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Molecular Recognition of Amiloride Analogs: A Molecular Electrostatic Potential 
Analysis. 1. Pyrazine Ring Modifications 
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Ab initio molecular electrostatic potential (MEP) patterns are used to determine the electrostatic requirements 
for the formation of a stable blocking complex between amiloride analogs and the epithelial sodium channel of Rana 
ridibunda. MEP maps calculated in the 3-2lG(*) and STO-3G basis sets for amiloride and analogs with pyrazine 
ring modifications are used to interpret differences in the microscopic rate constants for analog-channel binding 
determined by Li et al. MEP maps of the protonated analogs are correlated to differences in the value of kon, the 
microscopic association constant Those analogs with k^, values similar to amiloride are found to have a MEP maximum 
that is localized over the side chain, as well as strong, distinguishing minima in the MEP pattern off the carbonyl 
oxygen and positions 3,4, and 5 of the pyrazine ring. MEP maps of a model-encounter complex (protonated analog 
and formic acid anion) are correlated to differences in k^, the microscopic dissociation constant. The major conclusions 
of this work are that (1) a stable blocking complex is formed with analogs which have a deep, localized minimum 
off the 6 position of the pyrazine ring, (2) the stability of the blocking complex is directly related to the depth of 
that minimum, (3) substitution at position 5 affects not only the depth but also the location and size of the minimum 
off position 6, and (4) steric factors may influence the optimal binding of the 6-position ligand to the ion channel. 
The MEP analysis also suggests that the distance between the proton donors of the chelating guanidinium moiety 
and the deep, localized minimum off position 6 of the pyrazine ring may define an important spatial requirement 
for all those analogs which form a stable blocking complex with the channel. 

Introduction 
Amiloride, 1, a potassium-sparing acylguanidine diuretic, 

has been shown to be a potent inhibitor of sodium 
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transport in a variety of cellular and epithelial transport 
systems1 and has been used to probe the mechanism of 
taste transduction.2"6 Several recent reviews1 have sum
marized the pharmacology of amiloride inhibition of ion 
transport systems. For example, the protonated form of 
amiloride (shown as 1) has been shown to inhibit the ep
ithelial sodium channel, the Na+ /H+ antiporter, and the 
Na+/Ca2+ exchanger, as well as voltage-gated Na+ and Ca2+ 

channels, a K+ channel, the nicotinic acetylcholine recep
tor, and Na+/K+-ATPase. In addition, amiloride inhibits 
growth factor-induced DNA, RNA, and protein synthesis, 
and acts at several cellular receptors. Of the ion transport 
systems, the sodium channel exhibits the highest affinity 
for amiloride with a K{ in the submicromolar range. The 
Na+ /H+ and Na+/Ca2+ antiporters have K{ in the mi-
cromolar and millimolar ranges, respectively. 

Although radioligand binding studies6 have located the 
amiloride binding site on sodium channels purified from 
bovine renal papilla and amphibian cultured A6 cells, no 
data is yet available on the molecular structure of the 
sodium channel In the absence of explicit structural data 
for such ion transport proteins, structure-activity studies 
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Table I. Structure-Activity Relationships for Amiloride Analogs 
with Pyrazine Ring Modifications" 

analog 
1 
2 
3 
4 
5 
6 
7 

substituent 
position 

5 
NH2 
NH2 
NH2 
NH2 
NH2 
H 
CI 

position 
6 

CI 
Br 
I 
F 
H 
CI 
CI 

^on 
(s-1 nM"1) 

13.17 ± 0.25 
14.19 ± 1.09 
11.43 ± 0.90 
13.54 ± 0.65 
14.47 ± 0.68 
3.32 ± 0.44 
5.16 ± 0.46 

*off 
(s-1) 

3.93 ± 0.19 
5.58 ± 0.92 

17.41 ± 0.40 
32.20 ± 1.57 

176.25 ± 17.73 
10.89 ± 1.35 

151.10 ± 16.48 

block 
time 
(ms) 
255 
179 
57 
31 
6 

92 
7 

"Data from ref 8. 

involving amiloride analogs provide a means of probing the 
steric and electrostatic requirements of the amiloride 

(1) For extensive reviews, see: (1) Garty, A.; Benos, D. J. Char
acteristics and Regulatory Mechanisms of the Amiloride-
Blockable Sodium Channel. Physiol. Rev. 1988,68, 309-373. 
(b) Benos, D. J. Amiloride: Chemistry, Kinetics, and Struc
ture-Activity Relationships. In Na+/H* Exchange; Grinstein, 
S., Ed.; CRC Press: Boca Raton, 1988; pp 121-136. (c) Kley-
man, T. R.; Cragoe, E. J., Jr. Cation Transport Probes: The 
Amiloride Series. In Methods in Emymology; Fleischer, S., 
Ed.; Academic Press: New York, 1990; Vol. 191, pp 739-755. 
(d) Kleyman, T. R.; Cragoe, E. J., Jr. Amiloride and Its Ana
logs as Tools in the Study of Ion Transport. J. Membr. Biol. 
1988,105,1-21. 

(2) (a) DeSimone, J. A.; Heck, G. L.; DeSimone, S. K. Active 
Transport in Dog Tongue: A Possible Role in Taste. Science 
1981, 214,1039-1041. (b) DeSimone, J. A.; Heck, G. L.; Mi-
erson, S.; DeSimone, S. K. The Active Transport Properties of 
Canine Lingual Epithelia In Vitro. J. Gen. Physiol. 1984, 83, 
633-656. (c) Heck, G. L.; Mierson, S.; DeSimone, J. A. Salt 
Taste Transduction Occurs Through an Amiloride-Sensitive 
Sodium Transport Pathway. Science 1984,223,403-405. (d) 
DeSimone, J. A.; Ferrell, F. Analysis of Amiloride Inhibition 
of Chorda Tympani Taste Response of Rat to NaCl. Am. 
Physiol. Soc. 1985, R52-R61. 

(3) Avenet, P.; Lindemann, B. Amiloride-Blockable Sodium Cur
rents in Isolated Taste Receptor Cells. J. Membr. Biol. 1988, 
705, 245-255. 

(4) Schiffman, S. S.; Suggs, M. S.; Cragoe, E. J., Jr.; Erickson, R. 
P. Inhibition of Taste Responses to Na+ Salts by Epithelial 
Na+ Channel Blockers in Gerbil. Physiol. Behav. 1990, 47, 
455-459. 
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binding site. The preferred ground state structure of the 
free base and protonated forms of the parent compound, 
amiloride, have been determined by Smith et al.7 using a 
combination of 1H, 13C, and 15N NMR techniques and 
CNDO/2 theoretical calculations. Reference 1 reviews 
much of the structure-activity data that correlates mod
ifications of the structure of amiloride to changes in its 
efficacy as an ion transport inhibitor. In summary, the 
studies show that amiloride analogs exhibit relatively 
similar behavior for binding to the Na+ channel and the 
Na+/Ca2+ antiporter. Modification of the terminal guan-
idine nitrogen by substitution with hydrophobic groups 
enhances the inhibition of the Na+ channel and the 
Na+/Ca2+ exchanger, while decreasing inhibition of the 
Na+/H+ antiporter. Substitution of the chlorine at pos
ition 6 of the pyrazine ring with hydrogen or fluorine leads 
to decreased inhibition of all three ion transport systems. 
In contrast, substitution with bromine or iodine results in 
decreased inhibition of the Na+ channel and the Na+/Ca2+ 

antiporter, but increased inhibition of the Na+/H+ anti
porter. Alkyl substitution in place of the amino group at 
position 5 of the pyrazine ring decreases inhibition of the 
Na+ channel, but increases inhibition of the two anti-
porters. 

Using a set of 30 amiloride analogs, Li et al.8,9 have 
carried out a series of electrophysiological studies on the 
apical sodium channels of the abdominal skin of Rana 
ridibunda. These experiments relate differences in the 
microscopic rate constants for the binding of the analog 
to alterations in the molecular structure of the pyrazine 
ring8 or to alterations in the acylguanidinium side chain9 

bonded to the pyrazine ring at position 2. Table I sum
marizes the results for most of the analogs in the pyrazine 
ring study. The analogs are identified by the numbering 
scheme used in ref 8. The structure-activity data in Table 
I correlate changes in the substituent pattern at positions 
5 and 6 of the pyrazine ring to differences in the micro
scopic association constant, km, and the dissociation con
stant, ktff. Table I shows that substitution of bromine, 
iodine, fluorine, or hydrogen for chlorine at position 6 of 
the pyrazine ring has little effect on feon. However, feoff for 
the series steadily increases to the point that analog 5 
forms a significantly less stable blocking complex with the 
channel than does amiloride. Conversely, substitution of 
hydrogen (analog 6) or chlorine (analog 7) for the amino 
group at position 5 of the pyrazine ring affects both k0B 
and ko{{. For 7, the increase in ko!t, which implies a less 
stable blocking complex, is particularly notable. 

(5) Desor, J. A.; Finn, J. The Effect of Amiloride on Salt Taste in 
Humans. Chem. Senses 1989,14, 793-803. 

(6) (a) Benos, D. J.; Saccomani, G.; Sariban-Sohraby, S. The Ep
ithelial Sodium Channel: Subunit Number and Location of 
the Amiloride Binding Site. J. Biol. Chem. 1987, 262, 
10613-10618. (b) Tousson, A.; Alley, C. D.; Sorscher, E. J.; 
Brinkley, B. R.; Benos, D. J. Immunochemical Localization of 
Amiloride-Sensitive Sodium Channels in Sodium-Transporting 
Epithelia. J. Cell Sci. 1989, 93, 349-362. 

(7) Smith, R. L.; Cochran, D. W.; Gund, P.; Cragoe, E. J., Jr. 
Proton, Carbon-13, and Nitrogen-15 Nuclear Magnetic Reso
nance and CNDO/2 Studies on the Tautomerism and Con
formation of Amiloride, a Novel Acylguanidine. J. Am. Chem. 
Soc. 1979, 101, 191-201. 

(8) Li, J. H.-Y.; Cragoe, E. J., Jr.; Lindemann, B. Structure-Ac
tivity Relationship of Amiloride Analogs as Blockers of Ep
ithelial Na Channels: I. Pyrazine-Ring Modifications. J. 
Membr. Biol. 1985, 83, 45-56. 

(9) Li, J. H.-Y.; Cragoe, E. J., Jr.; Lindemann, B. Structure-Ac
tivity Relationship of Amiloride Analogs as Blockers of Ep
ithelial Na Channels: II. Side-Chain Modifications. </. 
Membr. Biol. 1987, 95, 171-185. 

From these data, Li et al.8'9 postulated a two-step model 
for the amiloride-channel interaction. In the first step, 
the guanidinium side chain of the analog invades the 
channel entrance and interacts with an anionic site on the 
channel to form an encounter complex. Then the chlorine 
atom of amiloride binds to an electropositive site on the 
channel, leading to the formation of a stable blocking 
complex. Since the molecular structure of the channel is 
not known, the specific molecular interactions involved in 
the amiloride-channel complex have not been further 
identified. 

It is the goal of work in this laboratory to interpret the 
activity of the amiloride analogs at the molecular level by 
an analysis of the steric and electrostatic features which 
determine the optimal interactions of amiloride with the 
channel binding site. As a first step in that direction, we 
choose to study the above analogs with pyrazine ring 
modifications (see Table I). Since these analogs are, in 
general, sterically similar to amiloride, we are able to focus 
primarily on the electrostatic features of molecular rec
ognition. It is assumed in this analysis that (1) the channel 
binding site is complementary in both shape and electro
statics to the analogs and (2) that the most stable complex 
is formed by that analog, i.e. 1, which exhibits the best 
steric and electrostatic tit to the binding site. In a future 
publication, we will analyze further the steric and elec
trostatic components of molecular recognition through a 
study of amiloride analogs with elongated side chains. 

The electrostatic features of molecular recognition are 
determined by comparison of ab initio molecular electro
static potential (MEP) patterns of the amiloride analogs. 
In this way, we are able to relate differences in the MEP 
patterns of the analogs to differences in the kinetic data 
for formation of the encounter and blocking complexes. 
In addition, we develop a hypothesis describing the im
portant molecular recognition features which determine 
the stability of the blocking complex. We have used a 
similar approach to interpret structure-activity data on 
the sweet-taste potencies of a series of perillartine and 
nitroaniline analogs10"13 and acesulfame.14 The compu
tational protocol is described in the Methodology section 
below. 

Methodology 
Selection of Analogs. Of the 10 analogs studied by Li 

et al.,8 the seven listed in Table I were selected for the 
computational study. The three remaining analogs were 
not used because, although it was demonstrated8 that they 
are high-rate blockers competitive with amiloride, the 
spectra of the analogs did not show a clear Lorentzian 

(10) Venanzi, T. J.; Venanzi, C. A. A Conformational Study of a 
Biologically Active Syn-Oxime. J. Comput. Chem. 1988, 9, 
67-74. 

(11) Venanzi, T. J.; Venanzi, C. A. Ab Initio Molecular Electrostatic 
Potential of Perillartine Analogues: Implications for Sweet-
Taste Receptor Recognition. J. Med. Chem. 1988, 31, 
1879-1885. 

(12) Venanzi, T. J.; Venanzi, C. A. Sweet-Taste Receptor Recog
nition of the Conformationally Flexible Aldoxime Molecule. In 
QSAR: Quantitative Structure-Activity Relationships in 
Drug Design; Fauchere, J.-L., Ed.; Alan R. Liss: New York, 
1989; pp 321-324. 

(13) Venanzi, T. J.; Venanzi, C. A. Electrostatic Recognition Pat
terns of Sweet-Tasting Compounds. In Sweeteners: Discov
ery, Molecular Design, and Chemoreception; Walters, E. J., 
Jr., Orthoefer, F. T., DuBois, G. E., Eds.; ACS Symposium 
Series 450; American Chemical Society: Washington, DC, 
1990; pp 193-205. 

(14) Venanzi, T. J.; Venanzi, C. A. A Molecular Electrostatic Po
tential Study of Acesulfame. Anal. Chim. Acta 1988, 210, 
213-218. 
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component in the required frequency range and, as a result, 
k0D and koft could not be determined.8 

Geometry Optimization. Due to the large size of the 
analogs, full geometry optimization was not carried out. 
The optimized geometry of the pyrazine ring and guani-
dinium side chain were taken from our molecular orbital 
study of amiloride in the 3-2lG(*) basis set.15 Then, the 
ring and side chain were connected to form the complete 
molecule as described previously.15 Comparison of the 
MEP of the free base form of 1 calculated in this geometry 
to that calculated in the fully-optimized geometry showed 
no obvious difference in the MEP. 

Analogs 2 and 3 were formed from 1 by adding bromine 
and iodine at bond lengths of 1.85 A and 2.05 A,16 re
spectively. Analogs 5-7 were formed from 1 by adding 
hydrogen or chlorine at positions 5 or 6 with bond lengths 
of 1.08 A and 1.74 A,15 respectively. For 4, because of 
potential hydrogen-bonding interactions between the 
fluorine substituent at position 6 and the amino group at 
position 5, the bond angles and bond lengths involving 
these substituents were optimized using the 3-21G(*) basis 
set for analog 4. As a result, the H13-N12-C5, N12-C6-C6, 
and C5-C6-F15 angles of 4 all decreased by 1-2° compared 
to those of amiloride, bringing H13 0.14 A closer to fluorine 
in 4 than to chlorine in 1. The optimized hydrogen-
fluorine bond distance was 1.34 A. 

Our 3-21G(*) torsional barrier study of the free base 
form of l15 had indicated that the amiloride conformer with 
Og-Gj-C^-N! = 180° was the conformer of lowest energy 
and that a large barrier of 19 kcal/mol was associated with 
torsion around this dihedral angle. Since substitution at 
positions 5 or 6 of the pyrazine ring should not significantly 
affect the height of this barrier, all the analogs in this study 
were assumed to adopt the conformation with 08-C7-
Cj-Ni = 180°. 

Molecular Electrostatic Potential Patterns. Al
though the formation of the blocking complex may be a 
concerted procedure, in order to approach the problem 
computationally, we used a stepwise protocol. (1) The 
MEP patterns of the unprotonated analogs were calculated 
and inspected in order to determine the site of protonation. 
(2) Then, the protonated forms of the analogs were con
structed and their MEPs were calculated. These were 
inspected and compared to differences in the value of kon 
in order to identify features in the MEP pattern of the 
analog that might be related to the formation of the en
counter complex. (3) Finally, the MEP maps of a simple 
model encounter complex (protonated analog and formic 
acid anion) were calculated and compared to differences 
in koS in order to identify features in the MEP pattern of 
the analog that might be related to the formation of a 
stable blocking complex. The model encounter complex 
was not meant to model the complete analog-channel in
teraction. Rather, it was used to illustrate the change in 
the MEP pattern of the analog that occurs upon binding 
to a putative anionic site and to thereby highlight the 
molecular recognition features of the bound analog that 
might be implicated in the formation of a stable blocking 
complex. 

The MEP patterns of the free base and protonated 
forms of the analogs were calculated in the 3-2lG(*) basis 
set. Due to computer disk space limitations, the MEP 
maps of the model encounter complexes were calculated 
in the STO-3G basis set. Since only STO-3G but not 

(15) Venanzi, C. A.; Plant, C; Venanzi, T. J. A Molecular Orbital 
Study of Amiloride. J. Comput. Chem. 1991, 12, 850-861. 

(16) CRC Handbook of Chemistry and Physics, 64th ed.; Weast, R. 
C, Ed.; CRC Press: Boca Raton; p F171. 

3-21G(*) basis function parameters are available for bro
mine and iodine, the MEP patterns of only the model 
encounter complexes were calculated for 2 and 3. Com
parison of the 3-21G(*) and STO-3G maps of the free base 
form of amiloride showed that the STO-3G map was able 
to reproduce the general location although not the depth 
of the minima noted in the 3-21G(*) maps. For example, 
the STO-3G basis set showed the minimum off the oxygen 
to be less negative and the minimum off the chlorine atom 
to be more distinct than the respective 3-21G(*) minima. 
However, allowing for these small differences, this proce
dure still makes possible a qualitative identification of 
important molecular recognition features. 

All the maps were calculated in a plane 1.3 A from the 
plane of the molecule using the GAUSSIAN8617 program. In 
addition, since chlorine, bromine, and iodine have larger 
van der Waals radii18 than fluorine (1.80 A, 1.95 A, and 2.15 
A versus 1.35 A, respectively), MEP maps of the model 
encounter complex with 1, 2, and 3 were also calculated 
in a plane 1.8 A from the plane of the molecule. The maps 
were displayed using the ARCHEM19 program. All calcula
tions were carried out on the VAX8800 and VAX6430 at 
the New Jersey Institute of Technology. 

Model Encounter Complex. The geometry of the 
formic acid anion was optimized in the 3-2lG(*) basis set. 
Then, the model encounter complex was constructed with 
the oxygen atoms of the formate in a chelate-type orien
tation with respect to the guanidinium group. This ori
entation was chosen because it has been noted as the most 
common orientation of the carboxylate moiety and the 
arginine residue in crystal structures of proteins and 
peptides.20-24 The CHEM-X25 molecular modeling system 
was used to move the formate moiety into the same plane 
as the analog and to set the H (analog)-O (formate) dis
tance to 1.8 A. This distance is slightly larger than the 
H—O distance of 1.6 A obtained by ab initio geometry 
optimization of related guanidinium-carboxylate sys
tems.26"28 

(17) Frisch, M. J.; Binkley, J. S.; Schlegel, H. B.; Raghavachari, K.; 
Martin, R. L.; Stewart, J. J. P.; Bobrowicz, F. W.; Defrees, D. 
F.; Seegar, R.; Whiteside, R. A.; Fox, D. J.; Fluder, E. M.; 
Pople, J. A. GAUSSIAN86, Release C; Carnegie-Mellon 
Quantum Chemistry Publishing Unit: Pittsburgh, PA. 

(18) CRC Handbook of Chemistry and Physics, 64th Ed.; Weast, 
R. C, Ed.; CRC Press: Boca Raton; p D191. 

(19) (a) Hermsmeier, M.; Gund, T. A Graphical Representation of 
the Electrostatic Potential and Electric Field on a Molecular 
Surface. J. Mol. Graphics 1989, 7, 150-156. (b) Shukla, K. 
Modification of ARCHEM for representation of two-dimensional 
molecular electrostatic potential patterns. 

(20) Salunke, D. M.; Vijayan, M. Specific Interactions Involving 
Guanidyl Group Observed in Crystal Structures. Int. J. Pept. 
Protein Res. 1981,18, 348-351. 

(21) Singh, J.; Thornton, J. M.; Snarey, M.; Campbell, S. F. The 
Geometries of Interacting Arginine-Carboxyls in Proteins. 
FEBS Lett. 1987, 224,161-171. 

(22) Tintelot, M.; Andrews, P. Geometries of Functional Group 
Interactions in Enzyme-Ligand Complexes: Guides For Re
ceptor Modelling. J. Comput.-Aided Mol. Des. 1989,3,67-84. 

(23) Eggleston, D. S.; Hogson, D. J. Guanidyl-Carboxylate Inter
actions: Crystal Structures of Arginine Dipeptides. Int. J. 
Pept. Protein Res. 1985, 25, 242-253. 

(24) Milbum, M. V.; Prive, G. G.; Milligan, D. L.; Scott, W. G.; Yeh, 
J.; Jancarik, J.; Koshland, D., Jr.; Kim, S.-H. Three Dimen
sional Structures of the Ligand Binding Domain of the Bac
terial Aspartate Receptor With and Without a Ligand. Sci
ence 1991, 254, 1342-1347. 

(25) CHEM-X, developed and distributed by Chemical Design, Ox
ford, England. 

(26) Sapse, A. M.; Russel, C. S. Ab Initio Calculations of Guanidi-
nium-Carboxylate Interaction. Int. J. Quantum Chem. 1984, 
26, 91-99. 
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Figure 1. The molecular electrostatic potential pattern of the amiloride analogs: 
given in units of kcal/mol. 

(a) 1, (b) 4, (c) 5, (d) 6, (e) 7. Contour levels are 

Results 
The Site of Protonation. The site of protonation was 

determined as the atom which showed the deepest MEP 
minima in the maps of the free base forms of the analogs. 
In our previous work,15 we had shown by MEP analysis 
that the imino nitrogen, N16, is the site of protonation of 
1. The MEP maps of the free base forms of 5, 6, and 7 
(not shown) are similar to that of 1 and predict the imino 
nitrogen as the site of protonation. The imino nitrogen 
was assumed to be the site of protonation for analogs 2, 
3, and 4, as well. 

Molecular Electrostatic Potentials of the Protona-
ted Analogs. Figure 1 gives the MEP maps of the pro-
tonated analogs and is used to determine which molecular 
recognition features of the analogs are involved in the 
formation of the encounter complex. All the maps exhibit 
a broad maximum in the MEP over the guanidinium side 
chain and show that the positive potential is spread out 
over the molecule rather than being localized near the 
amino groups, as the 1+ charge is often depicted in 
schematic diagrams of amiloride like 1. Figure la shows 
that the MEP of protonated amiloride has local minima 
in the positive potential off the carbonyl oxygen, the amino 
groups at positions 3 and 5 of the pyrazine ring, and at N4 
of the pyrazine ring, the location of the global minimum. 
The map also exhibits a local minimum off the chlorine 
atom. Figure lb shows the MEP map of 4, in which 
fluorine has replaced chlorine at position 6 of the pyrazine 
ring. The positions of the local minima are the same as 
for 1, with the exception that the minimum off position 
6 no longer stretches toward Nx in 4. Since fluorine is more 
electronegative than chlorine, the positive maximum of 100 
kcal/mol extends over more of the pyrazine ring in 4 than 

(27) Agranat, I.; Riggs, N. V.; Radom, L. The Formamidine-Formic 
Acid Dimer: A Theoretical Examination of its Equilibrium 
Structure and of the Double-Proton-Transfer Process. J. 
Chem. Soc, Chem. Commun. 1991, 80-81. 

(28) Arad, D., unpublished results. 

1. Figure lc shows the MEP map of 5, in which hydrogen 
has replaced chlorine at position 6 of the pyrazine ring. 
The positions of the local minima are the same as for 1, 
with the exception of the minimum off position 6, which 
is missing in 5. The spatial extent of the positive maxi
mum over the guanidinium group is similar in the three 
analogs 1, 4, and 5. 

Figure Id shows the MEP map of 6. The replacement 
of the electron-donating amino group of 1 by a hydrogen 
to form 6 has significantly altered the MEP pattern of the 
molecule. Neither the carbonyl oxygen nor positions 3,4, 
and 5 of the pyrazine ring show minima of the depth of 
1 and 5. In addition, the broad, positive maximum over 
the guanidinium side chain extends over the ring of 6. 
Figure le shows the MEP map of 7 which has a double 
substitution of chlorine at positions 5 and 6. As with 6, 
the map of 7 has lost the four distinguishing minima off 
the carbonyl oxygen and off positions 3, 4, and 5 of the 
pyrazine ring. Again, the broad, positive maximum over 
the guanidinium side chain of 7 extends over the ring, as 
in 6. 

Molecular Electrostatic Potentials of the Model 
Encounter Complexes. Figure 2 shows the MEPs of the 
model encounter complexes and is used to determine which 
molecular recognition features are important in the for
mation of a stable blocking complex. Figure 2a shows the 
MEP pattern of the model encounter complex formed by 
1 and the formate ion. The region around the anion is 
negative, while most of the region around 1 is positive. 
However, two negative minima are associated with the 
pyrazine ring: the minimum off N4 and the minimum off 
the chlorine atom at position 6 of the pyrazine ring. Figure 
2b-e shows the MEP of the model encounter complexes 
with 2, 3, 4, and 5, respectively. All of the figures show 
a pattern very similar to that of 1, with the exception that 
there is no negative minimum off the atom at position 6. 
The replacement of chlorine by hydrogen (analog 5) leads 
to the most significant change in this part of the MEP 
pattern. The region off position 6 in 5 shows MEP values 
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Figure 2. The molecular electrostatic potential pattern of the model encounter complexes formed by amiloride analogs and the formic 
acid anion: (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6, (g) 7. Contour levels are given in units of kcal/mol. Note that parts b-d have been 
drawn with an additional contour level at 5 kcal/mol. 
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of 10-20 kcal/mol in contrast to 1, which shows an MEP 
value of -5 kcal/mol off the chlorine atom. The MEPs of 
2-4 were drawn with an extra contour at 5 kcal/mol in 
order to further investigate the region off the ligand at 
position 6. Figure 2b,c show that 2 and 3 have local 
minima of 5 kcal/mol off the halogen at position 6. Figure 
2d, in contrast, shows no such feature off the fluorine. The 
region off the fluorine is more positive than off the other 
halogens, possibly due to strong attractive interactions 
between the fluorine and the neighboring amino group at 
position 5. Only 5, with a hydrogen at position 6, shows 
a more positive MEP pattern in this region than does 4. 
The MEPs of 1, 2, and 3 at 1.8 A from the plane of the 
molecule (not shown) exhibit the same relative features 
as described above. In this case, 2 and 3 show local minima 
of 5 kcal/mol off position 6, while 1 shows a local minimum 
of 0 kcal/mol in this region. 

For the analogs with substituents at position 5, Figure 
2f shows that, in the MEP of the model encounter complex 
with 6, the minimum off N4 is missing, but the minimum 
off position 6 is similar to that of 1. Figure 2g shows the 
MEP of the model encounter complex with 7. Due to the 
presence of chlorine atoms at both positions 5 and 6 in 7, 
the negative region off position 6 is spread out over a large 
region around positions 5 and 6. The global minimum in 
the MEP is relocated to a position between the two chlo
rines, in contrast to the MEP of 1, where it is located 
between the chlorine and Nx. For 6 and 7, the minima off 
the N4 are much less distinctive than for 1-5. All the 
model encounter complexes exhibit a broad positive region 
extending from the guanidinium side chain to cover the 
ring. 

Discussion 
The Encounter Complex. In comparing the MEP 

maps to the koa values in Table I, it can be seen that 1, 
4, and 5 have similar values of km for the formation of the 
encounter complex and have very similar maps, except in 
the region of position 6 of the pyrazine ring. Since k0D is 
an indication of the initial molecular interactions between 
the analog and the channel, this seems to indicate that 
position 6 of the pyrazine ring is not involved in the for
mation of the encounter complex. Rather, the positively 
charged side chain most likely initiates the electrostatic 
interaction with the channel. Since 1,4, and 5 have very 
similar minima off the carbonyl oxygen and positions 3, 
4, and 5 of the pyrazine ring (see Figure la-c), it may be 
that the functional groups at these positions also interact 
with the channel to form the encounter complex. Or, 
alternatively, they may function to control the electrostatic 
features over the ring which are complementary to those 
of the channel binding site. In either case, it is clear that 
position 6 is not implicated in the formation of the en
counter complex. 

This hypothesis is supported by the maps of 6 and 7 
(Figure 1, parts d and e, respectively). Although analog 
6 has a local minimum off position 6 as does 1, it has a very 
different value of *„: 3.32 versus 13.17 s_1 jiM-1 for 1. On 
the other hand, with 6, the minimum off position 5 no 
longer exists and those off positions 3 and 4 and the car
bonyl oxygen are less deep than those of 1. The same 
result is seen with 7. Analog 7 has a much smaller value 
for km than 1, 4, or 5, and the MEP map of 7 has lost the 
four distinguishing minima off the carbonyl oxygen and 
off positions 3, 4, and 5 of the pyrazine ring that were 
typical of 1, 4, and 5. In addition, for both 6 and 7, the 
positive maximum of the side chain extends over the ring, 
resulting in a very different pattern than the MEPs of 1, 
4, and 5. 

In summary, those analogs that have fcon values similar 
to amiloride have strong, distinguishing minima in the 
MEP pattern off the carbonyl oxygen, N4, and the amino 
groups at positions 3 and 5 of the pyrazine ring. Analogs 
which have &„ values which differ from amiloride lack two 
or more of these features and exhibit a much more positive 
pattern on the pyrazine ring. The utility of the MEP 
method is in identifying electrostatic recognition features 
of the analogs that can be correlated with values of koa. 
The method cannot distinguish whether the carbonyl ox
ygen and pyrazine ring substituents actually interact with 
the ion channel directly to form the encounter complex 
or if they in some way control the interaction in a more 
global fashion by their effect on the overall molecular 
electrostatic potential pattern of the analog. This latter 
effect may be important, for example, to the formation of 
a stacking complex with the channel. 

The Blocking Complex. If, as hypothesized,8,9 the 
chlorine atom of amiloride interacts with a site on the 
channel, then the MEP pattern of amiloride in Figure 2a 
defines the electrostatic requirements for formation of a 
stable analog-channel blocking complex. Table I shows 
that the values for koB for 1 and 5 are 3.93 and 176.25 s~\ 
respectively. Since the residence time for the analog on 
the channel is inversely proportional to k^, this indicates 
that 5 forms a very poor blocking complex compared to 
amiloride. Table I shows that 5 has a block time of only 
6 ms compared to 255 ms for 1. Comparison of Figure 2, 
parts a and e, shows that both molecules exhibit minima 
off N4, but only amiloride has an additional minimum off 
the chlorine atom at position 6 of the pyrazine ring. 
Therefore, electrostatic interactions between the channel 
and position 6, rather than position 4, are more important 
to the stability of the blocking complex. In the case of 5, 
which exhibits a broad, positive region off position 6 rather 
than the localized minimum of 1, this electrostatic mo
lecular recognition feature is missing, leading to a poor 
interaction with a complementary site on the channel. 

The MEPs of 2, 3, and 4 taken together with those of 
1 and 5 show that the efficacy of an analog as a sodium 
transport blocker is related to the depth of the minimum 
off position 6. As the minimum becomes progressively less 
negative, the block time becomes shorter. This supports 
the hypothesis of Li et al.8-9 that the ligand at the 6 position 
binds to an electropositive site on the channel. Li et al.8 

also noted that formation of a long-lived blocking complex 
requires a highly electronegative substituent at position 
6. But they did not address the fact that, although fluorine 
is the most electronegative atom in the series, 4 is not the 
best blocker. The MEP maps, however, clarify this point. 
In contrast to the deep minimum off the chlorine in 1,4 
has a very positive MEP pattern in this region. This is 
probably due to the strong hydrogen-bonding interaction 
between fluorine and the amino group at position 5 noted 
in the geometry optimization of 4. Therefore, the most 
electronegative atom does not exhibit the deepest MEP 
minimum off position 6. 

In addition, comparison of the MEP maps of 2 and 3 
shows that they are very similar and yet the values of kots 
are slightly different: 5.58 s"1 for 2 and 17.41 s_1 for 3. 
Since iodine has a much larger van der Waals radius than 
bromine, this suggests that steric factors also influence the 
binding of the 6-position ligand to the ion channel. 

It should be emphasized that, as mentioned in the 
Methodology section, the depths of the minima are de
pendent on the basis set used to calculate the MEP. 
Therefore, what is important in the comparison of maps 
calculated with a single basis set is not the sign of the 
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minima (negative in the case of chlorine, positive in the 
case of bromine), but rather the relative trends within a 
series of substituents. 

The importance of a deep, localized minimum off pos
ition 6 is further supported by the model encounter com
plex with 6 (see Figure 2f). Although the minimum off N4 
is negligible in this complex, the minimum off the chlorine 
at position 6 is similar to that of 1. Since the koS of 6 (10.89 
s"1) is similar to that of amiloride, the presence of this 
minimum at position 6 seems to be the determining feature 
in the formation of a stable blocking complex. Further 
support for this hypothesis is shown by the results for 7. 
The MEP of 7 (Figure le) and the low value of km for 7 
indicate that it does not interact with the channel in the 
same way as 1 to form the encounter complex. Table I 
shows that the value for kotf for 7 is 151.10 s"1. This in
dicates that 7 forms a much less stable blocking complex 
with a block time of only 7 ms compared to 1. Figure 2g 
shows that the negative MEP pattern off position 6 in 7 
is not localized to the same region of space as that in 1. 
Rather, due to the presence of two chlorine substituents, 
it is spread out in a broad region around positions 5 and 
6, with the global minimum located between the two 
positions. 

Li et al.8 have suggested that the electron-donating am
ino group at position 5 of 1 stabilizes the complex by in
creasing the electron density of the ligand at the 6 position 
relative to 6 and 7. The MEP analysis further elucidates 
this explanation by illustrating the specific effects of 
substitution at position 5. The decrease in the depth of 
the minima at position 6 indicates how the electron density 
at this position has been changed by the substitution of 
hydrogen or chlorine for the amino group. However, the 
MEP analysis further shows that, in the case of 7, the 
consequence of substitution is that the global minimum 
has also been shifted to a different location than in 1. 
Since the region off position 5 is positive in 1 and 6, which 
form stable blocking complexes, but negative in 7, it is 
possible that the broad negative MEP in 7 may lead to 
unfavorable electrostatic interactions with the channel, and 
ultimately to a poor blocking complex. So, in summary, 
the effect of the substitution of chlorine at position 5 may 
be not only to relocate the position of the MEP minimum 
but also to lead to additional unfavorable electrostatic 
interactions with the channel. 

Conclusions 
Molecular electrostatic potential patterns of amiloride 

analogs have been used to interpret the molecular elec
trostatic recognition features which regulate the formation 
of the initial encounter complex and the stable blocking 
complex. This study has assumed that amiloride binds to 
a site which is complementary to itself in both steric and 
electrostatic features. As part of this approach, it is 
therefore reasonable to assume, as postulated by Li et al.,8,9 

that the charged guanidinium moiety is neutralized by 
interaction with a carboxylate group found in an Asp or 
Glu residue of a channel protein. Therefore, the strong 
electrostatic interaction between the carboxylate and 
guanidinium groups will dominate the initial molecular 
interactions between the analog and the channel by or
ienting and directing the analog into the binding site. 
Then, more specific electrostatic and steric effects will 
come into play. 

The structure-activity studies of Li et al.8 identified the 
presence of the chlorine substituent at position 6 to be 
crucial to the formation of a stable blocking complex. The 
molecular orbital approach described here has built upon 
this work by defining in greater detail the specific steric 

and electrostatic requirements of the amiloride binding 
site. The utility of the MEP approach has been to identify 
the molecular electrostatic recognition features which 
regulate the formation of the encounter and blocking 
complexes. The major conclusions of this work are that 
(1) a stable blocking complex is formed with analogs which 
have a deep, localized minimum off the 6 position of the 
pyrazine ring, (2) the stability of the blocking complex is 
directly related to the depth of that minimum, (3) sub
stitution at position 5 affects not only the depth but the 
location and size of the minimum off position 6, and (4) 
steric factors may influence the optimal binding of the 
6-position ligand to the ion channel. 

The calculations were carried out in vacuo and, there
fore, do not include the effects of solvent or protein en
vironment on the MEP. It has been assumed that these 
effects would be constant for the series of analogs studied 
here and that inclusion of these damping factors would not 
affect the general conclusions of the paper. This work has 
assumed that the analogs adopt a planar orientation with 
Og-CHVN! = 180°. Our studies of the Og-Cf-Ci-^ 
torsional barrier in l29 indicate that there is a large energy 
penalty for nonplanar orientations. We have also studied 
the effect of solvent on the conformations of the free base 
and protonated forms of amiloride through molecular 
dynamics simulation.30 We find that solvent does not 
significantly disrupt the intramolecular hydrogen-bonding 
pattern shown in 1. Therefore, it is reasonable to assume 
a planar conformation for the analogs in this study. 

Although this work has focused on the electrostatic 
component of molecular recognition, steric interactions are 
also important. The binding site must be complementary 
to both the molecular shape and the molecular electrostatic 
potential of the analog. The present work suggests that 
a similar distance between the proton donors of the che
lating guanidinium moiety and the localized negative 
minimum off position 6 of the pyrazine ring seen in the 
encounter complex of 1 should be found in all those analogs 
which form a stable blocking complex with the channel. 
In order to test this steric hypothesis as well as our hy
pothesis regarding the important electrostatic components 
of molecular recognition, we are studying a series of am
iloride analogs with side-chain modifications.9 Some of 
these molecules have been elongated by the insertion of 
- N H - or - 0 - , for example, into the acylguanidinium side 
chain. In our study, to be reported in a future publication, 
we interpret the kinetic rate constants of the modified 
side-chain analogs in terms of the steric and electrostatic 
molecular recognition features proposed here. In this work, 
alternative modes of carboxylate-guanidinium binding, as 
well as nonplanar side-chain conformations, are considered. 
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