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The enzymatic  hydrolys is  of various furan and 5-ni t rofuran penicillins by penicil l inase 
Bacillus l icheniformis  749/c  was investigated. The effect of var ious s ide-chain s t ructura l  
groupings on the rate of inactivation of these compounds was studied. The introduction of 
bulky substituents in the ortho or  a positions to the amide group and lengthening the side 
chain or  increas ing its degree of unsaturat ion sharply decrease  the catalytic action of 
penicfllinase and, consequently,  the rate of cleavage of the f i- lactam ring of the antibiotic. 
The major i ty  of the furan and 5-ni t rofuran penicillins surpass  benzylpenicill in in r e s i s t -  
ance to the enzyme but are  infer ior  to methicil l in and oxacillin. 

The continuously increas ing  res i s tance  to penicillin is an important  factor  that l imits its use for the 
t rea tment  of infectious d iseases .  The reason and the mechanism for this phenomenon consis t  in the fact 
that ant ib io t ic- res is tant  mic roo rgan i sms  l iberate the enzyme penicill inase which promotes  the hydrolytic 
cleavage of the 13-1actam ring of penicillin [1]. Natural penicillins are  readi ly decomposed by the action of 
penicil l inase.  Attempts were therefore  made to eliminate this inadequacy by changing the s t ruc ture  of the 
side chain of the antibiotic molecule .  The successful  solution of this problem became possible only after 
the d iscovery  of 6-aminopenicil lanic acid in 1959 [2]. In a short  t ime severa l  penic i l l inase-res is tant ,  s emi -  
synthetic penicillins [3-8] were synthesized f rom it and introduced into medical  pract ice .  A study of the 
rate of enzymatic  hydrolys is  of var ious natural  and semisynthet ic  penicillins made it possible to establish 
that bulky substituents in the ortho or  a positions to the amide bond create  s te r ic  hindrance to the fo rma-  
tion of an intermediate  s u b s t r a t e - e n z y m e  complex.  As a resul t  the catalytic action of pencill inase de-  
c r ea se s  sharply  [9, 10]. 

We were influenced by these considerat ions in the synthesis  of penicillins which contain furan and 5- 
ni trofuran groups in the side chain [11-14]. The major i ty  of the compounds obtained manifested activity to-  
ward res is tant  s taphylococcus s t ra ins .  It was of in teres t  to study the effect of the s ide-chain  s t ruc ture  of 
the new penicillins on their  res i s tance  t o  penicil l inase.  

According to the Michae l i s -Menten  theory,  the react ion between penicillin and penicil l inase can be 
expressed  by the equation 

kl k3 
E + S  ~ -  ES  --~ P-t-E, (1) 

k~ 

where E is the enzyme (penicillinase), S is the substrate  (penicillin), ES is the intermediate  complex, P is 
the react ion product,  k 1 is the rate  constant for  the formation of intermediate  complex ES, k 2 is the rate 
constant for decomposit ion of ES to the start ing compounds, and k 3 is the rate constant for  the formation of 
the react ion products .  

The exper imental ly  measurable  react ion rate (V) 

v,= k~[elfS] 
KM+[SI (2) 

Institute of Organic Synthesis, Academy of Sciences of the Latvian SSR, Riga. Trans la ted  f rom Khim- 
iya Geterotsikl icheskikh Soedinenii, No. 3, pp. 295-298, March, 1971. Original ar t icle  submitted Februa ry  5, 1970. 

�9 1973 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th 8treet~ New York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without 
permission of the publisher. /t copy of this article is available from the publisher for $15.00. 

271 



TABLE 1. 

lins and Benzylpenicill in to the Action of Penici l l inase 749/c  

S Ct l  

O-  ~ N - - C O O N a  

Comparat ive  Charac te r i s t i c s  of the Resis tance of Semisynthetic Pen ic i l -  

Compound R 

I 
II 

III 
IV 
V 

VI 
VII 

VIII 
IX 
X 

XI 
XII 

XIII 
XlV 
XV 

XVI 
XVH 

X V m  

XIX 

XX 

XXI 
XXII 
XXIII 

XXIV 

XXV 

2-Fury l  
Benzyl 
5 -Ni t ro -2- fu ry l  
2-  (5-Nitro-2-furyl)vinyl  
1 - (2 -Fury l ) -2 -p ropeny l  
1 - (2-Fury l ) -2-bu tenyl  
2-  (2-Furyl)ethyl 
1- (5 -Ni t ro-2- fury l ) -2-propenyl  
1 - (5-Ni t ro-2- fury l ) -2-butenyl  
2-  (2-Furyl)vinyl 
1-  (p-Nitrophenyl) - 2 -  (5-ni t ro-2-furyl)vinyl  
2 - (5-Nitro-2 -furyl) -1 -phenylvinyl 
2-Furyle thynyl  
2 - B r o m o - 2 -  (5-ni t ro-2-furyl)vinyl  
5-Ni t ro-2- fury le thynyl  
1-  (p-Nitrophenyl)- 2- (2-furyl) vinyl 
l - P h e n y l - 2  - (2 - furyl)vinyl 
5-Methoxy-2-  [1 -ca rboxy-2-  (5-ni t ro-2-  

furyl)vinyl]phenyl 
2 ,4-Dimethyl -3- fury l  
2 ,4 -Dimethy l -5 -n i t ro -3 - fu ry l  
2- [1-C arboxy-2- (5-n i t ro-2- fury l )v inyl  ]phenyl 
5 -Cb lo ro -2 -  [1 -carboxy-2-  (2-furyl)vinyl]phenyl 
5-Methoxy-2-  [1-c a rboxy-2-  (2-furyl)vinyl]- 

phenyl 
2- [1-C a rboxy-4- (2- fury l ) - l ,3 -bu tad ien-1- .  

yl]phenyl 
2 - [1 -C arboxy-4 - (5 -ni t ro  -2-furyl)  -1 ,3-  

butadien- l -y l ]phenyl  
2,6-Dimethoxyphenyl 
5 -Methyl -3 -pheny1-4 -is  oxazolyl 

XXVI 
XXVII 

* Method of prepara t ion.  
Krasnoyar sk  Medicinal P repara t ions  Plant.  

k3 te l  Li tera ture* 

124 19 
100 

68 12 
36 
35 
35 
35 
33 
33 
25 
16 
13 
10 

9 
8 
8 
7 
6 

5 
5 
4 
4 
4 

2 

2 

0.6 
0.4 

12 
14 
14 
14 
12 
12 
14 
12 
12 
14 
12 
14 
14 
14 
13 

11 
11 
13 
13 
13 

13 

13 

depends on the subst ra te  and enzyme concentrat ions and the Michaelis constant (KM). Different quantitative 
rat ios  of E and S can change the react ion o rde r  f rom zero  to one. If the subst ra te  concentrat ion is so high 
that it ensures  complete saturat ion of the enzyme,  i .e. ,  K M << S, the react ion is zero  o rde r  with respec t  to 
the substrate  concentrat ion,  and its ra te  reaches  a maximum value 

V= Vmax = k3 [E]. (3) 

The relat ive k 3 values (k3rel), taking k 3 of benzylpenicfllin as 100, are  usual ly calculated for a comparat ive 
est imate  of the res i s tance  of var ious  penicfllins to penicillinase [15, 16]. 

The k 3 te l  values for the enzymatic  hydrolys is  of semisynthet ic  penicillins and benzylpenicill in by the 
penicil l inase Bacil lus l ieheniformis 749/c  are  presented in Table 1. It is apparent f rom Table 1 that furan 
and 5-ni t rofuran penieillins are infer ior  to methici l l in (XXVI) and oxacillin (XXVII) with respec t  to r e s i s -  
tance tothe enzyme but considerably  surpass  benzylpenicill in (except for I). The rate of cleavage of the fi-  
lactam ring of the penicillins is d i rect ly  proport ional  to the s t ruc ture  of their  side chains.  The data ob- 
tained make it possible to ascer ta in  the inhibiting action of var ious s t ruc tura l  groupings of the side chain 
of the penicillins on their  ra te  of inactivation. As would be expected, the introduction of bulky substituents 
in the ortho position to the amide group in the benzene and furan r ings led to a sharp decrease  in k3rel  for  
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Fig. 1. Dependence of the activity of penicillinase Bacillus l icheniformis 749/c  on the pH of 
the medium with ]I (A), IV (�9 and X (~) as the subst ra te  (at 37~ V ~ a  x is the maximum rate  
of hydrolys is  at pH 7.0). 

Fig. 2. Dependence of the activity of penicil l inase Bacillus l icheniformis 749/e  on the t e m -  
pera ture  with TT as the substrate  (pH 7.0; V~nax is the maximum rate of hydrolysis  at 20~ 

Fig.  3. Kinetics of the enzymat ic  hydrolys is  of penicillins by penicil l inase Bacillus l icheni-  
formis  749/c  ([E] = 171 u n i t s / m l ,  37 ~ pH 6.8-7.0): 1) I; 2) II; 3) III; 4) IV. 

XIX-XXV (a factor  of 20-50 in compar ison  with benzylpenicillin). The same effect, although to a l e s se r  de- 
gree ,  is observed in the aliphatic chain of XI, XII, XIV, XVI, and XVII on replacement  of the hydrogen atom 
in the ~ position to the amide group by a phenyl or p-nitrophenyl radical  or  of a hydrogen in the fl position 
by a bromine atom. 

The res i s tance  of the new penicfllins to the enzyme is provided not only by s te r ic  fac tors  but also by 
the sys tem i tself  of 5-ni t rofuran and furan rings conjugated with the vinylene and ethynytene groups.  Due 
to this proper ty ,  X and XIII, which do not have bulky substituents in the ~ position, surpass  I in res is tance  
to the enzyme by fac tors  of 5 and 12.5, and a decrease  in k3rel by a factor  of two is also observed for XXV, 
as compared  with XXI, on lengthening the side chain by one vinylene group.  

The investigated penicillins can be divided into three groups with respec t  to the cha rac te r  of the ef-  
fect of the ni tro group in the furan ring on the rate of the enzymatic  react ion.  The f i r s t  group contains 
compounds which contain fu ran-2-carboxyl ic ,  propiolic,  and ~-a lky lac ry l ic  acid residues in the side chain 
(I, III, XIII, XV, V, VI, VIII, and IX). A higher res i s tance  of the 5-ni t rofuran penicillins is observed in this 
group, as compared  with the i r  furan analogs, with respec t  to the inactivating action of the enzyme.  The r e -  
ve rse  phenomenon is observed in the second group, which includes penicfllins of the acryl ic ,  ~ -phenyl -  
acryl ic ,  and homophthalic se r ies  (IV, X, XI, XII, X-VI, XVII, XVIII, and XXIII). The third group is made up 
of penicillins obtained f rom furan-3-carboxyl ic  and furylallylidenehomophthalic acids (XIX, XX, XXIV, and 
XXV) for which the p resence  or  absence of a nitro group is not ref lected in their  enzyme res i s tance .  

E X P E R I M E N T A L  

Penici l l ins with 90-100% puri ty and penicil l inase Bacillus l icheniformis  749/c  were used to study the 
kinetics of the enzyme react ion.  The minimum amount of penicil l inase which was able to inactivate 10-Ymole 
ofbenzylpenic i l l in in  1 h at 37 ~ and pH 6.8-7.0 [17] was taken as its unit activity. :A study of the effect of the 
pH and t empera tu re  on the enzyme activity made it possible to select  the optimum react ion conditions for 
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which the enzyme action is most  effective (see Figs.  1 and 2). The penicill ins were  inactivated at 37 ~ in 
0 . 1  M phosphate buffer  at pH 6.8-7.0.  The amount of undecomposed antibiotic was de termined  by the 
hydroxylamine method [18]. The initial penicil l in concentrat ion in all cases  was constant at 1800 u n i t s / m l .  
Fo r  the enzyme this value ranged f rom 85 to 26,000 u n i t s / m l ,  depending on the p roper t i es  of each anti-  
biotic and calculated in such a way that the reac t ion  was zero  o rd e r  and was complete  in about 30 min. The 
reac t ion  ra te  was de te rmined  graphical ly  (Fig. 3). The average resu l t s  of three  paral le l  exper iments  were 
used for  the calculat ions,  and the re la t ive  deviation between them did not exceed 3%. 
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