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SUMMARY 

The  i n a c t i v a t i o n  o f  penici l l inase is a cce l e r a t ed  in t h e  p resence  o f  s u b s t r a t e  analogs.  
T h e  kinet ics  o f  the  r eac t ion  w i th  r e spec t  to  t ime ,  t e m p e r a t u r e ,  p H  an d  ana log  con-  
c e n t r a t i o n  indicate, g rea t  s imi la r i ty  a n d  s l ight  b u t  def in i te  d i f fe rence  b e t w e e n  t h e  
ef tect  of  s u b s t r a t e  ana logs  and  t h a t  o f  u n d i s c r i m i n a t i n g  h y d r o g e n - b o n d - b r e a k i n g  
agents .  T h e  a n a l o g - d e p e n d e n t  i n a c t i v a t i o n  is p a r t l y  r eve r sed  b y  the  s u b s t r a t e  or  b y  
p H  change~. B o t h  the  i n a c t i v a t i o n  a n d  i ts  reversa l  a re  t e m p e r a t u r e - d e p e n d e n t  
processes,  The  reIx>rted o b s e r v a t i o n s  are d iscussed  in t e r m s  of  p o s t u l a t e d  d i f ferences  
hetw~ren sutsstrate  a n d  ana log - induced  conf i ) rma t ion  of  peniciUina,se. 

INTRODUCTIO.~ 

In a previou~ c .ommunica t ion  x we h a v e  shown t h a t  the  c o n f o r m a t i o n  of  penic;.llmaze 
is r evers ib ly  c ha nged  t h r o u g h  i n t e r a c t i o n  wi th  a c o m p e t i t i v e  i n h ib i t o r  o f  t h e  e n z y m e .  
Th:~ inh ib i to r  used was DMP,  a s y n t h e t i c  penici l l in ,  c h a r a c t e r i z e d  b y  i ts  u n u s u a l l y  
h igh re ' ; is tance to  hyd ro lys i s  b y  penici l l inase.  S imi lar  o b s e r v a t i o n s  h a v e  b een  m a d e  
~5th a n o t h e r  r e c en t l y  syn thes i zed  c o m p e t i t i v e  i nh ib i t o r  (.see ref.  2.) T h e  changes  
ob~ , rved  in pt:nicillin;me e x p o ~ l  to  e i the r  ana log  h a v e  been  in t eq~re t ed  as d~te to  a 
di~tot-tion ~)f th~ ac t ive  si te  of  the  e v z y m e .  As a con.-~equence, it  w~-s e x p e c t e d  t h a t  
t he  therrnr ,  s t ah i l i t v  o f  the e n z y m e  would  be  lowered  b y  t h e  s u b s t r a t e  analogs .  Th i s  
indeed  is the ca~e ; the  k inet ics  o f  a n a l o g - i n d u c e d  labi l lza t ion  an d  i ts  reversa l  a re  the  
sub jec t  o f  t he  pregent  c o m m u n i c a t i o n .  

MATEI~IAI~.~ AND MRTHODS 

P c n i c i l l i u a s c :  The  e n z y m e  was  prei:are,~ f r o ~  t h e  cu l t u r e  s u p e r n a t a n t  o f  [ t a c i U u ~  

cereus s t ra in  569 /H (see ref. 3)- T h e  p r e p a r a t i o n  was  pur i f ied ab p r ev io u s ly  desc r ibed  4 
a n d  its spe~fi~ , ,~t i<~y was s imilar  to  t'.,xat r ep o r t ed  for  a c rys ta l l ine  p e n i c i n i n a ~  o f  
n .  cer~zL~ 5. 

" Par t  ol  a Ph,  D+ thesis, to b¢ submitted to the Faculty of $ui~nce. Th~ Hebrew Utxivet~ty, 
~ eru~alella. 

Abbreviations: ~)MD. t>-(z .~-dimethoxybenzar .~ido}pe: l ic i l la l l ic  acid ; P- ! z. s-methyl- 3- 
phen yl-4-isoxa.xolyl-penicil]anic acid ; ~ l ' .  s o d i u m  ben~ylpenicillin. 

B~o~kim. iJio,phys. -2¢i,,, (>7 (1963) ~J4-72 
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Assay  of  penicillinase: T o t a l  pen ie i l l inase  a c t i v i t y  w a s  a.<~ayed by" the  man , s -  
m e t r i c  m e t h o d e . L  T h e  kx l i ne - r e~ i s t an t  ( u - t ype )  . ' , c t iv i ty  w a s  a s s a y e d  d i r e c t l y  b y  
t h e  i~xlometr ie  p r o c e d u r e  l - r ev ious ly  desc r ibed% 

Penicill ins: B F  wa.~ o b t a i n e d  f r o m  Merck  a n d  ¢7,~.. Inc . ,  D M P  w-~,-: .~Ul>plied b y  
"Feva I . td .  a n d  P-x2  bg' B r i s to l  L a b o r a t o r i e s .  

Heat treatnwnt and as'.;av o f  residval activity 

S t a n d a r d  h e a t  t r e a t m e n t  c o n s i s t e d  o f  e x p o s i n g  peHiei l l inase  in 0.05 7~¢ pho%pha tc  
bu f f e r  ( p H  7-3) a n d  o.25°.~, g e l a t i n  to  48-  for  z min .  ( V a r i a t i o n s  in pI-l. t e m p e r a t u r e  
a n d  d u r a t i o n  o f  t r e a t m e n t  will  be  spec i t i ed  in t h e  r e s p e c t i v e  e x p e r i m e n t s . )  

T h e  t r e a t m e n t  wag  c a r r i e d  o u t  in t e s t  t u b e s  i m m e r s e d  in a w a t e r - b a t h ,  w i t h  
t e m p e r a t u r e  r e g u l a t e d  b y  a T h e r m o m i x  I I  I m m e r s i o n  T h e r m o . ~ t a t  w i t h i n  ~ o.x ~. 
A t  t h e  e n d  o f  t h e  i n c u b a t i o n  the  t u b e s  we re  i m n t e r ~ - d  in an  i c e - b a t h  for" t m i n  atxtl 
t r a n s f e r r e d  t o  a 30 = w a t e r - b a t h  w h e r e  t h e  e n z y m e  wan assayexl .  

T h e  a s s a y  w a s  b a s e d  on  t h e  iodt~metr ic  p rocedur , "  fi~r t h e  d e t e r m i n a t i o n  o f  iodine-  
r e s i s t a n t  (~t-type) a c t i v i t y  4. T h e  r e a g e n t  m i x t u r e  ~o.5 mi  o f  I z, 0 .025 M i t t  o .x25,11 
K I ,  x.o m l  of  o . I  M p h o s p h a t e  buf fe r .  3 .o  ml  o f  0 . 5 %  g e l a t i n  a n d  3 m g  of  h e n z v l -  
penic i l l in)  w a s  k e p t  for  5 m i n  a t  3 o~ b e f o r e  t h e  a~say.  T h e  a.,~,~ay W,'Lg s t a r t e d  b~' the  
t r a n s f e r  o f  t h e  r e a g e n t  m i x t u r e  i n t o  the- t td-,~ ~,,ntai~ii:~g t h e  t r e a t e d  pr,~pararion+ T h e  
t o t a l  v o l u m e  o f  t h e  a s s a y  w:t.g 5 ml.  

RESULT% 

Effect of  D M P  and P-x~ on DteTmal inactivation of  penicil2inase 

R e p o r t s  on  t h e r m ~ t a b i l i t y  o f  penicillina~se a r e  " e x t r e m e l y  v a r i a b l e  a n d  in- 
c o n s i s t e n t  ' '8. T h i s  m a y  b e  due ,  in p a r t ,  to t he  f ac t  t h a t  o n l y  c r u d e  p r e p a r a t i o n s  o f  
p e n i e i l l i n a s e  w e r e  a v a i l a b l e  for  s u c h  s tud ie s .  In  f ac t  I~OLLOCK a n d  c o - w o r k e r s  h a v e  
shown*,  t° t h a t  " t h e  e n z y m e  c a n  b e  s t r i k i n g l y  p r o t e c t e d  f r o m  t h e r m a l  i n a c t i v a t i o n  
b y  t h e  p r e s e n c e  o f  h i g h - m o l e c u l a r - w e i g h t  ¢ompound .~  w h i c h  m a y  he p r e s e n t  in t h e  
p r e p a r a t i o n " .  Us ing  p u r e  pen ic i i l i nase  w~: h a v ~  f o u n d  t h a t  e v e n  a d i l u t e  solntic,  n o f  
t h e  e n z y m e  {o.5 p g / m l )  is q u i t e  s t a b l e  in t h e  p r e s e n c e  o f  0 . 2 5 %  ge l a t i n  a t  t e m p e r a -  
tu re~  b e l o w  40"% A b o v e  t h a t  t e m p e r a t u r e ,  h o w e v e r ,  t h e r m a l  i n a c t i v a t i o n  is n o t i c e a b l e ,  
a n d  a t  580 a 2 - m i n  e x p o s u r e  if, su f f ic ien t  t o  c a u s e  c o m p l e t e  i n a c t i v a t i o n .  T h e  t e m -  
p e r a t u r e - d e p e n d e n t  i n a c t i v a t i o n  o f  pe~f ic i l l ina~  a t  p H  7.3 is p r e ~ n t e d  in Fig. x 
(Curve C). 

T h e  e f fec t  o f  t h e  c o m p e t i t i v e  i n h i h i t o r s  o f  pen ic i l l i nase  on  t h e r m a l  i n a c t i v a t i . n  
is a l so  s h o w n  in Fig.  I .  I t  wi | l  b e  n o t e d  t h a t  in the, p r e s e n c e  o f  l e ~  t h a n  0.2 a M  :,f 
D M P  ( C u r v e  A) or  P - x z  ( C u r v e  B) t h e  t h e r m t ~ s t a b i l i t y  o f  pen ic i l l inase  h a s  m a r k e d l y  
d e c r e a s e d .  

T h e  e f fec t  o f  D M P  o n  t h e  s t a b i l i t y  o f  t h e  e n z y m e  a t  p H  7-3 w a s  c l e a r e s t  a t  48° 
w h e r e  o v e r  9 o %  o f  the  e n z y m e  w a s  i n a c t i v a t e d  as c o m p a r e d  w i t h  2O°/o ir, a c t i v : , t i o n  
in  t h e  c o n t r o l .  
T h e  a b o v e  c o n d i t i o n s  (i.e. 2 mist a t  48~) ] lave  been  se l ec t ed  fo r  fur thefr  s tud ie~  o f  
a n a l o g - i n d u c e d  t h e r m o l a b i l i t y  o f  penic iUinase .  

T h e  p r e c i s i o n  o f  t h e  p r e s e n t  r:--*.h0d o f  m e a s u r i n g  t h e  e f fec t  o f  an  a n a l o g  is 
e v i d e n t  f r o m  Fig. z, w h e r e  s u r v i v a l  o f  e n z y m e  ac t i~ , i ty  is p l o t t e d  a g a i n s t  t i m e  o f  
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Fig. z, Effect  o f  D M P  a v d  P - z z  o n  t h e  t h e r m o s t a b i L i t y  of  penic i l l ina~e.  R e a c t i o n  m i x t u r e s  (fina.  
v o l u m e ,  o.. 1 ml) con~Lqted of:  penie i l l i l .ase ,  o. 5 t , g ;  p h c ~ p h a t e  bu f f e r  ( pH  7.3), o .o  5 M ;  L~l~-tin. 
o. 2 5 % a n d  .r~,~pectively, DM P. o. z 8/~/Iv! (Curve  A}. P-z  ;z, o.z 8 / ~ M  ( C u r v e  H}, n o  a n a l o g  [Curve  C)I 
At  the  end  u f  z ra in  e x p o s u r e  t u  t h e  i n d i c a t e d  tempcrl t turc~s t h e  r c s idua l  a c t i v i t y  was  d c t e r m i n c d  

as d c s c r i b ~ !  in  METHODS. 

expt).~ure t o  48~'. Re:tdings at I0-se¢ intervak~ reveal considerable differences in the  
sur~4va.l of penicillinase brought  in con tac t  wi th  the  an,~lng (Fig. 2,A). Inac t iva t ion  
of the control  pre,paratiorL~ cuntaining no DMP proceeds at  a much  slower ra te  
(Fig. 2,B). Maximal DMP effect at  48° is reached af ter  x2o ~ exposure,  i.e. under  
the conditicm.~ u_~ed through(rot  this work. Similar observat ions  have  been made  a t  
.~)mewhat lower or higher temperatures .  The results  re_~orded at  46 °, 48~ and 5o ° 
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Fig.  2. E f f ec t  o f  D M P  as  a f u n c t i o n  of  t i m e  R e a c t i o n  m i x t u r ~  {final v o l u m e ,  0. 4 mi)  c o n s i s t e d  of :  
p e n l c l U i n ~ e ,  o, 5 p g ;  D M P .  o. z8 p~V/; p h o s p h a t e  b u f f e r  ( p I l  7,3), 0 .05 Af ;  g e l a t i n ,  o . z 5 % :  {Curve 
A).  C o n t r o l s  c o n t a ~ e d  n o  D M P  ( C u r v e  B).  T r e a t m e n t  w a s  s t a r t e d  b y  i n t r o d u c i n g  t h e  c n z y m ¢  t o  
t h e  r e a c t i o n  v e s ~ ,  k e p t  a t  48". a n d  t e r m i n a t e d  b y  t r a n s f e r r i n g  t h e  vesse l  t o  a n  i c e - b a t h .  Res idued 

a c t i v i t y  w as  d e t e r m i n e d  as  deecn~¢~cl in  MZZttODS. 

.~iochim. Biopky~.  A a a ,  67 (z963)  6 4 - 7 ~  
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are  s u m m a r i z e d  in Fig. 3- I t  will be- _~een t h a t  the  l o g a r i t h m s  o f  res idua l  a c t i v i t i e s  
p l o t t e d  a g a i n s t  c o n c e n t r a t i o n s  of  t h e  a n a l o g  fall on s t r a i g h t  l i n ~ .  T h e  s lopes  of  t he  
l ines g ive  a mea~sure o f  t h e  effect  o f  incre,'L~ing D M P  concentra*_ions on t h e  s t a b i i i t y  
o f  penic i l l inase  a t  t h e  r e s p e c t i v e  t e m p e r a t u r e s .  I t  fol lows c l ea r ly  f r o m  Fig.  3 t h a t  
dec rease  in s t a b i l i t y  as  a f unc t i on  o f  a n a l o g  c o n c e n t r a t i o n  is a c c e l e r a t e d  b y  inc reas ing  
the  t e m p e r a t u r e .  

2 5 -  
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10 2'0 :)0 t,,O 50 60 
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Fig. 25- Thermal inactivation of perticillinase a~ ; fanction of DMP concentration, lieactlon re)x- 
tares (final volume. 0.4 rot) c,m-~isted of: peni¢il]in-'e-e. 0.5 $*g; phosphate buffer {pH 7-31. o.(~5 .71/I; 
gelatin, 0.25% and varying atmounts of  DMP. At the end of" ~ mitt exposure to 40 ~ (O----O). 48 ° 
{:'] .-t"I) and $o ° (Jk--Ak) r_-~-pe~tively, the rt.-~i(tt~t| a~tivity vras determined (o_s described in 
M~xttODS) arid oxprestvod a~ reaction velocity (k). Log k is plotted agaJal~t concentration of 1)M1 ~ 

(in ~g per 0. 4 ~* of reaction mi.x-~re). 

E ffe~ of plI  on the thermostability of penicillinase in the presence and absence of analogs 
T h e  e x p e r i m e n t s  r e p o r t e d  so  fa r  h a v e  been  c a r r i e d  o u t  a t  p H  7-3. V a r i a t i o n s  of  

p H  h a v e  s p r o n o u n c e d  effect  on t h e  c o n f i ) r m a t i o n  o f  t h e  e n z y m e .  C o n s e q u e n t l y  
t h e r m a l  inac t iv~. t ion  o f  penic iUinase  is s t r o n g l y  a f fec ted  b y  the  p H  of  the  m e d i u m .  
Th,,_s a z - ra in  ine taba t ion  a t  58° c a u s ~  c'-.*mp!ete !ess o f  a c t i v i t y  a t  p H  va lues  be low 
4.0 or  a b o v e  7-4 w h e r e a s  in the  r a n g e  o f  p H  4.8 to  5.3 the  e n z y m e  r e t a in s  805g o f  the  
in i t ia l  ae t ivSty .  T h e  p H - d e p e n d e n t  c h a n g e s  in t h e r m o s t a b i l i t y  o f  p e n i c i l t i n a ~  are  
p l o t t e d  in Fig.  4 

I t  will be  n o t e d  t h a t  a t  48 ° the  p a t t e r n  o f  t h e r m o s t a b f l i t y  is v e r y  di f ferent .  He re  
t h e  e n z y m e  is fu l ly  s t a b l e  o v e r  t h e  r a n g e  o f  p H  4.0 to  6.0, a n d  r e t a in s  m o s t  o f  i t s  
a c t i v i t y  in t h e  a lk a l i ne  r ange .  

T h e  s t a b i l i t y  o f  peulcillina.~e u n d e r  these  c o n d i t i o n s  is c h a r a c t e r i s t i c a l l y  a f f ec t ed  
b y  i n t e r a c t i o n  w i t h  t h e  ana logs .  E x p o m t r e  to  D M P  a t  48 ° b r ings  o u t  t h e  b e l l - s h a p e d  
c u r v e  o b s e r v e d  a t  58 °. E s s e n t i a l l y  i den t i ca l  r e su l t s  a re  o b t a i n e d  w h e n  D M P  is re-  
p l a e e d  b y  P - x 2  a t  an  e q u i m o l a r  c o n c e n t r a t i o n .  

T h e  ef fec t  o f  t h e  a n a l o g s  a t  48* is s t r i k i n g l y  s imi l a r  t o  t h e  effect  o f  e x p o s u r e  to  
58 ° in  t h e  a b s e n c e  o f  ana log .  Yet ,  w h e r e a s  t h e  t h e r m o s t a b i l i t y  c u r v e s  o b t a i n e d  w i t h  
t h e  t w o  ~tnalogs a r e  s u p e r i m p o s a b l e ,  t h e y  a r e  sh i f t ed  t o  t h e  r i gh t  o f  t h e  58 ° c u r v e  
(Fig.  4)- T h i s  sh i f t  a p p e a r s  t o  ref lect  a specif ic  e f fec t  o f  t h e  a n a l o g  c n  t h e  c o n f o r m a -  
t i o n  o f  t h e  a c t i v e  s i te  o f  penk311inase (see DISCUSSION'}. 
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Fig. 4..%Jrvival of penici|]ina.se activity follo~-Lng heat t reatment  a t  varying pI-t. Aliquot.~ of 
peaicillina.~c {0.55 t~g of enzyme protein) in o.05 5t" buffer solution of varying pll ,  exposed for 
2 rain to the indicated temperatures with and without the anadogs. Total volume, o.4 ml. Buffers 
used : phthalate-.NaOH (pH 4.o--~-o) and pho~phate [pH 6.o--7.5). For assay of rc.~idu~d ~ctivity, 
¢~ec .~S~-'rlIoDS. • -• .  48~. ~).~SpM DMP; ~.  -~.  48°. o. 18~,M t >-tz; ~ .... (.3. 48~. n o  a¢h|itions; 

,~ -t~., .58*, no additiun~. 

Reversal of  the effect of  a~mtog.s on the thermostability o f  penicillinase 

Before  cons ide r ing  the  r e v e r s i b i l i t y  nf  t he  e f fec t s  s u m m a r i z e d  in Fig .  4, i t  wil l  
be  useful  to  e x a m i n e  the  c o n d i t i o n s  o f  t r e a t m e n t  ant i  a . ~ a y  (s~e METHODS). T h e  
hea t  t r e a t m e n t  was  t e r m i n a t e d  b y  cool ing the  r e a c t i o n  v~,~se.l in a~n i c e - b a t h .  T h e  
con ten l~  were  s u b s e q u e n t l y  d i lu ted  b y  a f a c t o r  o f  x2.5 w i t h  t h e  a s s a y  r e a g e n t ,  p re -  
w 'a rmed  to  3 o°. T h e  bu f fe r ing  c a p a c i t y  vf  t he  a s s a y  reagen'~.~ w a s  suff ic ient  to  r e s t o r e  
to  n e u t r a l i t y  v a r i o u s l y  t r e a t e d  s am p l e s .  T h u s  the  t e m p e r a t u r e  a n d  p H  c o n d i t i o n s  
d u r i n g  t h e  a s s a y  nf  t r e a t e d  s a m p l e s  were  iden t ica l .  T h e  a s s a y  w a s  s t a r t e d  b y  s imul -  
t a n e o u s l y  e x p o s i n g  t h e  e n z y m e  to  the  s u b s t r a t e  a n d  to  the  iod ine  r e a g e n t .  U n d e r  
thc~,- cc, r, di t ion~ t he r e  w a s  no r eve r sa l  o f  the  c ~ c c t  ,:f p r o - t r e a t m e n t  w i t h  D M P  at  
480 a n d  p H  8.0 (see Fig.  4)- 

I t  was  conce ivab le ,  h o w e v e r ,  t h a t  s~:eh p r e - t r e a t m e n t  c a u ~ d  excess ive  s e n s i t i v i t y  
to  i(xline r a t h e r  t h a n  i r r evers ib le  i n a e ' i v a t i o n .  T h e  e n z y m e  is i n d e e d  .sensitive to  
i od ina t i on  ha t be  p r e s e n c e  o ;  subst ra t~  a n a l o g s  ~.*, b u t  t he  i, u t ine - sens i t ive  s t a t e  is 
r eve r s ed  b y  the  s u b s t r a t e  *a. I n d e e d  : micillina_se p r e - t r e a t e d  b y  I ) M P  a t  o ° a n d  
p H  7-3 d i s p l a y e d  no loss of  a c t i v i t "  w h e n  a s s a y e d  in t h e  p re sence  of  iodine,  thu~ 
ind ica t ing  t h a t  t h e  r e v e r s a l  b y  the  s u b s t r a t e  wa~ p r a c t i c a l l y  in~tantaneou.~L Since  
t h e  p r e - t r c _ t m e n t  b y  I ) M P  in t h e  p r i n t  e x p e r i m e n t s  w a s  ca r r i ed  ou t  u n d e r  d i f f e ren t  
c o n d i t i o n s  (48°, p H  8.o~ the  k ine t i c s  o f  r e v e r s a l  m a y  h a v e  been  d i f fe ren t .  

T h e  e x p e r i m e n t s  c o n c e r n e d  w i t h  th i s  p o i n t  a r e  s u m m a r i z e d  ha I-ig. 5- I n  one  
ser ies  t h e  p r e - t r e a t e d  e n z y m e  was  b r o u g h t  in c o n t a c t  w i t h  t he  s u b s t r a t e  i m m e d i a t e l y  
u p o n  t h e  t e r m i n a t i o n  o f  t h e  h e a t  t r e a t m e n t  a n d  xo--6o sec b e f o r e  t h e  b e g i n n i n g  o f  
t h e  i o d o m e t r i c  as,say (for  de ta i l s  see  l egend  t o  Fig .  5). T h e  s u b s t r a t e  w a s  f o u n d  to  
b e  e f fec t ive  in r e s t o r i n g  u p  t o  x5 % o f  t he  in i t i a l  a c t i v i t y  {Fig. 5,B).  

I t  will be  n o t e d  t h a t  th i s  s l igh t  r e v e r s a l  b y  t h e  s u b ~ t r a t e  w a s  i n d u c e d  a t  p H  8 .o .  

8iochim. Biopl, y.~. Aeta, 67 (s~'q3) 64-7= 



E|:FI';C'IS t)F lNt.ilBli(.)l(, '4 t )N  I'I.;NIg;ILI,INA,%F, (~t) 

W h e n  t h e  p H  w a s  Lowered  t o  5.9 u p o n  t h e  t e r m i n a t i o n  o f  t h e  he,~ot t , ¢ a t n a e n t ,  a n d  
b e f o r e  t h e  i o ( l o m e t r i c  a s s a y ,  t h e  r e v e ~ ; t l  wa.~ m()re  r a p i d  ar, d c o m p l e t e .  I n d e n t  t h e  
pr~,~ence o f  t h e  s u b s t r a t e  a t  t h i s  stage,  w a s  n o t  r e q u i r e d  for  r e v e r s a l . . % p o n t a n e o u g  
r e c o v e r y  o f  1 3 %  w a s  r e a c h e d  w i t h i n  5 .gee, ariel m a x i m u m  r e v e r s a l  {3-% " f  tht~ 
i n i t i a l  a c t i v i t y )  w i t h i n  30  sec a f t e r  l o w e r i n g  o f  p H  a n d  t e m p e r a t u r e  ( F i g  5, C). 

Fffect of temperattlre on the r~wersibihtv of the a~mt,,g-iJtduced chaJtge 

T h e  a n a l n g - i n d u e e d  c h a n g e  d e s c r i b e d  a b o v e  w ~  t e m p e r a t u r e  d e p e n d e n t  in t h e  
s e n s e  t h a t  i t  d i d  n o t  c a u s e  i n a c t i v a t i o n  u n l e s s  t h e  t e m p c r a t u r e  w a s  r a i s e d .  T h e  
c h a n g e  wa.~ p a r t l y  r e v e r s e d  b y  t h e  s u b s t r a t e  ( F i g .  5 .B)  o r  b," l o w e r i n g  t h e  p l [  (F ig .  
5 .C) ,  b u t  n o t  b y  l o w e r i n g  t h e  t e m F e r a t u r e  (F ig .  5.A}. T h e  e f fec t  o f  t e m p e r a t u r e  on  
t h e  r e v e r s i b i l i t y  o f  t h e  a n a L o g - i n d u c e d  c h a n g e  wa.-  f u r t h e r  t . x a m i m : d  in  t h e  fol lowi~,g 
e x p e r i m e n t .  A s  b e f o r e ,  t h e  enz.yHle w.'~s t,xpo.~t~d t o  I )MI"  a t  48 :  .'~nd p H  N.o. t<~vet~-t i  
w a s  b r o u g i l t  a b o u t  b y  tht :  a d d i t i o n  (ff p H  5-5 b u t l e r ,  a n d  tht~ as.~ily o f  a t : t i x ' i t v  s t m ' t e d  
6 0  sec  l a t e r ,  t h a t  is  a f t e r  m a x i n l u m  rever .~al  wa-,  : l t t l t i n e d  (cf. Fig .  5 ,C).  

i C __¢x- 
3D j ~.-~-"-"~ " ' --- ' -----"  

f - i / /  • ~ 25 

TIME (seconds) 

Fig.  5. I~eversibili ty of the  l )MI ' -dependen t  thermal  inac t iva t ion :  effect - f  pH and .~ub.~trate. 
Rea~ztion mixturL.-a ( h n a l  volume, 0. 4 ml) consl~ted o f  10enicxlLma~e. o.s /*g:  |)f:ttt.~|)liitte lJuli~'r 
{pH 8.o), 0.03 h i :  gelat ine,  o.25°~g; L)M| >. loopR.  Trea tmen t  (z rain. 480 ) was te rmina ted  l~y 
in jec t ing  in to  the rea( t ion  tube  o-3 ml of  ice-cold phospha te  buffer :~s folhtw.~: (X). o_D-_ 31 
phospha te  buffer (pi-I 8.0); (13l, o .o .  ~ ~'~I phc~phate  ht|ff*.r {Iml'| :~.o) cemtain;~g 3 mg of bertzyl- 
petateLilkla; (C}, o.z ~ir phosphate  butier ( p l l  5.5) {fin;tl pH of  rcnctitm mixture,  5-9)- l ies idua |  
a c t i v i t y  (~.-e .MEYIIODS} w a s  as save ( l  af te r  t e rmina t ion  of t rea tment ,  a t  the indicated t ime ing~.i'vais. 
Correct ion has been maxfe for the penicilloic acid formed in zamples t rea ted  with l~euzyiptrnieillin 

{Curve 13). 

A t  t h i s  s t a g e  t h e  t r e a t e d  s a m p l e s  w e r e  a s s a y e d  in  t h r e e  .~eries. I n  o n e  _serie~ (A) 
t h e  t e m p e r a t u r e  w a s  k e p t  c o n M a n t  ( a t  48°) t h r o u g h o u t ,  in  a n o t h e r  (B) t h e  t e m p e r a -  
t u r e  w a s  p r o ~ , r ~ s i v e l y  d e c r e a s i n g ,  a n d  in  t h e  t h i r d  (C) i n c r e a ~ i n g  a s  s : t m p l e s  w e r e  
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acidified at  4-see intervals. The exper imenta l  details  and r ~ u | t s  are pr,~sented in 
Fig. 6. 

The curves in Fig. b represent  the ac t iv i ty  of penicillinase recovered by  acidi- 
fying .sample, at  vat |otis stages of t empe ra tu r e  change (Fig. 6, B and C) and at a 
constant  high t empera tu re  (Fig. 6,A). I t  is clear from th~se da t a  tha t  the reversibi l i ty 
of  the  analog-induced change is t empera tu re  dependent+ Maximal recovery  is ob- 

106, 

~2 90 

N 8 0  

,,, 7Q 

~ 6Q - J  

A 

~ o - 0 o ° o 

0- - -  

I ~ ' I l - .  i 

lO 20 3O 40 50 

T I M E  ( s e c o n d s )  

Via. 6. Revers ib i l i ty ,  of  t h e  I).M l ' -d tq~undcn t  t h e r m a l  i n a c t i v a t i o n  : e f fec t  *if teml>cra turc~ React ior~ 
r q i x t u r c s  ffinal v ~ l u m e  o,4 roll coa~is~.ed of :  pendcAlUlaa~, o . 3 / t g ;  p h o s p h & t e  bu f fe r  ( p H  8.0). 
0 .05 AI; ge la t in ,  o . ~ 5 % :  DMP,  t e e  pg .  S t a n d a r d  h e a t  t r e a t m e n t  (~ ra in ,  48 °) was  fo l lowed  b y  
ac id i f i ca t ion ,  w h i c h  c o n s i s t e d  o f  add | tag  0. 4 ml  o f  z .o J~I p h o s p h a t e  buf fe r  ( p H  5-5} to  e a c h  r e a c t i o n  
tu lm,  a t  t h e  i n d i c a t e d  t i m e  interv~ds.  ( F i n a l  r~cc t ion ,  l~H 5-9}. "[ 'he t e m | ~ r a t u r e  a t  t h i s  s t e p  w a s  
c o n t r o l l e d  as  fol lo~ 's :  {A), p} [  5.5 buf fe r  p r e - w a r m e d  t o  48";  r e a c t i o n  t u b e s  ma~nta in t~J  a t  48° 
t h r o u g h o u t ;  (B), p I I  5-5 buf fe r  k e p t  a t  o~; r e a c t i o n  t u b e s  t r a n s f e r r a l  t o  i c e . b a t h  i m m e d i a t e l y  
u i ~ m  ter lxt inai i t )u  t)i" ; l~tk L i e n | m e r i t ;  (C), S a m p l e 3  cc,~lc~-, a~ i.~ ~,';a~ _¢,~-__ .,'"- ~.m:, t ~ e n  t r a n s f e r r e d  
to  4,q ~ a l o n g  x~'ith o .4-rnl  a l i q u o t s  o f  p l l  5-5 buf fer .  Penicillina_~e a c t i v i t y  was  a s s a y e d  60 see  After  

a t : i , t i l ica t ion as  d e s c r i b e d  in ~ T ~ o n s .  

rained when the rew-rs'al is carried out  at  48 °, t ha t  is at  the t empera tu re  used in the  
pro Lreat.ment which led to  inact ivat ion.  As the  s a m p l ~  are cooled the  res_oonse to  
acidification becomes less effective. The  recovery  af ter  3o sec a t  o ° is about  5 o %  of 
t ha t  of  |meddled enzyme.  If, however ,  at  this stage the t empe ra tu r e  is raised, the 
propor t ion  of  recovered enzyme  is found to  increase. 

D I S C U S S I O N  

Previously publL~hed evidence has indicated that the conformation of penicillinase 
is affected by interaction w~.h penicillins=, xx. The penicillins tested for their effect 
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on the confi)rmation of  the  enzyme fall into two groups, which have in common the 
penicillin nucleus (6-aminopenicillanic acid) but  differ in side-chain s t ructure .  In 
one group the variously subs t i tu ted  side-chains enhance the enzymic action of  peni- 
cillinase, i ,e .  the hydrolysis  of the fl-lactam ring in the  penicillin nucleus I. In the 
o ther  group the  side-chains impar t  a high degree ~f r~sistance to the  action of  
pcnicil[inaset. 2. 

I t  is highly significant tha t  the two groups of penicitlins (referred to  as substra tes  
and subs t ra te  analogs, respectively) also differ in their  effect on the conformat ion 
of  the  act ive site of  penicillina~e. Thus  the side-chain ot a read. ly hydroLysed peni- 
cillin impar t s  a more ordered and more  folded conformation.  On the other  iLami 
in terac t ion  with a subs t ra te  analog has the  opposi te  effect. In the presence of  such 
analogs, penicillinase becomes comple te ly  inac t iva ted  by iodine or urea under  con- 
ditions where the free enzyme  is tlnaffectcd. Our in terpre ta t ion  was tha t  the modifi- 
cat ion in the  side-chain which nnakc~ a vcxdcilli, . . . .  t,, " " ........... | ~ i ~ L e . ~ l t  *. p ~ r i i ( . i l , t t l t t K q t ,  iii~pcar:.~ 
to c a u ~  a marked  dis tor t ion in the conformat ion of the  enzyme.  

The findings repor ted  in the pr~-ent paper  are fully consistent  with this inter- 
preta t ion.  The  ba.~ic finding was tha t  the thermos tab i l i ty  of  penicillina.~e d~ream~.s 
in the pre~ence of  subs t ra te  analogs {Figs. x and 2). There  i_~ in fact a striking similarit x: 
be tween the  effect of  the  analog and tha t  of  e levated  temperzdure.  Inact ivat ion at  
cons tan t  t empera tu re  and increasing analog concent ra t ions  appears  to f, fllow the 
~ame kinetics as tha t  observed when t empera tu re  is the variable (Fig. 3). 

W~en the  analog- induced thermoIabi l i ty  was examined  o w r  a wide range of 
pH  the  s imilar i ty  became even more apparent .  Reference to  Fig. 4 will serve to 
i l lus t ra te  this point. I t  wilI be ~een, for instance,  tha t  exposure to  the  analog at 4 8~ 
appears  to be essentially equivalent  to  increasing the  t empera tu re  by  xo °. This  
holds for the whole range of  pH va l t t~  :tt which the effect of analogs and t empera tu re  
was compared.  

There  is, however ,  a significant shift in the pH-s tab i l i ty  curve  which is depen- 
dent  on the in terac t ion  with the an'dog. Thu_~ m a x i m u m  stabi l i ty  is obta ined in ttie 
presence of  analogs a t  p H  5.6-5.8 r a the r  than  at  pH 5.o--5.2 ob.~erx,ed in their  absence. 
The  pH  values for maximal  s tabi l i ty  with the analog pre.~ent ,are in g~x~d agreement  
with the results  observed in previou-~ exper iments  t when the enz?,'me wa_~ tested 
trot" italinc sen.~itivity in the cold. The observat ions  m a y  also be re levant  t ha t  the 
p H - a c t i v i t y  curve  obta ined  when the subs t ra te  (benzylpenicillin) was replaced by 
DMP displayed a shi l t  in the same direct ion (C1TRI~Z). 

I t  follows t ha t  the confi)rmation impar ted  by the  analogs, a l though very  similar, 
is not  identical  with t ha t  result ing from part ia l  heat  dena tura t ion .  This is hard ly  
surprising since the analogs, unlike heat  or o the r  hydrogen-bond-breaking  agents.  
exe r t  their  effect by  specifically combining with the act ive site of  the  enzyme.  

Indeed the analogs umd in this work haxe l ~ r i  s~own ~o a,'t as compet i t ive  
inhib i tors  of  imnicillinaset,s. I t  was therefore  not unexpec ted  tha t  the the rmal  in- 
ac t iva t ion  caused by  analogs was pa r t l y  rever.~e.d by  the  sub~trate under  condit ions 
wlfich were not  conducive  to  spontaneous  reversal Such reversal  of  analog-induced 
changes  b y  interact ion wi th  subs t ra t  .~ has been previously d~f.xibed t.3,tt. Also in 
line with previously  repor ted  evidence t.4.t~ was the spontaneotts  rever.~al observed 
when p H  was ad jus ted  {Fig. 5, C). 

In  this connect ion we made  the ra the r  unexpec ted  observ~tio~! tha t  lowering 
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the  t e m p e r a t u r e  did  no t  p r o m o t e  r eve r s a l  to  t h e  ac t i ve  c o n f o r m a t i o n .  R e s t o r a t i o n  
to  a c t i v i t y  (by a d j u s t i n g  p H )  w a s  a c t u a l l y  s lowed  do~aa b y  cooling.  I t  f o i h ; a s  qu i t e  
c lear ly  f r o m  the  d a t a  p rese t . t ed  in Fig. 6 t h a t  t h e  rever:-~al o f  the  D M P - i n d u c e d  
change ,  l ike t he  c h a n g e  i tself ,  is a t e m p e r a t u r e - d e p e n d e n t  pr¢me,~s. 

A l t h o u g h  the  i n t e r a c t i o n s  d e s c r i b e d  in th i s  p a p e r  axe u n d o u b t e d l y  r e l e v a n t  to  
tire m e c h a n i s m  o f  e n z y m e  ac t i on  t h e y  a re  diff icult  to  i n t e r p r e t  wi th  a n y  degree  o f  
preci~itm. T h e  prc.,sent m e t h o d s  h a v e  been  usef id  in d e t e c t i n g  r e D '  e lus ive  c o n f o r m a -  
t ional  c h a n g e s  which  go  to  c o m p l e t i o n  or d i s a p p e a r  in a m a t t e r  o f  seconds .  T h e y  
x'ielded no  d i rec t  i n f o r m a t i o n  as  to  the  b o n d s  i n v o l v e d  a n d  v e r y  l i t t le  is k n o ~ m  
a b o u t  the  chemica l  t : a tu re  o f  t h e  a c t i v e  s i te  o f  penic i l l inase .  

Neverthele,~s,  an  a t t e m p t  to  c o r r e l a t e  the  pre_~ent o b s e r v a t i o n s  vcith those  
p r e v i o u s l y  r e p o r t e d  leads  to  s o m e  d i s t i n c t i v e  conclus ions .  Ana logs ,  in c o n t r a s t  t o  
s u b s t r a t e s ,  h a v e  been  f o u n d  to  c a u s e  l ab i l i za t ion  as  well as ex i t>sure  o f  new r e a c t i v e  
gr,~,p~ in the  ac t i ve  s i te  o f  the  e n z y m e .  T h e  s i m i l a r i t y  b e t w e e n  t h e  e f fec t  o f  t he  
ana logs  and  t h a t  o f  h y d r o g e n - b o n d - b r e a k i n g  t r e a t m e n t  is p r o b a b | y  t h e  m o s t  s t r i k ing  
c h a r a c t e r i s t i c  o f  this  i n t e r ac t i on .  W e  feel jus t i f ied  in c o n z l u d i n g  t h a t  the  i n t e r a c t i o n  
b e t w e e n  the  e n z y m e  a n d  s u b s t r a t e  a n a l o g  i n v o l v e s  b r e a k i n g  .~)me specif ic s e c o n d a r y  
bonds ,  suct~ as h y d r o g e n  br idges ,  in t h e  v i c i n i t y  o f  t h e  a c t i v e  si te .  

W e  wish to  e m p h a s i z e ,  h o w e v e r ,  t h e  d i f fe rence  b e t w e e n  i n d i s c r i m i n a t e  h y d r o g e n -  
b o n d  b r e a k i n g  ant i  the  specif ic  i n t e r a c t i o n  wh ich  is c h a r a c t e r i z e d  b y  a s l igh t  sh i f t  in 
the  p H - ~ t a b i l i t y  a n d  p H - a c t i v i t y  curves .  W e  sugges t  t h a t  th is  sh i f t  m a y  i nd i ca t e  
t he  l o r m a t i o n  of  an  a n a l o g - d i r e c t e d  s e c o n d a r y  s t r u c t u r e  w h i c h  is p a r t l y  s t ab i l i zed  
b y  newly  h~rmed tx>nd,. T h e  ex i s tence  of  such  s e m i - s t a b l e  c o n f o r m a t i o n  w o u l d  a l so  
a c c o u n t  tbr  the: ef tect  of  t e m p e r a t u r e  on the  r eve r s a l  o f  t h e  a n a l o g - i n d u c e d  change .  
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