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SUMMARY 

I. A fl-lactamase of an Escherichia coli strain carrying an R factor derived 
from a Proteus strain, fl-lactamaseT~, was purified as a single peak on Sephadex and a 
single band on disc electrophoresis. 

2. The molecular weight as determined by gel filtration and by disc electro- 
phoresis was coincident and was 26 ooo. 

3. The isoelectric point determined by the electrofocusing method was 5.26. 
4. fl-Lactamase?5 is quite sensitive to heat and is strongly inhibited by organic 

mercurials. In addition, the rate of hydrolysis of penicillin G and cephaloridine by  
this enzyme is greatly retarded by the presence of cloxacillin. From these results, it 
is concluded that  fl-laetamase75 is a new type of fi-lactamase. 

5. Preliminary amino acid analysis showed the presence of cysteine. The sig- 
nificance of the cysteine residue is discussed in relation to the active site of this en- 
zyme. 

INTRODUCTION 

Over the last few years there have been many  reports describing the properties 
of fl-lactamases such as penicillinase (penicillin amido-fl-lactamhydrolase, EC 3.5.2.6) 
synthesized by a wide range of Gram-negative bacteria 1. Jack  and Richmond 2 exa- 
mined fi-lactamases from 46 strains of enteric bacteria, and Jenkins et al. ~ also studied 
those from 6 strains of Shigella and 4 strains of Salmonella. All the fl-lactamases yet 
detected in Gram-negative bacteria can be classified into a number of types as fol- 
lows 2 4 : 

Type I. Enzymes active mainly against cephalosporins or active mainly against 
penicillins. These enzymes are inhibited by cloxacillin but not by p-chloromercuri- 
benzoate (PCMB). 

Type 2. Enzymes with a broad substrate specificity which are inhibited by  
cloxacillin but  not by PCMB. 

Type 3. Enzymes with a similar broad substrate profile as those of Type 2 but 

Abbreviation: PCMB, p-chloromercuribenzoate. 
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resistant to cloxacillin inhibition and sensitive to PCMB. These enzymes are sensitive 
to heat. 

This report presents the purification and the properties including some chemical 
characteristics, of fl-lactamase from an Escherichia coli strain carrying the R factor. 
This enzyme is sensitive not only to cloxacillin but also to organic mercurials and 
heat. 

MATERIALS AND METHODS 

Chemicals 
Horse heart cytochrome c, sperm whale myoglobin, beef pancreatic chymotryp-  

sinogen A and ovalbumin were purchased from Mann Research Laboratories. Trypsin 
(EC 3.4.4.4) was obtained from the Worthington Biochemical Co., pepsin (EC 3.4.4.1) 
from Sigma Co. and crystalline bovine serum albumin from Nutritional Biochemical 
Co. Penicillin G was a product of Takeda Pharmaceutical  Co., ampicillin was ob- 
tained from Fujisawa Pharmaceutical Co., cephalothin from Eli Lilly Co. and cepha- 
loridine from Glaxo Laboratories. DEAE-cellulose (0.96 mequiv/g) was obtained 
from Brown Co., and Sephadex G-75 (4o-12o #m), Sephadex G-ioo (4o-12o/~m) and 
Blue Dextran 2000 were obtained from Pharmacia Co. Acrylamide and N,N'-methyl- 
enebisacrylamide were purchased from Seikagaku Co. All inorganic salts and other 
organic reagents were of analytical reagent grade. 

Growth of organisms 
E. coli KI2  W363o carrying R[75+1, kindly supplied by Prof S. Mitsuhashi, 

Gunma University, was grown in 30 1 of nutrient broth at 37 °C under aeration and 
stirring until the absorbance at 560 nm reached o.7-1.o. Usually it took about 3 h. 
4 1 of an overnight culture were used as a seed culture. The culture was harvested at 
o °C using a Tomy Seiko continuous flow centrifuge at 21 500 × g (Tomy Seiko Co., 
Tokyo, Japan,  Model RS-I8P) and organisms stored at 5 °C until required. 

Enzyme assay 
/3-Lactamase activity was determined iodometrically at pH 7.o using a slight 

modification of the method of Perret 5, and the microiodometric assay of Novick 6 
was used for the kinetic measurement of the enzyme reaction. Effect of cloxacillin 
on the rate of hydrolysis of cephaloridine was studied by  the method of Jack and 
Richmond 2. 

Molecular weight determination 
Cytochrome c (tool. wt I I  7oo), myoglobin (17 2oo), trypsin (23 3oo), chymo- 

trypsinogen A (25 7oo), pepsin (35 ooo) and ovalbumin (43 ooo) were used as mole- 
cular weight standards. 

Gel filtrationLS was carried out at 3 °C using a 2 cm × 83 cm column of Sepha- 
dex G-Ioo equilibrated with o.I M sodium phosphate buffer, pH 7.0. The elution 
volume of/~-lactamase~5 was determined by measuring the enzymic activity, while 
those of standard proteins were calculated from their protein concentratio~s. In 
each case the void volume was estimated using Blue Dextran 2000. 
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Disc electrophoresis was performed at room temperature by the method of 
Weber and Osborn 9. 

Protein determination 
Protein was determined using the method of Lowry et al. 1° with crystalline 

bovine serum albumin as a standard. 

Amino acid analysis 
Approximately I mg of the salt-free enzyme, which had been obtained by ex- 

haustive dialysis and lyophilization, was dissolved in I ml of 6 M HC1 and hydrolyzed 
at i i o  ± i °C for 18 h in a sealed evacuated tube. The cysteine content was deter- 
mined after performic acid oxidation and HC1 hydrolysis n. The amino acid analysis 
was performed by the Hitachi KLA-3A analyzer. The tryptophan content was not 
determined. 

RESULTS 

Purification of the enzyme 
All the procedures were carried out at 3 °C except where stated otherwise. 
Step z. Osmotic shocklL 13. The cell pellet was subjected to osmotic shock by 

suspending the cells in 800 ml of 0.03 M Tris-HC1 with 20% sucrose and i mM EDTA 
(pH 8.o), collecting the cells by centrifugation at o °C for 15 rain at 13 ooo x g, and 
then resuspending in 800 ml of ice-water. Cell debris was removed by centrifugation. 
This osmotic shock procedure was repeated two more times in the same volume and 
the supernatant was collected and lyophilized. 

Step 2. Streptomycin sulfate treatment. The powder was dissolved in 500 ml of 
water and 5 g of streptomycin sulfate were added. After standing at o °C for 4 h, 
the precipitate was removed by centrifugation at o °C for 15 rain at 13 ooo x g. The 
supernatant was dialyzed against four changes of 5 1 water and lyophilized. 

Step 3. Sephadex G-75. The powder from Step 2 was dissolved in 5 ° m l  of 
o.ooi M sodium phosphate buffer, pH 8.3, and passed through a 4 cm x 9 ° cm co- 
lumn of Sephadex G-75 equilibrated with the same buffer. The enzyme was eluted 
with the same buffer at a flow rate of about 50 rnl/h. The active fractions (lO 5 ml), 
detected by the spray method of Sykes and Richmond 14, were pooled and used 
directly for the next step. 

Step 4. DEAE-cellulose. A 2.5 c m x  6ocm column of DEAE-cellulose was 
prepared by washing it with 2 M HC1 and 2 M NaOH, and equilibrating with o.oi M 
sodium phosphate buffer, pH 8.1. The enzyme solution from Step 3 was put on the 
column and washed with about 500 ml of the same buffer. A linear gradient (500 ml 
each) of 0-0.5 M NaC1 in the same buffer was then applied at a flow rate of about 
30 ml/h. The active fractions were pooled, dialyzed against three changes of 5 1 of 
water and lyophilized. 

Step 5. Sephadex G-zoo. The white powder from Step 4 was dissolved in 3 ° ml 
of water and placed on a 4 cm × 87 cm column of Sephadex G-Ioo which had been 
equilibrated with o.oi M sodium phosphate buffer, pH 8.1. Elution was continued 
with the same buffer and fractions were collected in I5-g portions. The activity ap- 
peared from No. 35 to No. 43 with a maximum activity at No. 4 o, 
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Step 6. DEAE-cellulose. The enzyme solution from Step 5 was directly put on 
a 2.5 cm × 65 cm column of DEAE-cellulose equilibrated with o.oi M sodium phos- 
phate, pH 8.1. The column was washed with about ioo ml of the same buffer and elut- 
ed with a linear gradient (I 1 each) of 0-0. 5 M NaC1 in the same buffer. The active 
fractions were dialyzed against three changes of 5 1 of water and lyophilized. 

Step 7. Sephadex G-zoo. The white powder from Step 6 was dissolved in 39 ml 
of water and passed through a 4 cm X 85 cm column of Sephadex G-Ioo equili- 
brated with o.oi M sodium phosphate, pH 8.1. Tile same buffer was used as an elution 
fluid and I5-g portions of fractions were collected. The activity appeared from No. 33 
to No. 41 with maximum at No. 36, which agreed well with the protein concentration. 

The result of the purification was summarized in Table I. 

T A B L E  I 

PURIFICATION OF fl-LACTAMASE75 

I u n i t  w a s  d e f i n e d  as  t h e  a m o u n t  
3 ° °C a n d  p H  7.o.  

o f  e n z y m e  w h i c h  h y d r o l y z e d  i / , m o l e  o f  p e n i c i l l i n  G p e r  h a t  

Step Total protein Total activity Specific activity Recovery 
( mg ) (units) ( unit /l~g ) (%) 

E x t r a c t  2 1 7 o  2 .2 .  lO 6 0 .98  lOO 
S e p h a d e x  G - 7 5  315  2 -3 '  1°6 7.5 lO5 
D E A E - c e l l u l o s e  80.  5 1. i -  i o  6 14 5 ° 
S e p h a d e x  G - I o o  53 .6  4 .8"  IO s 9 .0  22 
D E A E - c e l l u l o s e  14. 3 5 .4"  l °S  38 25 
S e p h a d e x  G - i o o  12. 3 4 .5"  l°S 37 20 

Physicochemical properties 
The puri ty of the enzyme was checked by gel electrophoresis and gel filtration. 

In analytical polyacrylamide disc gel electrophoresis the enzyme migrated as a 
single band in a Tris-glyeine buffer (pH 8.3) system. Disc gel electrophoresis in a 
sodium phosphate buffer (pH 7.0) containing sodium dodecyl sulfate system 9 also 
resulted in the appearance of a single band (Fig. i). 

Gel filtration with Sephadex G-Ioo (2 cm × 85 cm) in o.oi M sodium phosphate 
buffer (pH 8.1) showed a single protein peak which coincided with the enzynfic 
activity. 

The molecular weight was calculated either from the mobilities in disc electro- 
phoresis or from the elution volumes of a Sephadex G-ioo column. The values ob- 
tained were 27 ooo -t- 12oo (S.E., 4 expts) and 25 500 ± 14oo (S.E., 2 expts), re- 
spectively. The former was calculated on the basis of protein migration, while the 
latter calculated on its enzymic activity. That  these values were coincident within the 
error, again confirmed the puri ty of the enzyme. 

The isoelectric point determined by  the electrofocusing method (ampholine 
LKB 8131, pH 3-1o) at o °C was 5.26. The pH-ac t iv i ty  curve showed that  the opti- 
mal pH was near 7 (Fig. 2). The activity decreased ~harply in the acid region, ~lowly 
in the alkaline region. 
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Fig. I. Disc gel electrophoresis of fl-lactamase:v The disc gel electrophoresis shown in this figure 
was performed using the method  of Weber  and Osborn 9 for 5 h at  room tempera ture .  

Fig. 2. Effect o f p H  on the act ivi ty of fl-lactamase~v The enzyme was incubated at  37 °C for 3 ° min 
in a total  volume of I ml wi th  6/*moles of penicillin G and the reaction rate  was measured iodo- 
metrically 5. The buffers used were o.i M sodium acetate buffer for p H  5.0-5.7, and o.i  M sodium 
phospha te  buffer for p H  5.86-9.1o. 

Heat stability 
The rate of heat inactivation of the enzyme was determined at 6o °C in o.I M 

sodium phosphate buffer, pH 7.0. The results showed that  t reatment  for I min, 
2 rain and 5 rnin resulted in retention of only IO, 5 and i %  of the original activity, 
respectively. This fact indicates that  the inactivation by heat is very rapid and 
irreversible for this enzyme. 

Substrate specificity 
The substrate specificity was determined against penicillin G, ampicillin, me- 

thicillin, oxacillin, cloxacillin, cephaloridine and cephalothin as substrates. The en- 
zyme hydrolyzed penicillin G, ampicillin and cephaloridine fairly well, but methicil- 
lin, oxacillin, cloxacillin and cephalothin only slightly (Table II). Rate of hydrolysis 
of penicillin G was greatly retarded by the presence of cloxacillin, methicillin and oxa- 
cillin. The relative rate of hydrolysis of penicillin G (o.3125 raM) in o.I M sodium 
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T A B L E  l [  

R A T E  O F  H Y D R O L Y S I S  O F  P E N I C I L L I N S  B Y  f i - L A C T A M A S E 7 5  

R a t e  of hydro lys i s  of penic i l l ins  was  measu red  iodome t r i ca l l y  s by  i n c u b a t i n g  the  m i x t u r e  a t  p t f  
7.o and  37 °C for 3 ° min. Km and  K, va lues  were d e t e r m i n e d  a t  25 °C us ing the  Hi tach i  i24  re- 
cord ing  spec t ropho tome te r .  

Penicillins Relative fale Km or Ki 
of hydroO, sis 

Penic i l l in  G ioo  
Ampic i l l in  123 
Meth ic i l l in  2.2 
Oxaci l l in  2.2 
Cloxaci l l in  o. 2 
Cepha lor id ine  158 
Cepha lo th in  9.6 

* IQ f~r penic i l l in  G. 

(l,M) 

42.8 

43-7* 

phosphate buffer, pH 7.o, at 25 °C was found to be I.OO (penicillin G only), 0.38 
(plus cloxacillin, 0.3375 mM), 0.05 (plus methicillin, 0.3375 raM), and o.12 (plus 
cloxacillin, 0.3375 mM). Hydrolysis of cephaloridine by fi-lactamaseT~ was also found 
to be inhibited by the presence of cloxacillin. 

Effects of inhibitors 
The effects of various organic and inorganic compounds on the activity of/3- 

lactamas%5 were determined. From the results summarized in Table III, it is apparent 

T A B L E  I I I  

E F F E C T  O F  V A R I O U S  S U B S T A N C E S  O N  T H E  A C T I V I T Y  O F  / ~ - L A C T A M A S E 7 5  

The enzyme  was  i n c u b a t e d  in  o . i  M sod ium p h o s p h a t e  buffer, p H  7.o, w i t h  var ious  subs t ances  of 
the  i nd i ca t ed  conce n t r a t i ons  for io  min  a t  37 °C, excep t  when  N - e t h y h n a l e i m i d e  and E l l m a n  re- 
agen t  (5 ,5 ' -d i th iobis (2-ni t robenzoic  acid)) were used. I n c u b a t i o n s  wi th  these  subs tances  were 
car r ied  out  in o . i  M sod ium p h o s p h a t e  of p H  7.o for N - e t h y l m a l e i m i d e  or of p H  8.o for E l h n a n  
r eagen t  for 3 ° min  a t  37 °C. After  the  incuba t ion ,  the  r e m a i n i n g  ac t iv i t i e s  in a l iquo t s  were measur-  
ed iodomet r ica l ly .  The fol lowing subs t ances  did no t  show the  inh ib i t i on  a t  the  g iven  concen t r a t ion  : 
(NH4)ISO4, I mM; ZnSO4, i mM; N a N  a, 5 mM; KCN, i mM; h y d r o x y l a m i n e ,  ~ raM; and  2, 4- 
d in i t ropheno l ,  I mM. 

lnhibitors or salts Concentralion Activity remaining 
(raM) (%) 

[2 o . I  12 
0 . 0 2  

Urea t .o 79 
CuSO 4 0. 5 41 
CuCI~ 0.5 5 
Copper  ( lI)  a ce t a t e  0. 5 15 
NaC1 ioo  ---* 
NaNOa I OO - - *  

COS04 i .o  7 ° 
T e t r a n i t r o m e t h a n e  o.5 - -  
N - E t h y l m a l e i m i d e  i .o - - *  
E l l m a n  r eagen t  l .o -* 
PCMB o. 5 16 
p -Ch lo romercu r iphe ny l s u l f ona t e  I .o 4 ° 

* No inh ib i t i on  a t  the  g iven  concen t ra t ion .  
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T A B L E  1V 

E F F E C T  OF ORGANIC MERCURIALS ON T I l E  ACTIVITY OF /~-LACTAMASET8 

The e n z y m e  was  incubated  in o. i  M s o d i u m  p h o s p h a t e  buffer, p H  7.o, urith organic  mercur ia ls ,  
PCMB and p -ch lo romercu r ipheny l su l fona t e ,  at the  indicated concentrat ions  for IO min  at  37 °C. 
The remain ing  e n z y m i c  ac t iv i ty  was de termined  iodometr ica l ly  w i t h  penici l l in G as a substrate  ~. 
Figures  in the  t ab l e  are expressed  as the  percentage  of  the  remain ing  ac t iv i ty  to  the  control .  

Concentration Organic mercurials 
( raM)  

P C M B  p-Chloromercuriphenylstt l fonate 

I.O 6. 3 38.5 
0.75 47.3 
0. 5 16.o 78.3 
0.3 - - *  73.9 
0.25 29.4 - -  
o . i  44.1 94.7 

" N o t  determined.  

that iodine and Cu 2+ inhibit strongly the enzymic activity and Co 2+ inhibits slightly. 
It should be pointed out here that PCMB also showed a strong inhibitory effect. This 
effect was observed even in treatment at o °C for IO min with o.832 mM PCMB in 
o.I M phosphate buffer, pH 7.o, which resulted in loss of 48% of the original activity. 
Another organic mercurial, p-chloromercuriphenylsulfonate, also produced inhi- 
bition of the fl-lactamase activity (Table IV). In these cases, linear relationships were 
observed between the remaining enzymic activity and the logarithm of the concen- 
trations. The inhibition by PCMB could be reversed by treatment with a 3 molar excess 
of glutathione, L-cysteine or dithiothreitol. Treatment with N-ethylmaleimide or 
with 5,5'-dithiobis(2-nitrobenzoic acid) (Ellman reagent) did not affect the enzymic 
activity (Table III). 

Amino acid analysis 
A sample of the enzyme was hydrolyzed in 6 M HC1 for an amino acid analysis 

and the result is shown in Table V. Since the quantities of the purified protein avail- 
able for analysis in this experiment were small, the amino acid composition shown in 

T A B L E  V 

AMINO ACID COMPOSITION OF /~-LACTAMASE75 

The values  g iven are the  average  of  three  de terminat ions  except  for eysteine.  This  va lue  is the  
average  of  two  determinat ions .  

,4 mino acids Relative molar ratio d mino acids Relative molar ratio 
(lettcine = ±oo) (leucine = ioo)  

Lysine  91. 7 Alan ine  131 .o 
Hist id ine  18.6 Cyste ine  25.8 
Argin ine  48-2 Val ine  74.7 
Aspar t i c  acid 146. 9 Meth ion ine  27.1 
Threon ine  67. 3 I so leuc ine  52.8 
Serine 4 I . °  Leucine  ioo  
G l u t a m i c  acid 125.2 Tyros ine  11. 4 
Pro l ine  51.3 P h e n y l a l a n i n e  36.3 
Glycine 79.5 

Biochim.  Biophys .  Acta, 289 (1972) 2o3-211 



210  H. OGAWARA dttl[. 

Table V is regarded as approximate. Preliminary experiments to measure the cysteic 
acid content 11 of the hydrolyzates of performic acid-oxidized samples of/5-1actamase75 
gave values equivalent to about 3 moles of cysteine per mole of enzyme, assuming a 
molecular weight of 26 ooo. These results suggest that this enzyme has more than one 
residue of cysteine/mole. 

DISCUSSION 

A fl-lactamase of an E. coli strain carrying the R factor, fl-laetamas%5, was 
purified to the extent where it gave a single peak on Sephadex G-Ioo and a single band 
on disc electrophoresis. The agreement of the molecular weights, which were esti- 
mated either from the mobilities in disc electrophoresis or from the elution volumes 
from Sephadex G-Ioo, confirmed the purity of the enzyme. 

Among the fl-lactamases reported, penicillinase14 obtained from E. coli 15 is 
most similar to fldactamas%5. Both enzymes have similar molecular weights and iso- 
electric points, and hydrolyze cloxacillin only slightly. However, fl-lactamas%5 is 
quite sensitive to heat and is strongly inhibited by organic mercurials, PCMB and 
p-chloromercuriphenylsulfonate (Table IV). In addition, the rate of hydrolysis of 
penicillin G and cephaloridine by this enzyme is greatly retarded by the presence of 
cloxacillin. These facts, i.e. inhibition by organic mercurials and also by cloxacillin, 
strong lability in heat and little ability for hydrolyzing cloxacillin, are inconsistent 
with the suggestion 2 that fl-lactamase enzymes sensitive to cloxacillin are resistant to 
inhibition by PCMB, and vice versa. They are also inconsistent with the finding of 
Jenkins and Drabble 3 that fl-lactamases sensitive to heat hydrolyze eloxacillin rather 
rapidly. It  is concluded, therefore, that fl-lactamaseTs is a new type of fl-lactamase. It 
is interesting in this respect that the synthesis of this enzyme is mediated by only one 
R factor (personal communication from Prof S. Mitsuhashi). 

Two fl-lactamases containing cysteine in their molecules have been isolated 
from Aerobacter cloacae 5316 and from the Gram-positive bacterium, Bacillus cereus 

569/H17,18. The presence of eysteine in/~-laetamase75 is shown by performic acid oxi- 
dation and HC1 hydrolysis. This result, in addition to the inhibition by organic mer- 
curials, suggests that the cysteine residue is concerned with the/~-lactamase activity 
of this enzyme. The fact that PCMB inhibits the enzymic activity even at o °C sup- 
ports this suggestion. However, N-ethylmaleimide and Ellman reagent do not show 
the inhibitory effect. This indicates that the cysteine residue might not be in direct 
connection with the active site of fl-lactamaseT~, as in the case of fl-lactamase from 
Aerobacter cloacae 531G. Further studies are necessary for explaining this. 

Csdnyi et a l )  9 described that a tyrosine residue is concerned with the activity 
of a/5-1actamase from Bacillus cereus, and Meadway 2°, using an inhibition study of tile 
enzyme from Bacillus licheniformis by tetranitromethane, also suggested that the 
tyrosine residue is associated with the enzymic activity. The data presented above 
(Table III) indicate that this is not the case in fi-lactamaseT. ~. 
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