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SUMMARY 

I. The conformative response (i.e. the substrate-induced change in the confor- 
mation of the enzyme) of penicillinase (penicillin amidohydrolase, EC 3.5.2.6) to 
methicillin and oxacillin is reflected in decreased stability to heat, urea and pr(,teolysis. 
I t  is also reflected in increased susceptibility to changes in pH, to inactivation by 
iodine and by  p-hydroxymercuribenzoate. These criteria were used to compare the 
conformative response of the antibody-bound and free enzyme. 

2. Homologous antibodies inhibit the conformative response in penicillinase of 
Bacil lus cereus strain 569/H. The inhibition of the conformative response shows 
significant correlation with the inhibition of activity, although it requires shorter 
incubation and a lower antibody to enzyme ratio. Identical patterns of inhibition are 
obtained with the anti-569/H serum and the penicillinase of the parental strain 569. 
The partial inhibition of the activity of the cross-reacting penicillinase of B. cereus 
strain 5/B is paralleled by the partial inhibition of the conformative response. 

3. The kinetic anomaly which characterizes the interaction of penicillinase with 
benzylpenicillin, and methicillin or oxacillin, is not observed in the antibody-bound 
enzyme. The anomaly has been attributed to the persistence of the conf~rmative 
response, and its elimination is interpreted as the result of the inhibition of the confor- 
mative response. The observed stimulation of the hydrolysis of 'resistant '  penicillins 
by antibodies to the enzyme is consistent with this interpretation. 

INTRODUCTION 

The remarkable flexibility of the extracellular penicillinase (penicillin amido- 
hydrolase, EC 3.5.2.6) formed by several strains of Bacillus cereus and Bacil lus 
l icheniformis is probably related to the fact that  the tertiary structure of this enzyme 
is not stabilized by covalent bonds 1. Thus, a subtle change, associated with the binding 
of a substrate by this enzyme, may lead to a readily recognizable conformational 

Abbreviat ion:  PCMB, p-hydroxymercur ibenzoate .  
* This report  is pa r t  of a Ph. D. thesis, submit ted  to the Facul ty  of Medicine, The Hebrew 

University, Jerusalem. 
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transition which would be prevented in a more rigidly constructed enzyme. Indeed, 
extracellular bacillary penicillinases have been found particularly suitable for the 
study of the conformational transition which accompanies the interaction of the 
enzyme with its substrates. The transition, which is specific and fully reversible 
(reversal follows the dissociation of the enzyme-substrate complex) has been termed 
"conformative response ' ' .  The nature of the conformative response of penicillinase 
depends on the structure of the side-chain of the substrate (penicillin). Siniilarly, the 
rate of hydrolysis of the substrate by penicillinase is determined by the structure of 
the side-chain. I t  has been suggested therefore, that  the side-chain determines tire 
catalytic function of the enzyme by modifying the conformative response of the 
enzyme3, 4. Evidence consistent with such causal relationship has been reported in the 
preceding papers in this series a,6. Furthermore, the observation has been made that  
the kinetics of hydrolysis of two substrates, differing in tire conforniative response 
elicited, is incompatible with the kinetics of the hydrolysis of each substrate alone. 
Thus, the apparent dissociation constants obtained froin such mixed-substrate 
determinations, were found to differ very markedly from the corresponding constants 
obtained from single-substrate determinations 7. This anomaly was attributed to the 
effect of the conformative response to one substrate on the affinity of the enzyme for 
the other substrateL 

It  was expected that  the role of the conformative response in the regulation of 
the catalytic activity could be tested directly, if specific means were available for 
constraining the conformation, and consequently the conformative response of the 
enzyme. The observations presented in the preceding report 8 indicate that  homologous 
antibodies impose a constraint on the conformation of the enzyme, and, on the confor- 
mative response to benzylpenicillin. In this comnmnication we apply the antibody 
molecule as a specific tool for constraining the conforniative response to three sub- 
strates, and examine the catalytic consequences of the suppression of the response. 

MATERIALS AND METHODS 

Penicillins and cephalosporins were the same as in the preceding report 8. Other 
materials were: Potassium iodide (C.P.) and iodine (C.P.) both purchased from Agan 
Chemical Manufacturers. Methylene blue (B.D.H. Standard Strain) obtained from 
the British Drug Houses, Ltd. ; p-hydroxymercuribenzoate (PCMB) (Lot No. 322o2), 
obtained from Calbiochem Co., Ltd. ; pronase (a protease from Streptomvces griseus, 
Type V, purified) purchased from Sigma Chemical Co.; urea (Analytical Reagent 
Grade) purchased from the British Drug Houses, Ltd. 

Penicill inase preparations 
Preparations were derived from culture supernatants of the bacterial strains 

listed below. The details of the purification procedures have been previously pub- 
lishedS,9,10. 

B. cereus strain 569/H 
This nmtant  strain, which produces penicillinase constitutively is derived from 

the inducible penicillinase-forming B. cereus 569 . The enzyme preparation was ob- 
tained and purified as in the preceding report 8. Unless otherwise stated, this peni- 
cillinase preparation was used as the source of the enzyme. 
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B. cereus strain 569 
This inducible penicillinase-forming strain was grown as previously described 1°. 

Penicillinase formation was induced by the addition of methicillin to the growth 
medium after I h (o.I #g/ml) and 5 h (I.O #g/ml). The purification procedure was as 
for the mutant  (569/H) strain s. 

B. cereus strain 5/B 
This constitutive mutant  was isolated from a penicillinase-negative strain 

(strain 5) of B. cereus u. A crystalline preparation of this enzyme 12 was kindly provided 
by Professor M. R. POLLOCK. 

I m m u n e  sera 

Antisera to penicillinase of B. cereus strain 569/H were the same as in the 
preceding report s . 

A ntibody-bound enzyme 
Penicillinase preparations were incubated with antiserum to the 569/H enzyme, 

and the free enzyme removed by the procedure described in the previous o,mmuni-  
cation s. The "bound" enzyme corresponds to Fraction 2 obtained in that  procedure. 

Assay of penicillinase 
Penicillinase activity was determined manometrically 1~,14 or by tire timed 

iodometric procedure 15. In some experiments a modified procedure of the alk dimetric 
assay 5 was used. The instrumentation and procedure was as follows: 

pH-stat assembly. Ttle pH-sta t  assembly consisted of Radiometer Type TTA3I  
titration assembly equipped with type ABUI Auto Burette and SBR2/SBUI Titri- 
graph. 

Solutions. Buffer--o.oI  M phosphate buffer (pH 7.1); substrate solution--  
36 mg/ml of the substrate dissolved in the buffer; gelatin solution--o.5 % sc,lution in 
the buffer; enzyme solution--IO-2O units in the gelatin solution; t i t rant- -o .oo5-o.oI  
M NaOH (as indicated). 

Radiometer setting. Proportional band I.O; end-point 7.1. 
Procedure. The reaction mixture consisting of I.O 1111 of the phosphate buffer 

and 1.25 ml of the enzyme solution was placed in the jacketed titration vessel adjusted 
to 3 o°. Five rain were allowed for temperature equilibration with the automatic 
titration on. The recording was started, and I rain later the reaction was initiated by 
injecting 0.25 ml of the substrate solution, prewarmed to 3 o°. 

The automatically recorded delivery of the t i trant was taken as a measure of the 
rate of the reaction. 

Iodination and assay of residual activity 
Standard conditions of iodination consisted of exposing penicillinase for 5 rain 

at o ° to a reaction mixture (total volume--I .O ml) containing 45 #moles of phosphate 
buffer (pH 7.3), o.15 ml of the iodinating reagent (0.025 M 12 in o.125 M KI) and IOO #g 
of the analog. All reagents were cooled to o ° before use. 

The residual activity was assayed by transferring the assay reagent mixture (kept 
for 5 rain at 3 o°) into the tube containing the treated enzyme preparation. The reagent 
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mixture consisted m 0.35 ml of 0.025 M I2 in o.125 M KI,  I.O ml of 8.5 mM benzyl- 
penicillin in o.I M phosphate buffer (pH 7.o), and 3.0 ml of 0.5% gelatin. 

PCM B treatment 
Test tubes containing penicillinase, 20 #moles of phosphate buffer (pH 7.3), 

IOOO #moles of PCMB, and IOO ~g of analog were incubated for IO min at 37 °. The total  
volume was o. 7 ml. The reaction was terminated by transferring the test tubes to an 
ice bath  for I rain. The residual act ivi ty was assayed by  adding the prewarmed (3 o°) 
reagents of the t imed iodometric method la to the reaction mixture. 

Proleolysis 
The enzyme used for proteolysis was pronase, a broad spectrum protease derived 

from Streptomyces griseus. Stock solutions were prepared by dissolving IO mg of 
pronase in I nfl of o.oi M CaC12, stored at - -20 o and used within one week. Proteolysis 
was carried out in test tubes containing penicillinase in 0.025 M phosphate buffer 
(pH 8.o), pronase (25 °/~g), and analogs (Ioo/zg). After io  rain at 37 °, the test tubes 
were immersed in a freezing bath for I rain. The residual activi ty was assayed by the 
t imed iodometric method ~5. 

P holooxidation 
Samples of penicillinase were illuminated (12oo Lux) for 9 ° rain at 3 °° in the 

presence of o.oi °/o methylene blue and o.I M phosphate buffer (pH 8.o), as previously 
described 5. The final volume was made up to 0.65 ml. The residual activi ty was assayed 
by  the timed iodometric method 15. 

Urea treatment 
Penicillinase was delivered to a solution containing urea (5 M), gelatin (o.25 %), 

phosphate buffer o.oi M (pH 7) and I5O/,g of methicillin, and incubated at o ° for I rain. 
All the reagents were precooled before use. The final volume was 3 ml. The t reatment  
was terminated by adding 0. 5 ml of iodine (0.025 M I. a in o.125 M KI) and I ml of 
substrate (3 mg of benzylpenicillin) in o.I M phosphate buffer (pH 7) which had been 
prewarmed to 3 o°. The residual act ivi ty was assayed by  the timed iodometric method 15. 

RESULTS 

Con formative response or free and bound enzyme 
The experiments described below are grouped according to the criteria used for 

the determination of the conformative response of penicillinase to the 'resistant '  
penieillinslS, ~7, represented here by  methicillin and oxacillin. The conformative 
response to cephalosporins 5 is illustrated by  the effect of cephalosporin C on photo- 
oxidation. The term "bound"  (as opposed to "free") enzyme refers to a preparation 
of penicillinase, in which the enzyme is combined with the homologous antibody. The 
procedure of preparation and purification has been described in the preceding report s . 
The bound enzyme used here corresponds to I:ractiou 2 obtained by  that  procedure. 

Heat inactivatio~z. Tile thermostabil i tv of tile free enzyme shows a characteristic 
pH-dependence,  and it decreases progressively as the pH is raised above 6.0 (ref. 4). 
Tile thermostabi l i ty  of tile ant ibody-bound enzyme is considerably less affected by 
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variations of pH (ref. 8). When one of the penicillin analogs (oxacillin or methicillin) 
is present during the heat treatment,  the difference in the stability of the two enzyme 
preparations is much more pronounced. These observations are illustrated in Fig. I, 
where the effect of exposure to 5 80 for 2 min at pH 4.5-8.o is summarized. Under these 
conditions the characteristic response pattern of the free enzyme is hardly recognizable 
in the bound enzyme. In the presence of oxacillin the free enzyme is completely 
inactivated throughout the range of pH tested. In contrast, the thermostability of the 
bound enzyme is fully preserved in the presence of the analog except for a slight 
decrease at pH 5.o and below. Identical results were obtained when oxac41in was 
replaced with methicillin in these experiments. 

The analog-induced inactivation illustrated in Fig. i is one of severaP ,is mani- 
festations of the conformative response to oxacillin. I ts  absence in the bound enzyme 
is taken as indication that  the antibodies may interfere with the conformative response. 
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Fig. i. Effect  of  a s u b s t r a t e  analog on the  t he rmos t ab i l i t y  of  free and  b o u n d  enzyme.  Bo th  
e n z y m e  p repara t ions  were d i lu ted  in 0 .5% gelat in  to a p p r o x i m a t e l y  250 uni ts /mI.  Samples  
(0.2 ml) were added  to tubes  con ta in ing  0.25 rnl of  no rma l  rabbi t  s e r u m  (r :80) and  o.05 ml of the  
appropr ia t e  buffer  solut ion (see below). Oxacil l in ( ioo fig) was included in the  buffer  so lu t ion  as 
indicated.  The  tubes  were immersed  for 2 min  in a 580 wa t e r  ba th ,  cooled (i m in  a t  o°t and  the  
res idual  ac t iv i ty  a s sayed  (see METHODS). The resul ts  are p r e sen t ed  as % of the  m a x i m u m  ac t iv i ty  
of  each prepara t ion .  Buffers  used:  o. 5 M p h t h a l a t e - N a O H  (pH 4.5-5.5);  I.O M phospha te  (pH 6, I -  
8.0). Broken  line, bound  enzyme  wi th  ( . )  and  w i t h o u t  (71) oxacil l in;  solid line, free enzyme  with 
(A)  and  w i thou t  (A) oxacillin. 

Fig. 2. Proteoly t ic  i nac t iva t ion  of free and  bound  enzyme  in the  presence of oxacillin. Samples  
of  bound  (a, b) and  free (c, d) e n z y m e  (280 un i t s  in 2.0 ml  of  5 mM p h o s p h a t e  buffer, p H  7.5) were 
assayed  wi th  oxacil l in (9.0 mg) as subs t r a t e .  The  a s say  was carried ou t  a t  3 °° and  pH 7-5, and  
p roduc t  fo rma t ion  was followed by  the  a lkal imetr ic  procedure  (see METHODS). Pronase  (i m g  in 
o.I ml  of  o.oi M CaC12) was p resen t  in samples  (b) and  (d). Trac ings  of  ac tua l  recordings  are 
presented.  

Note that  in this and the following experiments the antibodies do not prevent the 
recognition of the analogs by the enzyme, as these analogs are in fact hydrolyzed more 
rapidly by the antibody-bound enzyme preparation s . 

Inactivation by proteolysis. Native penicillinase is highly resistant to proteolytic 
attack. Attempts  to inactivate the enzyme by incubation with various proteolytic 
enzymes (e.g. trypsin, chymotrypsin, pepsin, subtilisin, amino- or carboxypeptidase) 
have failed. We found, however, that  t reatment with pronase results in partialinac- 
tivation of the enzyme. The action of pronase on penicillinase is remarkably enhanced 
by the presence of penicillin analogs 5 and thus can serve as a test of conformative 
response. 
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In the example  presented  in Fig. 2, the ra te  of hydrolys is  of oxacil l in b y  free and 
bound  enzyme is recorded.  The ac t iv i ty  of the  free enzyme decays  g radua l ly  in the  
course of the  react ion;  the  decay  is accelera ted b y  pronase.  In  contrast ,  the bound  
enzyme re ta ins  full ac t iv i ty  in the course of the react ion;  and  even in the  presence of 
pronase the ac t iv i ty  is preserved.  The results  were similar  when methici l l in,  ra ther  than  
oxacillin, was used as the subs t ra te .  

Thus,  in the  present  system, the  conformat ive  response of the  free enzyme to 
oxacill in and to methici l l in  is reflected in ins tab i l i ty  of the  enzyme in the  course of the  
react ion and in increased suscept ib i l i ty  to proteolysis .  In  contrast ,  the  bound  enzyme 
appears  to main ta in  a s table  conformat ion in the  course of i ts in terac t ion  with these 
analogs. 

Susceptibil i ty to photooxidation. Photoox ida t ion  provides  another  means  of 
s tudy ing  the s tabi l iz ing effect of ant ibodies  on the enzyme. We found tha t  the  ac t iv i ty  
of the  enzyme is sensi t ive to l ight in the  presence of methylene  blue 5. The surv iva l  of 
ac t iv i ty  of free and bound  enzyme is compared  in Table  I. The ant ibodies  clear ly 
protect  the  enzyme against  the  consequences of this t r ea tmen t .  

Comparison of the conformat ive  response in this  sys tem involved the use of 
another  subs t ra te  analog,  cephalosporin C, ins tead  of methici l l in  and  oxaeill in,  bo th  
of which have  l i t t le  effect on the  suscept ib i l i ty  of the free enzyme to pho toox ida t ion  5. 
In cont ras t  to the class of penicillin analogs, represented  here by  methici l l in and  

TABLE t 

EFFECT OF ANALOGS ON THE STABILITY OF FREE ANt) BOUND FNZYME 

The sensit ivity of free and bound enzyme to urea, PCMB and photo-oxidat ion was tested as des- 
cribed in METHODS. The residual activity is expressed as °/0 of the activity of untreated controls. 
Concentrat ions in urea t r ea tment  (per 3.6 ml final volume): penicillinase, 85 units;  methicillin, 
t5o/ tg;  urea, 5 M. Concentrat ions in PCMB t rea tment  (per 0. 7 ml final volume) : penicillinase, 
85 units;  analogs (methieillin and oxacillin) iooHg ; PCMB, 33o#g. Concentrat ions in photo- 
oxidation (per 0.65 ml final volume): penicillinase 75 units;  cephalosporin C, 500 t+g. 

Treatment .4 nalog Free Bound 
e~zzvme, e~l%ytl2g 

Urea - 1 oo t oo 
Methicillin 0. 7 9o. 5 

PCMB -- loo too 
Methicillin < l .o 44.5 
Oxacillin 4.8 ioo 

Photooxidation 17.8 54.5 
Cephalosporin C 66.5 76.o 

oxacill in,  cephalosporins  induce a s table conformat ion in the  act ive site of penicil l inase 5. 
The conformat ive  response of the  free enzyme to cephalosporin  C is indeed reflected 
in an increased resis tance to  photooxida t ion .  The response of the  bound  enzyme to the  
s tabi l iz ing effect of this  analog is much less pronounced (Table I). 

Stabili ty in urea. Methicill in is known to faci l i ta te  the  d i s rup t ing  affect of urea  
on penicill inase. Thus exposure  to methici l l in  (6o #g/ml)  in 5 M urea  results  in a lmost  
complete  inac t iva t ion  of the  free enzyme a l though exposure  to urea  or methici l l in  alone 
at  these concentra t ions  causes no loss of ac t iv i ty  3,tv. This observa t ion  was used as a 
fur ther  cri terion in compar ing  the effect of analogs on the  conformat ion of the  free 
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and bound enzyme. As is shown in Table I the effect of methicillin and urea on the 
enzyme is virtually eliminated by  the antibody. 

Inactivation by PCMB. The act ivi ty of penicillinase is not  significantly affected 
by  PCMB at concentrations below 2.7"IO a M. However, the analogs sensitize the 
enzyme to PCMB ; this is reflected in loss of act ivi ty in the presence of less than 2 • IO 3 M 
PCMB 5. The sensitizing effect of the analogs is prevented by the antibody. Results of 
a typical  experiment are summarized in Table I. 

50 

~ 2 5  

s k.~ 
pH 

60  / / ~  --  - 

> 4 0  x/ 

+ /  ,~ 20 

o ~  0'.05 ' ' o .~o of 2s 0.10 0.15 
Ant i se rum (1:80) (ml) 

Fig. 3. Effect of subs t ra te  analogs on stabili ty of free and bound enzyme: iodination at various 
pH values. Samples of free and bound penicillinase (47 and 65 units, respectively) were iodinated 
(for details see METHODS) in the presence of ioo Fg of methicillin or oxacillin and o.i M buffer at  
various pH values. Iodinat ion was performed in a total  volume of t.o ml. Buffers u s d :  o. 5 M 
p h t h a l a t e - N a O H  (pH 4.2-5.5); i .o M phosphate  (pH 6.1 8.o). The residual activity was assayed 
iodometrically. The results are expressed as % of the m a x i m u m  activity of each preparat ion.  
Broken line, bound enzyme with ( ~ )  methicillin or (It) oxacillin; solid line, free enzyme with 
(/~) methicillin or (&) oxacillin. 

Fig. 4- Neutral izat ion and protect ion as a function of ant ibody concentration. Samples c,f penicil- 
linase were incubated (io min at  3 o°) with the indicated amounts  of the antiserum, n a total  
volume of o. 5 ml, made up with normal  rabbi t  serum (i :8o). The conditions of treatmel t were as 
described below. The residual activity (for assay see METHODS) is expressed as % of t he initial 
act ivi ty of the unt rea ted  samples. A. Neutralization. The enzyme samples (8o units) were delivered 
in o.2 ml of o.5% gelatin. The incubat ion was terminated  by the addition of o. 5 ml of ~)recooled 
phospha te  buffer (o.2 M, p H  7.3), and the t ransfer  of the samples to an ice bath. The residual 
activity was assayed 5 rain later wi thout  fur ther  t rea tment .  B. Protection against i,,dination. 
The enzyme samples were delivered and incubated as above. The incubation was term nated by 
the addition ofo.  5 ml of precooled phosphate  buffer (o.z M, pH 7-3) containing methicillin (Eoo/tg) 
and the iodinating reagent (see METHODS). The residual activity was assayed after 5 rain at  o °. 
C. Protection against proteolysis. The enzyme samples (Ioo units) were delivered in o.2 m / o f  o. I } /  
gelatin. The incubation was carried out  in the presence of pronase (25o fig) and methicillin 
([oo fig). The terminat ion and assay of residual activity was as in (,4). 

Inactivation by iodine. Susceptibility to iodination provides a very ~ensitive 
measure of the conformative response of penicillinase to the analogs a,4. In Fig. 3 we 
compare the effect of pH  on the iodination of the enzyme in the presence of mcthicillin 
and oxacillin respectively. In both cases, the free enzyme is completely inactivated 
at pH  values of 6. 7 and above. The bound enzyme, however, shows no loss of act ivi ty 
at tha t  pH, and retains most of the initial act ivi ty in the alkaline region. 
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Correlation between the effect of antibody on activity and on the con formative response 
The effect of antibody on activity was tested by observing the inhibition of 

hydrolysis of benzylpenicillin ("neutralization"). The effect of antibody on the eonfor- 
mative response was tested by observing the prevention of proteolysis or iodination in 
the presence of penicillin analogs ("protection"). The correlation between neutralization 
and protection is illustrated in Fig. 4, where the two effects are presented as a function 
of the concentration of the antibody. Note that the protective effect is clearly visible 
at the lowest antibody concentrations, where neutralization is barely detectable. 
Furthermore, maximum protection is obtained with antibody concentrations which 
give less than half-maximal neutralization (Fig. 4 and ref. 8). 

The correlation has been further examined by comparing the kinetics of neutral- 
ization and of protection. As shown in Fig. 5, there is an interesting discrepancy in the 
time dependence of the two effects of the antibody. The full protective effect is attained 
very rapidly (it is nearly maximal within 5 sec of incubation), whereas neutralization 
appears to require several minutes for completion. The discrepancy may be due to 
the effect of the substrate on the enzyme-antibody complex (see DISCUSSION). 

An additional test of the correlation has been made possible by the availability 
of two other penicillinase preparations derived from related strains of B. cereus. It  has 
been observed 18 that the penicillinase of strain 569 of B. cereus is serologically indis- 
tinguishable from that of the strain (569/H) used throughout this work. The peni- 

P 

,o! 
6O 

I00, ~ ~ 

11 -> ~ .---S 
5c 

~ 2C 

~ 25 ,,/' 

°o 2'0 4 b - -  6'0 I, 600 % 0.;5 o.lo' ~ o.2o~ o.~ 
Time (sec) Antiserum (1:80)(ml) 

Iqg. 5. I(inetics of neutral izat ion and of protection. Samples of penicillinase (85 units  in o.2 ml 
of o .5~  o gelatin) were incubated at o ° with 0.25 ml of ant i serum (diluted 1:t6o with normal 
rabbi t  serum). The incubat ion was terminated at the indicated t ime intervals, and its effect on 
the enzyme tested as described below. The residual activity (for assay see METHODS) is expressed 
as ~'o of the initial activity of the untreated samples. A. Neutralization. The incubation mixturo 
was diluted ( × lO) wi th  the prewarmed (3 o°) assay reagents and the assay of the residual activity 
s tar ted upon terminat ion of the incubation (see METHODS). B. Protection against iodination. The 
incubat ion was terminated by injecting 0.65 ml of precooled phosphate  buffer (o.I M, pH 7-3) 
containing methicillin (ioo fig) and the iodinating reagent (see METHODS). The residual activit  F 
was assayed after 5 min at o °. 

Fig. 6. ,Neutralization and protection in heterologous systems. Samples of penidllinase of B. 
cereus strain 569 (74 units  in 0.2 ml of 0.5% gelatin) and of penicillinase of B. cereus strain 5/B 
(78 units  in o.2 ml of o.5 °/o gelatin) were incubated (to rain at  3 o°) with the indicated amounts  of 
ant iserum to 569/H penicillinase. The total  volume (0.5 ml) was made up with normal  rabbi t  
serum (I :80). All other  details were as in Fig. 4- 569 enzyme, neutral ization (Q) and protection 
(O);  5/B enzyme, neutralization (A) and protection (A). 
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cillinase of the more distantly related strain (5/B) of B.  cereus is also neutralized by 
antibodies to strain 569/H, though less effectively 19. Fig. 6 gives a comparison of the 
neutralizing and protective effect of antibodies in heterologous systems comprising 
enzymes 569 and 5/B and antiserum to enzyme 569/H. Note that the neutralization 
and protection patterns in the 569 and anti-569/H system follow very closely the pattern 
of the homologous system (Fig. 4). The corresponding patterns in the 5/B and anti- 
569/H system also show a concentration-dependent inhibition by antibodies of the 
activity and of the conformative response of the enzyme. As expected the effect is 
considerably less pronounced than in the honlologous system. Note howevel, that in 
this system too neutralization is very closely related to protection. 

Comparison of dissociation constants of free and bound enzyme 
In  a preceding communicat ion 7 we reported an anomalous relationship between 

the apparent  dissociation constants obtained for penicillinase and benzylpenicillin, 
m e t h i c i l l i n  a n d  oxac i l l in .  T h e  K m  v a l u e s  o b t a i n e d  for  e ach  s u b s t r a t e  were  c o n s i d e r a b l y  

l o w e r  t h a n  t h e  c o r r e s p o n d i n g  K m  v a l u e s  (or t h e  r e l e v a n t  K i  va lues )  d e r i v e d  f rom de-  

t e r m i n a t i o n s  m a d e  in t h e  p r e s e n c e  of a c o m p e t i n g  s u b s t r a t e .  

W e  c o n c l u d e d  t h a t  t h i s  a n o m a l y  was  due  to  t h e  i n t e r a c t i o n  of t h e  e n z y m e  w i t h  

t h e  c o m p e t i n g  s u b s t r a t e ,  a n d  s u g g e s t e d  t h a t  t h e  c o n f o r m a t i v e  r e s p o n s e  i n d u c e d  b y  

t h e  c o m p e t i n g  s u b s t r a t e  mod i f i ed  t h e  b i n d i n g  p r o p e r t i e s  of t h e  e n z y m e .  S ince  a n t i -  

b o d i e s  h a v e  b e e n  s h o w n  to  c o n s t r a i n  t h e  c o n f o r m a t i v e  r e s p o n s e  of t h e  e n z y m e ,  we 

e x p e c t e d  t h a t  t h e  a n o m a l o u s  k i n e t i c s  a t t r i b u t e d  to  t h e  e x t e n s i v e  c h a n g e s  c h a r a c -  

t e r i s t i c a l l y  a s s o c i a t e d  w i t h  t h e  c o n f o r m a t i v e  r e s p o n s e  of t h e  free pen ic i l l i nase  wil l  

TABLE II 

A P P A R E N T  D I S S O C I A T I O N  C O N S T A N T S  ( X IO  - 3  ~'V[) FOR A N T I B O D Y - B O U N D  P E N I C I L L I N A S E  

A .  M i x e d  substrate  cons tants  

The ratios of the Michaelis constants  for benzylpenieillin (Kin 1) and for methicillin or oxacillin 
(B_'m2) were determined by the procedure of WHITTAKER AND ADAMS 2'~. The K~ and K , J  values 
were obtained from competitive inhibition data, corrected for the hydrolysis of the i,lhibitor 21 
and plotted according to DIXON 22. The K m  ~ values were obtained by substi tut ion oi the Km 1 
values in the observed K m l : K r n  2 ratios. For other details see text. 

Subs t ra te  r Subs t ra te  2 K m l j K m  2 K m  1 t£m 2 K i  

Benzylpenicillin Methicillin i :5.4 0.36 1.9 2.9 
Benzylpenicillin Oxacillin i :5.7 o.33 1.9 r.9 

B.  S ing le -subs t ra te  constants  

The Km values were determined by the procedure of LINEWEAVER AND BURK 2°. The A'm I and 
Kin* values are the same as in Par t  A of this Table. The numbers in parentheses are tile corres- 
ponding ratios for the free (rather than  antibody-bound) 569/H penicillinase, and are based on 
data  reported in a previous communication 7. 

Subs t ra te  K m  R a t i o  q f  s ingle-substrate  to m ixed -  
substrate  cons tants  

Benzylpenicillin o.31 K i n : K i n  1 --  0.86-0.94 (o.o3-o.14) 
Methicillin 1.8 K m : l ~ m  2 --  0.95 (o.26) 
Oxacillin 1.7 K m  :/(m 2 -- o.89 (0.095) 
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not be observed in the antibody-bound enzyme. This indeed was found to be the case, 
as shown in Table II. The antibody-bound enzyme was prepared as previously de- 
scribed s, and the / (m values of this preparation for benzylpenicillin, methicillin and 
oxacillin were determined by the standard procedure of IANEWEAVER AND BUICK 2°. 
These values and tile values similarly obtained for the free enzyme will be referred 
to as single-substrate constants. 

Apparent dissociation constants derived from determinations carried out in tile 
presence of two competing substrates will be referred to as mixed-substrate constants. 
The mixed-substrate constants for the free and antibody bound enzyme were de- 
termined by two independent procedures. 

In the first procedure the analogs (methicillin and oxacillin) were considered as 
competitive inhibitors of hydrolysis of benzylpenicillin 3,4. 

Initial reaction rates were determined manometrically ~4 for mixtures containing 
2, 4, 6 and 8/~moles of benzylpenicillin, and o, 15, 2o, 3o and 4 ° ~moles of the inhibitor 
(methicillin or oxacillin) in a total volume of 3.o ii11. Since in this assay procedure no 
distinction is made between the products of the hydrolysis of the various substrates, 
the inhibited reaction rates were corrected for the hydrolysis of the inhibitor '~1. 
The reciprocal values of the corrected initial rates were plotted against the inhibitor 
concentrations to yield the K~ values directly 22. As pointed out by DIXON 2a the 
horizontal intercept of each slope in this plot gives a value (A) equal to 

-I~'~ ((s) ~). 

Km+ 

It  was thus possible to derive by this procedure mixed-substrate Km values for benzyl- 
penicillin as well as Ki values for each analog. The results obtained with the free and 
antibody-bound enzyme are compared in Table II. 

In the second procedure used, each analog was considered as a substrate com- 
peting with benzylpenicillin for the active site of the enzyme. It  has been suggested 24 
that the ratio of the Michaelis constants of the enzyme with respect to two such 
competing substrates can be deduced from the variation of the rate of the two substrates 
in the reaction mixture. If the difference between the Km values of the competing 
substrates is sufficiently large, as is the case here, the ratio of the Michaelis constants 
can be obtained from the following equation 2a 

]£~v~ 1 ZJI Z!12 
- ( I )  

K m  2 V12 ~2 

where v~, ~.'2 and v12 represent the maximum initial rates of the hydrolysis of Substrate 
i and Substrate 2 alone, and of the hydrolysis of an equimolar mixture of the substrates, 
respectively. 

In a previous communication 7 we have shown that the Km ratios obtained by 
this procedure were incompatible with the Km values derived from single-substrate 
determinations. These ratios were, however, compatible with the apparent dissociation 
constants derived from mixed-substrate determinations. Thus, the results obtained 
by the equimolar procedure confirmed the observation that the presence of a competing 
substrate causes an apparent change in the binding properties of the free enzyme. 

As pointed out above, we expected no such change in the antibody-bound 
enzyme. Consequently, the ratio of the Michaelis constants obtained by the equimolar 

I3iochim. Bioph),s..4eta, 159 (1968) 327 339  



ANTIBODIES AND CONFORMATION OF PENICILLINASE 337 

procedure was expected to agree with the ratio derived from single-substrate determi- 
nations. This was tested and confirmed as shown in Table II ,  where the single-substrate 
and mixed-substrate constants for free and bound enzyme are compared. I t  is clear 
that  the anomaly which characterizes the interaction of the free penicillinase with 
penicillins is not observed when the enzyme is bound to antibody. 

DISCUSSION 

In the preceding report 8 we described differences in the properties of free and 
antibody-bound penicillinase, which indicated that  the conformation of th,~ bound 
enzyme is stabilized by the antibody. The effect of antibodies on the activity (hydro- 
lysis of benzylpenicillin) suggested that  the stabilization of the enzyme molecule 
imposed a constraint on the conformative response to the substrate. In the present 
report we examined the effect of antibodies on the conformative response to analogs 
of the substrate, methicillin and oxacillin. The conformative response to these analogs 
is reflected in a characteristic pH-dependent sensitization to heat and to iodination. 
I t  is also reflected in a highly increased susceptibility to inactivation by proteolysis, 
by urea and by PCMB. Judged by these criteria, the homologous antibody appears to 
prevent the conformative response. I t  will be obvious from the evidence presented 
above (Fig. 2) that  under these conditions the interaction of the enzyme with the 
analog is not prevented. 

An alternative to be considered is that  the conformative response does take 
place but it is masked by the antibody. I t  is indeed conceivable that  in th~ bound 
enzyme, as in the free enzyme, the relevant region is unfolded in the presence of the 
analog; the antibody would then be said to hinder the access (e.g. of iodine or t,ronase) 
to the exposed region, and the eonformative response might not be observed. However, 
steric hindrance will not account for the lack of measurable response by other criteria 
(e.g. thermostability). We suggest, therefore, that  the conformative response to these 
analogs is indeed largely inhibited by the constraint imposed by the antibo, ty. The 
results obtained with benzylpenicillin 8 and with cephalosporin C (Table I) are con- 
sistent with the expectation that  the conformative response to other classes of com- 
pounds interacting specifically with the active site of the enzyme is similarly inhibited 
by the antibody. In view of that, we suggest that  the antibody be considered as a 
specific tool for constraining the conformative response of the enzyme. This is to say, 
that  by comparing the catalytic properties of the free and antibody-bound enzyme 
we may obtain relevant information on the role of conformative response in the f unction 
of the enzyme. 

To illustrate this possibility we shall first consider the difference in the rate of 
hydrolysis of the various substrates (penicillins), which are N-acyl derivatives of 
6-aminopenicillanic acid. The substrates can be grouped in two classes, according to 
their susceptibility to enzymic hydrolysis, relative to the unsubstituted 6-amino- 
penicillanic acid 5. The conformative response to the relatively resistant penicillins 
(represented here by methicillin and oxacillin) is entirely different from the confor- 
mative response to the relatively susceptible penicillins (represented here by benzyl- 
penicillin) 3& The consistent correlation between the effect of the substituent ('side- 
chain') on the susceptibility to hydrolysis and the conformative response suggested 
a causal relationship. Specifically, we proposed that  the conformative response elicited 
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by the side-chain determines the catalytic efficiency of the enzyme. The corrollary 
was that  a constraint of the conformative response would narrow down the difference 
in the rate of hydrolysis of the susceptible and resistant substrates. In other words, 
the hydrolysis of susceptible substrates would be inhibited, while the hydrolysis of 
resistant substrate would appear to be stimulated. 

The correlation between the inhibition of activity (on benzylpenicillin) and the 
inhibition of the conformative response, which has been illustrated in Iqg. 4 (and in 
Fig. 6 for heterologous systems), is highly suggestive of a possible essential function 
of the conformative response in catalysis. The discrepancy observed in the kinetics of 
inhibition of the conformative response and of the activity suggests that  the enzyme- 
antibody complex which is formed very rapidly (see Fig. 5) tends to dissociate in the 
presence of excess benzylpenicillin (i.e. when tested for activity) before it acquires 
maximal stability. 

An interesting consequence of the assumed functional correlation would be that  
the inhibition of enzymic activity by neutralizing antibody is the result of extensive 
"paralysis" of the conformative response. The present evidence, which is limited to 
a single system, does not exclude, of course, other mechanisms (e.g. steric hindrance 26 
which may  determine, or modify, the extent of inhibition in different systems. 

The stimulating effect of antibodies on the hydrolysis of methicillin 27 and other 
resistant penicillns 8 is, however, extremely difficult to reconcile with other mechanisn> 
of interaction of antibodies with enzyme. 

In contrast, the observations summarized above make this phenomenon an 
obvious and necessary consequence of the constraint of the conformative response. 
I t  would be of considerable interest to see whether this conclusion can be extended to 
other systems, but as yet nothing is known about the conformative response patterns 
of enzymes other than penieillinase, where stinmlation by antibody has been ob- 
served28,29. 

A mechanism remarkably related to our conclusions has, in fact, been anticipated 
by CIYADER ~9 in the just-published comprehensive discussion of the subject of inhi- 
bition and activation by antibodies. The only important difference is that, according 
to CIXADER, the stinmlating antibody imposes a conformation which is favorable to 
catalysis, whereas we conclude that  the antibody prevents a change which is unfaww- 
able to catalysis. 

Another aspect of the catalytic behavior of penicillinase, which has been at- 
tributed to the conformative response, is the kinetic anomaly reflected in a discrepancy 
between the dissociation constants determined under two sets of experimental 
conditions 7. The details of experimental procedures are given in the last section of 
RESULTS. The essence of this observation was that  two competing substrates, which 
differ in their effect on the conformation of the enzyme, appear to have a reciprocal 
effect on the dissociation constants for each substrate 7. Our tentative interpretation 
of this observation is based on a previous study 6 which indicated that  the conformative 
response may persist after the dissociation of the enzyme-substrate complex and thus 
affect the affinity of the enzyme for the competing substrate molecule. I t  was expected, 
that  a constraint imposed on the conformative response will eliminate the kinetic 
anomaly. Our present results (Table II) are fully consistent with that  expectation. 

In conclusion, the seemingly unrelated differences in the patterns of stability, 
activity and affinity, observed in the free and antibody-bound penicillinase can be 
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attributed to the constraint of the conformative response by the antibody. Conversely, 
specific antibodies may serve as a useful tool in the study of the role of the conformative 
response in the function of the enzyme. 
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