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NEW METHOD FOR PREDICTING THE ANTIBACTERIAL PROPERTIES OF 

SEMISYNTHETIC PENICILLINS. 

i. LOGICAL STRUCTURAL ANALYSIS 

G. A. Veinberg, A. M. Kats, L. S. Gitlina, 
V. E. Golender, A. B. Rozenblit, and 
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A new method for predicting the antibacterial properties of semisynthetic 
penicillins based on statistical evaluation of the merit of including 
functional groups, heteroatoms, and cyclic systems in fixed positions on 
the side chain of antibiotics is proposed~ 

The necessity of finding new medicinal semisynthetic penicillins is explained by the 
ability of pathogenic microorganisms to develop resistance to regularly used antibiotics. 
The methodology of identifying new effective compounds in a series of structural analogs 
of penicillin by antibacterial screening in vitro has remained unchanged for almost 30 years 
and is based mostly on the identification of empirical relations between the structure of 
the R group which is varied and the antimicrobial properties of the antibiotic I. 

O ~72~---- N "~COOH 
1 

A characteristic feature of such an approach is the absence of any limitation on struc- 
tural modification of the side chain. It is not surprising that the quantity of semisyn- 
thetic penicillins, I, synthesized in the 1960-1980 period is estimated at not less than 
20 thousand and the structure of the R substituent in them is characterized by unusual 
variety. 

However, recently the intensity of screening new compounds has markedly decreased, 
aided somewhat by an impasse in planning the synthesis of structural analogs of antibiotics. 
This important stage of the study until now was primarily based on intuitive evaluation 
of the usefulness of including in the side chain of I aliphatic, aromatic, and heterocyclic 
systems which have not been used or modification of those already used in practice (ampicil- 
lin, amoxycillin, etc.). Such a method of identifying promising substances is accompanied 
by the synthesis of an unjustifiably large quantity of their weakly active derivatives. 

The main reason for the low productivity of this approach is the absence of an effec- 
tive predictive method which allows a quantitative evaluation of the promise of including 
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new structures in the side chain, using for this the accumulated information on antibac- 
terial properties of semisynthetic penicillins which have already been synthesized. Numer- 
ous attempts to compare quantitatively the activity of antibiotics with their physicochemi- 
cal parameters (lipophilicity, electronic effects of substituents, electron density on 
separate atoms, etc.) have not led to identification of a universal rule covering all struc- 
tural types of semisynthetic penicillins [1-5]. 

In this respect, it was expedient to study the possibility of solving this problem 
using the automated TOPLOG system developed at the IOS AN Latv. SSR, which is a package 
of programs for logical analysis on a computer of the relationships between structures of com- 
pounds and their biological activity [6]. A characteristic feature of such an approach 
is the role of a function which reflects the specific structural features of the penicillin 
side chain and not the physicochemical parameters, but the combination of atoms bonded 
to each other which form the structure and determine the corresponding biological proper- 
ties of the compounds. The merit of the approach is the possibility of studying the struc- 
ture-activity relationship based on the most available information, the main part of which 
is data on the structure and activity of hundreds of compounds in vitro relative to stan- 
dard test-microorganisms which have been revealed in reviews, scientific journals, and 
patent literature. 

Development of the logical structural analysis of the semisynthetic penicillins using 
the TOPLOG system included the following steps: i) formation of the data base; 2) divi- 
sion of the compounds into activity classes corresponding to given criteria; 3) choice and 
statistical evaluation of indicators; and 4) analysis of indicators using the computer and 
their use for directed synthesis of compounds with given properties. 

FORMATION OF THE DATA BASE FOR STRUCTURE-ACTIVITY ANALYSIS 

The comparative data on the structure and antibacterial activity in vitro of 1467 com- 
pounds revealed between 1961-1983 in 174 specialized reviews, articles, and patents com- 
prised the data base for carrying out the logical structural analysis of semisynthetic peni- 
cillins by the TOPLOG system. 

From the data base, 265 antibiotics representing basic structural types of semisynthetic 
penicillins were chosen for arranging the volume of analyzed material in the memory of the 
computer NE i000. 

DIVISION OF THE COMPOUNDS INTO ANTIBIOTIC CLASSES 

Execution of the TOPLOG analysis guaranteeing the highest effect in a series of com- 
pounds of similar biological activity should include the threshold activity values (attain- 
ment and surpassing of which is the goal of structural modification). The threshold activ- 
ity values for semisynthetic penicillins which were established in correspondence with 
the requirements representative for this type of antibacterial preparation [7, 8] are given 
in Table 1 together with the analogous indicators for medicinal semisynthetic penicillins. 

The compounds chosen for analysis were separated according to threshold values into 
conditionally active (175) and inactive (90). The active ones are those whose minimum ef- 
fective concentration (MEC) relative to one of the test-microorganisms in Table i would 
be equal to or lower than the corresponding threshold value. The inactive category includes 
antibiotics the MEC of which is higher than all the threshold values given in Table I. By 
this approach, the carbenicillin is conditionally inactive because of the level of antibac- 
terial activity which is less than the threshold indicators (Table I). 

DESCRIPTION OF THE STRUCTURE OF PENICILLINS 

The method of describing the molecular structure of chemical compounds is the most 
important part of the logical structure analysis carried out on the computer. A variant matrix 
of binding of descriptive centers (MBDC) [6] was used in the TOPLOG system for this pur- 
pose. The potentially active structural elements (heteroatoms, functional groups, aromatic 
and cyclic systems, etc.) are understood to be descriptive centers (DC) and are designated 
by the corresponding code. Penicillanic acid was separated as an independent descriptive 
center for simplifying the analysis since it occurs in the composition of all compounds 
comprising the data base in an unchanged form. 
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TABLE i. ThreShold Values of the MEC and Level 
of Antibacterial Activity of Some Semisynthetic 

Penicillins 

Bacterial type 

Threshold 
value s 
of the 

' mMl~C, lag/ 

0,25 

5,0 

2,5 
5,0 
1,0 
5,0" 

S. aureus 
( n o t  p r o d u c i n g  

, l a c t a m a s e )  . 
. oureus 

(producin$ ~- 
lactamase) 
E. coli 
Ps. aeruginosa 
P. utt!y~zris 
K. pne~noniae 

[Level of antibacterial activity, 
~$/ml 

[ampicil- carben- 
lin icillin 

0,05 1,5 

250 25 

3 6 
500 50 
500 12 
25(} 250 

pipers- mecill- 
cillin inam 

0,8 5,0 

I00 I00 

2 0,4 
3 IOO 
6 1 oo 

12 2 

A characteristic feature of the matrix codification was that it considered not only 
all structural elements which form the molecular structure but also their relative distri- 
bution due to the fixation of the chemical bonds separating them. 

The scheme below shows examples Of the matrix description of the ampicillin and mecii- 

linam preparations. 

---\ 
CstlsCHCONIt x S,  /CH 3 F \N--CH=N . S \ / C I i  3 

N :'. :k__ - N  . . . . . . .  
o ~/ "coml o 'coolr 

Ampici I lin Meci I i inam 

Descriptive centers contained in ampicillin and 
mecillinam 

Code of the D C I g~ ~ 68 

Structure [ ~: ,/s'b</cI'~ ~\ 
! [ | - e l l  3 - -~ ,  ,3 

MBDC of ampicillin 

1 2 3 4 5 

O~ 13 [ 06 : O8 

"NtI2 '  i ::O - N R .  =NR 

i 

MBDC of mecillinam 

1 2 3 4 

7O 

\>___ 

66 2 3 3 4 I 
02 3 3 4 2 

13 2 3 3 
02 1 

99 

70 -- 1 2 3 
06 2 3 

05 I 
99 

Diagonal elements of the matrix are codes of the DC contained 
in penicillin; off-diagonal elements are the distance between 
DC expressed as the number of chemical bonds; inclusion of a 
nitrogen heteroatom (DC 06) in a saturated seven-membered ring 
(DC 70) is denoted by -i. 

CHOICE AND STATISTICAL EVALUATION OF ACTIVITY INDICATORS 

The choice of activity indicators of semisynthetic penicillins was based on an algo- 
rithm which located general fragments for the majority of structures represented by the 
matrices. The structural fragment is considered an activity indicator if the probability 
of activity of the new compound, P, containing this fragment exceeds a few threshold values: 

P =  ( I , + l ) / ( 1 1 + t 2 + 2 )  ~ i ,  

where [~ is the number of active compounds of the data base which have the indicator which 
is being evaluated; 12 is the number of inactive compounds of the data base which have 
the indicator examined. The threshold values t are determined using successive approxima- 
tions [6]. 
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TABLE 2. Some Statistical Data on DC Observed in 

Side Chains of Semisynthetic Penicillins (SP) 

..... DC No. ot compounds " Probability 
..... containing the DC -- )f DC appear- 

No. to- in- mce in active sP code structure 
tal actlve active -ompounds (P) 

.S .. ~.li~ 

1 i i "c~i, 265 175 90 0,66 
~ - 

il CO(HI 

2 -.Ni U, --Nn~ 2 173 90 0,66 

3 =o 2 168 89 0,65 

4 ~:/, , O 159 83 0,66 

5 on, ~5 30 0,68 

6 ~,. 5 2 0,66 

7 'v  3 1 0,66 

8 "~:~ 39 25 0,61 

9 ~" 5 3 0,60 

10 =;,;u 52 I0 0,83 

11 c=c 48 12 0,79 

12 --ot; 48 6 0,87 
/ - - -  \ 

- < ~'/:' " 29 4 0,86 13 , , 

14 c:. ~,.. i 20 0,87 

15 : p  ~, 9 0 0,91 

t6 -% ~p_j 3 0,91 

17 -oR 43 I 0,73 

18 -s1~ 15 0,73 

19 s~G 11 0,71 

- q  12 0,59 20 - ~  8# : 

21 =NI~ I I  I 0,52 

22 - - '  '~yi 2 0,50 
. . ~  

23 - / - ~  2 2 0,50 

24 _ /  ) 1 3 0,33 

25 % 5  F ,, 2 6 0,30 

/ - -q  
26 - '~PI 1 4 0,28 

27 - < ~  i 1 4 0,28 -..q 

A complete catalog of DC which are contained in the side chains, a list of active and 
inactive compounds which contain actual DC, and an evaluation of the probability of DC ap- 

pearance in conditionally active and inactive compounds were revealed as a result of the 
structural-statistical analysis of the biological activity of penicillins using the TOPLOG 
system. 
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TABLE 3. Structural Indicators Consisting of Two DC 

Structural indicator 

substructure 

N H - - 9 9  

N H / ~  " " -  " '~ ~ 9 9  

N H  " ' ~ ' ' ~ ' / ~ - ' / ' ' "  "-J ~ " " ~ " / ' ~ "  g 9  

R N  -'~'~ ' ' 1 ' ' "  " 9 9  

" "\. '" 9 9  

l IO 
9 9  

t IO "'" "" "-" " ~ ~ ' / ' \ ~ 9 9  

H0 ~'-~'v " / ^ " ~ / / " -  99 

No. of compds, con- 
Itainin8 t h e  indicator 

Inumber probabil- ] ..... 
[of bonds ity of ap- | 
I between pearance i~ active inactive 
~DC active " �9 co~ds. (~ 

1 

6 

10 

13 

15 

4 

7 

8 

5 

8 

10 

0,66 

0,55 

0,29 

0,17 

0,80 

0,33 

0,80 

0,92 

0,71 

0,93 

0,67 

173 

14 

5 

0 

90 

11 

14 

4 

7 1 

1 3 

7 1 

35 2 

4 1 

38 2 

3 l 

It was found that the structural diversity of 265 analogs of penicillin is provided 
for by variation of 40 DC. The number of their appearance in the analyzed antibiotics is 
changed from 1 to 265. The most extensive are amino, imino, and hydroxy groups, and aro- 
matic and heterocyclic systems. Aldehyde and cyclobutyl groups are observed in the data 
base less than three times. 

The quantitative characteristics for DC observed in not less than three compounds are 
given in Table 2. The indicators of this table give a descriptive representation of the 
structural material used for construction of the side chain of the semisynthetic penicillins 
and also allows qualitative evaluation of the merit of including the DC in the molecule. 
For this, the probability of appearance of an actual DC in the active compounds to the prob- 
ability of appearance DC 99 (coding for penicillanic acid) which is contained in all anti- 
biotics and characterizes the ratio of active and inactive compounds in the data base which 
is analyzed should be compared. Such comparison allows the DC given in Table 2 to be divid- 
ed into three groups. 

The first group (Nos. 2-9) includes DC coding for the amino group, carbonyl and terminal 
methyl groups, fluorine atoms,-and six-membered cyclic systems containing 2, 4, and 6 p-elec- 
trons. The majority of these structural elements are characterized by a large number of 
representatives in the antibiotics. The probability of their appearance in the active anti- 
biotics changes in the limits P = 0.60-0.68 and is comparable to the analogous indicator 
for DC 99. Consequently, being basic construction materials, they of themselves do not 
substantially affect the strengthening or weakening of the antibacterial properties of the 
antibiotics. 

The second group (Nos. 10-19) contains DC coding for a nitrogen atom in a heterocyclic 
or aldimino group, hydroxy, ester and thioester groups, hexavalent sulfur, halogens (except fluo- 
rine), and 3, 5, and 7 p-electron five- and six-membered cyclic systems. The probability 
of their appearance in active penicillins occurs in the range P = 0o71-0.91 and exceeds 
the analogous indicator for DC 99, which indicates a definite improvement of the antibac- 
terial properties of the antibiotics with their help. 

The third group (Nos. 20-27) contains DC coding for unsubstituted aldimino groups, 
saturated three-, five-, and six-membered rings, and also five-membered rings containing 
2, 4, 5, and 6 p-electrons. Judging from the values P = 0.28-0.59, their introduction into 
the side chain adversely affects the activity of the penicillins. 
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TABLE 4. Structural Indicators Containing DC 
02, 13, 41, 46, and 66 

Structural indicator 

substructure 

0 

0 i . 

0 

s ap ] 
O 

, NII 
i N ~ "  " 9 9  

i t  ,! 
o 

0 0 

Jl ~, W! 
0 o 
11 

0 

II NtI 

Z" J ij 
0 

@ 
~ 13 T NIl 

o 

probabi l- 
ity of ap- 
pearance 
in active 
compds. (P) 

0,93 

0,93 

0,80 

0,87 

0,86 

Number of 
compounds 
containing 
~te indi- 
cator 

active 
in- 

active 

*The number in the formula indicates the number 
of bonds from DC 99 

ANALYSIS OF THE PREDICTIVE PROPERTIES OF THE STRUCTURAL INDICATORS 
CHARACTERIZING THE SIDE CHAIN OF SEMISYNTHETIC PENICILLINS 

A description of the molecular structures of antibiotics in matrix form accounting 
for the number of chemical bonds separating the DC allows the automated search of general 
fragments of the side chain of 265 compounds and reveals more than 2300 types of structural 
indicators consisting of two and more DC. For further analysis, only those which include 
DC 99, which is observed in not less than three compounds, were chosen. 

Specific examples of structural indicators consisting of two DC allow evaluation of 
the merit of including amino, imino, and hydroxy groups in the N-acyl fragment of peni- 
cillin (Table 3)~ The data of Table 3 visually demonstrate the larger informativeness of 
statistical evaluation of the appearance of the indicator in active compounds accounting 
for the number of chemical bonds separating the structural element from the penicillin nu- 
cleus (DC 99), by comparison to the average indicators given in Table 2. Thus, the probabil- 
ity of appearance of amino and imino groups in active compounds depending on the number 
of bonds changes from 0.17 to 0.80, and without accounting for this factor, in agreement 
with the data of Table 2, DC 02 is characterized by P = 0.66. Analogous differentiation 
is followed for structural indicators containing the aldimino and hydroxy groups. 
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Examples of more complicated indicators yielding structural-statistical evaluation 
for some DC placed in fixed positions of the N-acyl fragment are given in Table 4. The 
high frequency of appearance of the indicators in active compounds indicates the promise 
of using them as structural bases for modification of antibiotics since they give informa- 
tion on the optimal distribution in the side chain for amide groups, carbonyl, and 6p-elec- 
tron six-membered rings) etc. These indicators appear as a result of computational analysis 
of the five types of antibiotics 

CtI~CO0 \ 

~-~\ --co.c,.%..>co..-~, C g ]  

CtI3COOCH2CONHCOI~tlCH(C6Hs~CONtI--It [ 10 I 

p-(RCH=CHCO)C~H~CONI~CII(CGH~)CONH-H [ 11 ] 

o~__~o 
RCO-.N' IN---.CONHCII(C6H~)CONH-FI [ 12 ] 

p -  NO2CjIr [ 13 I 

. S j C H  3 

H = 0 f ~ - - - - N  . . . . .  "COOH 

Thus, the study carried out allows a more efficacious variation of the placement in 
the side chain of original aliphatic, aromatic, and heterocyclic systems which have not 
been used before for this purpose, and also to construct new antibiotics combining the 
structural fragments of various indicators. Examples of practical use of this method for 
prediction of biological activity of new semisynthetic penicillins will be presented in 
the following article. 
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