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ABSTRACT

THE APPLICATION OF STEREOLITHOGRAPHY TO

THE CREATION OF MOLECULAR MODELS OF AMILORIDE
AND ITS ANALOGUES

by
Thomas John Busanic

Stereol:ithography, a process by which a computer-guided
Ultraviolet (UV) laser is applied onto & liquid monomer

resin to form a solid polymer, was used to create solid

®
o}
3
Q.

medels of amilorid two of 1ts analogues. The Cartesian

coordinates used as input for the orientation of each atom

1in a molecule were calculated using ab initio molecular

M
W
i

orbital theory. Since the structures of the molecules are
calculated in this fashion, they represent a more accurate
representation of the molecules than that provided by

standard molecular modeling kits.

-

he original purpose of this work was Lo assist a blind
chemist in appreciating the structure of amiloride and two

of 1ts analogues. The models not only serve blind

individuals, but also serve as a communication link between
blind and sighted individuals. The models also have the
potential to be used as learning aides to blind and sighted

O

students at the high school and college level.
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CHAPTER 1

INTRODUCTION

1.1 The History of Stereolithography

ithography 1is a technology that links computer

-

Stereo

fabrication of a solid object.

[N

graphics to the rapi
Developed and patented by physicist Charles W. Hull(1l),
stereolithography converts model files created using
computer aided design (CAD) programs into a three-
dimensional solid part. The part 1is constructed via

olymerization from a photosensitive monomer (resin). A

T

schematic drawing of an SLA can be seen below in Figure 1.

elevator
W/
laser—
monomey ——
surface
formed
object B
I i
Figure 1 The basic stereoclithographyv apparatus (SLA) (1)

The stereolithography apparatus used to build the

molecular models was the SLA-250 from 3D Systems(2) of
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3D Systems
Figure 2 Photograph of the SLA-250(2).



the laser beam 1s applied Lo the monomeric resin {(which 1is a
liguid), the resin polymerizes. Once the resin polymerizes,
1t solidifies. The laser Deam cures the resin along the xv-
plane of the model. After each xy-plane 1s cured by the

laser, the laser i1s directed along the z-axis to begin
curing the next xy-plane (or slice). The elevator 1is then

lowered to expose subsequent lavers of resin to the laser.
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ensure that the model contains no liguid resin. Once the
photopolymer 1s solidified, it cannot be converted back to

form.
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1.2 The Importance of Amiloride and
Amiloride Analogues

amiloride, 1, i3 the generic name of 3,5-diamino-6-chloro-N-
{diaminomethvlene)pyrazine carboxamide (4) In biological

'_J.
I
\
/
I

Prior to the discovery of amiloride and other
pvrazinoylguanidines, diuretics caused an increase 1in
potassium ion secretion(6). This effect causes hypokalemia,
which can result in & variety of adverse clinical

2

manifestations including cardiac disturbances, anorexia,

muscle weakness, and lethargy (7). This deficiency prompted
the search for potassium ion-sparing diuretlics to use as

companion drugs with the potassium i1on-losing agents.

1

Pyrazinoylguanidines were chemically novel being: 1) a
member of an uncommon heterocyclic class, pyrazine; 2) a

rare, stable acvlquanidine (guanidines are usually labile);

and 3) a base (most diuretics are acidic or neutral
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Amiloride and amiloride analogues possess a broad range
of unigue activity in biological systems by acting in the

The Na't/HY exchanger contributes in a major way to the
total economy of the cell through intracellular pH

analogues has been systematically evaluated 1in several cell

vary from cell to cell, the rank order of potency of most
analogues relative te amiloride 1s remarkably constant (7).
From the studies conducted by Simchowitz and coworkers(7) on

amiloride and its analcgues, several key points were made:

-chloro group by bromo or 10do
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groups result 1in increas=s 1in potency. However, substituticn
of the 6-chloro group by & fluoro group or hydrogen leads to
a tenfold decrease 1n potency. Iodo groups are larger and
more lipophilic than the chloro group, attributes which help
to anchor the drug more firmly to the hydrophobic residues

of the transport protein.



3) Substitution at the S-amino nitrogen atom produce
the greatest enhancement of activity. Replacement of one of
the 5-amino hydregens by ethyl, butyl, hexyl, or phenvl
groups results in increases in drug potency. Replacement of
both hydrogen atoms oy alkyl groups results in even greater
drug potency This sffect reaches a maximum when the number
of carbons substituted on the S-amino nitrogen reaches six
carpons

Most cells possess & Na*t/Ca?+ exchange mechanism that,
in excitable tissues such as nerve and muscle, helps
maintain a low cytosolic Cal+ level under steady-state
conditions (10,11). This exchange system also influences cell
growth and function i1n cell types such as murine
erythroleukemia cells{12) and human neutrophils(13,14).
Unlike the Nat/Ht exchange mechanism, substitution at the
guanidino group enhances the activity of Na©t /Cal+ exchange.

2miloride has been shown to be a potent inhibitor of
Nat transport in a wvariety of cellular and epithelial
transport systems(15-18). Analyvsis of the activities of Na¥
channel plocking of various amiloride analogues done by
Cuthbert and Fanelli(19) reveal three major regions of
interest: First, as was the case with Na+/CaZ+ exchange,
substitution of large hydrophobic groups on one of the
terminal guanidino nitcrogen atoms dramatically enhances the
activity of the blocking of Na™ channels. Second, 1in
contrast to Nat/HT exchange, an unsubstituted 5-amino group
is essential for inhibition of the Na® channel (18-21).



[}

Finally, optimal activ ity 1s observed whéen a chlorine atom
occupiles the 6-position of the pyrazing ringl{l8-19,21)
Znalvsis Cf —he activicies of Ma” cZnannel plocking in
frog =pithelila were conductad by Li =2t al.(21,22). These
studies included both ring substicuticn ana side-chain
modifications. Results of these studies are shown below 1in
Table 1 Structure-activity relationships for amiloride and
various analogues, calculated by Li st al(21,22)
substituent on
pyrazine ring block
position posifion k? koff time
analogue 5 o (8™ ~uM) (S_I) (ms)
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As can be seen from Table 1, substitution of the

]

luorine, 4, or
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position-6 chlorine by either
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hydrogen, 5, raises the value o

H

’

®

cn-rate constant, kg

T

However, the off-rate constant, ksff, f0r analogues 2, 4,

and 5 are also greater than that of amiloride, 1. Since the



position-5 chlorine by 1odine, 3, has the effect of
decreasing the kypn and increasing the kof¢, thus making it a

Ko
weaker Nat channel blocker than amiloride.

6, or chlorine, 7, reduces the ks, and increases the kgff
relative to amiloride, making beth analogues weaker Nat
channel blockers than amiloride. This seems unusual in the

case of analogue 7 since there are electronegative
substituents at positions 5 and 6 of the pyrazine ring. Li

et al.(21) have suggested that the electron-donating amino

group at positicn 5 of amiloride stabilizes the complex by
increasing the electron density of the ligand with respect

to analogue 7.

Extending the side chain of am

}_J
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oxygen, 18, or secondary amino group, 19, between the

carbonyl carbon and the 1mino nitrogen has the effect of
reducing the kgypn with respect to amiloride. The kyrf for

analogue 18 is greater than that of amiloride, making it a

weaker Na™ channel blocker than ami_oride. The kyrs for
analogue 19 i1s smaller than that of amiloride, which

corresponds to a longer block time.
C.A. Venanzi and W.J. Skawinski, in unpublished
results, determined that analogues 18 and 19 are non-planar

molecules, unlike analogues 1-7. Due to the fact that

analogues 18 and 19 are non-planar molecules, these two



analogues are
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forms of analogues

18 and 19 can be seen below
o o
1
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1.3 How SLA Can Assist Both
Blind Chemists and Sighted Chemists

T

Creating models using stereclithography 1s a novel approach
to the building of molecular models. These models may assist
poth blind and sighted chemists. These models were made to
represent molecules with calculated, rather than average,
bond lengths, bond angles, and atom size. Additional work 1is
being done to encode properties of atoms such as atom type
or electrostatic potential onto the surface of the model by
extruding letters or dots from the surface of the model.

SLA models have the potential to allow blind scientists

and blind students to gain access to complex visual

ot -

b

1formation through tactile sense. Thus, SLA models serve
blind individuals 1in two wavs. First, SLA models can provide

blind scientists with a useful tool that enables them to
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cbtain more information about a given molecule. Second, SLA
models can be used &s instructional aids to provide blind
students with a better understanding of chemical structure

come with standard bond lengths, bond angles, and atom

[
3
8%}
T
M
Q.

to identify the low energy conformers of complic
structures, such as analogues 18 and 19. In addition, the

modeling kits cannot accurately represent structures such as

ular models created using stereolithography can

also provide blind and sighted scientists with additiocnal
information about a given molecule. Properties encoded on

the surface of a del can give a three-dimensional
perspective of a given property. In addition, complementary
shapes of molecules can be made. This complementary shape

can represent the steric and electrostatic aspects of the

4

binding site of a given molecule. In the case of amiloride,
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CHAPTER 2

ELECTROSTATIC POTENTIAL MAPS OF
AMILORIDE AND ITS ANALOGUES

2.1 Minimum Energy Conformation Calculations
of Amiloride and its Analogues

The data used as input to the computer-aided design program
were calculated by thesis advisor Carol A. Venanzi and
postdoctoral research associate William J. Skawinski. The

calculations were done via ab I1nitio quantum chemistry, a

o}

to determine the structure,

[0}
M
o)

gquantum mechanics method u

hysical properties of a molecule(23). Two

energy, and other

)

types of basis sets, comprised of Gaussian functions, were

used in the calculation of amiloride and analogues 18 and

o3}

For computational facility, the gecmetry of atomic
orbitals are defined by linear combinations of primitive
Gaussian functions. These linear combinations constitute a
basis set. The first basis set used to calculate the optimal
geometry of amiloride and analogues 18 and 19 was the 3-21G*

basis set, in which complete set of six second-order

o]

Gaussian praimitives was added to two nasis functions
allocated to describe each valence electron orbital. The

second basis set used was the 6-31G*. This basis set 1s

4

constructed by the addition of a set of six second-order (d-

A

type) Gaussian primitives to the 6-31G basis set, which

comprises inner shell functions each written in terms of six



ot
S

represented by three and one primitive Gaussians,
respectively (23]
The minimum energy conformers of analogues 18 and 19

were obtained by optimizing the geometry of the molecule for
VEr1ious lncrements in Lwo torsional angles: HNOC and NOCO

for analogue 18, HNNC and NNCO for analogue 19.

2.2 Electrostatic Potential Calculations
of Amiloride and Analogues 18 and 19

The molecular electrostatic potential (MEP) represents the
energy of interaction between a positive point charge and

—>| |ri ™ - r—)}

where Z, 1s the charge on nucleus A

R77, 1s the location of nucleus A

4

r 1s the electronic density function

rms on the right of Equation 1 correspond,

The two t

0}

respectively, to the nuclear and electronic contributions to

the potential(24).

the model

{3}

®

al.(5,25,26). Analysis of the MEP maps o

encounter complexes of these analogues with the formate ion



indicated four points. First, a stable Na™ channel blocking

complex 1s formed with analogues that have a localized

minimum off the £-position of the pyrazine ring. Second, the
stability of the blocking complex is directly related to the
depth of the minimum. Third, substitution at position 5 of
the pyrazine ring affects not only the depth but alsc the
location of the minimum off position 6. Finally, steric
factors may influence the optimal binding of the &6-position

harmocophore was defined for amiloride(26,27) in which the

distance between the proton donors of the guanidinium group
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vrazine ring was considered to be an important feature.
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the pharmocophore hypothesis.

Once the minimum energy conformation calculations for

amiloride and analogues 18 and 19 were completed, the single
point energy and the electrostatic potentials of each

analogue were calculated. The basis set used for these

5

th forms an encouncer complex with =ach of the analogues.
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This encounter complex represents ths
the analogue interacts with & negative lon channel. The
formate ion was chosen because 1t is simple in structure and
the exact geometry of the encounter complex 1s still

unknown. The formate ion was positioned to be coplanar with
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the each of the two hydrogens of the positive ion channel of
the guanidino group. The MEP maps of amilecride and analogues
18 and 19 were calculated using the molecular modeling
program SPARTAN(30), created by Wavefunction, Inc., Irvine,
CA. The Cartesian coordinates of amiloride and analogues 18

electrostatic potential was calculated for each analogue.
The MEPs were displaved as slices taken from the volume of
the electron density of the molecules. The molecular

electrostatic potential maps of amiloride and analogues 18

)

N
n

=

ind 19 can be seen in Figures 3-5 in Appendix A. Eac EP

lanar with the pyrazine ring. The units of the

3
o))
T
}
0
Q

O

ko]

electrostatic potentials in Figures 3-5 are kcal/mol. The
contour lines in Figures 3-5 are separated by 2 kcal/mol. As
igures 4 and 5, analogues 18 and 19 both
have localized minima off the 6-posicion of the pyrazine

alogues 18 and 19
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cwo observations can be made. First, extending the side
chain with the insertion of an amino group (19) or an oxygen
atom (18) increases the size of the local minima off the 6-

and the l-position of the pyrazirne ring. Also, the values of

.l

may be due to

6]

the minima decrease in the order 1>19>18. T

the fact that the extended chain oI 18 and 19 have,



of analogues 18 and 19 will be encoded onto molecular medels

created using stereolithography. This can be done by
extruding numbers Lo mark the electrostatic potential at a















Table 5 3-21G* calculatcion results for the structure of

analogue 19, as calculated by William J. Skawinskil

Atom Radius Cartesian Coordinates

Symbol (Angstroms) (Angstroms)
N 1.5 -0.953274 -0.630026 -0 .158261%
C 1.85 -0.373837 0.576767 -0.126558
C 1.85 -1.184473 1.711537 0.032868
N 1.5 -2.510089 1.5867480 0.154883
C 1.85 -3.060845 0.368270 0.1239588
C 1.85 -2.225630 -0.771918 -0.041313
C 1.85 1.055105 0.6455489 -0.263596
O 1.4 1.7325542 1.659198 -0.258317
N 1.5 -0.70z24s2 2.848571 0.073647
H 1.2 0.277136 3.117982 -0.01224¢6
H 1.2 -1.346517 3.703351 0.181890
N 1.5 -4 ,378598 0.272856 0.248785
H 1.2 -4 .860414 -0.599034 0.234353
H 1.2 -4.901847 1.116010 0.361563
Cl 1.8 -2.228943 -2.366112 ~-0.0854238
N 1.5 1.674555 -0.604598 ~-0.380830
N 1.9 3.008217 -0.600238 ~0.776078
C 1.85 3.960275 -0.595120 0.160188
N 1.5 5.222330 -0.423888 -0.203451
H 1.2 5.477587 -0.258352 -1.155211
H 1.2 5.866442 -0.436628 0.462824
N 1.5 3.631503 -0.791822 1.416998
H 1.2 2.666233 -0.509888 1.652431
H 1.2 4.306585 -0.801180 2.152241
H 1.2 3.219094 -0 .3434890 -1.720000
H 1.2 1.134478 -1.424G614 -0.574784
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