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SUMMARY 

Antisera to Mg 2+ dependent ATPase isolated and pur i f ied  from membranes 
of Proteus'L-Forms were prepared. These antibodies caused growth i nh ib i t i on  
o f ~ o n  sol id media and complete i nh ib i t i on  of the soluble ATPase ac t i -  
v i t y .  Kinet ic studies showed an uncommon type of i nh ib i t i on  : Anti-ATPase an- 
t ibodies acted as uncompetitive i nh ib i t o r  with respect to the substrate. 

In a recent publ icat ion (6),  we have reported that membrane-fractions 

from Proteus P 18 L-Forms induce rabbi t  antibodies which i n h i b i t  the growth of 

these bacteria ; furthermore, these antibodes decrease oxygen uptake, f lavopro- 

rein resp i ra t ion ,  and ATP hydrolysis by growing ce l l s .  We proposed that ATPase 

was the common base of a l l  observed metabolic i nh ib i t i ons ,  and we t r ied  to iso- 

la te i t .  ATPase (E.C. 3 .6 .1 .3 . )  can be released from the cel l  membrane in a 

soluble and pur i f ied  form. We have undertaken the study of immunogenicity of 

pur i f ied  enzyme and the modali t ies of i t s  i nh ib i t i on  by spec i f ic  antibodies. 

MATERIALS AND METHODS 

Stable Proteus P 18 L-Forms were grown and harvested as previously des- 

cribed (6). ATPase was so lub i l ized according to Abram's method (1) modified (7). 

Solubi l ized ATPase was centr i fuged for  90 minutes at I05~000 x g. The superna- 

tant holding the soluble enzyme was then concentrated through a Pel l icon mem- 

brane (Mi l l ipore  PSJM 02510) ; the u l t r a f i l t r a t i o n  retains components with a 

molecular weight over i00,000. The enzyme was pur i f ied  by gel f i l t r a t i o n  through 

an indubiose column (AcA 3-4, 3 % acrylamide, 4 % agarose), which separated pro- 

teins between 40,000 and 400,000 daltons. Enzyme or f ract ions were mixed with 

an equal volume of Freund's incomplete adjuvant and in jected subcutaneously into 

young rabbits (one in jec t ion  each week for  5 or 6 weeks). The animal's blood 

was col leted 8 days a f te r  the las t  in jec t ion .  

Gamma-globulins were separated from sera and from control serum by 

prec ip i ta t ion  with ammonium sulphate. Gamma-globulins solut ions were dia- 

313 
Copyright © 1975 by Academic Press, lnc. 
All rights o f  reproduction in any form reserved. 



Vol. 63, No. 1, 1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS' 

,2 

O 

p -  

O 

O 

b -  

L J -  

L.I..I 

I - -  

o 0  

;I 

O 

z . ~  = =  ~ 
O 0  

0 ~ ~ ~ O O 0 

z ~ E ~  ~ 

~ ~ 0  0 

• , , ,  , .  , ,  , .  , ,  , ,  0 ,  , ,  , ,  . . . .  

~ ~ ° ~  

~ m m O 

0 0 ~ ~  

. . . . . .  ° ,  , ,  , °  ° o  , .  ° .  0 ,  , . . . . . . .  

< 

W 

O 

Z 

O 

I , I  

I - -  

e~ 

O 
e ~  
e ' ,  

0 

;5 
N 
~- + + 

• ~ + + + -I- 

0 

°° .... ,, °. °, ,° .... °° o, °. 

c- 

O 

ul 

4- 

• ~ ! ! + + + I 
" 0  

0 

I,...4 
° ~  . . . .  *0  ° °  ° °  ° °  ° ~  . °  ° °  ° °  ° ,  

1 ~ " 4  

"r" 
N 
X 

0t-"  

p -  

. 0  0 °  ° .  • . . . . . .  ° 0 °  ° 0  . . . . . .  

314 



Vol. 63, No. 1,1975 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

lyzed against several changes of 33 mM Tris-HCl buffer (pH = 7.5) to el imi-  

nate any ions which non-specif ical ly activate or i nh ib i t  ATPase. 

An estimate of inorganic phosphate released throughout the enzyme reac- 

t ion was carried out with Baginsky's method (2) applied (7) to bacterial ATPase 

assays. The serum or corresponding gamma-globulins was preincubated for I0 mi- 

nutes in the presence of ATPase pr ior  to t i t r a t i o n .  The reaction medium was then 

brought to 1.6 ml by addition of 33 mM Tris-HCl buffer, pH = 7.5, 0.75 mM 

MgCI2, ATP (100 N1 of a 25.5 mM solution) was added at the zero point and l e f t  

at 37 ° for  12 minutes. The reaction was stopped by adding 1.7 ml of a 4 % ascor- 

bic acid solution in 20 % t r ich loracet ic  acid. Centrifugation eliminated the 

precipi tate,  i ml of supernatant was tested for  inorganic phosphate under the 

conditions described (7). All experiences yielded an Mg/ATP rat io  of 0.5. 

Double di f fusion in agar following Ouchterlony's classical method was 

used. We have previously described the growth inh ib i t ion of L-Forms on an agar 

medium enriched with horse serum (6). 

RESULTS 

A soluble form of Mg 2+ dependent ATPase was obtained from stable Proteus 

P 18 L-Forms, and centrifuged at 105,000 x g. Solubi l izat ion was caused by 

shock-wash in a 33 mM Tris-HCl buffer,  pH : 7.5, free of divalent cations. After 

pur i f icat ion in an acrylamide-agarose gel (disc electrophoresis displayed only 

one band), the enzyme was shown to have a molecular weight of 360,000 and two 

subuni ts~ and ~ (64,000 and 58,000 respectively) (8). The formula : ~ 3 ~ 3  

was suggested. 

Table i gives an enumeration of the fract ions used as antigens ; sera in- 

duced by the or iginal bacteria (n ° 31) and by the L-Forms (n ° 30) i nh ib i t  growth 

but in agar medium there is no v is ib le  precip i tat ion l ine opposite ATPase. How- 

ever, sera re lat ing to the washed L-Forms membranes (n ° 60) af ter  so lub i l iz ing 

ATPase without magnesium gave a single precip i tat ion l ine when tested against 

puri f ied ATPase as well as i nh ib i t  growth. 

Af ter  enzyme so lub i l izat ion in a free Mg 2+ buffer, a certain amount of 

ATPase remains bound to the membrane and is l iab le  to produce more anti-ATPase 

antibodies, wi th  the adjuvant effect of associated membrane compounds. Ant i-  

crude ATPase serum (n ° 32) and ant i -pur i f ied  ATPase serum (n ° 28) (corresponding 

to peak 1) gave also a single precip i tat ion l ine in Ouchterlony's plates and 

i nh ib i t  L-Forms growth. However, protein contaminants of ATPase during the so- 

lub i l i za t ion  process ( ident i f ied in peak 2), are free of enzyme ac t i v i t y ,  and 

the corresponding serum (n ° 29) does not have the two properties just  described. 

IMMUNSERUM OR CORRESPONDING GAMMA-GLOBULIN INHIBITION OF ATPase ACTIVITY 

Optimum contact between the enzyme and antibodies was determined before- 
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hand. A study of the inh ib i t ion or ATPase ac t i v i t y  by ant i -pur i f ied ATPase se- 

rum (n ° 28) in terms of incubation time during a 120 minute period showed peak 

inh ib i t ion af ter  a I0 minute contact. Yet, when serum concentration is such 

that 50 % enzyme ac t i v i t y  is inhibi ted af ter  10 minutes, the addition of substra- 

te simultaneously with antibody reduces ~nhibit ion to 46 %. In spite of this 

small drop in percentage, we found i t  more convenient to use a I0 minute prein- 

cubation period for following experiments. 

A COMPARISON OF ATPase-INHIBITING CAPACITIES OF GAMMA-GLOBULINS EXTRACTED FROM 

VARIOUS IMMUNE SERUMS (Table I I )  

The gamma-globulins extracted from anti-Proteus serum (n ° 31) and ant i -  

Proteus-L-Forms (n ° 30) have minor ATPase-inhibition capacity. Gamma-globulins 

from anti-Proteus-L-Form membranes (serum n ° 60) are very competent in inh ib i -  

t ing ATPase (82.9 %) as are the gamma-globulins from the anti-crude ATPase se- 

rum (n ° 32, 91,2 %) and ant i -pur i f ied ATPase serum (n ° 28, 55 %). Equal volumes 

of the d i f ferent  gamma-globulins solutions extracted under s t r i c t l y  identical 

conditions, were used for this f i r s t  comparison. 

By expressing inh ib i t ion percentage considering protein concentration of 

each gamma-globulin solut ion, we estimated the true ef f ic iency of these antibody 

effects on ATPase. Considering the amount of injected antigen (table I) and the 

result ing inh ib i t ion percentage (table I I )  we established that peak I of the 

elut ion diagram ( f ig .  I ) ,  corresponding to the puri f ied enzyme, induces antibo- 

dies with the highest inh ib i t ion capacity (n ° 28). Later on, gamma-globulins ex- 

tracted from this serum were used for our kinet ic studies. 

I t  must be pointed out that the sera giving precipi tat ion l ines in agar 

against ATPase (n ° 60, 32, 28) show the best inh ib i t ion ac t i v i t y .  

ATPase INHIBITION IN TERMS OF ANTIBODY CONCENTRATION 

Inhib i t ion of ATPase ac t i v i t y  in terms of increasing concentrations of 

gamma-globulins from serum n ° 28 is reported in f ig .  2. Although there is total 

inh ib i t ion for high concentrations, inh ib i t ion displays a steep climb for gamma- 

globulin concentrations up to 1 mg and total blocking occurs only when gamma- 

globulin concentration is 2.5 times higher. Our results can be compared to those 

obtained by Whiteside and Salton ( I i )  with anti-ATPase antibodies from Micrococcus 

lysodeikt icus. 

THE KINETICS OF INHIBITION BY VARIOUS ANTIBODY CONCENTRATIONS IN TERMS OF 

SUBSTRATE CONCENTRATION 

The diagram of the inverse of the enzyme reaction rate (I /V) at varying 
T 

antibody concentrations in terms of increasing substrate concentrations ( / ~ )  

is shown on f ig .  3, and displays a series of paral lel  l ines. 
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FIGURE 3 - Lineweaver-Burk plots of ATPase inh ib i t i on  by gamma-globulins (n ° 28). 
: : Zero gamma-globulins. 
o o 200 pg gamma-globulins giving a 28 % inh ib i t i on .  
• • 400 Pg gamma-globulins giving a 50 % inh ib i t i on .  
m • 500 ~g gamma-globulins giving a 62.5 % inh ib i t i on .  
D [] 620 ~g gamma-globulins giving a 75 % inh ib i t i on .  

immunesera with a bet ter  i nh ib i t i ng  performance, but th is  fact  could be due to 

non-negl ig ib le adjuvant a c t i v i t y  of the associated components. 

Inh ib i t ion  of a spec i f i ca l l y  membrane-bound and easi ly  soluble enzyme can 

explain the e f fec t  of  these growth- in ter fer ing antibodies. Though we s t i l l  have 

an unclear picture of ATPase funct ions,  in bacteria (8),  i t  is conceivable that 

impeding ATP as an energy-donor should imply metabolic perturbat ions. 

Using an t i - pu r i f i ed  ATPase gamma-globulins conjugated to f e r r i t i n  we were 

able to observe at a prel iminary stage, that  labeled antibodies were attached to 

the surface of the L-Forms. OPPENHEIM and SALTON (9),  SALTON and Coi l .  ( I0) have 

shown that  anti-ATPase antibodies from Micrococcus lysodeikt icus react with the 

internal  membrane surface. This confirms the fact  that anti-ATPase antibodies are 
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FIGURE 2 - Inh ib i t ion  of so lub i l ized ATPase by speci f ic  gamma-globulins (n ° 28). 
measure was done for  the same amount of enzyme protein : 12.5 Ng- The en- 

zyme and antibody mixture was preincubated for  I0 minutes before substrate (ATP) 
addit ion. Gamma-globulin from serum n ° 28 (before immunization) was used as a 
reference. 

This representation of i nh ib i t i ng  antibody e f fec t  cal ls  to mind an uncom- 

pe t i t i ve  inh ib i t i on .  

KINETICS OF INHIBITION BY GAMMA-GLOBULINS AND BY ADP IN TERMS OF SUBSTRATE 

CONCENTRATION 

Fig. 4 shows LINEWEAVER-BURK plots of inh ib i t i on  by ADP, by gamma-globulins 

and by a blending of both. The Km for  ATP without i nh ib i t o r  is 0.42 mM. ADP is a 

competit ive i nh ib i t o r  for  ATPase, modifying Km with a 1 + ~ f a c t o r .  

I expresses ADP concentration and Ki expresses the dissociat ion coe f f i c ien t  

for  ADP : i t s  value is 0.65 mM. Simultaneous addit ion of both ADP and antibodies 

leads to a stronger i nh ib i t i on  than that caused by e i ther  e f fec tor  ( f i g .  4). Evi- 

dent ly,  as shown by inh ib i t i on  k inet ics the i r  f i xa t i on  si tes on ATPase are d i s t i nc t  

DISCUSSION 
A study of pur i f ied  ATPase shows that th is  enzyme is l i ab le  to induce ant i -  

bodies that i n h i b i t  L-Form growth ; whole membranes, and the crude enzyme y ie ld  

3 2 0  
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able to block membrane-bound enzyme ac t i v i t y  because in the case of L-Forms, 

loose peptidoglycan structure of the altered cel l  wall makes antibody f ixat ion 

easier. 

Several authors have obtained anti-ATPase antibodies to gram (+) (I0, I I )  

and gram (-)  bacteria (4). They have found an inh ib i t ion of enzyme ac t i v i t y ,  but 

few kinet ic studies have been carried out. Our results lead to certain conclusions 

about the kinetics registered. Inhib i t ion percentage for a given concentration in 

gamma-globulins was independant of the substrate concentration. With d i f ferent  

specif ic ac t i v i t i es  for the enzyme, the inh ib i t ion  percentage was the same for 

a given concentration of antibodies. Whiteside and Salton ( i i )  found that ant i -  

ATPase antibodies acted as a non competitive inh ib i to r .  In contrast, we f ind an 

uncommon inh ib i t ion which is indicated by paral lel  l ines obtained with plots of 

I/V against I/S. This inh ib i t ion  is of an uncompetitive type. Antibodies may not 

affect the cata ly t ic  s i te but may block enzyme reaction at the ESI stage by in- 

ter fer ing with antigenic sites of the enzyme. We may suppose that these sites 

are adjacent to the active "s i te"  or that a s l ight  indi rect  change in enzyme struo 

ture may create disappearing or blocking of the active s i te .  The phenomenon of 

enzyme protection by substrate described by Cinader (3) for a few enzymes and by 

Salton and Whiteside for ATPase, was not observed here. Furthermore, Proteus-L- 

Forms-ATPase retains antigenic capacity even though storage in the cold causes 

i t  to lose enzymatic ac t i v i t y .  

To completely elucidate the mechanism by which these antibodies react with 

and relate to the enzyme, i t  would be interest ing to induce antibodies against 

subunits:~and ~ .  
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