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Abstract

Early pharmacological studies of Aconitum and Delphinium sp. alkaloids suggested that these 

neurotoxins act at site 2 of voltage-gated Na+ channel and allosterically modulate its function. 

Understanding structural requirements for these compounds to exhibit binding activity at voltage-

gated Na+ channel has been important in various fields. This paper reports quantum-chemical 

studies and quantitative structure-activity relationships (QSARs) based on a total of 65 natural 

alkaloids from two plant species, which includes both blockers and openers of sodium ion channel. 

A series of 18 antagonist alkaloids (9 blockers and 9 openers) have been studied using AM1 and 

DFT computational methods in order to reveal their structure-activity (structure-toxicity) 

relationship at electronic level. An examination of frontier orbitals obtained for ground and 

protonated forms of the compounds revealed that HOMOs and LUMOs were mainly represented 

by nitrogen atom and benzyl/benzoylester orbitals with –OH and –OCOCH3 contributions. The 

results obtained from this research have confirmed the experimental findings suggesting that 

neurotoxins acting at type 2 receptor site of voltage-dependent sodium channel are activators and 

blockers with common structural features and differ only in efficacy. The energetic tendency of 

HOMO-LUMO energy gap can probably distinguish activators and blockers that have been 

observed. Genetic Algorithm with Multiple Linear Regression Analysis (GA-MLRA) technique 

was also applied for the generation of two-descriptor QSAR models for the set of 65 blockers. 

Additionally to the computational studies, the HOMO-LUMO gap descriptor in each obtained 

QSAR model has confirmed the crucial role of charge transfer in receptor-ligand interactions. A 
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number of other descriptors such as logP, IBEG, nNH2, nHDon, nCO have been selected as 

complementary ones to LUMO and their role in activity alteration has also been discussed.
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1. Introduction

Voltage-gated sodium channels are transmembrane proteins responsible for signal 

transduction and amplification. They are primary molecular targets for several groups of 

naturally occurring neurotoxins and a number of drugs (Clare et al., 2000, Catterall, 2001, 

Baker and Wood, 2001, Taylor and Meldrum, 1995). One of these groups is represented by 

lipid-soluble neurotoxins targeting type 2 receptor site on voltage-gated Na+ channels. Site 2 

toxins are of very diverse chemical structures and a number of studies on mechanisms of 

their action suggest that they promote Na+ channel opening by indirect allosteric interactions 

(Cestele and Catterall, 2000, Wang and Wang, 2003). The recent investigations (Wang and 

Wang, 2003) showed that the receptor site of these neurotoxins appears to be adjacent to or 

overlap with that for sodium channel blockers (anticonvulsants, antidepressants, local 

anaesthetics, antiarrhythmics etc).

Diterpene alkaloids isolated from Delphinium and Aconitum plant species are compounds of 

considerable interest as they belong to site 2 neurotoxins (Anger et al., 2001). Paradoxically, 

despite of similar molecular structures these alkaloids exhibit antagonistic alteration of 

sodium channel function and therefore different therapeutic action (Benn and Jacyno, 1984, 

Ameri, 1998, Friese et al., 1997, Wright, 2001, Heubach and Schule, 1998, Dzhakhangirov 

et al., 1997, Ameri and Simmet, 1999). In particular, aconitine-type compounds are 

suggested to bind with high affinity to activated sodium channels and shift conformational 

equilibrium toward the activated state (Catteral, 1980, Mozahayeva et al., 1977). On the 

contrary, the other group of alkaloids isolated from the same plant species and having very 

similar (heteratisine and napelline) or even identical (lycoctonine) to aconitine core 

skeletons are reported to posses strong antinociceptive, antiarrhythmic and antiepiletiform 

properties due to a blockade of the voltage-dependent sodium channel. Thus, as it was 

demonstrated earlier (Valeev et al. 1990, Ameri, 1997), arrhythmogenic effect of aconitine 

can quickly be reversed by antiarrhythmic agent lappaconitine (Fig. 1). The most interesting 

fact about these two alkaloids is that they both belong to the subgroup comprised of 

molecules with lycoctonine skeleton (Dzhakhangirov et al.,, 1997). As it was reported 

elsewhere (Dzhakhangirov et al., 1997), there are four active regions in aconitine molecule: 

nitrogen atom of lycoctonine skeleton that acquires strong positive charge when protonated 

in a solution, and three functional residues (hydroxyl group at C13, benzoylester group at 

C14 and acetyl group at C8) playing a crucial role for exhibiting channel opening properties 

(Fig.1 A). Interestingly, the absence of any of functional groups mentioned results in 

blockade of sodium ion channel.
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Large number of various groups of sodium channel binders have been the target of extensive 

multidisciplinary studies including computational approach. This is mainly due to the proven 

therapeutic value of voltage-gated sodium channel modulators in local anaesthesia, cardiac 

arrhythmia, pain, epilepsy, stroke and other disorders (Benn and Jacyno, 1984, Ameri, 

1998). A literature survey revealed computational and molecular modelling technique have 

been used primarily for developing QSARs and pharmacophore model generation (Li and 

Harte, 2002) as 3D x-ray structure of sodium channel is not available yet. These two 

techniques are considered valuable tools in design of sodium channel modulators and any 

other drugs of better efficiency. Moreover, existing parallelism between two or more 

activities exhibited by Na+ channel binders (for example antiarrhythmic agents posses also 

local anaesthetic activity (Gupta, 1998)) can impede at development of new active analogues 

while QSAR methods allows to find factors affecting on secondary activities to develop 

active compounds without side effects (Unverferth et al., 1998, Chung-Chin Kuo et al., 

2000).

Though Delphinium and Aconitum alkaloids have been known for centuries and applied in 

folk medicine for their analgesic, antirheumatic and neurological indications, they have 

received little attention of computational chemists. Hence only recently a QSAR analysis of 

the analgesic and anesthetic properties for 12 Aconitum alkaloids (Bello-Ramirez et al., 

2003, Bello-Ramirez and Nava-Ocampo, 2004, Bello-Ramirez and Nava-Ocampo, 2004) 

and 19 nAChR antagonists (Turabekova and Rasulev, 2005) have been reported. The 

toxicity/activity data available for these alkaloids and the intriguing sodium channels 

modulation exhibited (openers and blockers in one homologous series) makes them very 

interesting targets for molecular modelling studies. The present work attempts to shed some 

light on antagonist Na+ channel modulation of Delphinium and Aconitum species alkaloids 

by predicting structure-activity (toxicity) relationship at electronic structure level. The 

library of the alkaloids of the following four skeletons: lycoctonine, napelline, heteratizine 

and denadutine have been the targets of our investigations (Fig. 2).

2. Materials and Methods

2.1. Training Compounds

Selection of diterpene alkaloids for AM1/DFT Electronic Structure Investigations has been 

performed ensuring an equal number of channel blockers and openers in a series (9 openers 

and 9 blockers). Moreover, the structures maximally related to aconitine alkaloid (strong 

activator) but with various combinations of three crucial residues were of the first choice. 

(Fig. 3)

The QSAR studies have been performed for the 65 antiarrhythmic and 63 toxicity data 

available for the set of sodium channel blocking alkaloids (Figure 4).

2.2. Biological Data

Toxicity and antiarrhythmic activity data used in this study are obtained from the early 

report (Dzhakhangirov et al., 1997). The data suggest alkaloids inducing sodium channel 

activation are more toxic than those alkaloids that block Na+ ion permeation through the 
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channels. All original in vivo LD50 toxicity data (mg/kg) were expressed as the logarithm of 

the inverse molar concentration (log 1/LD50) response variables. Acute intravenous 

mammalian toxicity data have been applied as it is known to produce QSAR models of 

better predicting abilities rather than in vitro toxicological assays (Cronin, 2003).

2.3. Molecular Modeling

All molecular models were built using the HyperChem 6.01 software package (HyperChem 

6.01 (HyperCube, Inc), 2000). The Molecular Mechanics (MM+) force field was applied for 

preliminary structure optimization and study of the conformational behavior of each 

alkaloid. Molecular mechanics has been shown to produce realistic geometry values for the 

majority of organic molecules owing to the fact of being highly parameterized (Young, 

2001). The global minimum-energy conformation for each compound was identified using 

the following steps: (1) geometry optimization of each molecule to the local minimum-

energy conformation using an energy gradient of 0.001 kcal/(mol Å), (2) analysis of 

conformational space by varying all degrees of freedom (i.e. torsional angles) of side chains 

by using a Monte Carlo search, (3) geometry re-optimization of the molecules to their lowest 

minimum-energy conformation using the bond angles established in step two. The next step 

was a re-optimization of the MM+ optimized structures by using combined technique of 

AM1/DFT computation in Gaussian03 package (Gaussian 03, 2004). In particular, geometry 

optimizations were performed using AM1 Hamiltonian followed by single point calculations 

at gradient-corrected density functional levels of theory. A combination of Becke's three-

parameter adiabatic connection exchange functional with Lee-Yang-Parr correlation 

(B3LYP/ 6-31G(d,p)) was employed in order to obtain reliable energetics and accurate data 

on electronic properties of molecules. This technique simplifies the ab initio procedure of 

calculation of quite large molecules by saving time due to AM1 geometry optimization. As 

can be seen from the Figure 3 the molecular structures of the alkaloids are quite rigid. 

Nevertheless, it is known that the variability of the molecular orbitals and of the energies is 

highly dependent on the conformation.

2.4. QSAR and Statistical Software

Preliminary models selection was performed by means of GA-MLRA (Devillers, 1996) 

technique as implemented in the BuildQSAR (de Oliveira and Gaudio, 2000) program. This 

approach allows selection of the models with the following characteristics for the better 

performance: high correlation coefficient R, low standard deviation S and the least number 

of descriptors involved. Next, the NCSS98 (NCSS98, 1998) professional software package 

was applied for detailed statistical analysis of the models obtained. Thus, the high F-ration 

coefficient, non-collinear descriptors and the significance level P variable served as 

additional selection parameters.

The correlation coefficients for all pair of descriptor variables used in the models were 

evaluated in order to identify highly correlated descriptors and to detect redundancy in the 

data set. Any type of redundancy might lead to an overexploitation of a chemical property in 

the explanation of the dependent variable. Hence, some highly correlated and constant 

descriptors (cross-correlation r2>0.9) were removed from the further consideration. 
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Furthermore, at the process of each model building (i.e. inside of each model) the 

descriptors with cross-correlation coefficient more than 0.6 are avoided.

A final set of QSARs was identified by applying the “leave-one-out” technique with its 

predicting ability being evaluated and confirmed by cross validation coefficient q2 based on 

predictive error sum of squares (SPRESS). Physicochemical descriptors used in this study 

have been calculated applying the DRAGON program (Todeschini and Consonni, 2003).

3. Results and Discussion

3.1. AM1/DFT Electronic Structure Calculations

All 18 compounds included in this study are shown in Fig.3 of which 9 are blockers (1-9) 

and other 9 (10-18) compounds are openers of sodium ion channel. AM1 geometry 

optimization followed by single point B3LYP/6-31G(d, p) calculations were carried out for 

the detailed investigations of frontier orbitals in order to reveal whether electronic features of 

a molecule would reflect the modulation effect nature of a particular alkaloid. Aiming to 

understand better the experimental results, the energies of HOMO (highest occupied 

molecular orbital, a measure of nucleophilicity), and LUMO (lowest unoccupied molecular 

orbital, a measure of electrophilicity) of the compounds were calculated. Four most 

important molecular orbitals were analyzed including HOMO, second highest molecular 

orbital (HOMO-1), LUMO and second lowest unoccupied molecular orbital (LUMO+1).

Thus, well definite separation of functional groups was observed in distribution of HOMO 

and LUMO. They are located in two distinct parts of each molecule. Also, further molecular 

orbitals analysis showed two distinct location sites for each HOMO: the HOMOs were 

mainly represented by contributions of lycoctonine carcass nitrogen atom orbitals, while all 

the HOMO-1s were comprised of benzoylester's atom orbitals. LUMOs and LUMO+1s were 

located mostly on benzyl/benzoylester group apart from talatizamine and aconine alkaloids 

that do not possess such side chain. No contribution from nitrogen atom orbitals has been 

predicted for these orbitals. Interestingly, the HOMO (and HOMO-1) geometries were 

almost identical for each alkaloid of a set and therefore no difference induced at 

physicochemical level is to be expected. Likewise, after having a close look at LUMOs no 

substantial features have been identified that would help to distinguish whether particular 

structure is activator or blocker of Na+ channels. The Figure 5 shows LUMOs plotted for 

benzoylnapelline (strong blocker), benzoylaconine (blocker), aconitine (strong activator) and 

lappaconitine (strong blocker) that are distributed on benzoylester group irrespectively of its 

attachment position. Moreover, it clearly demonstrates that three essential functional groups 

do not participate altogether in this molecular orbital formation. The exception is 

benzoylester group (about 90-95% contribution) which however can not be solely 

responsible for opening the sodium ion channels.

Toxicity and/or therapeutic action of many medicinal agents strongly depend on solubility of 

a molecule which subsequently defines its bioavailability. The tertiary nitrogen atom present 

in each molecule would be a centre with the highest proton affinity once drug is in water.
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The next logical step involves the exploration of re-arranged electronic structure of alkaloids 

induced by protonation of the tertiary nitrogen. The careful examination of molecular 

orbitals revealed that the orbitals corresponding to the nitrogen atom have acquired a lower 

energy as the result of its protonation. Hence, the HOMO has moved to the group of inner 

orbitals, while LUMO has now appeared in the group of frontier orbitals (Fig.6). Again, 

close values of LUMO and LUMO+1 have been observed for protonated forms of alkaloids.

As we already mentioned Na+ channel activators and blockers have several common 

features and it was well summarized (D.B. Tikhonov et al., 2005). First, the structures are 

not vastly different. Second, both activators and blockers bind in use-dependent manner. 

Third, both activators and blockers can prevent channel closure and shift gating equilibrium 

of the channel. Authors also pointed that action of activators and blockers on the channel 

conductance is obviously different, but the difference is quantitative rather then qualitative. 

Practically all activators decrease the unitary current, having an efficacy <1. In extreme, the 

activators having a zero efficacy are blockers. In other words, the binding of blockers 

completely abolishes channel conductance, whereas activators allow ions to flow, but at 

reduced rate.

Based on previously stated, it is clear that both activators and blockers share common 

structural features and differ only in efficacy. Therefore, the energetic properties can play 

important role in activity profile of these alkaloids. For supporting hypothesis about 

importance of energetic properties, the following correlation observed - the correlation 

between HOMO-LUMO gap values that distinguish activators and blockers. For ground 

state we have not seen any essential difference in HOMO-LUMO gap values for all four 

compounds (lappaconitine (3.76 eV), benzoylaconine (4.33 eV), aconitine (4.08 eV) and 

benzoylnappeline (4.52eV )), whereas for protonated state we can see the difference (3.84, 

5.66, 5.69, 4.30, respectively). I.e. aconitine (activator) has the highest value of HOMO-

LUMO gap, while for the rest compounds (blockers) these values slowly decreasing as 

blockers increase in strength (benzoylaconine (weak 

blocker)<benzoylnapelline<lappaconitine (strong blocker)).

The location of LUMO on benzoylester group (for ground and protonated states) suggests 

that this group plays an important role in interacting with the binding site of sodium channel 

together with HOMO (which is active in protonated state), i.e. the benzoylester group and its 

position determine the interaction with the binding site on the sodium channel and the later 

observation was confirmed by a number of experimental papers (Valeev et al. 1990). 

Additionally, it is very likely that benzoylester group defines the toxicity of the compound 

due to its activity (high contribution to LUMO and HOMO from this group). The later is 

also supported by the fact that those compounds, which lack of benzoylester group, are 

much less toxic.

3.2. QSAR Analysis of Na+ channel blocker alkaloids

The next step applied in this study was QSAR analysis. Aiming to identify which of the 

physicochemical descriptors (molar refractivity MR, molecular weight, MW, lipophilicity 

MlogP etc.) or quantum-chemical characteristics (energy of HOMO, energy of LUMO, 

HOMO and LUMO energy gap (Todeschini, 2000) calculated for both ground and 
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protonated compounds applying AM1 Hamiltonian) correlates best with toxicity and 

antiarrhythmic activity data we built several QSAR models. The statistical significance of 

each model is evaluated by the correlation coefficient r, standard error s, adjusted r-squared 

r2
adj, F-test value, significance level of the model P, leave-one-out cross-validation 

coefficient q2 and predictive error sum of squares SPRESS. The descriptors used to build 

QSARs are collected in Tables 1.

Extensive QSAR (including 3D-QSAR) studies on various groups of sodium channel 

blockers have been reported (Li and Harte, 2002, Gupta, 1998). Pharmacophore models have 

been generated by analyzing structure-activity relationship and mapping common structural 

features of small-molecules of different sodium channel modulator classes (Li and Harte, 

2002). One of these models suggested an aromatic centre, electron donor atom and 

hydrogen-bond acceptor/donor unit to be the key features for the voltage-gated sodium 

channel blockers (Unverferth et al., 1998). The analysis of the other applied model has also 

revealed an importance of one or two phenyl groups for the manifestation of sodium channel 

modulation effect (Chung-Chin Kuo et al., 2000).

A great number of molecular descriptors including molecular size descriptors (molecular 

weight, molar refractivity, molecular volume, van-der-Waals volume etc.), hydrogen 

bonding, hydrophobicity, quantum-chemical, indicator variables descriptors etc. were also 

identified as one of the most influential descriptors [see reviews (Li and Harte, 2002, Gupta, 

1998) for more references].

Our QSAR studies carried out for 9 channel openers available within the studied set of 

alkaloids have also indicated the importance of molecular size and lipophilicity descriptors 

(Turabekova et al., submitted). Thus we have identified MR, TPSA, MW and MlogP 

descriptors as those affecting the toxicity exhibited by the alkaloids (Turabekova and 

Rasulev, 2005). Here we present QSAR models obtained only for antiarrhythmic activity 

and the toxicity of the alkaloids that block the sodium ion channel (i.e. blockers).

3.2.1. QSAR models related to antiarrhythmic activity—As it was stated before, to 

date, there have been very few publications concerning QSAR studies on antiarrhythmic 

activity of alkaloids. The recent review of SAR studies on antiarrhythmic drugs (Gupta, 

1998) describes QSAR models developed for the antiarrhythmic and/or local anesthetic 

agents. The activity of these type of compounds has been found to depend on their lipid 

solubility described via logP or π (hydrophobic constant of the aryl ring substituent). The 

electronic parameters have also demonstrated strong correlation with activity data 

confirming the importance of the coupling of electronic levels of considered compounds and 

the related receptor sites.

In our study several runs of GA-MLRA technique have identified the following three-

descriptor models as the best ones correlating with antiarrhythmic activity of the alkaloids:
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(1)

(2)

(3)

(4)

As can be seen all of the models contain quantum-chemical descriptor – the HOMO-LUMO 

energies gap (HLgap) calculated with the AM1 level of theory for protonated states. The 

descriptors nOHt (number of tertiary aliphatic alcohols), nHDon (number of donor N, O 

atoms for H-bond), logP, nNH2 (number of primary aliphatic amines) and IBEG (indicator 

descriptor for presence of benzoylester group) results in good models when combined with 

the HOMO-LUMO energy gap. Interesting to note, that variable describing the HOMO-

LUMO energy gap for protonated molecules turned out as the most important property 

affecting the antiarrhythmic activity. It is also important to mention that HOMO energy for 

ground states absolutely does not correlate with antiarrhythmic activity (r=0.065), while for 

protonated states the situation dramatically changes, the correlation is quite good (r=0.710). 

This is in agreement with computational studies discussed earlier in part 3.1. The HOMO 

visibly changes to active position in protonated states, while the LUMO energy becomes 

inactive when transferred from ground to protonated state. Earlier, the energy of LUMO (as 

important part of HOMO-LUMO difference) was identified as one of the most influential 
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descriptors for the set of hydantoin analogues that bind to the neuronal voltage-gated sodium 

channel (Thenmozhiyal et al., 2004). The correlation observed (Thenmozhiyal et al., 2004) 

might be the consequence of the fact that Authors used LUMO energies for ground state of 

studied compounds. However, our present study confirms that application of energies of 

protonated states is a more correct approach.

It is well known that the HOMO-LUMO energy difference describes the reactivity of 

compounds and the models containing it are straightforward to explain. Our model shows 

smaller HOMO-LUMO energy difference favoring reactivity properties is associated with 

the high antiarrhythmic activity. The correlation observed between HOMO-LUMO gap and 

the activity data suggests that formation of a charge transfer complex underlies the drug-

receptor interactions.

Equations 1 and 2 are of equivalently good statistical fit and exhibit the same trend in 

structure-activity relationship. Thus, equation 1 confirms the importance of –OH functional 

groups for the stronger antiarrhythmic activity likely due to formation of H-bonds between 

ligand and the receptor site. The descriptor nHDon might be considered as the general case 

of OHt descriptor and also confirms that the antiarrhythmic activity is improved as the 

number of H-bond donors gets larger. The third model confirms the importance of 

lipophilicity that is in a good agreement with a number of earlier reports (Thenmozhiyal et 

al., 2004). The equation (3) with hydrophobicity descriptor LogP suggests binding of 

alkaloids occurs on the surface of the binding site where partial desolvation might occur 

(Burger, 2003). To all appearance, the benzoylester group plays an important role in ligand-

receptor interaction process of studied alkaloids. We can see a quite strong correlation 

between the presence of benzoylester group and antiarrhythmic activity.

Remarkably, the descriptors chosen are well-fitted with the molecular structure features 

requested to be present in a compound of antiarrhythmic activity. These are: 1. a lipophilic 

aromatic group; 2. tertiary, secondary and in some cases primary amino group; 3. an ester 

(amide or hydroxyalkyl group capable of forming hydrogen bonds (Gupta, 1998). 

Descriptors OHt (eq.1) and nHDon (eq.2) are responsible for the ability of an alkaloid to 

participate in hydrogen bond formation, while lipophilicity is determined mainly by the 

benzene ring present. Tertiary nitrogen is already present in the each alkaloid of the set 

chosen and the model 4 indicates that primary amino groups are also necessary for the 

stronger manifestation of antiarrhythmic properties.

3.2.2. QSAR models related to toxicity—Early experimental studies performed by J. 

Friese et al. (1997) have demonstrated that the affinities of these alkaloids to sodium 

channels correlate with their effective doses (ED50) determined for acute toxicity. The values 

of therapeutic index (LD50/ED50) are in the range from 1 to 6. The authors of the report on 

QSAR toxicity analysis performed for the 12 Aconitum alkaloids have also observed 

significant relationship between log LD50 and analgesic log ED50 (r=0.96) with the 

therapeutic effect ranging 5.9-5.0 (Bello-Ramirez and Nava-Ocampo, 2004). However, the 

LD50/ED50 ratio obtained for local anesthetic activity appeared to be considerably higher 

(between 40.4 and 318). Correlation coefficient was also much lower (r=0.71). Based on 

their results, the authors of the second report concluded that analgesic effects of the set of 
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alkaloids are secondary to their toxicity, while alkaloids of lappaconitine-type can further be 

pursued as local anesthetics. In our additional QSAR toxicity studies the set of 104 

Aconitum and Delphinium alkaloids have been divided into “drugs” and “non-drugs” against 

a number of “drug-likeness” descriptors (Turabekova et al., submitted). We suggested 

curariform and antiarrhythmic alkaloids are more drug-like compounds, while 

arrhythmogenic alkaloids (aconitine-type) are all likely to be classified as “non-drugs”.

In order to check if there is any relationship between antiarrhytmic activity and toxicity we 

used the linear regression analysis. As it was expected, the regression analysis resulted in 

high correlation coefficient between antiarrhythmic and toxicity data available for 63 

alkaloids (Eq.5, Fig.7). According to equation, we can observe antiarrhythmic activity 

positively correlates with LD50 toxicity of alkaloids. Most likely, such correlation reflects a 

common property of antiarrhythmic compounds – the positive antiarrhythmic potency is 

very close to LD50 toxicity due to similar nature of action. Structurally and energetically, 

this correlation can be explained by the presence of benzoylester groups and the descriptor 

energy of HOMO-LUMO gap. Both characteristics equally contribute to antiarrhythmic 

activity and LD50 toxicity. The benzoylester group plays an important role in ligand-receptor 

interactions leading to Na+ channel blockade and at the same time different locations of 

benzoylester group alters interaction of the compounds with Na+ channel resulting in higher 

toxicity properties. The later fact is confirmed by the Eq. 8. Again, HLgap descriptor has 

been selected as the best one by the GA-MLRA technique. The correlation of HLgap with 

toxicity is obvious, since more reactive compounds are normally more toxic ones. Presence 

of HLgap descriptor in both cases (for antiarrhythmic activity and for toxicity) once again 

confirms the fact that there is a very thin energetic layer between compounds with 

antiarrhythmic properties (blockers) and arrhythmogenic properties (activators). Ability of a 

compound to cross the layer results in changing of current conductance of Na+ channel and 

consequently in high toxic effect of it. Interestingly, the new descriptor (nCO) contributing 

to the alteration of toxicity of the alkaloids has emerged. nCO indicates the number of 

aliphatic ketons present in a structure of an alkaloid. An increase in the number of aliphatic 

ketons seems to lower toxicity. Too many keton groups worsen binding affinity of a ligand as 

the receptor site is likely to have hydrogen bond acceptor atoms according to the model 7.

(5)

(6)
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(7)

Equations 6 and 7 have been modeled excluding a few outlier compounds: 21, 35, 43 and 62. 

The bad fitting to correlation line for those compounds can be explained by possible errors 

in estimating of experimental toxicity data for explored compounds.

4. Conclusions

An antagonist modulation of voltage-gated sodium channels exhibited by Aconitum and 

Delphinium plant species alkaloids has been investigated by means of two computational 

approaches: analysis of frontier MOs generated at B3LYP/6-31G(d, p) level and QSAR 

study. An examination of HOMO (HOMO-1) and LUMO (LUMO+1) for both ground and 

protonated forms of each molecule has been carried out in order to estimate contributions of 

three crucial residues responsible for channel opening activity into these orbitals. It was 

shown that HOMO (ground state) and LUMO (protonated state) were mainly comprised of 

nitrogen atom orbitals, while LUMO and HOMO for ground and protonated states 

respectively were located on benzyl/benzoyl side chain for majority of the alkaloids. The 

contribution values of –OH and –OCOCH3 groups into frontier orbitals were found to be 

negligibly low (about 1% in total). The results obtained from this research have confirmed 

the experimental findings suggesting neurotoxins acting at type 2 receptor site of voltage-

dependent sodium channel are activators and blockers with common structural features and 

differ only in efficacy. The energetic properties play an important role in activity profile of 

these compounds. The energetic tendency of HOMO-LUMO energy gap helps to distinguish 

between activators and blockers. It was shown the presence of benzoylester group and its 

position play essential role for the interaction of the target molecule with the binding site at 

sodium ion channel. This group makes compound more toxic because of its activity (high 

density of HOMO and LUMO on this group) and compounds, which lack benzoylester 

group sharply diminish in toxicity.

QSAR models generated separately for antiarrhythmic activity and toxicity data have 

confirmed the importance of a number of descriptors altering the activity of the alkaloids. 

Thus, HOMO-LUMO energy gap descriptor present in each QSAR model has confirmed the 

crucial role of charge transfer in receptor-ligand interactions. Other descriptors were: 

number of tertiary aliphatic alcohol nOHt, number of donors for hydrogen bond formation (-

NH, -OH) nHDon, IBEG (presence of benzyl ring), logP, nNH2 and nCO (identified for 

toxicity). Presence of the nHDon, nOHt and nCO descriptors in the models suggest that 

there are functional residues in the receptor site containing acceptor atoms for H-bonds (for 

example –OC(O) – groups). Lipophilicity determined mostly by the aromatic ring and the 

presence of aliphatic amino groups have appeared to favor antiarrhythmic activity. Also, a 
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reasonable correlation has been observed between antiarrhythmic activity and toxicity 

exhibited by the alkaloids of the series. Most likely, such correlation reflects a common 

property of antiarrhythmic compounds – the positive antiarrhythmic potency is very close to 

LD50 toxicity due to similar nature of action. Structurally and energetically, this correlation 

can be explained by the presence of benzoylester groups and the parameter HOMO-LUMO 

energy gap.
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Figure 1. 
Aconitine alkaloid molecule (A) with three functional residues responsible for the sodium 

channel opening activity and its sodium channel antagonist modulator Lappaconitine 

alkaloid molecule (B)
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Figure 2. 
Lycoctonine (1), heteratizine (2), napelline (3) and denadutine (4) core skeletons of 

Aconitum and Delphinium alkaloids
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Figure 3. 
Aconitum and Delphinium alkaloids selected for AM1/DFT studies.
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Figure 4. 
A series of Aconitum and Delphinium alkaloids studied.

Turabekova et al. Page 20

Comput Biol Chem. Author manuscript; available in PMC 2016 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Ground state: LUMO/HOMO isosurfaces of lappaconitine 6, benzoylaconine 8, aconitine 10 

and benzoylnapelline 2 (positive –pink; negative – violet)
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Figure 6. 
Protonated state: LUMO/HOMO isosurfaces of benzoylnapelline 2, benzoylaconine 8, 

aconitine 10 and lappaconitine 6 (positive – pink; negative – violet)

Turabekova et al. Page 22

Comput Biol Chem. Author manuscript; available in PMC 2016 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Linear relationship between toxicity and antiarrhythmic activity data
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