complex of the conventional type which causes immobilisation. 

Preclpitin complexes are very large, and their formation is presumably 

extremely complicated, so that the model presented must be understood to 

represent a gross simplification of the circumstances. In this case the 

antigen la free, and the formation of the initial complex is immediately 

followed by the addition of a further antibody molecule, (since antibody is 

in excess) to form the complex BAB* This complex is the "reservoir" in 

this model* The next step is the formation of a larger complex between two
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BAB complexes, idth release of an antibody moleculei

BAB + BAB —————* BABAB * B

Other reactions, not shown in the Figure, are proceeding at the same time, 

but to a much lesser extent, since the molecules which participate are in 

short supply. Examples of these concurrent reactions are

AB + AB —————* ABAB * B ———* BABAB 

BAB * A —————* ABAB * B ———i BABAB 

Now, if such reaction sequences as those suggested in the two models 

take place, a requirement of a novel nature is put upon the system, namely 

that the complex formed bet-,reen one antibody and two antigen moloculas (ABA) 

is considerably more stable than the complex between one antigen and two 

antibody molecules (BAB). At first sight this seems strange, but support 

is lent to the suggestion by certain phenomena of immunology* Study of 

the classical procipitin reaction between antigen and antibody long ago 

showed ( Lands teiner, 1945) that no contrifugable precipitin complex is formed 

when antigen is in excess, but that in antibody excess a precipitin complex 

is formed which contains all of the added antigen. This can readily be 

explained by the above assumptions, since in antigen excess ABA complexes would 

predominate, and, being relatively stable, would persist unchanged. Since 

the complex ABA is too small to precipitate, no precipitin complex v,ould be 

formed* However, in antibody excess BAB complexes would be formed at first, 

but these being unstable would readily break down and reoombine to form 

larger (BABAB) and still larger (BABABAB) complexes (q.v. Singer 1957) until 

the complexes were large enough to precipitate.

Both Model 2 and Model 3 (shown in Figure 20) incorporate a feature 

which explains the data of section 11 of the Results. This data suggested
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that there was an overshoot in the uptake of homologous antibody by intact 

organisms, i.e. that raoro antibody was withdrawn in 5 minutes than in 60 

minutes of incubation, and the intervening period was occupied by the 

release of antibody. This, of course, fits both models well since both 

require that antibody be released after its initial uptake.

The mathematical treatment of the models is extremely difficult, 

but it can be said that Model 2 probably predicts a quadratic relationship 

between antibody concentration and immobilisation time, whereas Model 3, 

due to its greater complexity, requires a relationship of a higher order to 

exist. The statistical analysis presented in section lii of the Results 

shows that th© relationship is quadratic, favouring Model 2. However, it 

might be expected that the quartic and higher terms predicted by Model 3 

would be extremely small (because the greater part of the reaction would 

follow the pathway shown in Figure 20), so small, in fact, as to require 

much raore accurate determinations if they were to be detected. For this 

reason it must be stated that the data are not sufficient to allow a choice 

to be made between the two models.

O

Of the two methods used to titrate solutions of tho ^-antigens, 

udin's Method (section l£v of Methods) and the First Antigen 

Method (section L4iii of Methods), tho former is the leas subjective, 

since the measurement made is of a distance, a lexgbh* Titrations made 

by the First .jitigon Method involve an element of judgement since a 

decision has to be made as to when an animal is imao bills ad and when it is 

not. However, Oudin'a Method is very time consuming, and requires a 

considerable amount of antigen (2 to 20 unite). The First Antigen Method,
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on the other hand, is rapid, and requires little antigen. In a test with 

serum immobilising homologous animals in five minutes, a final concentration 

of antigen of 0*2 units per ml will virtually abolish the immobilisation 

reaction. Since the final reaction mixture can be as little as 50 

litres in volume, the technique is sensitive to less than 0,01 units, ubioh 

in terms of protein is about three-quarters of a micrograme.

The data presented in Table 6 (Results , section 2) showed that when 

a given antigen wan titrated against a given antiserum by both the Oudin and 

the First Antigen methods, a higher activity value was obtained by the latter 

method* In the Methods (section 14) it was pointed out that in both of these 

aethods of assay antigen concentration ims estimated by measuring how much 

of a given serum tho antigen would neutralise* The antigen concentration 

was then calculated from the titre of the antissrum (measured by the First 

Serum Method)* If antigen inhibits immobilisation (Firs*& Antigen Method) by 

combining with antibody it would aesm at first sight that the two methods 

should yield the same value for the antigen concentration. However, there 

is a further consideration to be taken into account, Qudin's Method measures 

the equivalence value of antigen and antiserum when their relative concen 

trations are near to that ratio, whereas tha First Serum Method measures 

antibody inhibition in tho aon© of antibody excess, A glance at Figure 7 

which shows the basis of the First Antigen Method, a graph of antibody 

inhibition against amount of antigen, will clarify this statement. At 

lover antigen concentrations the inhibition of antibody activity was linearly 

proportional to the amount of antigen added, t!hen about 60$ of the antibody 

was inhibited there was a sharp inflexion in the graph, and then the curve 

again became linear, but with much less slope than before. The point of
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inflexion is likely to be at the equivalence position, The titration 

zone is along the first straight line, which when produced passes between 

the ordinate and the point of inflexion* Consequently each point on the 

line represents a higher antibody to antigen ratio than the equivalence 

ratio (the point of inflexion) and givas a titre for antigen which is 

higher than the titre that would be obtained at equivalence.

Finger (1956) titrated two 4-antigene of Var. 2 Paramecium against 

several sera by an absorption method akin to the First Antigen Method, and 

by a double diffusion method related to Oudin 1 a Method. There was a low 

correlation between sera in the ratio of the values obtained by the two 

methods* No such difficulty was encountered in the present study, but the 

number of different sera used waa small* However, Finger's results aro open 

to three objections. In the double diffusion tests crude saline extracts 

of Paramecium were used as antigen, introducing a possibility of error due 

to interaction between different antigen-antibody complo:5es (Oudin, 1951), 

Secondly, the antigen assay depending on inhibition of immobilisation 

differed from the assay used in the present study in that twofold serial 

dilutions of antigen were made, and a single end-point was chosen. Now, 

in such a method, whatever end-point is chosen the end-point dilution is 

half as groat as the next dilution, and twice as great as the one before. 

If one of those neighbouring dilutions were the correct one, the value 

obtained for the undiluted serum would either be twice as great or twice 

as small as the value actually obtained. !Hrat is to say, oven when tht 

scoring of the dilutions is perfectly accurate, the method 1? liable to a 

twofold error. Lastly, undialysed serum was used in the immobilisation 

measurements, introducing an error due to the deleterious effects of salt on



Relationships between the Antigens

Cince different genetic loci are usually concerned with the synthesis 

of unrelated proteins, and sinco alleles at the same genetic locus seem to 

control the synthesis of very Gimilar proteins, it might be expected that 

i-ontigens belonging to different types would differ more widely than would 

subtype ̂ -antigens of a single type.

The sorological cross-reactions revealed by the Serum Absorption 

Method, which measures the amount of antibody removed from a serum by intact 

animals, (Results, section ICli), and Oudin'a Method, which measures the 

equivalence concentration of the antigen by the rate of migration of 

precipitin bands (Results, section lOiii), fitted very comfortably to this 

expectation. The two methods gave very similar results; indeed so similar 

as to suggest that the same mechanism underlies both of them* In every 

case studied, the cross-reaction between subtype ^-antigens was of the order 

of 30%, whereas the cross-reaction between types waa always loss than 5%*

However, a different pattern was seen in the cross-reactions measured 

by the First Serum Method, which measures the immobilisation time of 

organisms in antiserum. In this case all cross-reactions were less than 

5/£, and those between subtypes were on the whole no greater and no less 

than those between •types. The absence of cross-reactions between subtypes 

is difficult to understand, because the amount cf heterologous serum 

absorbed by the animals (measured by the Serum Absorption Method) was 

greater than the amount of homologous serum required In order to produce 

immobilisation. The explanation of this apparent discrepancy nay well be 

found In the models discussed above, of the mechanism mderlying immobilisation. 

If immobilisation does occur as a result of such a reaction, then the



-51-

immobilisation time will be a measure of the rate of formation of the 

final immobilising complex. If this complex is formed slowly (either 

because the BAB-t^pe complex is relatively stable or because the ABA-type 

complex is relatively unstable) the immobilisation time will be long, even 

though a considerable amount of antibo- y is bound by the antigen, as in 

the cross-reactions between subtypes* Support for this hypothesis is to be 

found in the study of the time course of serum absorption by intact organisms. 

(Results, section ii). After a rapid initial uptake of antibody homologous 

Paramecium released antibody between five and sixty minutes of incubation, 

while heterologous animals showed no such release of antibody, although 

their initial antibody uptake was also complete in about five monutes. 

Such behaviour is to be expected, on the above hypothesis, if the final 

immobilising complex is made much more rapidly by the homologous combin 

ation than by the heterologous combination of antigen and antibody*

Surprisingly, no cross-reactions could be detected when purified 

^-antigens were titrated against heterologous sera by the First Antigen 

Method. Antigen denaturation might be suggested to explain this but for 

the fact that the cross-reactions observed by Oudin's Method (which 

employed purified antigens) paralleled so closely the cross-reactions 

obtained by the Serum Absorption Method (which employed intact organisms). 

At the present time no explanation can be offered, but it is obvious that 

this result means that the interpretations and hypotheses suggested above 

must be considered tentative.

In summary, then, the immunological data have been interpreted as 

showing a closer immunological relationship between subtypes than between 

types of i-*ntigens. It might be expected that the chemical resemblances
^•""^i * *^~*^
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would follow the same pattern, and this is quite borne out by the results 

of starch gel electrophoresis of the antigens (Results, section Hi). The 

three types (60G, 60D and 60T) of £-antigen studied by this method were 

all clearly separable, whereas the four subtypes (33D, 6GD, 9CD, 1Q3D) were 

inseparable. Weight is added to the possible generality of this finding 

by the fact that these four D-type antigens were chosen for this study 

because they were the most widely different immunologically (by the First 

Serum Method)*

Perhaps more significant than the differences between the types is 

their close similarity* After prolonged electrophoresis at high pH and 

potential gradient, when all other protein components had moved off the 

gel into the electrode vessels, the i-antigens were still clustered 

together near to the origin. The differences between them are obviously, 

then, of a minor nature.

However, no such pattern was observed when the chromatography of 

the ̂ -antigens on calcium phosphate gel was studied (Results, section 1111)* 

The chromatographic behaviour of the four ̂ -antigens showed no relationship 

to their genetic affinities. Possibly the differences in structure which 

determine the chromatographic differences are unrelated to the antigenic 

differences i possibly they are secondary to them.

protein Genetics

The theory of classical genetics was based on the hereditary behaviour 

of gross morphological characters. In effect, the distribution of genes in 

parents and offspring was deduced from the appearance of the organisms* 

The nain effect of the pioneer work of Garrod (1900) and other workers 

(Scott-Moncrieff, 1939| Lawrence & Price, 1940j Beale, 19U) was to
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Indlcate clearly that thece gross morphological characters could be 

better analysed at a lower level of organisation » in fact, that the 

visual phenomena were collateral to phenomena which could be detected only 

with biochemical techniques* The difference lies In the method used to 

observe the phenomena s the advantage lies in the fact that biochemical 

techniques are in general less subjective and more accurately quantitative 

than unaided visual observation*

Refinements in genetic analysis were made possible by the work of 

Beadle and Tatum (1945) whose contribution was to show that techniques 

could be developed to screen microorganisms for differences in their 

nutritional requirements, at once opening up a vast new source of potential 

genetic variation and eliminating much of the labour which had previously 

attended the search for mutant organisms* «. large proportion of the 

genetic analyses performed since that time has employed microorganisms 

with nutritional deficiencies. Not only waa a finer genetic analysis 

made possible but at the same time greater opportunity was provided for 

the Investigation of the metabolic pathways thai lie between the genetic 

and the morphological changes*

Eventually it became evident that the mutations at each genetic locus 

could all be related to an Inability to perform a particular step In a bio 

chemical pathway* In some cases the step was known to be enzyaatically 

catalysed , in others the involvement of an enzyme was presumed* At any 

rate the available data could at one time be neatly summarised by the 

'one-gene-one-enzyme 1 hypothesis (q.v. Horowitz, 1950) whioh states that 

•ach genetic locus is responsible for the specificity of a a ingle enzyme, 

and the specificity of each type of enzyme is determined by the genet at a
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0Ingle genetic locus.

At the time when the 'one-gene-one-enzyiae • hypothesis was 

formulated little or no attempt had been made to confirm by direct enzyme 

assay J£ vitro that the enzyme which performed the •missing 1 function was, 

in fact, absent. Surprisingly enough there is still little published work 

of this nature (namely the papers of Silver and McElroy, 1954; Fincham, 

1954$ Morse .ejej., 1956; Fincham and Boylen, 1957j Horowitz and Fling, 

/ 1957j Kurashashi, 1957| and Lemer and Yanofsky, 1957). Of these, five 

in all (the exceptions are Fincham, 1954 and Fincham and Boylen, 1957) 

include data which suggest that more than one gene is concerned with the 

specificity of a single enzyme; that is, data which is in conflict with 

Wie 'one-gene-one-enzyme 1 hypothesis. It would seem then that the hypo 

thesis is inadequate. However, it may yet prove to have been correct in 

attitude, if not in specific detail. It is still possible that a single 

genetic locus performs each separate function in the determination of the 

specificity of each enzyme.

In some cases analysis of the enzyme changes associated with mutant 

organisms has gone further, and, rather than mere loss of enzyme activity, 

some change in the physico-chemical properties of an enzyme has been 

reported as a segregating character. Such studies have been made by Maas 

and Davis (1952), Horowitz and Fling (1953), Fincham (1957), SusfcLnd and 

Kurek (1957), Qiles & &. (1957), lura (1959) and Yanofsky and Crawford 

(1959). Studies have also been made of the hereditary behaviour of several 

proteins with no known enzymatic activity, using physico-chemical techniques 

(eleotrophoresis or chromatography) to characterise the variants. Invest 

igations of this sort include work on the serum proteins of several m*nm« ii^
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species (e.g. SOlthies and Poulik, 1956; Smithies and Walker, 1956; 

Huisman, 1953} Ashton, 1958} and Bangham and Blumberg, 1958) and on 

human haemoglobin (review, Itano, 1959)* In most oases the hereditary 

behaviour of the variants could be explained on the basis of the 

segregation of alleles at a single genetic locus. However, despite the 

difficulties of performing a rigorous genetic analysis on the larger 

domestic mammals and on man, two exceptions have been reported. Two 

genetic loci, apparently, are jointly responsible for the specificity 

of haemoglobin (Schwartz, .et&l., 1957, q»v. Ingram, 1959) * and Harris 

(1958) has observed a segregation of the human haptoglobins which cannot be 

explained if a single genetic locus is supposed to determine their specificity* 

It is to this class of proteins with no known enzymatic activity that the i- 

antigens of Raramecium belong*

The classic analysis of different proteins which segregate in a 

Mendelian manner is the peptide analysis of various human haemoglobins 

(Ingram, 1958; Hunt and Ingram, 1958; Mursyama, 1959; Hunt, 1959; 

Ingram, 1959)• Its major contribution has been to show that proteins 

controlled by alleles at the same locus may differ in very minor respects 

at the primary level of the amino acid sequence in the polypeptide chain. 

Peptide analysis has recently been extended to the analysis of mutant 

lyaoayme of the coliphages by Anfinsen and his colleagues (I960).

Such lines of research led to the proposition of an hypothesis 

(Crick, 1957) which, in its simplest form, must be taken to suggest that 

there is a linear correspondence between the nucleotide sequence of the 

gene (cistron of Denser) and the amino acids of the polypeptide chain. 

In fact, it has even been suggested that the amino acid sequence is
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determined by a nucleotide code, such that the composition of a group of 

nucleotides specifies each amino acid and the linear arrangement of the 

nucleotide groups on the DNA molecule specifies the sequence of the amino 

acids in the polypeptd.de chain. However naive this may sound, it has 

nevertheless been forced by circumstances. Benaer's (1955) analysis of 

the phage chromosome has made it clear that if a linear correspondence 

exists between the gene and the protein, no more than a few nucleo tides 

can be responsible for the specification of each amino acid* Furthermore, 

the template hypothesis of protein synthesis (Dounoe, 1953; Dalgliesh, 1953; 

Steinberg £$ j^., 1956) provides a plausible, if vague, mechanism whereby 

such a linear sequence of DNA. nuclootides could determine the sequence of 

the protein*

However, many difficulties obstruct the adoption of such a model* 

For example, there are several known cases in Heurospora craggq where two 

mutations which behave as alleles in cross-over analysis will nevertheless 

give the wild-type pfaenotype when they are brought together in a heterokaryon 

(review, Gatoheside and Overton, 1953)* That ia, two defective allelae in 

different nuclei can somehow interact to synthesise an enzyme which neither 

can synthesise alone. Again, the suppressor genes known in Neurospora 

crassa (Suskind and Kurek, 1959) have a very complex pattern of relationship* 

with different alleles at the •tryptophaiw synthetase 1 locus* The suppressors 

are scattered apparently at random amongst the linkage groups, and yet many 

of them suppress only one allele out of the many known at the l tryptophan«/ 

synthetase 1 locus. Here, then, is a case in which apparently many genetic 

loci influence the synthesis of a single enzyme molecule* Another example, 

this time of two loci and a single enzyme, comes from Drosophila (Glaai
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Figure 22 LEVELS OF INHIBITION AND COMPETITION IN THE 
METABOLIC PATH FROM THE GENE TO THE PRODUCT 

OF THE ENZYMATIC REACTION

The gene presumably synthesises the template, and perhaps also specific 
soluble RNA typos. These, in turn, cooperate with enzymes and amino acids 
to synthesise other enzymes. The enzymes, at last, catalyse steps in 
metabolic pathways. These various levels, and some interrelationships 
between them, have been summarised. At each level, the inhibition of one 
or other of the catalysts (enzymes, templates, genes) may occur. At each 
level, too, different catalysts may compete with each other for common 
materials.

Level 1 Inhibition of enzymes. Competition between enzymes for common substrate!

Level 2 Inhibition of templates. Competition for amino acid-RfIA compounds.

Levels 3 and 4. Inhibition of genes. Competition for nucleotides.

Level 5 Competition between specific SRNA species for amino acids.

AA = amino acid. SRNA = soluble RNA. AA-3RUA = complex of amino acid and SRNA.
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(1) amino acid «• adenosine triphosphate

. _____^ adenyl amino acid + pyrophosphate

(2) adenyl amino acid •«• soluble MA

______ ̂ amino acid-RMA + adenosine monophosphate

(3) amino acid-KNA **• microsomes

LT ____ j^ soluble protein

Figure 21. SUGCffiSTED SCHEME OF PROTEIN SYNTHESIS

= activating enzyme; eg ~ incorporating enzyme; for further 
details see text.
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and MLtchell, I960). The cases referred to above, namely haemoglobin and 

certain enzymes in microorganisms, belong to the same class of phenomena* 

On the other hand, cases are known of the loss of more than one enzyme, 

apparently as the result of a mutation at a single locus (Jferkert, 1950| 

Skaar and Davidson, 1956). Qytoplasraio inheritance and maternal effects 

(Ephrussi and Hottlnguer, 1951| Caspar!, 19335 Beadle, 1937| Graf, 1957; 

Klkfcawa, 1957) are also difficult to reconcile with the hypothesis since 

they hint at a complexity which it cannot explain*

In recent years, due to the initiative of Hoagland jg$ ̂ J. (1956) 

much light has been cast on the mechanism of synthesis of proteins, lay in 

vitro studies* Recent papers of Hecht j&t gj. (1959) and Berg ej aJL* (1959) 

have clarified the role of the soluble RI1A (SRIIA) to some extent. The 

demonstration that specific proteins can be synthesised by these techniques 

(Sohweet 3$ $J, 1953) suggests that the reactions studied by the Jjj yitro 

techniques are those which ooreir in vitro (q.v. Peters, 1957)* The older 

evidence (Hammerling, 1953s Brachet and Chantrenne, 1956) shoving that 

the ultimate control of protein synthesis resides in the nucleus is widely 

accepted* A putative scheme of protein synthesis is shown in Figure 21,

Before going further it must be made clear that many of the mutant 

characters studied by geneticists need not be produced simply by the loss 

or change of the enzyme which catalyses the missing biochemical step. 

Competition and inhibition can occur at several levels in the organisation 

of the cell* In Figure 22 an attempt has been made to summarise this very 

complex situation. Genetic information derived from the study of morph 

ological characters, or from the investigation of enzyme reactions (in 

whole organisms or crude extracts) may be complicated at any of the five
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For explanation of symbols see text.
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levels* However, level 1 may be tentatively ignored in some cases and 

eliminated in others, for example, by mixing crude extracts in the 

metabolic investigation of 'mutant 1 enzymes. When inhibition or 

competition at level 1 has been eliminated, it is clear that the nutation 

being studied affects the enzyme performing the catalytic step,'but it 

is not yet clear how it does so. Certainly it has not been proven that 

the mutation directly affects the template, since lack of one or more 

amino acids (step 5) or species of SRNA (steps 2 and 4) could equally 

well be the cause of the deficiency observed* The complex causes that 

could lie behind a lesion at step 2, step 4, or step 5 can be traced in 

the Figure.

To return again to the i-antigens of Parameciua, it may be said that 

it is difficult to reconcile their biology and genetics with the fact that 

they are proteins. In particular it is difficult to explain the switch 

from the expression of one locus to the expression of another brought about 

by environmental influences, or by on exchange of cytoplasm by mating 

organisms (Sonneborn and LaSuer, 1943)*

Kacser (unpublished) has recently proposed a very plausible and 

satisfying model of switch mechanisms (Figure 23) • Its main virtues are 

that it does not require the activation of particular genes by particular 

stimuli as a process, and its extreme simplicity. A common precursor, X, 

is supposed i*> be required for two reactions, one leading through the inter 

mediates I, R, and S to the product T, the other through the intermediates 

Z, L, and M to the product 0. In order that a switch should occur from the 

synthesis of only one of the products to the exclusive synthesis of the other 

it is required that at some stage in the reaction sequence the two reaction



To face page 59

AASRNA'

SRNA'

TEMPLATE'

COMPLEX —^ ANTIGEN'

AMINO ACIDS

A A SRNA'

UNRELATED PROTEIN

TEMPLATE '

SRNA

COMPLEX"-^ ANTIGEN'
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Specific substances are suggested in place of the symbols of
 Figure 23,
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chains should couple (through P) and that each reaction should synthesise 

a second product which is required for the first step in the same reaction 

(U, Q)« If these conditions are satisfied switching is effected by adding 

a sufficient quantity of any of the intermediates in the dormant reaction 

sequence. Any number of reaction sequences can be coupled together in this 

way through common raw materials (X) and products (P), The predicted 

behaviour of such a system when the switch is activated agrees very well 

with analyses of the course of the switch from antigen to new antigen in 

Parameoium (Kbizumi, 1958j Balbinder and Preer, 1959).

Figure 24 shows an attempt to equate the abstract symbols of Kacser's 

model with the known participants in protein synthesis* In this there are 

two unproven assumptions. The model requires that the soluble RIIA as well 

as the template should be specific for each protein, and that the production 

of at least part of the SRNA should be enhanced by template activity. That 

the latter is not impossible is suggested by demonstrations (Pardee and 

Prestige, 1956; Yeas and Brauerraan, 1957} Hoagland, 1959) that if protein 

synthesis is inhibited, RNA synthesis too is partly inhibited. It would 

not be necessary to suppose that every amino acid, or even every amino acid 

species of each protein has a specific MA. It is sufficient that a few 

alternative RHA complexes be formed by each of the 20 amino acids. Berg 

(1959) has claimed that in E. coli the weight average molecular weight of 

the SRNA is between 30,000 and 50,000, indicating a content of about 100
100nuoleotides. Ch purely numerical grounds this would allow about 4 

different species*

These assumptions form a hypothesis of sufficient flexibility to 

reconcile many of the conflicting lines of evidence mentioned above. If one
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gene produces the template for the synthesis of a particular protein, and 

another gene the specific SRNA required for its synthesis, the instances 

of control of the specificity of a protein by two genes are immediately 

explained* The cases of the involvement of a single gene in the synthesis 

of more than one enzyme (Markert, 1950) can be explained if it is supposed 

that that gene controls the synthesis of SRNA required for the synthesis of 

both enzymes. In £• coli and Salmonella (Skaar and Davidson, 1956$ Gross, 

1959) cases are known in which a series of closely linked loci controlling 

the synthesis of a biochemical sequence of enzymes is accompanied by a locus 

which determines the presence or absence of many or all of these enzymes. 

This can be explained if that locus controls the synthesis of a species of 

SRNA required for the synthesis of every one of the engymes.

The suppressor mutations of Neurospora erassa (SuakLnd and Kurek, 

1959) form a particularly interesting system, since a great deal of 

information has been gathered on the subject. The mutants at the Td (trypto- 

phane synthetase) locus are divisible into two classess those which form a 

protein immunologically related to tryptophane synthetase and those which do 

not. Several mutants are known which are suppressible by one or more of a 

large number of suppressor genes scattered throughout the genome. Apparently 

all of the suppressible mutants belong to the class which form a protein 

immunologlcally related to tryptophane synthetase (called CRM, for cross- 

reacting material). In order to explain these facts by means of the 

assumption that protein specificity is determined \jy the SRNA as well as 

by the template, it must be assumed that the Td locus is in two parts. 

One, £t produces the template and the other, jg, some specific SRNA component. 

When £ nutates, the template may or may not be functionali if it is functional

It. trM!
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produee an en^iaatically inactive CRM, but this requires that the mutation 

occur within the part of the template which is concerned with synthesis of 

the active site of the enzyme. When r mutates, however, the template 

continues to function (It has not been directly affected) but, due to some 

change in the SRNA available to it, it Is unable to synthesise the same 

protein. The changed protein that it synthesises may contain either the 

enzymatlcaUy active site, or the ImmunologicaUy active site, or both. 

Now the class of mutants which forms CRM is also the class which Is 

suppresslble. It Is suggested that suppression is brought about by 

mutations at other SRNA loci, hitherto involved in the synthesis of trypto- 

phane synthetase, which lead to the synthesis of a SRNA which is sufficiently 

similar to the one lost when £ mutated that it can replace it In the synthesis 

of the enzyme.

Jtn experiment reported ty Susklnd and Kurek (1959) adds support to 

this hypothesis. They found, when a suppressor gene was combined with a 

7 mutation at the Td locus which caused the synthesis of a metal-sensitive

enzyme, that the metal sensitivity was not reversed. That is, it was not 

the function of the suppressor to repair a lesion in the template. The 

template lesion persisted, and the suppressor gene was therefore considered 

to fulfil another function.

The internal effects referred to above can be classed into two groups i 

short-lived (Ephrussi and Hottlnguer, 1951; Caspar!, 1933f Beadle, 1937 j 

Graf, 1957; Klickawa, 1957) and long-lived (Classman and Mitchell, 1959). 

Short-lived maternal effects disappear during preadult stages, long-lived 

maternal effects persist into adult life. The former could be explained 

if the gene concerned were at a Ji locus. Then, if the cytoplasm were donated
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by a J+ parent, and the SRiiA. was active (because there Is no deficiency 

in the SRIIA locus) some synthesis could occur before the templates 

contributed by the t* parent became inactivated. Longer-lived maternal 

effects could be explained by 1fce reverse situation, assuming (as above) 

that synthesis of SRNA is partly autocatalytic. In the example quoted 

above (Glaesman and Mitohell) mutations at two loci in Drosophila result 

in the loss of the ability to synthesise xanthine dehydrogenase. Of 

these loci one (ma-1*) has a maternal effect lasting well into adult 

life. This effect is not due to the presence of active enzyme in the 

parent, since the locus has its maternal effect even when the parent is 

homozygous for the gene ry-j which completely suppresses synthesis of the 

enzyme* If, as suggested above, the gene ma-l*, responsible for the 

maternal effect, produces the SRNA, and the other gene, ry* produces the 

template, a parallelism can be drawn with the suggested interpretation of 

the Neurospora suppressor data. In the presence of ma-1" an immundogically 

cross-reacting protein is produced! when ry is expressed, no CRM is 

found. In both examples (Neurospora and Drosophila) a defect in the gene 

supposed to control synthesis of specific SRHA results in the synthesis of

CRM.

Heterokaryon complementation between alleles in Neurospora crassa, 

already referred to (Catcheside and Overton), is readily explained if it 

is supposed that the two parts of the gene which are isolated in different 

nuclei synthesise the template and the SRNA respectively.

In summary, it may be said that the hypothesis that both SRNA and 

template may be specific for the synthesis of a given protein provides a basis 

which allows a logical explanation of several problematical phenomena related 

to the mechanism whereby genes determine the specificity of proteins.



SUMMARY.

1. A procedure for purifying the immobilising antigens of 

P. aurelia Var. 1 (i-antigens) has been reported, and they have been 

shown to be proteins*

2* Relationships between typos and subtypes of i-antigens 

have been investigated by means of the Oudin diffusion method, by 

absorption of serum, ty electrophoresis on starch gel, and by 

ehromatography on calcium phosphate gel. The results have been 

interpreted as suggesting that there is a greater chemical and 

iraraunological similarity between subtype than between type i- 

antigena. Nevertheless, separation of two subtype ^-antigens 

has been achieved by calcium phosphate gel chromatography.

3* A model has been proposed to account for the phenomenon 

of immobilisation, and evidence has been adduced to confirm it 

from studies on the time course of immobilisation and of serum 

absorption.

4* The bearing of the work on the question of the 

hereditary control of protein synthesis and structure has been 

discussed*
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