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SUMMARY 

I The fl-lactamase from Aerobacter cloacae 53 has been purified and its activity 
measured against a range of substrates 

2 The molecular weNht of the enzyme is of the order of 24 ooo and it has a net 
positive charge at pH 8 5 

3 Amino acid analysis of the enzyme indicates the presence of t~o  or three 
cystelne residues per molecule 

4 Study of the SH groups suggest that  both are deeply buried in the molecule 

INTRODUCTION 

A wide range of types of fl-lactamase is to be found among enteric bacteria 
They range from enzymes that  are predominantly pemcIlhnases to those that  prim- 
arily hydrolyse cephalosporlns These enzymes have been classified into a numbel of 
typesI, ~ as follows 

Type I Enzymes active predominantly against cephalosporins These enzymea 
are inhibited by cloxacllhn but not b!~ p-chloromercurlbenzoate (PCMB) 

Type 2 Enzymes active predominantly against penicllhns These enzymes are 
inhibited by cloxacllhn but not by PCMB 

Type 3 Enzymes with a broad penlcllhnase/cephalosprlnase profile which are 
inhibited by cloxaclllln but not by PCMB 

Type 4 Enzymes with similar profiles to those of Type 3 but resistant to 
cloxaclllln inhibition and sensitive to PCMB 

Exampleb of a number  of these types of fl-lactamase have been purified and 
their properties studied These include the enzyme syntheslsed by strains of Escherz- 
chm coh carrymg the R-factor RT~.~t (ref 3), a Type 3 enzyme, the "cephalosponnase" 
svnthesised bv a strata of Enterobacter cloacae 4, a Type I enzyme, the "cephalo- 
sporInase" mediated by the ampicllhn-reslstance gene amp A in strains of E cob ~, 
a further Type I enzvnIe, and the enzyme from a strain o f E  coh carrying the R-factor 

* Present address Mlcroblologmal Research Estabhshment,  Porton, Wil ts ,  (Jreat Britain 
Abbrevzatlons PCMB, p-chloromercuribenzoate, DTNB, 5,5'-dlthlobzs-(e-nltrobenzolc 

acid) 
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RGl~2aa (ref 6) The enzymes specified by the amplcllhn-reslstance genes on the R- 
factors RI  and RG~14, which have been purified by LINDQUIST AND NORDSTROM 7 and 
YAMAGISHI et al 6, respedtlvely, are probably Identical with the enzyme specified by 
the R-factor RTEM 

None of the enzymes yet purified falls into the class sensitive to mhlbltlon by 
PCMB and able to hydrolyse cloxaellhn All data published so far on the amino acid 
composition of fl-lactamases s-~°, whether from Gram-poslt~ve or Gram-negative 
bacteria, indicate that cystelne is absent from these enzymes This paper describes 
the purification of a fl-lactamase sensitive to inhibition by PCMB, presumptive evid- 
ence for the presence of an SH group 

MATERIALS AND ME'IHODS 

Orgamsm and medium 
Purification of the fl-lactamase has been developed using Aerobacter cloacae 

strain 53 (ref i i )  obtained from Dr J T Smith (Dept of Pharmaceutlcs, School of 
Pharmacy, London WCI) The organism was grown in 1% CY medium TM 

Column matermls 
CM-cellulose powder (CMII) was obtained from Whatman Products, Reeve 

Angel, London Sephadex G-75 was obtained from Pharmaoa,  Uppsala, Sweden 

Growth of orgamsrns 
The organism was grown in 35-1 batch culture from an lnoculum of 3 1 grown 

overnight at 37 ° with shakmg m 1% CY medium The moculum was added to 32 1 
fresh 1% CY medium contalnmg o 16% glucose, the glucose content being reduced 
to mmlmlse mucus production by the organism The culture was grown for 5 h m a 
converted washmg machine at 37 °, foaming bemg controlled by the addition of 5 ml, 
M S Antlfoam Emulsion F G (Midland Slhcones, Barry, Glare) The culture was 
harvested using a Sharples continuous flow centrifuge (Sharpies Instruments, Camber- 
ley, Surrey) and the organisms stored at --20 ° until required 

Enzyme assays 
fl-Lactamase assays, substrate profile determmatlons and mtnbltlon studms 

with PCMB, cloxacflhn and carbemcllhn were carried out as described previously I 

Preparatzon of chromatography and Sephadex columns 
CM-cellulose was suspended in water and the fines removed I t  ~ as then washed 

with o I M K2HPO4-KH~PO 4 buffer (pH 5 9), 400 ml per 50 g cellulose Excess 
phosphate was then washed out x~lth ~ater, till no phosphate could be detected m 
the washings 

Sephadex was prepared as described m the manufacturer's booklet Columns 
were poured in water, then equlhbrated against the appropxaate buffer 

Starch-gel electrophoreszs 
The separation and detection of fl-lactamases in starch-gels at pH 8 5 x~as 

performed as described previously 1 
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.4 m m o  acid analyszs 
A I - m g  sample  of  pur i f ied  f l - l ac tamase  was p e r f o r m l c  ac id  ox ld l sed  ~a pr ior  to 

ac id  hyd ro lys i s  In 500/0 HC1 at  lO5 ° t o r  24 h T h e  HC1 was r e m o v e d  in an  e v a c u a t e d  
des i cca to r  a t  r o o m  t e m p e r a t u r e  a~ H} d r o h  red  p ro te in  u a~ ana ly sed  us ing  a T e c h m c o n  

A u t o a n a l y s e r  15 

RESULT5 

Pttr,ficat~on procedurt 
An o u t h n e  o f  t h e  pu r i f i ca t ion  p r o c e d u r e  and  r e c o v e r y  a f t e r  each  s tep  are  show n 

m Tab le  I P r e l i m i n a r y  e x p e r i m e n t s  showed  t h a t  a d d i t i o n  o f  2 - m e r c a p t o e t h a n o l  to  

1 \ B L I  1 

bU\IMA,  R'~ OF T H E  P U R I F I C A T I O N  OF T H E  []-L~kCT¢MA%F F R O M  A cloacag 5 3  

For experimental detail see text  The starting maternal uas 35 1 ol culture containing about 14o t{ 
x~ct x~t of organism, whmh yaelded about 3 mg pure enzyme 

%/~p P~oc, dz*l~ 12nzvme atttvzt~, %,b¢c~fic eflzWm [ ohtme Total ]?~tov~, 
~ o w ~ d  activity (umt,/  (ml) p~ot~n (%2 
(rams) pg p~ ot~ ~J  

t Ultrasomc dlsruptmn 2 ~ io ~ o 35 
2 i rca tment  with DNAase 3 4 ° IO6 o 31 

(cntrl lugatlon and dlalybl~ 3 ~5 ~ o~' i :; 
( hroinatograph~ on ( M- 

cellulose i S 8  i o  I' i o  i 

5 bcphadexG-75, i s t  c o l u m n  i 2 0  i o  b i i ~  

bephadex G-75, 2nd column 0 27 IOr~ 240 

400 6 6 g 
575 II g Ioo 
~oo 2 O g 9 '~ 5 

2o 4 I8()  n l g  55 
I b  I I  m g  37 

0 2 6 r a g  I S  5 

buffer  so lu t ion  i m p r o v e d  e n z y m e  r e c o v e r y  in t he  course  of pur i f i ca t ion  a n d  was  

t he re fo re  added ,  a t  I m M  final c o n c e n t r a t i o n ,  to all buffer  ~olut lons unles~ s t a t e d  

o the rwi se  All  m a n l p u l a t l o n ~  were  ca r r i ed  ou t  a t  4" 

sh 'p  • (Ttrasomc d~srupt~on 
T h e  f rozen  o r g a m s m a  ~ e r e  t h a w e d  and  re~uspended  to  a dens l t  5 of  a b o u t  IOO 

m g / m l  m o I M p h o s p h a t e  buffer  (p i t  5 9) T h e  orgam~m~ were  d i s r u p t e d  w i t h  a 

IOO W D a w e  S o n l p r o b e  (Dawe  I n s t r u m e n t s ,  L o n d o n ,  T y p e  113 o) a t  20 kcyeles / sec  in 

a c o n t i n u o u s  flow cell  T h e  bac t e r i a l  suspens ion  was  p u m p e d  t h r o u g h  the  cell at  

6 m l / m m  a n d  s u b j e c t e d  to t h e  m a x i m u m  o u t p u t  of  t he  d lb ln t eg ra to r  (6 A) The  m e a n  

res idence  t i m e  for each  b a c t e r i u m  in t he  flow cell  was a b o u t  I m m  A f t e r  d i s rup t i on  

the  p r e p a r a t i o n  was  s t o r e d  un t i l  r e q u i r e d  for S t ep  2 
3tt 'p 2 Treatment  ze,zth deo~yrlbomtclease 
T h e  d i s r u p t e d  cell  suspens ion  (4o0 ml) was t r e a t e d  ~ I t h  I o o # g  d e o x } r l b o -  

nucleabe (S igma Chemica l  C o ,  D e o x y r l b o n u c l e a s e  [, I x c r y s t a l h s e d  f r o m  b e e f  

pancreas )  for 15 m m  to  r educe  v l s cos l t v  t h e n  c e n t r i f u g e d  a t  15 ooo × g for 20 m m  
T h e  ~ u p e r n a t a n t  was  r e t a i n e d  un t i l  r e q u i r e d  for S t e p  3 whi le  t he  pel le t  was  re- 
~uspended  in h a l f  t h e  or ig ina l  v o l u m e  ot o I M p h o s p h a t e  buffer  (pH 5 9) and  dl~- 
r u p t e d  once  more ,  th is  t i m e  a t  a f lo~ r a t e  of  8 m l / m m  This  p r e p a r a t i o n  was  cen t r i -  
fuged  a t  15 ooo /< g for 2o m m  and  t h e  ~ u p e r n a t a n t  c o m b m e d  u l t h  t h a t  o b t a i n e d  

p r e v m u s l  5 
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Step 3 H,gh speed centr~fugat~on and dmlyszs 
The pooled supernatants from Step 2 (575 m]) were centrifuged at 35 ooo × g 

for 2 5 h and the pellet discarded The supernatant was d]alysed overnight agamst 
20 vo] distilled water Mercaptoethanol was omitted from the dialysis system since 
it may Interfere with the subsequent chromatography After dialysis, the non- 
diffusible material was centrifuged at 35 ooo × g for 2 5 h to remove the small 
quantity of precipitate 

Step 4 Chromatography on CM-cellulose 
The material from Step 3 was absorbed with CM-cellulose, prepared as described 

in MATERIALS AND METHODS The cellulose was added stepwise till less than lO% of 
the initial /~-lactamase activity remained unbound to the cellulose In a typical 
experiment 50 g of CM-cellulose were added to 450 ml of enzyme preparation in three 
steps over 2 h The cellulose, with absorbed enzyme, was poured as a column (a typical 
example was 2 9 cm × 40 cm) and washed with I 1 of distilled water Much material, 
but less than lO% of the enzyme activity was eluted from the column by this proce- 
dure The cellulose was then eluted with a gradient of phosphate buffer (pH 5 9) 
lacking mercaptoethanol When the column was 2 9 cm × 40 cm, the gradient was 
formed from 300 ml each of IO mM and o 5 M buffer Fractions (6 ml) were collected 
and assayed for enzyme activity and protein content as measured by absorption at 
280 nm Fig i showed a typical elution profile About 80°0 of the enzyme activity 
recovered was found in 34 fractions (204 ml) while they contained only about 5% of 
the total protein added Fractions containing enzyme at a specific activity greater 
than 4 unlts/#g protein were pooled, dialysed overnight against dlstllled water and 
the non-diffusible material freeze-dried 
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F r ( : l C t  I o n  n u m b e r  

F i g  I C h r o m a t o g r a p h y  o f . 4  cloacae 5 3 / 5 - l a c t a m a s e  o n  C M - c e l l u l o s e  (2 5 c m  × 4 ° c m )  F r a c t i o n s ,  
6 ml ,  w e r e  c o l l e c t e d  a n d  a s s a y e d  f o r  e n z y m e  a c t i v i t y  ( O )  a n d  p r o t e m  c o n t e n t  (O) a~ .4~8 onm 
£ h e  g r a d i e n t  elutmon c o m m e n c e d  a t  F r a c t ] o n  18o  
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Fig 2 Separat ion of A cloacae 53/3-1actamase th rough  Sephadex G-75 (i 5 cm "< 14o cm) equt- 
hbra ted  against  o i M phospha te  buffer (pH 5 9) contamlng  i mM 2-mercaptoethanol  Fractmns,  
4 ml, xvere collected and assa'~ed for enz'~nle act lxl tv (@) and protein content  (O) as ,4=s 0 nm 
~Ihe arrow lndmates the xold volume of the column 

Step 5 Fzltrat~on through Sephade~ G-75 
The freeze-dried material  from Step 4 was dissolved m 4 ml o I M phosphate  

buffer (pH 5 9), and loaded on a Sephadex G-75 column (I 5 c m x  14o cm) equili- 
brated against buffer of the same composition The column was eluted with similar 
buffer and fractions (4 rnl) collected Fig 2 shows a typical  elution pat tern  About  
95~o of  the recovered act ivi ty  was found in 4 fractions (16 ml total) and all had a 
specific act ivi ty  of  greater than IOO enzyme units//,g protein The pooled fractions 
were dialysed overnight  against 40 vol distilled water  and the non-diffusible material  
freeze-dried 

The freeze-dried material  was dissolved in o I M phosphate  buffer (pH 5 9) and 
re-run on the Sephadex G-75 column For this second run, the material  was added 
in a total  volume of  2 ml and fractions of 2 ml were collected Fig 3 shows the elutlon 
pat tern  obtained About  60% of the enzyme act ivi ty  apphed to the column was 
found m 3 fractions of  ~pecific activities 223, 262 and 234 enzyme unlts//,g protein, 
the constancy of  these values suggesting tha t  the enzyme eluted is of  reasonable 
pur i ty  

The fractions were pooled and the p u n t y  of  the product  checked by  starch-gel 
electrophoresls at pH 8 5 of 6o jug of  material  A single protein band  was detected 
with a moblh ty  identical to tha t  observed for enzyme act ivi ty  

13zocham Baophys Acla, 250 (1971) 428-430 
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Fag 3 Re- run  of A cloacae 53 f l - lac tamase  t h r o u g h  S e p h a d e x  G-75 (i 5 cm × 14o era) e q u l h b r a t e d  
aga in s t  o i M p h o s p h a t e  buffer (pH 5 9) c o n t a l m n g  I mM 2 - m e r e a p t o e t h a n o l  Frac t ions ,  2 ml, 
were a s sayed  for enzyme  a c t i v i t y  (@) and  p ro t e in  c o n t e n t  (0) as A2s0 nm The a r row ind ica t e s  
the  void  vo lume  of the  co lumn 

Properties of the enzyme 
Substrate profile and suscept*b,hty to ,nh,b, tors 
The substrate profile of the purified enzyme was determmed against benzyl- 

pemcllhn, amplclllln, cephalondme, cephalexm, cloxacllhn and carbenicllhn as sub- 
strates (Table II) The enzyme had an approximately similar activity agamst benzyl- 
pemcllhn, ampldhn and cephalondlne, was only about lO% as active agamst 
cloxac]lhn and carbenicllhn and showed httle detectable hydrolysis of cephalexm 
The enzyme is unusual among fl-lactamases from Gram-negative bacteria m that it 

T A B L E  I I  

THE SOBSTRATE PROFILE AND SOSCEPTInlLITY TO INHIBITORS OF A cloacae 53 fl-LACTAMASE 

All s u b s t r a t e s  were a s sayed  a t  the  same concen t ra t ion ,  6 mM, the  ra te  of hydro lys i s  be ing  ex- 
pressed r e l a t i ve  to  an a r b i t r a r y  set  va lue  of ioo  for b e n z y l p e m c d h n  hydro lys i s  

Substrate Relative rate 
o/hydrolyszs 

B e n z y l p e m c l l h n  I oo 
A m p m l l h n  120 
Cepha lo r ldme  15 ° 
Cloxac l lhn  8 
C a r b e m c d h n  13 
Cepha l exm o 
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can hydrolyse cloxacflhn at a detectable ra tO Normal ly  such enzymes are inhibited 
by  cloxacllhn either competi t ively 16, or exceptionally, non-competi t ively ~7 

Hydrolysis  of  cephalorldme (and probably  also benzylpenlcilhn and ampicllhn) 
by certain fl-lactamases from Gram-negat ive bacteria is s trongly inhibited competi- 
t ively by  cloxacllhn I Hydrolybis of IO- 4 M cephalorldlne by  the purified/~-lactamase.~ 
from A cloacae 53 was unaffected by  the prebence of  either IO 4 M cloxacllhn or 
IO a M carbenacalhn Hydrolysis  ofcephaloradlne in the presence of potential  mhibltors 
~as  measured spectrophotometr lcal ly  at 26o nm (ref 18) 

pH versus actzvdy relatwnsh~p 
The pH-ac t lv l ty  curve of  the enzyme was determined over a range of pH values 

6o 
o *d 
o 
"7 40 

E 

2o 

fi 

5 6 7 8 
pH 

1, lg 
~ e r e  used for the  range  p H  4 4-5 2 and  K H oPO ~-K 2HPO 4 buffers for the  range  p H  5 9 7 7 
all buffers o i M 

4 pH-ac t l~ l t~  curve  of the  purllaed f l - lac tamase  from A cloacae 53 Sodmm ace t a t e  buffers 

from 4 4 to 7 7 using various buffer mlxtureb Fig 4 shows tha t  the enzyme has a 
broad max imum act ivi ty  over the pH range 5 2-6 5 with an op t imum at pH 5 9 
The enzyme retains over 8o% of Its act ivi ty  at pH 4 4 

Molecular weight 
The molecular weight of  the enzyme w as determined by  comparing its rate of 

filtration through Sephadex G-75 with the behavlour  of proteins of known molecular 
weight on the same column The comparison was made against cy tochrome c (tool w t 
12 4oo), rlbonuclease (13 7oo), myoglobin (17 8oo), chymotrypsanogen (25 ooo) and 
oxalbumin (45 ooo) This method gave a value of  about  24 ooo for the molecular 
weight of the ~-lactamase 

Amino acid analyszs 
T ~ o  samples, each o 2 rag, of  performlc acid oxldlsed and hydrolysed fl-lacta- 

mase were analssed for amino acid content  The results were too variable to allow 
reliable conclusions to be drawn but  confirmed the presence of  2 or 3 residues of  
cystelne per molecule This result supports  the suggestion of S~IITH n tha t  the enzyme 
contains cysteine, deduced from Inhibition studle~ with ttnol reagents 
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Reactions w,th chromophor,c thzol reagents 
A freeze-dried sample of purified fl-lactamase was dissolved in 2 ml 5 mM EDTA 

(pH 7 o) and treated overnight with I mM 2-mercaptoethanol to reduce any SH groups 
present capable of reduction under mild conditions The 2-mercaptoethanol was re- 
moved by gel-filtration on Sephadex G-25 to give an enzyme solution containing 
o I mg/ml in 5 mM EDTA (pH 7 o) 

Binding studies were carried out at 4 ° using the apparatus described by 
McMURRARY AND TRENTHAM 19 A sample of the fl-lactamase, o 05 rag, in saturated 
urea liberated 3 78 nmoles of 3-carboxy-4-nitrothlophenate after reaction with 5 td 
5 mM 5,5'-dlthlobls-(2-nitrobenzolc acid), DTNB (ref 20) If  the fl-lactamase contains 
t~o thiols per monomer, this quantity of product corresponds to a molecular ~ eight 
of 26 ooo 

The native enzyme (o 03 mg/ml) showed no reactive groups on reaction for up 
to 50 sec with DTNB (5 lO-4 M) or 2,6-dlchloromercuri-4-nitrophenol (5 IO-4 M) in 
5 mM EDTA (pH 7) in the stop-flow apparatus described by 1V[cMURRARY AND 
TRENTHAM 19 

The time course of the reaction of the native enzyme, o oi mg/ml with o 5 mM 
PCMB was followed by assaying residual enzyme activity lodometrically following 
incubation of the enzyme at 3 °o for up to io rain Complete inhibition of the enzyme 
was only observed after IO mm pre-incubation, indicating a very slow rate of PCMB 
reaction, despite the high molar ratio of inhibitor to thlol groups in the enzyme 

DISCUSSION 

The overall amino acid composition of the fl-lactamase syntheslsed by Aero- 
bacter cloacae strain 53 is very similar to that of other fl-lactamases from enteric 
bacteria except that it appears to contain two cystelne residues/mole of enzyme 
whereas the other classes of enzyme lack this amino acid 1° These two cystelne residues 
presumably account for the relative sensitivity of this enzyme to sulphydryl rea- 
gentsl, n 

The fact that  PCMB was capable of inactivating the enzyme suggested initially 
that one or both of the cystelne residues was part of the enzyme active centre, or at 
least close enough to impede the mtercalatlon of enzyme and substrate The detailed 
kinetics reported here suggest, however, that  the inactivation of the enzyme is due 
to denaturation, or at least to partial deformation, and that the -SH groups are only 
accessible after this has occurred Inactivation may follow the use of relatively high 
concentrations of PCMB (5 lO-4 M) for relatively long periods (IO rain) at 3 o°, but 
pretreatment with 8 M urea is necessary for inhibition to occur with low concentra- 
tions of inhibitor for short periods, addition of substrate to the reaction provides no 
protection 

The presence of cysteme residues in the penlcilhnase structure at a site awa} 
from the active centre, is easier to reconcile with current theories of penlcllhnase 
evolution than would have been the case if the residues were part of t' substrate 
binding site The latter situation would have imphed that a distinct type (,/%lactam- 
hydrolyslng site, using cysteine, had evolved among fl-lactamases, a situation 
found In no other example from either Gram-positive or Gram-negative species The 
location of the cystelne residues away from the active centre may involve a less 
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f u n d a m e n t a l  d i f f e rence  M u t a t i o n  in  t h e  f l - l a c t a m a s e  s t r u c t u r a l  g e n e  m a y  h a v e  led 

to  t h e  i n s e r t i o n  o f  c y s t e l n e  r e s i d u e s  in  p l ace  o f  o t h e r  a m i n o  ac ids  a t  t w o  p laces  d e e p  

in  t h e  e n z y m e  s t r u c t u r e ,  b u t  t h e s e  c h a n g e s  o n l y  p r o d u c e d  m i n i m a l  a l t e r a t i o n s  in  

s u b s t r a t e  prof i le  (cf  prof i les  of  e n z y m e s  f r o m  Classes  I I I  a n d  I V  2) a n d  t h e  r e s idues  

w o u l d  b e  Inaccess ib l e  to  mhlbmtors  H i g h  c o n c e n t r a t m n s  o f  s u l p h y d r y l  r e a g e n t s  m a )  

d i s r u p t  t h e  e n z y m e  c o n f o r m a t m n  su f f i c i en t ly  to  a l low a l k y l a t m n  of  t h e  c y s t e m e  

s u l p h y d r y l s  to  o c c u r  w i t h  c o n s e q u e n t  i r r e v e r s i b l e  effects ,  b o t h  o n  e n z y m e  c o n f o r m a -  

t m n  a n d  a c t i v i t y  
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