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QSAR of inhibition of classical pathway of complement activation 
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The influence of distance between charges, hydrophobic and electronic parameters of aliphatic and aromatic dicarboxylic acids on
the complement-inhibiting activity (CIA) has been ascertained using the QSAR method.

The excessive activation of the complement system, a part of
the immune system, is a major cause of tissue injury in many
pathological conditions [myocardial infarct, sepsis, asthma, allergic
reactions, glomerulonephritis, rheumatoid arthritis, Alzheimer’s
disease, organ rejection (transplantation), myasthenia and multiple

sclerosis].1–3 As there are no clinically available drugs that inhibit
complement activation, great research efforts are directed towards
the discovery of complement inhibitors ranging from low-weight
molecules4–6 to monoclonal antibodies and other proteins.7 Nega-
tively charged polymers and low-molecular-weight compounds
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carrying carboxylic, sulfate, and phosphate groups inhibit the
classical pathway of complement activation.8–11 In this study,
we attempted to establish a relationship between the comple-
ment-inhibiting activity (CIA) of aromatic and aliphatic dicarbo-
xylic acids and their physico-chemical and structural properties
using the QSAR method.

Dicarboxylic acids 1–28 (Table 1) were bioassayed for their
ability to inhibit the in vitro classical pathway of complement
activation in the hemolytic system following the protocol de-

scribed earlier.11 It was determined that CIA of compound 25 is
due to the blocking of the activity of complement components
C1r/C1s. According to ELISA, the complex IgG3-C1q obtained
on plate was incubated in the presence of the inhibitor 25 with
guinea pig serum at different dilutions (as a C1r/C1s source)
and an excess of reagent R1 (human serum depleted of C1)
as a source of other human complement proteins. Under such
conditions, components C1r/C1s were in deficit and we could
estimate their activity separately from the activity of other

Table 1 Properties of dicarboxylic acids: complement-inhibiting activity, distance between carbonyl carbon atoms (R), lipophilicity (cLog P) and the
values of the partial positive charges at carbonyl carbon atoms (q). 

No. Compounda

aCompounds 1, 2, 6–17 are commercially available (Aldrich). Compounds 3–5 were obtained as described below.† Compounds 18–28 were received as a gift
from Dr. V. A. Vasnev (A. N. Nesmeyanov Institute of Organoelement Compounds, Moscow). bSpatial structures were optimised using the PM3 method in
MOPAC 7.0; lipophilicity was calculated using the CLOGP program. cValues were calculated from equation (4) (Table 2). dData are expressed as means
±SD of IC50 (N = 4–6). eData points not used in deriving equation (4) (Table 2): compounds 6, 14, 15 form the test set, compounds 2, 17, 28 are outliers.

R/Åb cLog P q Log (1/IC50) Pred Log (1/IC50)c Dev IC50
d , mM

1 Oxalic acid 1.52 –0.24 0.384 –0.49 –0.66 0.17 3.11±0.01
2e Malonic acid 2.69 –0.31 0.355 –0.38 –0.80 0.41 2.42±0.16
3 2-Benzylmalonic acid 2.51 1.87 0.365 –0.44 –0.46 0.02 2.76±0.43
4 2-Phenylmalonic acid 2.56 1.47 0.371 –0.49 –0.48 –0.01 3.11±0.52
5 2-Cyclopentylmalonic acid 2.53 1.27 0.375 –0.52 –0.49 –0.03 3.34±0.65
6e Cyclopropane-1,1-dicarboxylic acid 2.49 0.42 0.419 –0.63 –0.41 –0.22 4.31±0.17
7 Succinic acid 3.92 –0.38 0.354 –0.63 –0.81 0.18 4.31±0.39
8 Glutaric acid 5.03 0.02 0.350 –0.63 –0.78 0.15 4.24±0.28
9 Adipic acid 5.49 0.42 0.348 –0.92 –0.73 –0.19 8.36±0.50

10 Pimelic acid 6.82 0.81 0.351 –0.70 –0.66 –0.03 4.99±0.70
11 Suberic acid 7.11 1.21 0.351 –0.69 –0.61 –0.09 4.95±1.10
12 Azelaic acid 6.40 1.61 0.352 –0.58 –0.55 –0.03 3.81±0.56
13 Iminodiacetic acid 4.89 –1.12 0.353 –0.96 –0.92 –0.04 9.13±0.72
14e N-Benzoyliminodiacetic acid 3.48 0.46 0.371 –0.33 –0.62 0.29 2.13±0.12
15e Furan-2,5-dicarboxylic acid 4.86 –1.28 0.453 0.25 –0.49 0.74 0.56±0.48
16 Pyridine-2,5-dicarboxylic acid 5.73 1.00 0.430 –0.34 –0.29 –0.05 2.17±0.13
17e Pyridine-2,6-dicarboxylic acid 4.87 0.93 0.431 0.48 –0.29 0.77 0.33±0.02
18 Naphthalene-2,6-dicarboxylic acid 7.96 2.45 0.428 –0.08 0.01 0.23 1.20±0.19
19 Quinoline-2,6-dicarboxylic acid 7.92 1.93 0.425 –0.16 –0.04 –0.31 1.44±0.16
20 Biphenyl-4,4'-dicarboxylic acid 10.04 3.13 0.431 0.24 –0.06 –0.17 0.58±0.06
21 Biphenyl-2,2'-dicarboxylic acid 6.01 3.13 0.419 –0.36 0.00 –0.04 2.27±0.23

22 10.75 2.66 0.429 –0.23 –0.10 0.02 1.71±0.19

23 10.69 2.87 0.436 –0.05 –0.18 0.02 1.11±0.48

24 9.62 4.26 0.430 0.25 0.16 0.09 0.56±0.17

25 9.77 6.36 0.407 0.38 0.34 0.03 0.42±0.08

26 11.94 1.15 0.412 –0.52 –0.34 –0.17 3.30±0.50

27 11.88 2.73 0.412 0.15 –0.13 0.28 0.70±0.12

28e 12.67 3.22 0.406 0.46 –0.09 0.54 0.35±0.02
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components. Functional capacities of proteins C1r/C1s were
calculated by determination of the quantity of formed C3b using
antibodies directed against human C3.11

We tested the array of aliphatic acids carrying from two to
nine carbon atoms as a model to establish a relationship between
CIA and distance between charges (R), which was accepted and
measured as a distance between carbonyl carbon atoms. How-
ever, no satisfactory dependence was obtained [Figure 1(a)].
Glutaric (8) and iminodiacetic (13) acids have close values of
R, but their activity differs more than two times. Figure 1(a)
indicates that aromatic acids are more active than aliphatic acids
but the most active compounds have quite different R [9.77 Å
(25), 12.67 Å (28)]. Apparently, distances between charges does
not have key importance for CIA [equation (1); Table 2] and the
effect of aromatic acids is a consequence of hydrophobic and
electronic properties. Note that the calculated values of R for
flexible compounds may considerably vary for configurations
with close energy values. Such a property of this descriptor
limits its application.

It was established that hydrophobic substituents in charged
compounds enhance CIA.10,12 Our results show that hydro-
phobic properties have critical importance for complement-
blocking potency: the most active inhibitors have the highest
lipophilicity (24, 25, 28) [Figure 1(b)]. This dependence is
distinctly traced on the activity of compounds 26–28. More-
over, the correlation coefficient (r2) of equation (2) (Table 2)
expressing the relationship between activity and cLog P, is suf-
ficiently large to consider the descriptor cLog P necessary for
the QSAR study.

In order to characterise the electronic properties of dicarbo-
xylic acids, we considered ionization constants (pKa), polariz-
ability, hydration energy (Eh), energies of lowest unoccupied
and highest occupied molecular orbitals (ELUMO, EHOMO) and
partial charges at different atoms of the molecules. We found

the best correlation between CIA and the simple average of the
values of the partial positive charges at carbonyl carbon atoms
(q) [equation (3); Table 2]. On the whole, q values of aromatic
acids are higher because of donor-acceptor properties of a
carbonic framework between charges. The electron density of
carboxylic group is delocalised in the aromatic system and
solvation spheres around ionised charged groups are less. The
decrease in solvation spheres causes the increase in the force of
electrostatic interaction of the charged groups of an inhibitor
with a molecular target.

Considered features we tried to take into account at QSAR
derivation. The formulation of a number of equations and the
comparison of their statistic parameters allowed us to derive
equation (4) (Table 2) based on cLog P and q. For the statistical
analysis of the derived QSAR model, two regression coeffi-
cients were calculated: a conventional squared regression coef-
ficient (r2) and a cross-validation (CV) coefficient for predic-
tion (q2). The coefficient q2 = 0.744 for equation (4) allows us
to accept this model as a statistically reasonable because it is
necessary that q2 will be greater than 0.6.13 Three points (com-
pounds 2, 17, 28) having the highest deviation between pre-
dicted and experimental activity values were truncated. Statistical
coefficients taking these compounds into account reflect the
deterioration of model quality in their presence [malonic acid
(2, r2 = 0.802, q2 = 0.669), pyridine-2,6-dicarboxylic acid (17,
r2 = 0.746, q2 = 0.596), compound 28 (r2 = 0.802, q2 = 0.671)].
Dipicolinic acid 17 is an outlier because its high activity is due
to strong Ca2+-chelating properties,14 which allow this acid to
block Ca2+-depending functions of complement system serine
proteases nonspecifically. At present, there is no good explana-
tion for other outliers and compound 15 from the test set (see
below). Complement is a complex system of proteins and con-
siderable excess of experimental activity over predictive values
could be explained by the interaction of these compounds with
more than one target.

For the validation of the model quality compounds 6, 14, 15
were studied as a test set. Their activity was predicted using
equation (4) and compared with experimental values. Satisfactory

† Malonic acid derivatives (3–5) were obtained by alkaline hydrolysis
of correspondent diethyl esters. For the obtaining 2-benzylmalonic
ester benzaldehyde was condensed with malonic ester according to
the Knövenagel method followed by hydrogenation on palladium.17

2-Phenylmalonic ester was obtained by Claisen condensation from ethyl
phenylacetate and diethyl oxalate followed by decarbonylation.18 Alkyla-
tion of malonic ester by cyclopentyl bromide in the presence of sodium
hydride led to 2-cyclopentylmalonic ester.19

3: mp 120–122 °C. 1H NMR [Bruker MSL-300, 300 MHz, [2H6]DMSO–
CDCl3 (1:1)] d: 7.1 (m, 5H, ArH), 12.5 (s, 2H, COOH), 3.5 (s, 1H, CH),
3.1 (d, 2H, CH2).

4: mp 152–153 °C. 1H NMR (CDCl3) d: 7.3 (m, 5H, ArH), 11.5 (s,
2H, COOH), 4.5 (s, 1H, CH).

5: mp 169–170 °C. 1H NMR [CDCl3–[2H6]DMSO (2:1)] d: 8.0 (s,
2H, COOH), 2.90 (d, 1H, CHCOOH), 2.3 (m, 1H, CH2CHCH2), 1.6,
1.35, 1.0 (m, 8H, CH2CH2).

Figure 1 Relationship between complement-inhibiting activity of dicarbo-
xylic acids and (a) distance between charges (R); (b) cLog P and (c) partial
positive charges at carbonyl carbon atoms (q). Circles and squares indicate
aliphatic and aromatic acids, respectively.

10

8

6

4

2

0 10 20

10

8

6

4

2
0

IC
50

/m
M

R/Å

IC
50

/m
M

0 2 4 6 8–2

10

8

6

4

2

0.33

IC
50

/m
M

cLog P

0.36 0.39 0.42 0.45
q

(a) (b)

(c)

Figure 2 Plot of predictive vs. experimental complement-inhibiting activities
of dicarboxylic acids. Open and solid squares represent compounds of the
training set and the test set (6, 14, 15), respectively. Circles symbolise
the  outliers (2, 17, 28).

0.50

0.00

–0.50

–1.00 –0.50 –0.00 0.50

P
re

d 
L

og
(1

/I
C

50
)

Log(1/IC50)

Table 2 QSAR equations. 

No.
Log (1/IC50) = aR + bcLog P + cq + d

a b c d na

an is the number of data points used to derive the equation, r2 is the
correlation coefficient, s is the standard deviation from the regression, and
F is the F statistics value.

r2 s F

1 0.07 
(±0.02)

–0.76 
(±0.17)

25 0.299 0.358 9.81

2 0.18 
(±0.04)

–0.60 
(±0.09)

25 0.528 0.294 25.79

3 9.30 
(±1.66)

–3.94 
(±0.66)

25 0.576 0.278 31.20

4 0.14 
(±0.03)

4.46 
(±1.23)

–2.34 
(±0.46)

22 0.853 0.151 55.35
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results for compounds 6 and 14 allowed us to consider the
derived model to be adequate.

It is known that the coefficient at cLog P (b) in QSAR equa-
tions can clarify the mechanism of action of compounds.15 It
has been argued that b values of about unity imply complete
desolvation and binding deep into a lipophilic pocket, whereas
b values of about 0.5 reflect only partial desolvation and binding
along the surface of a protein. Small regression coefficient b
obtained in equation (4) indicates the binding of an only partly
desolvated compound.

Takada et al.16 studied the CIA of different amino acids and
their derivatives carrying two carboxylic groups. We used equa-
tion (4) for calculating the activity of aspartic acid, glutamic
acid and glutathione and obtained satisfactory results (Table 3).

In conclusion, the key roles of hydrophobic and electrostatic
inhibitor-target interactions at the blocking of the classical path-
way of complement activation by dicarboxylic acids have been
demonstrated. The QSAR equation taking these parameters into
account was derived, and it can be used for predictions in
aliphatic, aromatic and amino-dicarboxilic acids.
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Table 3 Complement-inhibiting activity of aspartic acid, glutamic acid
and glutathione. 

Compound q cLog P Experimental 
activity/mM16

Activity predicted by 
equation (4)/mM

Aspartic acid 0.381 –1.15 2–5 6.3
Glutamic acid 0.374 –0.90 2–5 6.2
Glutathione 0.371 –2.72 10–40 11.4
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