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Abstract—The first QSAR study on the activation of the human secretory isoform of the metalloenzyme carbonic anhydrase (CA,
EC 4.2.1.1), CA VI, with a series of amines and amino acids is reported. A large set of topological indices have been used to obtain
several tri-/tetra-parametric models. We compared the CA VI activating QSAR models with those calculated for activation of the
cytosolic human isozymes hCA I and hCA II. In addition, the effect of DD- and LL-amino acids as activators of hCA I, hCA II and of
hCA VI as compared to those of structurally related biogenic amines was investigated for obtaining statistically significant and pre-
dictive QSAR equations. The obtained models are discussed using a variety of statistical parameters. The best models were obtained
for hCA II activation, followed by hCA I, whereas the QSAR models for the activation of hCA VI were statistically weaker.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

A multitude of physiologically relevant compounds such as
amino acids, oligopeptides or small proteins, as well as
many biogenic amines (histamine, serotonin and catechol-
amines among others), were shown to efficiently activate
the catalytic activity of many isoforms of the metalloen-
zyme carbonic anhydrase (CA, EC 4.2.1.1) which acts as
an efficient catalyst for the interconversion between carbon
dioxide and bicarbonate at neutral pH.1–3 Activation of the
cytosolic, ubiquitous human isoforms hCA I and hCA II
was the most investigated such phenomenon, and shown
thereafter to constitute a possible therapy for the enhance-
0968-0896/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2007.07.004

Keywords: Carbonic anhydrase; Activation; Human secretory isoform

(CA VI); Amino acids; Amines; QSAR; Topological index; Regression

analysis.
* Corresponding authors. Tel.: +91 731 2531906 (P.V.K.); tel.: +39 055

457 3005; fax: +39 055 4573385 (C.T.S.); e-mail addresses:

jyoti_singh07@rediffmail.com; shalini_singh15@yahoo.com; vijay-

agrawal@lycos.com; pvkhadikar@rediffmail.com; claudiu.supuran@

unifi.it
ment of synaptic efficacy, which may represent a conceptu-
ally new approach in the treatment of Alzheimer’s disease,
ageing and some other disease conditions characterized by
an eventual loss of memory functions.1 However, unlike
CA inhibitors, widely used clinically for the treatment or
prevention of a multitude of diseases,1 CA activators
(CAAs) have been much less investigated.1–3 Only recently,
by means of electronic spectroscopy, X-ray crystallogra-
phy and kinetic measurements, it has been proved that
CAAs bind within the enzyme active cavity (in the case
of the physiologically most important isoforms, hCA I
and hCA II) at a site distinct of the inhibitor or substrate
binding sites, participating thereafter in the rate-determin-
ing step of the catalytic cycle, the proton transfer reaction
between the active site and the environment.1–3 Just
recently the unique secretory hCA isoform VI (hCA VI),
present in saliva and milk, has been cloned and character-
ized by this group,2a and its activation with a set of amino
acids and amines also investigated.2b

The present paper deals with the estimation/prediction
of the activation constant (log KA) of hCA VI (measured
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experimentally in the above-mentioned study) as com-
pared to the same data reported/calculated for the cyto-
solic isoforms hCA I and hCA II. This is the first QSAR
report of a CA VI activator series, and the second ever
QSAR of any CA activators, as the only other such re-
port is the study performed in 1994 by Clare and Supu-
ran using ab intio calculations.3b Consequently, we
define the activation constant (KA) as already mentioned
in the original report2b similar to the inhibition constant
K1

I . Thus, KA is obtained by considering the classical
Michaelies–Menten equation1,2 as given below:

v ¼ vMAX= 1þ KM=fSg 1þ ½A�f=KA

� �� �
ð1Þ

where [A]f is the free concentration of activator. Work-
ing at substrate concentrations considerably lower than
KM ([S]� KM), and considering that [A]f can be
represented in the form of the total concentration of
Table 1. Structure of compounds 1–17 tested as CA activators2b
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the enzyme ([E]t) and activator ([A]t), the obtained
competitive steady-state equation for determining the
activation constant is given by Eq. 2:2b

v ¼ v0 � KA

��
KA þ

�
½A�t � 0:5 ½A�t þ ½E�t þ KA

	��

� ½A�t þ ½E�t þ KA

� �2 � 4½A�t � ½E�t
	1=2



ð2Þ

where v0 represents the initial velocity of the enzyme-cat-
alyzed reaction in the absence of activator.2b

hCA VI was shown2 to possess a significant enzymatic
activity for the physiological reaction, of the same order
of magnitude as the ubiquitous isoform hCA I or the
transmembrane, tumour-associated isozyme hCA IX.
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Thus, investigating in detail its inhibition and/or activa-
tion may be relevant for a better understanding of this
isoform, and for the potential use of modulators of its
activity for designing putative medicinal chemistry
application.1–3 In the above-mentioned study2b it has
been also observed that amino acids and amines of type
1–17 (Table 1) act as CA VI activators, with variable
efficacies, depending on their chemical structure. For
example, LL-His, LL-Trp and dopamine showed weak CA
VI activating effects, whereas DD-His, DD-Phe, LL-DOPA,
LL-Trp, serotonin and pyridyl-alkyl amines were better
activators. The best hCA VI activators were LL-Phe, DD-
DOPA, 4-amino-LL-Phe and histamine. All the amino
acids and amines used as activators were shown to en-
hance kcat, having no effect of KM, and participating
thus in the rate-determining step in the catalytic cycle,
the proton transfer reactions between the enzyme active
sites and the environment.2b The aforementioned find-
ings prompted us to undertake the present investigation
which is a first report of a QSAR study for CA VI acti-
vators. The study is designed by considering the 17 com-
pounds investigated2b as hCA I, hCA II and hCA VI
activators shown in Table 1.
2. Results and discussion

The structural details of the amino acids and the amines
used in the present investigation are shown in Table 1.
The DD/LL-form of the amino acid was designated by an
indicator parameter I1, which was taken as 1 for DD-amino
acids and 0 for LL-amino acids. A comparison was made
among the estimation of CA I, CA II and CA VI activa-
tion constants based on the obtained QSAR models.

The indicator parameter I, and hCA I, hCA II and hCA
VI activation constants for the series of amino acids and
amines of the type 1–17 are given in Table 2.2b The acti-
vation constants for the ubiquitous isozymes hCA I and
hCA II are also given for comparison, as they will be
used to derive QSAR models for the activation of these
isoforms too, as only one such report is available in the
Table 2. Activation constants against isoforms hCA I, hCA II and

hCA VI with derivatives 1–17,2b and the indicator parameter I1

Compound log KA(hCA I) log KA(hCA II) log KA(hCA VI) I1

1 �1.5228 1.0374 1.5051 0

2 �1.10457 1.6334 1.1139 1

3 �1.1549 �1.8860 0.0899 0

4 1.9344 �1.4559 1.2041 1

5 0.4913 1.0569 1.2552 0

6 0.6901 0.8920 0.6608 1

7 1.6434 1.4313 1.1760 0

8 1.6127 1.0791 1.5910 1

9 �1.6989 �1.9586 0.9689 0

10 �0.6197 �0.8239 0.7259 —

11 0.3222 2.0969 0.8129 —

12 1.1303 0.9637 1.3222 —

13 1.6532 1.6989 1.2787 —

14 1.4149 1.5314 1.1461 —

15 1.1139 1.1760 1.2552 —

16 0.8692 0.3617 0.9795 —

17 �0.8538 �0.7212 1.6232 —
literature at this moment.3b All the CAAs investigated
up to now possess protonatable moieties of the primary
amino or heterocyclic amines type, being thus able to
participate to proton transfer processes leading to the
generation of the nucleophilic species of the enzyme,
with hydroxide coordinated to the active site zinc cat-
ion. It is interesting to mention that the amines used in
this study possess amino-ethyl or amino-methyl moie-
ties in addition to aromatic/heterocyclic groups, the last
of which usually incorporates nitrogen atoms that can
be protonated at pH values in the physiological range.
Data of Table 2 show that the activity profile of amines
and amino acids investigated here as CAAs is different
for the three investigated isozymes, that is, hCA I,
hCA II and hCA VI. The following sequence of activa-
tion efficiency is observed for CA I, CA II and CA VI:

(i) Activation of isoform hCA I. DD-Phe > serotonin >
LL -Trp > DD-Trp > 2-pyridyl-methylamine > dopamine >
2-[2-aminoethyl)pyridine > 1-(2-aminoethyl)-pipera-
zine > DD-DOPA > LL-DOPA > histamine > 4-NH2-LL-Phe >
4-(2-aminoethyl)-morpholine > DD-His > LL-Phe > LL-His >
LL-Tyr.

(ii) Activation of isoform hCA II. Histamine > seroto-
nin > DD-His > pyridyl-methylamine > LL-Trp > 2-[2-amino-
ethyl)pyridine > DD-Trp > LL-DOPA > LL-His > dopamine >
D -D - DOPA > 1-(2-aminoethyl)-piperazine > 4-(2-amino-
ethyl)-morpholine > 4-NH2-LL-Phe > DD-Phe > LL-Phe > LL-
Tyr.

(iii) Activation of isoform hCA VI. 4-(2-Aminoethyl)-
morpholine > DD-Trp > LL-His > dopamine > serotonin >
LL-DOPA=2-[2-aminoethyl)pyridine > DD-His > 1-(2-ami-
noethyl)-piperazine > LL-Tyr > histamine > 4-NH2-LL-Phe >
DD-DOPA > LL-Phe.

From the above data it is clear that the set of amino
acids and amines used here act differently in activating
CA I, CA II and CA VI. In case of CA I and CA II,
the activation constant for LL-Tyr is the smaller one, indi-
cating it to be the strongest activator.

We used here topological modelling of the activation con-
stant (log KA) for the set of 17 activators of Table 1, by
using topological indices, which are numerical representa-
tion of structural data, being calculated by using the
software developed by Karelson.4 The structure optimiza-
tion was made with HyperChem5 and the ACD LAB6

softwares. The calculated values of the topological indices
are summarized in Tables 3 and 4. Stepwise regression
analysis7 using the method of maximum-R2 was used for
obtaining statistically significant models in each of the three
cases (for the investigated CA isoforms). This has been
done by using the NCSS software.8 The results obtained
are presented in Tables 5–7 and discussed below.

(i) Modelling activation constants of isoform I, log KA

(hCA I). Inspection of data of Table 5 shows that only
three- and four-variable models were found to be statis-
tically significant for modelling log KA(hCA I) and that
the four-variable model was the best one for this pur-
pose. This model is shown below:



Table 4. Topological indices for the compounds 1–17 investigated as CA activators

Compound TMSA PPSA-1 PPSA-2 PPSA-3 PNSA-1

1 389.7038 108.6624 38.1753 5.4955 281.0413

2 401.4055 106.7958 37.5195 5.0843 294.6097

3 340.7005 177.5994 38.3380 1.5272 163.1010

4 340.7005 177.5994 38.3380 1.5272 163.1010

5 416.1916 115.9404 50.2132 3.5049 300.2511

6 430.4977 112.1823 48.5856 3.5345 318.3153

7 395.2202 177.5994 53.1777 2.2489 217.6207

8 412.2568 182.9860 54.7906 2.1040 229.2708

9 379.9520 130.9481 43.5166 2.9273 249.0039

10 473.4406 193.6098 53.6354 4.7728 279.8308

11 313.1795 129.2451 25.2866 5.0327 183.9343

12 382.6761 146.9584 40.4971 3.7388 235.7176

13 397.7086 161.9910 41.5362 3.8727 235.7176

14 288.9116 186.4312 25.2217 4.3376 102.4803

15 322.3225 215.0315 30.0992 4.2896 107.2909

16 399.2768 254.9598 55.5925 9.2665 144.3169

17 329.0612 234.1141 67.2446 11.7879 94.9471

Table 5. Summary of regression models for modelling activation constant (log KA) of hCA I, hCA II and hCA VI with amino acids and amines 1–17

Activators Model Parameters Se R2 R2
A F

hCA I 1 3vshape 3.2814 0.2063 0.1533 3.898

2 2vshape, 3vshape 2.8758 0.4310 0.3497 5.302

3 2vshape, 3vshape, PPSA-2 2.7015 0.5337 0.4261 4.960

4 2vshape, 3vshape, PPSA-1, PPSA-2 2.5655 0.6118 0.4825 4.729

hCA II 5 3vshape 1.9385 0.5379 0.5071 17.460

6 3vshape, PNSA-1 1.3176 0.8007 0.7723 28.128

7 3vshape, PNSA-1, PPSA-3 1.3015 0.8195 0.7778 19.669

8 3vshape, PNSA-1, 1vshape, 2vv 1.0392 0.8938 0.8583 25.236

hCA VI 9 3vshape 0.3319 0.1280 0.0699 2.202

10 3vshape, PPSA-2 0.3019 0.3264 0.2302 3.393

11 3vshape, PPSA-1, PPSA-2 0.3038 0.3668 0.2206 2.510

12 3vshape, TMSA, PNSA-1, PPSA-2 0.3110 0.3873 0.1831 1.897

In case of modelling log KA(hCA I) alone the indicator parameter I1 was statistically significant and the models improved.

Table 3. Calculated topological indices for the compound 1–17 investigated as CA activators

Compound W 0v 1v 2v 3v 0vv 1vv 2vv 3vv 1vshape 2vshape 3vshape

1 165 8.2675 5.1983 4.6074 3.3179 5.1581 2.5262 1.5450 0.8037 8.0604 3.3800 2.2271

2 165 8.2675 5.1983 4.6074 3.3179 5.1581 2.5262 1.5450 0.8037 8.0604 3.3800 2.2271

3 212 8.9746 5.6983 4.9610 3.5679 5.7637 2.8818 1.7610 0.9367 8.9025 3.9923 2.7637

4 212 8.9746 5.6983 4.9610 3.5679 5.7637 2.8818 1.7610 0.9367 8.9025 3.9923 2.7637

5 321 10.7151 6.5029 6.0906 4.5499 6.5802 3.2901 2.1693 1.1825 10.8085 4.2961 2.8527

6 321 10.7151 6.5029 6.0906 4.5499 6.5802 3.2901 2.1693 1.1825 10.8085 4.2961 2.8527

7 369 10.8364 7.1815 6.5028 5.2942 7.2109 3.8290 2.5832 1.6339 10.0423 3.9398 1.9812

8 369 10.8364 7.1815 6.5028 5.2942 7.2109 3.8290 2.5832 1.6339 10.0423 3.9398 1.9812

9 268 9.8449 6.0922 5.5829 3.9786 6.1719 3.0859 1.9651 1.0388 9.8549 4.1337 2.9766

10 268 9.8449 6.0922 5.5829 3.9786 6.2109 3.1054 1.9846 1.0485 9.8549 4.1337 2.9766

11 67 5.8199 3.9318 2.9391 2.1716 3.8416 1.8680 1.0208 0.5479 5.4664 2.5916 1.4131

12 160 8.2675 5.2363 4.4223 3.4037 5.2637 2.6318 1.6450 0.9266 8.1990 3.4791 2.0430

13 238 9.2591 6.3088 5.4682 4.4835 6.3026 3.3749 2.2631 1.4801 8.4387 3.2978 1.4904

14 64 5.8199 3.9318 2.9122 2.3020 3.8944 1.9208 1.0590 0.5729 5.2506 2.4257 1.2931

15 94 6.5270 4.4318 3.2927 2.4216 4.3944 2.170 1.1840 0.6413 6.2333 3.1982 1.8163

16 94 6.5270 4.4318 3.2927 2.4216 4.3416 2.0916 1.1180 0.5972 6.9926 3.8211 2.3015

17 94 6.5270 4.4318 3.2927 2.4216 4.3026 2.0526 1.088 0.5787 6.9926 3.8211 2.3015

Table 6. Models for log KA(hCA I) containing the indicator parameter I1

Activator Model Parameters Se R2 R2
A F

log KA(hCA I) 13 PPSA-2, I1 11.4517 0.5579 0.4105 3.785

14 2vshape, 3vshape, I1 9.9920 0.7195 0.5512 4.275

15 2vshape, 3vshape, PPSA-2, I1 9.7751 0.7852 0.5705 3.656
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Table 7. Effect of LL-amino acid in modelling activation constant (log KA) of hCA I, hCA II and hCA VI

Activators Model Parameters Se R2 R2
A F

hCA I 16 3vshape 4.4329 0.4509 0.4009 9.032

17 2vshape, 3vshape 3.6305 0.6652 0.5982 9.932

18 2vshape, 3vshape, TMSA 3.6604 0.6932 0.5915 6.793

19 1v,1vshape, 3vshape, PPSA-1 2.7788 0.8431 0.7646 10.744

hCA II 20 3vshape 1.8698 0.6348 0.6016 19.123

21 3vshape, TMSA 1.5792 0.7632 0.7158 16.115

22 3vshape, TMSA, PPSA-1 1.5166 0.8034 0.7379 12.263

23 3vv, 1vshape, 3vshape, TMSA 1.0772 0.9119 0.8678 20.689

hCA VI 24 3vshape 0.3579 0.0978 0.0158 1.192

25 2vshape, 3vshape 0.3594 0.1730 0.0076 1.046

26 1v, 1vv, 3vshape 0.2879 0.5225 0.3633 3.282

27 W,1v, 1vv, 3vshape 0.2958 0.5525 0.3288 2.470
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logKAðhCA IÞ¼ �4:2817þ4:1976ð�1:2697Þ2vshape

�3:7718ð�0:9688Þ3vshape

þ0:0091ð�0:0056ÞPNSA-1

�0:0853ð�0:0372ÞPPSA-2

N¼17;Se¼2:5655;R2¼0:6118;

R2
A¼0:4825;F¼4:729

ð3Þ
The physical significance of this model will be discussed
separately in the following section.

(ii) Modelling activation constants of isoform I, log -
KA(hCA II). Table 5 shows that in modelling the activa-
tion constant log KA(hCA II), again the four-parametric
model was the best suited one, as shown below:

log KAðhCA IIÞ ¼ 2:1997� 4:8511ð�0:1545Þ2v0

� 2:0137ð�0:6515Þ1vshape

� 5:1231ð�0:9448Þ3vshape

þ 0:0061ð�0:0029ÞPNSA-1

N ¼ 17; Se ¼ 1:0391;R2 ¼ 0:8938;

R2
A ¼ 0:8583; F ¼ 25:236

ð4Þ

Once again the physical significance of this model will be
discussed in the following section.

(iii) Modelling activation constant of isoform VI, log -
KA(hCA VI). A perusal of data from Table 5 shows that
all the four models are statistically inferior, as in each
case R2 is much smaller than 0.7. However, the data
do show that a four-variable model gives better results.
This model is presented below:

logKAðhCA VIÞ¼ 2:0758�0:4411ð�0:1912Þ3vshape

�0:0044ð�0:0044ÞTMSA

þ0:0252ð�0:0:0119ÞPPSA-2

þ0:0027ð�0:0025ÞPNSA-1

N¼ 17;Se¼ 0:3110;R2¼ 0:3873;

R2
A¼ 0:1831;F¼ 1:897

ð5Þ
We note that the statistics of this model, expressed by
Eq. 5, is not really good.

From the results and discussion made above we con-
clude that the methodology used here is excellent for
modelling log KA(hCA II), it is little bit inferior for
modelling log KA(hCA I) while it is worse for modelling
log KA(hCA VI). It should be noted that none of the
models contain the indicator parameter I1. When we
forced this parameter I1 to occur in the models, we ob-
served an improvement in the statistics only in model-
ling log KA(hCA I) (Table 5). In other cases I1 had
coefficients considerably smaller than its standard devi-
ation (data not shown). Such models are not allowed
statistically.8 It seems that for modelling log KA(hCA
II) and log KA(hCA I) it does not matter if the amino
acid activator is present in the DD- or LL-enantiomeric
form, while it does matter while modelling log KA(hCA
VI). This is in fact in agreement with X-ray crystallo-
graphic data on hCA I and hCA II in adducts with ami-
no acid activators, showing that both the LL- or DD-
activators bind efficiently within the enzyme cavity,
but in rather different ways.9

Data of Table 6 indicate that all the three models
contain I1 as the correlating parameter and that all are
statistically significant. The model containing 2vshape,
and 3vshape, PPSA-2 and I1 as the correlating parameters
is the most appropriate one for calculating log KA(hCA
I). This model is represented by the following equation:

log KAðhCA IÞ ¼ 9:5318ð�4:0807Þ
þ 7:8659ð�3:8243Þ2vshape

� 5:6599ð�2:8669Þ3vshape

� 0:1675ð�0:1514ÞPPSA-2

þ 1:02777ð�0:6614ÞI1

N¼ 17;Se¼ 0:7751;R2 ¼ 0:7852;

R2
A ¼ 0:5708;F¼ 3:656

ð6Þ
2.1. Effect of amino acids and amine activators

The aforementioned results obtained by using Eq. 6
prompted us to investigate the modelling of activation



Table 8. Effect of DD-amino acid in modelling activation constant (log KA) of hCA I, hCA II and hCA VI

Activators Model Parameters Se R2 R2
A F

hCA I 28 3vv 1.4844 0.1294 0.0424 1.487

29 2v,1vv 1.2114 0.4782 0.3623 4.125

30 0v,2v, 2vv 1.1423 0.5876 0.4330 3.800

31 0v,2v, 2vv, 1vshape 1.0471 0.6968 0.5235 4.021

hCA II 32 2vshape 1.2539 0.4491 0.3940 8.152

33 3v,0vv 1.0010 0.6841 0.6138 9.743

34 3v,1vv, 2vshape 0.9807 0.7305 0.6294 7.226

35 1v,1vv, 3vv, 2vshape 0.9515 0.7780 0.6511 6.132

hCA VI 36 3vv 0.2786 0.0261 0.0000 0.268

37 2vv,3vv 0.2445 0.3252 0.1753 2.169

38 2vv,3vv, 0vv 0.2248 0.4930 0.3029 2.593

39 0vv,2vv, 3vv, 2vshape 0.2255 0.5533 0.2981 2.168
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constant more thoroughly, by considering the effect of
DD- and LL-amino acids (individually) together with the
activation by amines only. We considered (i) model-
ling of log KA, using only LL-amino acids and the
amines; (ii) modelling of log KA using only DD-amino
acids and amines. The obtained results are summa-
rized in Tables 7 and 8, for LL-amino and DD-amino
acids, respectively.
2.2. Effect of LL-amino acids and amine activators

We observed (Table 7) considerable improvement in sta-
tistics in all the three cases when we have used LL-amino
acids and amines together. In the case of modelling log -
KA(hCA VI) we now obtained two statistically signifi-
cant models (Nos. 26 and 27).

(a) Modelling of log KA(hCA I). A perusal of Table 7
shows that there are three statistically significant models,
out of which the four-variable model is the best for mod-
elling log KA(hCA I). This model is shown below:

log KAðhCA IÞ ¼ 8:5550þ 2:6052ð�0:9091Þ1vshape

� 4:9903ð�1:1298Þ3vshape

þ 0:0176ð�0:0046ÞPPSA-1

� 2:5851ð�1:1381Þ1vshape

N ¼ 13; Se ¼ 2:7788;R2 ¼ 0:8431;

R2
A ¼ 0:7646; F ¼ 10:744

ð7Þ
(b) Modelling of log KA(hCA II). In the case of model-
ling log KA(hCA II) all the four proposed models (Table
7) are statistically significant and the four-variable mod-
el yielded excellent results. This model is presented
below.

log KAðhCA IIÞ ¼ 0:3457� 6:6142ð�1:8429Þ3vv

þ 1:9653ð�0:5363Þ1vshape

� 6:0735ð�1:0295Þ3vshape

þ 0:0095ð�0:0045ÞTMSA

N ¼ 13; Se ¼ 1:0772;R2 ¼ 0:9119;

R2 ¼ 0:8678; F ¼ 20:689

ð8Þ
A

(c) Modelling of log KA(hCA VI). Table 7 shows that in
modelling log KA(hCA VI) two statistically significant
models were obtained. As in both the cases statistics is
more or less similar the former model containing smaller
number of variables is considered best for modelling log -
KA(hCA VI). This three-variable model is found as below:

logKAðhCA VIÞ¼ �1:8023�7:5855ð�2:6923Þ1vv

�1:0277ð�0:3331Þ3vshape

þ4:7645ð�1:6850ÞTMSA

N¼ 13;Se¼ 0:2879;R2¼ 0:5225;

R2
A¼ 0:3633;F¼ 3:282

ð9Þ
A close examination of the four-variable model of Table 7
indicated that it contained the Wiener index (W) as one of
the correlating parameters, whose coefficient (0.0044) was
considerably smaller than its standard deviation (0.0060).
Such models are not allowed statistically.8 This is another
supporting result for not considering a four-variable
model for modelling log KA(hCA VI). Hence, as discussed
above, it is a three-variable model, the most appropriate
one for modelling log KA(hCA VI).

2.3. Effect of DD-amino acids and amine activators

We shall discuss in the following the combination of DD-
amino acids with amines for modelling the activation
constants. The results obtained are presented in Table
8. We observed that except for modelling log KA(hCA
VI), the results are inferior than in the cases discussed
above for LL-amino acids and amine activators.

(i) Modelling of log KA(hCA I). Table 8 show that both
three- and four-variable models are statistically signifi-
cant and the latter gives better results according to the
following equation:

logKAðhCA IÞ¼ �10:6547þ6:4971ð�2:2468Þ1vv

�1:5611ð�0:8867Þ1vshape

þ6:3564ð�2:7914Þ0v
�9:9470ð�3:5526Þ2vv

N¼ 12;Se¼ 1:0481;R2¼ 0:6968;

R2
A¼ 0:5235;F¼ 4:021

ð10Þ
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(ii) Modelling of log KA(hCA II). Data of Table 8 also
show that there are three statistically significant models,
out of which a four-variable model is the best. This
model is shown below:

log KAðhCA IIÞ ¼ 2:4960� 16:6716ð�7:2341Þ1vv

þ 6:5967ð�3:9526Þ3vv

� 2:70806ð�0:8746Þ2vshape

þ 8:6825ð�3:8628Þ1

N ¼ 12; Se ¼ 0:9515;R2 ¼ 0:7780;

R2
A ¼ 0:6511; F ¼ 6:132

ð11Þ
(iii) Modelling of log KA(hCA VI). Data of Table 8
shows that there are two statistically significant models
for modelling log KA(hCA VI), of which a four-variable
model is found to be the best. This model is presented
below.

logKAðhCA VIÞ¼ �2:7253þ3:3348ð�2:2934Þ0vv

�10:7355ð�5:8500Þ2vv

þ6:2781ð�2:4137Þ3vv

�0:5853ð�0:6019Þ2vshape

N¼ 12;Se¼ 0:2255;R2¼ 0:5533;

R2
A¼ 0:2981;F¼ 2:168

ð12Þ
We observed that in case of 2vshape its coefficient is smal-
ler than the corresponding standard deviation. In view
of this we have to consider the smaller parametric mod-
el, that is, we need to examine three-variable models for
obtaining statistically significant QSARs for this
isozyme. Such a three-variable model is shown below
(Table 8):

logKAðhCA VIÞ¼ �4:6720þ1:2301ð�0:7561Þ0vv

�5:6469ð�2:6066Þ2vv

þ4:6730ð�1:7551Þ3vv

N¼ 12;Se¼ 0:2248;R2¼ 0:4930;

R2
A¼ 0:3029;F¼ 2:593

ð13Þ
These results prove that for modelling log KA(hCA VI)
the presence of DD-, LL- and/or both enantiomers in the
model is beneficial.

We shall examine all the 39 models presented in Tables
5–8. This examination is based on the variation in R2

and R2
A as we proceed from one-variable to higher vari-

able models. A close look at Tables 5–8 indicates that
(except for the models 27 and 39) in each category, R2

and R2
A increase with the increasing number of correlat-

ing parameters. Such an increase should be expected, as
R2 always increases with increase in the number of cor-
relating parameters.10,11 However, this is not the case
with R2

A. It increases only when the added parameter
contributes their fair share to the model; otherwise R2

A

declines.10,11 In the case of our model 26, containing
1v, 2vv and 3vshape as the correlating parameters, R2
A is

0.3622. When a new parameter, namely the Wiener in-
dex (W), was added to this model, the resulting four-var-
iable model 27 has an R2

A of 0.3288. That is, due to the
addition of W, when R2

A is diminished, signifying that
the added parameter does not contribute a fair share
to the model. This is also the case with our model 39,
when a new parameter 2vshape was added to the model;
R2

A being reduced from 0.3029 to 0.2981. This means
that addition of 2vshape is again not well justified. At this
point, it is worth mentioning that R2

A relates with R by
the following expression:

R2
A ¼ 1� ð1� R2Þfðn� 1Þ=ðn� k� 1Þg ð14Þ

where n is the sample size and k is the number of inde-
pendent variables in the models.

Obviously, the R2
A value takes into account the adjust-

ment of R2. Therefore, if a variable is added that does
not contribute its fare share, the R2

A will actually decline.
R2

A is particularly important when the number of inde-
pendent variables is large relative to the sample size.10,11

When taking into account the relationship between sam-
ple size and the number of variables, R2 may appear
artificially high if the number of variables is high com-
pared to the sample size. R2

A is a measure of % explained
variation in the dependent variable that takes into ac-
count the relationship between the number of cases
(compounds) and number of independent variables in
the regression models. Whereas R2 will show an increase
when an independent variable is added, R2

A will decrease
if the added variable does not reduce the unexplained
variation enough to offset the loss of degrees of free-
dom.10,11 A perusal of Table 5–8 shows that in each of
the 39 models, the majority of the correlating parame-
ters are connectivity or connectivity type indices, in
which collinearity is a well-documented problem.3b,10

Therefore, all these models exhibit statistical collinearity
defects. Application of ridge statistics has indicated that
in each model there are two or more variables whose
variable inflation factor (VIF) values are considerably
larger than 10, which is indicative of the occurrence of
multicollinearity problems. However, the multicollinear-
ity problem will be resolved by using the recommenda-
tion of Randic.11 Randic11,12 stated that if a descriptor
strongly correlates with another descriptor already used
in a regression, such a descriptor should be discarded in
most studies. For example, among descriptors 1v and 2v,
the first one often strongly correlates with the second
one, and as a consequence in QSAR studies 2v should
be discarded.10,11 Although two highly correlated
descriptors depict the same features of molecular struc-
ture, it is important to recognize that even highly inter-
related descriptors differ in certain structural traits. The
difference between them may be relatively small but nev-
ertheless important for structure–property regressions.
The criteria for inclusion or exclusion of descriptors
should not be based on parallelism between descriptors
even if overwhelming, but should be based on whether
the part in which two descriptors disagree is or is not
relevant for the characterization of the considered
property. If the part in which the second descriptor dif-
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fers from the first, regardless of how small it is, is rele-
vant for the property under consideration, then the
descriptor should be included. Randic11 further stated
that the selection of descriptors to be used in QSAR
studies should not be delegated solely to computers,
although statistical criteria will continue to be useful
for preliminary screening of descriptors taken from a
large pool. Often in an automated selection of descrip-
tors, a descriptor will be discarded because it is highly
correlated with another descriptor already selected.
But what is important is not whether the two descriptors
parallel one another; that is, duplicate much of the same
structural information, but whether they are comple-
mentary in those parts that are important for struc-
ture–property–activity correlations. Hence, the residual
of the correlation between two descriptors should be
examined and kept or discarded depending on how well
it can improve the correlation based on already selected
descriptors.11,12

Finally, let us comment on the predictive powers of the
obtained models highlighted in Tables 5–8. The easiest
way to examine the predictive power is to calculate the
Pogliani factor Q. This quality factor Q is defined in
the literature13–15 as the ratio of correlation coefficient
R to the stranded error of estimation (Se), for example,
Q = R/Se. That means that the higher is the value of R,
and lower the value of Se, the larger will be Q and the
better will be the predicting power of the model. The cal-
culated Q values for various equations of our work are
summarized below.
Model
 R
 Se
 Q
 Activity
4
 0.7822
 2.5655
 0.3048
 log KA(hCA I)
8
 0.8862
 0.9775
 0.9060
 log KA(hCA I)
12
 0.9182
 2.7788
 0.3304
 log KA(hCA I)
15
 0.8348
 1.0471
 0.7972
 log KA(hCA I)
19
 0.9454
 1.0392
 0.9097
 log KA(hCA II)

23
 0.9549
 1.0772
 0.8865
 log KA(hCA II)
26
 0.8820
 0.9515
 0.9270
 log KA(hCA II)
31
 0.6223
 0.3112
 1.9997
 log KA(hCA VI)
35
 0.7228
 0.2879
 2.5107
 log KA(hCA VI)
38
 0.7014
 0.2248
 3.1200
 log KA(hCA VI)
From the above data we arrive at the following
conclusions:

(i) Among the models for correlating log KA(hCA I),
model 15 has both excellent statistics as well as
excellent predictive power.

(ii) Model 35 which correlates log KA(hCA II) has the
highest predictive power, but it has slightly infe-
rior statistics as compared to model 8.

(iii) Among the models for correlating log KA(hCA
VI), model 38 has the highest predictive power.

In order to confirm our results we have calculated the
activities using the corresponding models and compared
them with the observed activity. The results have shown
that the calculated activities in each case were very much
nearer to the experimentally determined ones.
3. Conclusions

This is first QSAR for modelling activation constants
for a series of CA VI activators. Furthemore, for the
same set of CAAs, models were obtained for activation
of the cytosolic isoforms CA I and CA II, and such
models have been compared between them. This com-
parative study has shown that the methodology is best
suited for modelling log KA(hCA II), is slightly inferior
for modelling log KA(hCA I) and is worse for modelling
log KA(hCA VI). The scarcity of QSAR models for CA
activators (as compared to the large number of such
QSARs for CA inhibitors)16 warrants further studies
in this field.
4. Experimental

4.1. Activation constants

All the activation constants were reported earlier as
KAvalues2b and were converted to their log units to be
used in the present study.1–3

4.2. Calculation of topological indices

All the topological indices were calculated using the
software of Karelson.4 The structure optimization was
performed using HyperChem5 and the ACD Labs6

softwares.

4.3. Regression analysis

Stepwise regression analysis adopting maximum R2

method7 was performed using NCSS software.8
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