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Evaluation of an Empirical Structure-Activity Relationship for Property 
Prediction in a Structurally Diverse Group of Local Anaesthetics 
By George W. Adamson and Judith A. Bush, Postgraduate School of Librarianship and Information Science, 

The local anaesthetic activities of 39 compounds belonging to different structural classes have been found to be 
highly correlated with a linear function of fragments derived from their structure diagrams in the form of connection 
tables. The relationship obtained by regression analysis has been used to simulate the prediction of the property of 
each structure, by using in each case the parameters obtained from a regression analysis on the remaining 38 struc- 
tures. The strength of the relationship between structure and activity varies only slightly with the type of structural 
descriptor used. 
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Quadratic functions did not give significantly better results than a linear function. 

As the search for biologically active compounds by use of 
traditional screening met hods becomes increasingly 
expensive,l it seems reasonable to try to develop 
approaches to the problem based on quantitative struc- 
ture-activity relationships which might help reduce the 
amount of effort involved. A large proportion of the 
methods described in the literature use regression analysis 
to correlate biological activity either empirically with the 
structural features of the molecule 2 or semiempirically 
with known physicochemical parameters which are, in 
turn, related to structure. The empirical method used 
in this investigation differs from most other published 
methods in its ability to handle a wide range of structural 
types in a single investigation. This is because the 
structural features of the whole molecule are used to give 
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an explanation of activity. Most other methods involv- 
ing the use of regression analysis consider the variation 
of activity with the side-chain structure only, and hence 
require the compounds studied in an investigation to be 
derivatives of the same parent compound. This allows 
only for property optimisation within a known lead 
s e r i e ~ . ~ . ~  A similar method to that considered in the 
present investigation has been described by Nys and 
Reklter,6 who define the partition coefficient data of a 
group of 87 compounds as a linear function of their 
structural features. However, in their case the frag- 
ments chosen to describe structures are not derived 
automatically but are based on a small number of ring 
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and chain features, together with some chemically 
important functional groups. Another difference is that 
they treat benzene rings as whole entities whereas satur- 
ated rings are broken down into fragments which are not 
differentiated from the corresponding chain fragments. 
In the work described below all saturated and unsatur- 
ated ring systems are fragmented, and all ring and chain 
fragments are differentiated. 

The large amount of data generated in research directed 
towards the development of biologically active com- 
pounds is often stored as machine-readable files of 
properties and structure diagrams.‘ These files are a 
possible source of information for correlating chemical 
structure with biological activity. The method used in 
this investigation is one of a nuniber which have been 
described for carrying out structure-activity investig- 
ations automatically by using this type of data,s9g 
although so far little has been published about their 
performance. The results of applying the method in the 
case of 39 structurally diverse local anaesthetics are 
reported below. 

attempt was also made to determine the power of 
the method to predict the log(MBC) values for the 
structures. The correlation obtained from a regression 
analysis carried out on all 39 structures would not 
necessarily be a good indication of the predictive power 
of the method. The reason for this is that the observed 
property value for a structure is included as a datum for 
the analysis and so the results of the analysis will depend 
upon this. The estimated property value for a structure 
obtained from the regression analysis will thus depend 
upon its own observed value. If a prediction were being 
carried out under real conditions then, of course, the 
observed property value for the structure would not be 
known. 

A more reliable estimate of predictive power is obtained 
by the ‘ hold one out ’ technique. This method has been 
suggested as a means of determining the usefulness of 
regression analysis or pattern recognition lo~ll methods 
in prediction. In applying this technique, the set of 39 
structures was partitioned into two sets, the ‘ design set ’ 
consisting of 38 structures and the ‘ test set ’ consisting 
of ode structure. The regression analysis was then 
carried out on the design set and the regression con- 
stant and coefficients obtained were used to ‘predict’ 
the property of the structure in the test set. Each of 
the structures in turn was selected to be the test set. 
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BlLETHOL) AND RESULTS 
It was first assumed that the log(MBC) (MBC = mini- 

mum blocking concentration) of a compound is a linear 
function (1) of the structural fragments contained in it, 

log(MBC)i = 5 b j q  + ‘const. 
j = 1  

where there are TZ types of structural fragment in the set 
of structures, bj is a coefficient for the j t h  fragment type 
and indicates its contribution to activity, and xtj is the 
number of times this fragment occurs in the ith structure. 
The values of bj and the constant were determined by 
multiple regression analysis.12 The structures and 
observed values were taken from the work of Agin et ckZ.,13 
who derived an expression relating log(R1BC) values to 
polarisability and ionisation potential. The quantum 
chemical approach led to a good correlation which could 
be of use in predicting local anaesthetic activity. The 
empirical method considered in the present investigation 
has the advantage of being more generally applicable, 
and of requiring fewer assumptions about the mode of 
action of the compounds. 

The regression analysis was carried out by use of a 
variety of structure descriptors based on the ‘simple 
pair’ and ‘ augmented pair’ fragment types.14 A 
‘ simple pair ’ is centred on each bond in each structure 
and consists of the bond type together with the atoms it 
links. An ‘ augmented pair ’ describes a larger region of 
the molecule by recording in addition the number of 
external connections at each end of the pair. Hydrogen 
atoms and bonds to hydrogen can almost always be 
inferred correctly and no explicit description of them is 
included. Attempts to use larger fragments failed, as in 
the cases studied the number of variables needed to 
represent the structures exceeded the number of struc- 
tures. 

The structures were fed into a computer as redundant 
connection tables and fragment generation, observation 
matrix generation, and regression analysis were carried 
out automatically. 

An automatic analysis of the 39 local anaesthetics 
showed them to  contain 16 different simple pair frag- 
ments and 43 different augmented pair fragments. In 
the case of the augmented pairs two groups of three and 
three groups of two fragments were found to have within 
group correlation coefficients exactly equal to one, and it 
was thus possible to reduce the number of variables to 
36 by excluding all but one of the variables from each of 
these groups. 

The regressions were carried out so that only fragments 
lo P. A. Lachenbruch, ‘Estimation of Error Rates in Dis- 
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with coefficients significantly different from zero 
at the 10% level were considered. A summary 
of each analysis is shown in Table 1. In all cases 
a high correlation coefficient was obtained. Correla- 
tion by use of augmented pair descriptors gave the 
lower residual error and thus provided a slightly better 
explanation of the data (R  = 0.998, F = 277, v = 20). 
The two correlations were shown by the F-test 15 to be 
significantly different a t  the 5% level. Following the 
investigation with these two fragment types, expressions 
including quadratic terms were considered to see if these 
would lead to any improvement. These higher order 
terms take account in a very approximate manner of the 
interaction between fragments. This type of investig- 
ation however was only possible when dealing with simple 
pair fragments, as augmented pair fragments gave rise 
to too many variables for regression. 

First an approximate quadratic expression (2) based on 
simple pairs was considered which included squared 
terms in addition to the linear and constant terms, 

n 

j = 1  
log(MBC); = 2 [bixzj -/- c j (~ i j )~]  + const. 

where bj and xu are as defined for equation (l), and cj is 
the regression coefficient of the squared term for the 
j t h  fragment. 

As it was only necessary to introduce squared terms 
for the 10 variables for which more than two different 
values occurred, this gave a total of 26 variables. A 
summary of the analysis obtained in this case is given in 
Table 1, and shows that introduction of the appropriate 
squared terms leads to no significant improvement in the 
result at the 5% significance level. 

TABLE 1 
Summary of the results of the regression analyses by use of 

the different structural representations described in the 
text 

(2) 

Variables 
significant Degrees Multiple 

Fragment a t  the 10% of correlation Residual 
type level freedom coefficient error 

Simple pairs 11 + const. 27 0.994 0.258 
Augmented 18 + const. 20 0.998 0.164 

Simple pairs 9 + const. 29 0.993 0.280 

squared terms 
Simple pairs 13 + const. 25 0.996 0.240 
(Quadratic) 

pairs 

plus 

The analysis based on simple pairs was finally repeated 
taking all quadratic terms into consideration , including 
cross terms, where xd, bj, and cJ are as defined above, 

n 

j = l  
log(MBC)i = 2 bjxzj + 

x 8  is the number of times the kth fragment occurs in the 

Freeman, San Francisco, 1969, p. 140. 
15 R. R. Sokal and F. J. Rohlf, ' Introduction to Biostatistics,' 

i th structure, where j < k < n, and djk is the coefficient 
for the cross product term relating to fragments j and k. 

Of the 152 variables in expression (3) , 69 occurred with 
the same frequency in every structure and could therefore 
be considered as constants, and another 39 were excluded 
as they belonged to groups of perfectly correlated vari- 
ables, where it was only necessary to retain one variable 
from each group. This gave a total of 44 variables 
which was finally reduced to within the required limits 
by excluding an additional eight variables which 
belonged to groups of highly correlated variables, 
where the intra-group correlations exceeded 0.9. 
Here, as before, one variable from each group 
was retained. The exclusion of constants and 
perfectly correlated variables would have no effect 
on the result whilst the exclusion of highly corre- 
lated variables should affect the result only slightly. 
The results of the regression in this case are again shown 
in Table 1. The multiple correlation coefficient and 
residual error showed the agreement to be an improve- 
ment over that from expression (l), although no signifi- 
cant difference between these two correlations is indicated 
at the 5% level. The use of expressions (1)-(3) in the 
case of simple pairs, therefore, gives rise to only slight 
variations in the agreement between structure and prop- 
erty, and from a statistical point of view none of the 
correlations obtained differ significantly from each other 
at the 5% level. The correlations based on expressions 
(2) and (3) again differ significantly at the 5% level froin 
the correlation obtained by using augmented pair frag- 
ments, and in the former case the difference is significant 
at the 1% level also. Table 1 also shows the augmented 
pair fragment to give the lowest residual error overall. 

Thus, for the particular group of structures in question 
the larger, more specific fragment explains the variance in 
activity slightly better than a relationship based on the 
smaller fragment type which also considers quadratic 
terms. The larger fragment was subsequently used in the 
evaluation of the method for prediction. 

More detailed results of the analysis obtained by using 
augmented pairs are shown in Table 2. All except 
two of the regression coefficients are significant at the 
1% level. The coefficients show that the fragments 
containing carbon-carbon bonds tend to increase activity 
and carbon-oxygen containing fragments in general de- 
crease activity. Fragments containing carbon and ter- 
tiary nitrogen also tend to increase activity; however, 
those containing carbon and primary or secondary nitro- 
gen have coefficients which are not significantly different 
from zero at the 10% level and are not included in the 
regression. The chlorine-containing fragment gives a 
negative coefficient and thus increases activity although 
it only occurs in one structure. These results are con- 
sistent with those of other authors 13916 who report that 
activity depends on the hydrophobic nature of the com- 
pound, and that aromatic groups increase activity and 
hydrogen-bonding groups decrease it. To test whether 

16 J. Zaagsma and W. Th. Nauta, J .  Medicin. Chem., 1974. 
17, 597. 
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the differences between regression coefficient values were 
significant expression (4) was used, where Si and Sj are 

S(b,,bj) = (S2' + Sj' - 2s' (4) 

the standard errors of the regression coefficients bi and 
bj obtained for fragments i and j ,  respectively, s is the 
residual error of the regression and Cu is the inverse 

TABLE 2 
Results of the regression analysis by use of augmented 

pairs. The fragments are represented in the form 
n,A-Bnb where nM., and n b  are the numbers of non- 
hydrogen atoms bonded to atoms A and B, respectively. 
The symbol = is used for aromatic bonding and 
groups of fragments which are dependent in this sample 
o f  compounds are bracketed. The terms ring and 
chain given after the fragment indicate the positions of 
atoms A and B in the structure. 

Fragment type 
oc-c1 
1C-C1 (chain) 
1C-C2 (chain) 
2C-C2 (chain) 
1C-C3 (ring) 
1 C x C l  (ring) 
~ C L I I C ~  (rinYgi 
2CzC2  (ring) 
OC-N2 

Regression 
coefficient 

-0.80 
-0.51 
- 1.08 
-1.10 
- 1.95 
-0.14 
-0.31 
-0.38 
- 0.53 

2C-N2 (chain) - 
2C-N2 (ring) 
oc-00 
1c-00 
1C-01 (chain) 
2c-00 
2C-0 1 (chain) 
2C-01 (ring) 
2N-01 (ring) 
1N-N2 (ring) 
2c-c10 
Regression constant 

Student t 
(20 degrees 
of freedom) 

11.2 
18.0 
13.3 
18.4 
17.8 

5.7 
9.4 
7.3 
0.4 

,0.68 3.4 
- 0.68 5.6 

0.74 4.0 
1.24 10.1 
0.61 5.6 
0.21 2.5 
0.25 2.0 

- 0.67 3.0 

-0.28 4.6 
2.35 25.9 

normalised cross-product matrix term relating to frag- 
ments i and j .  The appropriate level of significance is 
then found by comparing the value S(b,,bj)/s derived 
from this expression with values of Student's t distribu- 
tion relevant at the number of degrees of freedom for the 
given regression. In this comparison of coefficient values 
particular attention was given to differences between like 
fragments in rings and chains, 8.g. fragments 1C-C2 
(chain) and 1C-C2 (ring), 2C-01 (chain) and 2C-01 (ring) 
etc., and between carbon-carbon chain fragments with 
varying degrees of substitution. The comparison 
showed, however, that none of the fragment pairs differs 
significantly from another at the 5% significance level, or 
even at the 10% level. Thus, although most of the 
regression coefficients themselves are different from zero 
at the 1% significance level, the above comparisons 
show that it would be dangerous to make firm conclusions 
about the differences between pairs of fragments, even 
though these are mostly in agreement with expected 
trends. 

G. W. Adamson and J. A. Bush, J .  Chem. Inf.  Comn@uter 
Sci., 1975, 15(1), 55. 

By using augmented pair fragments, predictions were 
simulated by excluding each structure in turn from the 
analysis and estimating a log(MBC) value for it from the 
results of the regression analysis carried out on the 
remaining structures. Eight of the structures contained 
unique fragments, which meant that insufficient para- 
meters for prediction were available from the analysis 
which excluded them. In this case, to obtain a predic- 
tion the missing information concerning the fragments in 
question may be either estimated or assumed to be zero. 
In the present iiivestigation missing values were assumed 
to be zero, and as a result the predicted activities in these 
cases were not as good and led to a sum of squares ratio 
[where the sum of the squares of the difference between 
observed and predicted log(MBC) values is taken as a 
ratio of the sum of the squares of the deviations of the 

3t 
i/ 1 

-I. 

I x x/ 

-4 -3 -2 -1 0 1 2 3 4 
Observed lag (MBC) 

Graph of observed us. ' predicted ' log(MBC) values, with the 
predictions involving unique fragments in parentheses (see 
text for explanation) 

observed values from their mean value 17] of 0.27. The 
removal of these structures from the set led to a con- 
siderable improvement in the result and a sum of squares 
ratio of 0.13. The extent of the agreement between 
observed and predicted log(MBC) values is shown in the 
Figure, where the structures containing unique fragments 
are indicated in parentheses. The graph also gives the 
45" line, upon which all points would lie if observed and 
predicted log(MBC) values were in complete agreement. 
The mean deviation between observed and predicted 
values for the group which excludes the structures con- 
taining unique fragments is 0.45 log(MBC) units, com- 
pared with a range of 6.95 and a mean deviation for 
observed values of 1.43. 

DISCUSSION 

In view of the large approximations involved and the 
wide range of structural types considered, the correl- 
ations obtained between structure and property are good, 
and estimated log(MBC) values are in reasonable agree- 
ment with observed values. The results indicate the 
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possible utility of the method for predicting biological 
activity, and when considered with the results obtained 
for a group of  penicillin^,^ show the ability of the method 
to deal with both closely related and diverse structural 
types. The flexibility of the method in this respect may 
well lead to a better understanding of the contributions 
to activity of different structural features. The method 
could thus be used with suitable data to try to generate 
new  lead^.^^^^ The small size of the structural fragments 
used in this study leads to the loss of some information on 
the relative positions of groups. More information of 
this type could be included by use of larger structural 
fragments, although, because of the limitations on the 
use of regression analysis, the number of fragment types 
would have to be kept below the number of structures 
available. Larger fragments could be generated auto- 
matically from connection tables but the use of VCTjswesser 
Line Notation may be easier because of the inclusion in 
the notation of explicit ring-substituent locant inform- 
ation.ls In another study the same set of structures 
and properties was used to compare the performance of a 
number of different similarity and dissimilarity measures 
in the automatic classification of chemical structures.17 
The structures were classified and the performance of 
the similarity or dissimilarity coefficients was assessed by 
using them, or a classification derived from them, to 
predict the properties of the structures. The best set of 
predictions obtained gave a mean deviation of 0.79 and 
a sum of squares ratio of 0.34. The corresponding figures 
obtained from regression analysis are 0.45 and 0.27. The 
predictions obtained from the regression analysis are 
thus more accurate, and it must be expected that, where 
it can be applied,lg regression analysis is capable of being 
a better method of prediction than classification methods. 
In the classification work augmented atom structural 
fragments were used, but this would not be expected to 
change the relative performance of regression and classi- 
fication methods. 

If the objective of an investigation is quantitative 
st ruc t ure-proper t y correlation or property predict ion, 

18 G. W. Adainson and D. Bawden, J .  Chew. In . .  Computer 
Sci., 1975, in the press. 

regression analysis, where applicable, should give more 
accurate results than classification methods. The classi- 
fication methods can present the information differently 
and this may be of value in itself. They also have 
potentially useful applications in the storage and retrieval 
of chemical structure information and property data. 

EXPERIMENTAL 
Computer programs were run on the Shefield University 

ICL 1907 computer, which has a 24-bit word length and a 
cycle time of ca. 2 ps. The regression analysis was carried 
out by using the ICL statistical Analysis Package.12 Sup- 
porting programs for obtaining the data in a form suitable 
for input to the ICL Package and for simulating property 
predictions by using the results of the regression analysis 
were written in PLAN (the ICL assembly language), 
FORTRAN, and ALGOL. 

PLAN programs were developed to analyse connection 
tables and derive structural descriptors based on frequencies 
of occurrence of the appropriate substructural features. 
These descriptors were then used to set up a matrix of 
frequency values in a form suitable for the regression analysis 
package. Where necessary the PLAN programs incorpor- 
ated FORTRAN subroutines for the derivation of the 
appropriate quadratic terms. 

Predictions were batched, although it  was not possible to 
interface the ICL statistical package with user programs and 
thus predictions were carried out in a stepwise manner. 
First, the appropriate frequency vectors for the structures 
to be predicted were excluded from the data matrix used 
as input to the regression program. The results of the 
regression analysis were then returned to the PLAN 
program used to generate the original data matrix, for 
calculation of the appropriate log(MBC) value. An ALGOL 
program was used to establish the extent of the agreement 
between observed and estimated log(bIBC) values. 
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