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Abstract-A quantitative study of the relationship between structure and receptor binding affinity of a 
series of 16&carbolines showed the influence of lipophilic character and hydrogen bonding capability 
of substituents in position 3. Some data taken from the literature enabled us to add some evidence 
about the influence of planarity of ring C and bulky substituents in position 1 in determining the receptor 
binding affinity. 

Recently several new drugs, among which the j% 
carboline derivatives, have been discovered which 
exert their pha~acolo~cal action by interacting 
with the benzodiazepine (BDZ) receptor in mam- 
malian CNS [l]. These drugs have been classified 
according to their spectrum of biological activity as 
(a) agonists (which are, inter alia, anxiolytic), (b) 
inverse agonists (anxiogenic), or (c) antagonists 
(without any per se biological effect but preventing 
the interaction of agonists and inverse agonists with 
the receptor). The Pcarboline derivatives, which 
are chemically unrelated to the benzodiazepines, 
interact with the BDZ receptors displaying the full 
spectrum of agonist, inverse agonist and antagonist 
properties according to their molecular substituents 

t To whom correspondence should be addressed. 

[Z]. Qualitative studies have been devoted in very 
recent times to the st~cture-acti~ty relationships in 
this class of drugs (3-81. On the other side the litera- 
ture is very poor in reports dealing with studies 
of the quantitative structure-activity relationships 
(QSAR) in the @arboline series [9, lo]. In a pre- 
vious paper a study with the Free and Wilson method 
allowed confirmation on a quantitative basis of the 
qualitative findings of the literature [lo]. In particular 
the available data on the receptor binding of /% 
carbolines seem to point out that jkarbolines display 
high binding affinity for the BDZ-receptor only when 
all the following conditions are fulfilled: (a) presence 
of an esteric, sometimes amidic, function in position 
3, capable of accepting hydrogen bonds from an 
hypothetic donor of the receptor; (b) full aromati~ty 
of both the six membered rings, that is planarity of 

Table 1. Structures of the /T-carboline derivatives 

Compound Name Rl R3 R4 RS R6 R7 Ring C 

1 WC H COOH H H H Aromatic 
2 Harman H H Aromatic 
3 Harmine :E3 H : 2 H OCHS Aromatic 
4 Harm01 CH: H H H H OH Aromatic 

z! z 
CHIOH H H 

:: 
H Aromatic 

COOCHJ H H Aromatic 
7 $E: H COOC,Hr :: H H Aromatic 
8 Pr-CC H COOCsHr H :: H Aromatic 
9 DMCM H COOCH, z OCH3 OCH, Aromatic 

10 ZK91296 H COOC2HS $XH, OCHrC,H, H H Aromatic 
11 ZK93426 H COOCZH5 CH3 OzGH, 

:: 
COONHCH, H 

:H, H 
H :: 

H Aromatic 
H Aromatic 

Harmaline H H H OCH, Non-aromatic 
14 Harmalol CH3 H H H H OH Non-aromatic 
15 ZK93423 H COOC,Hs CHr0CH3 H OCH&Hs H Aromatic 
16 Nor-harman H H H H H H Aromatic 
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the three-rings system [6]; (c) no substituents in 
position 1. However, the role played by physico- 
chemical parameters, such as lipophilicity, has never 
been studied. The purpose of the present paper 
was a study of the quantitative relationship between 
structure and receptor binding affinity of a series of 
16 Pcarbolines (Table 1) by means of the Hansch 
approach [ll]. In particular the role of the lipophilic 
character as expressed by the chromatographic R, or 
log k’ values, or by the log Pvalues, was investigated. 

MATERIALS AND METHODS 

Chemicals. The ficarboline derivatives 6-11 and 
16 were a generous gift from Dr R. Schmiechen, 
Schering AG, Berlin; the other derivatives were 
obtained from Sigma Chemicals (St Louis, MO). All 
other chemicals and solvents were of reagent or 
HPLC grade. 

Determination of fipophilic character. The HPLC 
measurements were performed on a Spectra Physics 
Chromato~aph consisting of an SP 87000 Soivent 
Delivery System and SP 8750 Organizer Module. A 
Varian Aerograph UV Detector operated at 254 nm. 
A 3Ocm x 3.9 mm PBondapak C1s column from 
Waters Assoc. was used. The mobile phase was 
methanol in various mixtures (v/v%) with phosphate 
buffer (pH = 7.0; ionic strength = 0.05 M) at a flow 
rate of 1 ml/min. The carboline solution in methanol 
was injected into the column by a 10 fl loop. 

The experiments were performed at room 
temperature. The retention time of potassium nitrate 
was taken as to. The capacity factor, k’, was evaluated 
from the to and the retention time of the solute, t,, 
by the relationship k’ = (t, - toj/to. 

For each compound the retention data were 
measured at different methanol concentrations (in 
the range 20-80%) in the mobile phase. Each meas- 
ure was replicated at least three times. The HPTLC 
determinations were carried out on Whatman KC18F 
plates. A Camag Nanomat (Camag, Berlin) was used 
to spot compounds on the plates (about 100nl of 

each carboline solution in methanol). The solutes 
were detected under UV light (254nm). Solvent 
mixtures of methanol-phosphate buffer (pH 7.0) in 
the concentration range 45-80% were used as mobile 
phase. The R, values were calculated by the relation- 
ship R, = log (l/Rf- 1). 

The log P values for three compounds (harman, 
harmine and norharman) were determined at pH 
13.0 in octanol-water. The log P values of the other 
carboline derivatives were calculated from the exper- 
imental log P values of nor-harman, by taking advan- 
tage of the additive property of the Hansch K values 
r121. 

Biological data. The receptor binding affinities of 
Pcarbolines were assayed on the basis of their ability 
to displace 3H-ffunitrazepam from synaptosomal rat 
membranes. The results were expressed as the con- 
centration of each test compound required to dis- 
place 50% of specific 3H-flunitrazepam binding 
(1~~~). The lcso (PM) values reported in Table 2 had 
been measured previously [lo]. As 3H-flunitrazepam 
is able to bind also to peripheral benzodiazepine 
binding sites present in brain, we tested whether the 
compounds used could interact with those sites. 

Therefore for the compounds of Table 2 the recep- 
tor binding experiments were carried out also using 
3H-Ro 5-4864 as a radioligand [13]. All the test 
compounds displayed ICKY values >10w5 M showing 
no or very poor affinity for peripheral benzo- 
diazepine binding sites. 

Statistical calculations. The data were treated by 
means of a multiple regression analysis [14]. The F 
test for equations 6-12 shows the significance of each 
of the independent variables added to equations 3- 
5. 

Relationship between log P and R, or log k’ vahes. 
The chromatographic work showed that in both 
HPLC and HPTLC systems there is a linear relation- 
ship between log k’ or R, values and the methanol 
concentration in the mobile phase. The equations of 
the straight lines were used to calculate for each 
compound a theoretical log k’ or R, value at 0% 
methanol concentration in the mobile phase (Table 

Table 2. Physicochemical parameters and biological activities of the P-carboline derivatives 

log l/Q” 

Compound log P R, log k’ I, Iz I3 Obsd. Calcd. (eq. 6) Calcd. (eq. 12) 

-0.19 0.63 0.76 1 0 1 
3.50 3.35 2.54 0 1 1 
3.56 3.10 2.73 0 1 1 
3.06 2.82 2.10 0 1 1 
2.55 2.62 2.01 1 0 1 
3.16 2.92 2.83 1 0 1 
3.68 3.50 2.65 1 0 1 
4.24 3.54 3.15 1 0 1 
4.14 3.70 2.98 1 0 1 
4.56 4.60 3.86 1 0 1 
4.73 4.76 3.89 1 0 1 
2.75 2.71 2.11 1 0 1 
0.86 1.92 1.71 0 1 0 
0.21 2.04 1.10 0 1 0 
4.56 3.93 3.98 1 0 1 
3.17 3.12 2.51 0 0 1 

-1.491 -0.966 
-0.450 -1.134 
-1.980 -1.407 
-1.900 -1.712 

1.591 1.202 
2.097 1.529 
2.155 2.161 
1.921 2.202 
2.400 2.379 
2.959 3.359 
2.960 3.533 
1.780 1.300 

-2.813 -2.692 
-2.748 -2.561 

2.959 2.629 
-1.000 -1.385 

0.735 
-1.542 
-1.529 
-1.643 

1.593 
1.733 
1.853 
1.981 
1.958 
2.054 
2.093 
1.639 

-4.235 
-4.383 

2.054 
0.596 
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2)) as an expression of the lipophilic character of the 
molecule. The acidic compound No. 1 with a pK, 
value of about 1.9 [15] as well as the basic compounds 
No. 13 and 14 with pK, values of about 11.0 [15] are 
to be considered as completely ionized at the pH 7.0 
of both chromatographic systems. On the other side 
all other basic compounds with pK, values of about 
5.0 [12] are to be considered as completely unionized 
at that pH. Accordingly the log P values of com- 
pounds No. 1, 13 and 14 were calculated for the 
ionized forms. All this seems to be justified by the 
fact that the binding assays were carried out at pH 
7.1. The R, or log k’ values proved to be very well 
correlated with the log P values. 

pcarbolines with such substituents display higher 
receptor binding affinity [3-7, 9, lo]. 

log l/~, = -4.784 (kO.376) + 1.089 

(20.120) R, + 3.132 (*0.244)Z1 

N = 16; r = 0.981;s = 0.455; F = 168.62; 
(6) 

P < 0.005 

log l/Q = -4.300 (kO.444) + 1.175 

(50.177) log k’ + 2.917 (-e0.328)Z1 

N = 16; r = 0.969; s = 0.588; F = 98.33; 
(7) 

P < 0.005 

R, = 1.363 (kO.176) + 0.577 (kO.052) log P 

N = 16; r = 0.948,s = 0.336; F = 123.67; (1) 

P < 0.005 

log k’ = 1.020 (20.182) + 0.517 (kO.054) log P 

N = 16; r = 0.932; s = 0.348; F = 92.56; (2) 

P < 0.005 

Equations 1 and 2, which are very similar, point out 
the closeness of the two chromatographic methods. 
On the other hand, both equations confirm the val- 
idity of the n system in calculating log P values 
as well as the usefulness of the chromatographic 
technique. 

Structure-activity relationships. The physico- 
chemical parameters and the biological activity data 
(log 1/1c,,) of the Bcarboline derivatives are 
reported in Table 2. The influence of the lipophilic 
character on the receptor binding affinity is described 
by equations 3-5. 

log 1/1c,, = -3.401 (20.257) + 0.663 

(kO.074) log P + 3.136 (?0.247)1, 

N = 16; r = 0.981; s = 0.459; F = 165.52; 
(8) 

P < 0.005 

The analysis of variance showed that the introduction 
of the I1 term in equations 3, 4 and 5 yields a 
significant improvement in equations 6, 7 and 8 
respectively. No collinearity was shown between the 
independent variables. The positive coefficient 
associated with the indicator variable shows that the 
substituents able to accept a hydrogen bond can 
provide a higher receptor binding affinity. 

Finally the influence of the methyl substitution in 
position 1 was taken into consideration. An indicator 
variable, Z,, with a value of 1 was used for the 
compounds bearing a CH3 group in that position. 

log ~/IQ, = -4.141 (k1.325) + 1.516 

(~0.410) R, 

N = 16; r = 0.703; s = 1.618; F = 13.68; 
(3) 

P < 0.005 

log l/ICso = -4.359 (AO.594) + 1.077 

(kO.121) R, + 2.749 (20.480) 

II -0.468 (kO.504) Zz (9) 

N = 16; r = 0.982; s = 0.457; F = 111.50; 

P < 0.005 

log l/~ = -4.007 (21.136) + 1.774 

(eO.419) log k’ 

N = 16; r = 0.749; s = 1.507; F = 17.91; 
(4) 

P < 0.005 

log l/~ = -3.911 (kO.756) + 1.160 

(kO.182) log k’ + 2.571 (kO.633) 

I1 - 0.428 (kO.664) Z2 (10) 

N = 16; r = 0.970; s = 0.601; F = 62.74; 

P < 0.005 

log ~/IQ = -2.211 (kO.847) + 0.922 log l/~ = -3.077 (20.526) + 0.655 

(kO.250) log P (20.076) log P + 2.836 

N = 16; r = 0.701; s = 1.621; F = 13.56; 
(5) 

P < 0.005 

(?0.491)1, -0.368 (20.517) Zz (11) 

N = 16; r = 0.982; s = 0.468; F = 106.31; 

These show that the lipophilic character explains, 
53, 62 and 49% of the variability in log 1/1c~~ data, 
respectively. On the other hand, the introduction of 
the quadratic term into equations 3-5 did not 
improve the correlation coefficient significantly. 

As a further step in the analysis, the substituents 
in the position 3 were considered. An indicator vari- 
able, II, with a value of 1 was used for the compounds 
characterized in that position by substituents able to 
accept a hydrogen bond. In fact, it is well known that 

P < 0.005 

The introduction of the Z2 term did not yield any 
significant improvement in equations 9, 10 and 11. 
However, the negative coefficient associated with 
the indicator variable seems to indicate that a methyl 
group in that position decreases receptor binding 
affinity. This would be in agreement with the hypoth- 
esis of a region of steric hindrance around the het- 
erocyclic nitrogen in position 1 [4,6,7]. 

Since in the present series of 16 compounds only 

BP 37:20-R 
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Table 3. Structures, physicochemical parameters and log 1/1c,, values of 18 pcarbolines from literature data 

108 l/I% 

Compound R, R, R4 R5 R6 R7 Ring C log P 11 12 13 Obsd. Calcd. (eq. 12) 

17 H COOC6HS H H H H Aromatic 4.73 1 0 1 3.000 2.093 
18 CH, COOC2H5 H H H H Aromatic 4.24 1 1 1 -0.690 -0.233 
19 H COOCzHs H H H H Non Aromatic 3.79 1 0 0 -0.690 -0.209 
20 H COOCH, H H H H Non Aromatic 2.60 1 0 0 -1.230 -0.482 
21 H COOH HHH H Non Aromatic -4.04 1 0 0 -1.924 -2.005 
22 CH, COOC2H, H H H H Non Aromatic 4.24 1 1 0 -2.602 -2.320 
23 H H HHH H Non Aromatic 3.17 0 0 0 -2.694 -1.490 
24 CH, H HHH H Non Aromatic 3.50 0 1 0 -3.161 -3.629 
25 C,H, COOCH, H H OH H Aromatic 3.51 1 1 1 -0.859 -0.401 
26 C2HS COOCH3 H H H H Aromatic 4.18 1 1 1 -0.974 -0.247 
27 C,H, H HHH H Aromatic 4.19 0 1 1 -2.495 -1.384 
28 H COOCdHY H H H H Non Aromatic 4.55 1 0 0 -0.681 -0.034 
29 H COOC4H, H H H H Aromatic 4.44 1 0 1 1.538 2.027 
30 H CN HHH H Aromatic 2.60 1 0 1 2.523 1.605 
31 

&I, 
COOCH, H H OH H Aromatic 2.49 1 0 1 2.479 1.579 

32 COOCH3 H H H H Non Aromatic 5.23 1 1 0 -2.337 -2.092 
33 C& COOCH, H H H H Aromatic 5.01 1 1 1 -0.687 -0.056 
34 H COOCH3 H H OH 0CH4 Aromatic 3.03 1 0 1 2.426 1.703 

two of them do not show full aromaticity of the three- 
rings system (Compound Nos. 13 and 14), we did 
not take into consideration this parameter, which 
is indicated in the literature as an important one 
[5,7,101. 

Structure-activity relationships with data from the 
literature. Since in the present series of 16 compounds 
it was not possible to show a significant role of both 
alkyl substituents in position 1 and aromaticity of 
ring C, we turned our attention to some data from 
the literature. In Table 3 are reported structures, 
physicochemical parameters and log l/~ values of 
18 @arbolines [16, 171. Equation 12 calculated with 
the data from both Tables 2 and 3 takes into account 
the effect of lipophilic character and hydrogen bond- 
ing capability of substituents in position 3 (ZJ, as 
well as the influence of both bulky substituents in 
position 1 (ZJ and aromaticity of ring C (Z,). A 
statistical significance is shown for all four terms even 
if a somewhat high standard error of the estimate 
indicated that the regression does not fit the data 
very well. 

log l/~&, = -2.218 (kO.499) + 0.229 

(kO.094) log P + 1.140 

(20.428) II -2.214 (kO.390) 

Z2 + 2.086 (20.375) Z3 
(12) 

N = 34; r = 0.912; s = 0.934; F = 36.01; 

P < 0.005 

DISCUSSION 

The hydrogen bonding capability of substituents 
in position 3 is playing a significant role both in our 
series of compounds and in the series including the 
data from the literature. The effect of both bulky 
substituents in position 1 and aromaticity of ring C 
(i.e. planarity of the three-rings system) came out to 

be significant only when we took into consideration 
the series of 34 compounds. Although all this points 
out the importance of the particular series which one 
is dealing with, the influence of bulky substituents 
and the importance of aromaticity of ring C seem to 
be confirmed. In a previous paper [6] based mainly 
on stereochemical and receptor binding affinity data, 
we suggest that the recognition site for P_carbolines 
can be a planar cleft where the main drug-receptor 
interaction is mediated by the carbonyl group of the 
esteric or amidic function in position 3. The carbonyl 
group is a typical hydrogen-bonding acceptor. More- 
over the fact that l-substitution prevents binding 
was taken as an indirect evidence that the main 
interaction region is located in the C=O, N, and Ng 
line. 

Equations %12 show the important role played by 
the indicator variables II, Z, and Z3. In general, the 
use of indicator variables has to be considered with 
caution; in this case, however, they account for 
specific structural properties which cannot be 
explained by continuous linear free energy related 
parameters (or their combinations). In other words 
this is one of the cases where a rationalization of 
the activity data would be impossible without the 
introduction of discontinuous variables. Finally the 
present data show the significant role played by the 
lipophilic character in determining the receptor bind- 
ing affinity of p-carbolines. Since in the literature we 
did not find any report about this point, the present 
result seems to be rather interesting. In an in vitro 
system, such as that used for a receptor binding 
assay, the lipophilic character might exert a role via 
an increase of the entropic term (caused by solvent 
disorganization) of the binding process itself and/or 
by an accumulation of lipophilic /?-carbolines in the 
lipid membrane phase. 

It would be very interesting to compare the present 
in vitro system with the problems faced in the whole 
animal where the lipophilic character should play a 
much more important role in determining the ran- 
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dom walk of the molecules through many biological 
membranes to the final target. In conclusion the 
present data seem to confirm on a quantitative basis 
previous qualitative findings. At the same time it 
seems to point out the importance of the lipophilic 
character of molecules. 

REFERENCES 

1. C. Braestrup, M. Nielsen, T. Honor& L. H. Jensen and 
E. N. Petersen, Neuropharmacology 22, 1451 (1983). 

2. C. Braestrup, T. Honor& M. Nielsen, E. N. Petersen 
and L. H. Jensen, Biochem. Pharmac. 33, 859 (1984). 

3. C. Braestrup and M. Nielsen, in Handbook of Psy- 
chopharmacology (Eds. L. L. Iversen, S. D. Iversen 
and S. H. Snyder), p. 285. Plenum Press, New York 
(1983). 

4. P. A. Borea, V. Ferretti and G. Gilli, Br. J. Phurmuc. 
86, 666P (1985). 

5. G. Loew, J. Nienow, J. A. Lawson, L. Toll and E. T. 
Uyeno, Molec. Phurmuc. 28, 17 (1985). 

6. P. A. Borea, V. Bertolasi, V. Ferretti and G. Gilli. 
Molec. Phurmuc. 31, 334 (1987). 

7. W. Haefely, E. Kyburz, M. Gerecke and H. Mohler, 
Ado. Drug Res. 14, 165 (1985). 

8. P. W. Codding, Can. J. Chem. 61, 529 (1983). 
9. H. G. Schauzu and P. P. Mager, Phurmuzie 38, 490 

(1983). 
10. P. A. Borea and V. Ferretti, Biochem. Phurmuc. 35, 

2836 (1986). 
11. C. Hansch, Act. Chem. Res. 2, 232 (1969). 
12. C. Hansch and A. J. Leo, in Substituents Constunts for 

Correlation Analysis in Chemistry and Biology. John 
Wiley, New York (1969). 

13. A. Weissman, G. T. Bolger, L. Isaac, S. M. Paul and 
P. Skolnick, J. Neurochem. 42, 969 (1984). 

14. G. W. Snedecor and W. G. Cochran, Statistical 
Methods. The Iowa State University Press, Ames 
(1980). 

15. G. De Jong, P. Schonten, R. G. Muusze and U. R. 
Tjaden, J. Chromutogr. 319, 23 (1985). 

16. M. Cain, R. W. Weber, F. Guzman, J. Cook, S. A. 
Barker, K. C. Rice, J. N. Crawley, S. M. Paul and P. 
Skolnick, J. med. Chem. 25, 1081 (1982). 

17. V. P. Lippke, W. G. Schunack, W. Wenning and W. 
E. Miiller, J. med. Chem. 26, 499 (1983). 


