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An exploratory ab initio study on the
conformations of ethylguanidine in its neutral
[CH;-CH,-NH-C(=NH)NH,] and protonated
[CH;-CH,-NH-C(NH,),] forms

Melody L. Mak, Salvatore J. Salpietro, R. Daniel Enriz, and Imre G. Csizmadia

Abstract: To explore the conformation intricacies of the guanidine group in the arginine side chain, ab initio computa
tions have been carried out with ethylguanidine and the ethyl guanidinium ion. HF computations have been performed
using 3-21G and 6-31G basis sets and DFT calculations were carried out at the B3LYP#-8L&(of theory. The

ethyl guanidinium ion has a single isomer due to its internal symmetry, although this structure has at least three con
formations. However, several structures were found and optimized for ethylguanidine, involviegabeand

exo- orientation of the lone NH and torsional anglg as well as the torsional modes associated Wjtfand xs.

Torsional anglexs gives rise tos-cis and s-transstructures.

Key words ethylguanidine, ethylguanidinium ion, ab initio MO, arginine side-chain, conformational analysis.

Résumé: Dans le but d’étudier les problémes reliés a la conformation du groupe guanidine dans la chaine latérale de
I'arginine, on a effectué des calculs ab initio sur I'éthylguanidine et I'ion éthylguanidinium. Les calculs HF ont été
effectués a I'aide d’ensembles 3-21G et 6-31G alors que les calculs DFT ont été effectués au niveau B3LY&/6-31G(
de la théorie. L'ion éthylguanidinium ne comporte qu’un seul isomeére en raison de la symétrie interne de I'ion
guanidinium méme si cette structure comporte au moins trois conformations. Toutefois, on a trouvé et optimisé
plusieurs structures pour I'éthylguanidine qui impliquent une orientagiwhe et exa du NH seul avec des angles de
torsion xg ainsi que des modes de torsion associég at xs. L'angle de torsiornys conduit aux structures-cis et

s-trans

Mots clés: éthylguanidine, ion éthylguanidinium, OM ab initio, chaine latérale de I'arginine, analyse
conformationnelle.

[Traduit par la Rédaction]

1. Introduction specificity of receptors called integrins (2). Each integrin is

Ardinine i . id with ii h i ¢ Iable to recognize one RGD-containing ligand. Consequently,
rginine 1s an amino acid with a positive charge at neutra RGD-containing protein is extremely useful in the identifi

pH due to its polar guanidinium group side-chain. The typi ..

cal pK, value of arginine is 12.0, the highesKpof all cag\on. c.)f thgsehreceptors.f o ide (NO) in biological

amino acids. Arginine is, therefore, important in salt bridge rglnlnilg the fourced_o In'trr'](_: gx' e (NO) in bio og'cl"l" I

coupling, which is part of certain docking processes. systems. NQ Is a free radical which serves as an intracellular
second messenger and an intercellular messenger that regu

Arginine plays significant roles in a number of biological . : : _
processes. For example, it is part of the tripeptide arginyl Jat€s neighbouring, and possibly distant cells (3). NO takes
part in many biological processes such as vasodilation,

glycyl — aspartic acid (RGD) which is found in adhesivepro . ; ; :
teins of extracellular matrices (1). This tripeptide serves as Qlatelet.aggre.gatlon, and adhesion (4-6). NO is also in
cell recognition site in fibronectin. Although the cell attach VOIved in various aspects of the central nervous system
ment sequence is similar in different adhesive proteins, cell§CNS) such as the modification of pain perception, media
have the ability to distinguish them individually due to the tion Of long-term potentiation and memory, controlling the
cerebral blood flow, and in neurodegeneration following ce

rebral ischaemia (7—10). One of the two equivalent nitrogens
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Marletta et al. (17). The oxidation dfl-hydroxyguanidine,
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induces the relaxation of smooth muscles in the corpus
cavernosum during sexual stimulation, has prompted the re
cent development of sildenafil citrate, or VIAGRA®, in

is oxidized only at the guanidine nitrogen that has thetreatment of erectile dysfunction.

hydroxyl group (16) agrees with the mechanism proposed by N-methyl guanidine has been used as a model compound

for arginine to study the mechanism of NO release using ab

as an L-NHA model, was first studied by Fukuto et al. (13).initio molecular computations (1.

Recently, the nitric oxide — cyclic guanosine monophosphate Previous work has already been done regarding the con
(cGMP) signal transduction system is regarded as an ubiquformations of simple amino acids such as glycine and alanine
tous pathway for intra- and intercellular communication (18,(20). Other amino acids with more complicated side chains,
4). It was also discovered that endogeneous vasodilatorsuch as phenylalanine (Phe) (21), serine (Ser) (22-24),
such as acetylcholine, have no direct action on the vasculaysteine (Cys) (footnote -)selenocysteine (Sec) (25),-as
smooth muscle, but act on endothelial cells. Upon the actiopartic acid (Asp) (26), and asparagine (Asn) (27) have also
of vasodilators, the cells release NO, which is a “labile- fac been studied. With the exception of proline (Pro) (28), all 19
tor” that diffuses into the overlying smooth muscles. Thechiral amino acids are expected to have nine different back
smooth muscles underlying the blood vessel walls are rebone conformations.

Ethylguanidine {) and ethylguanidinium ion2) are the
example, the release of NO by the cavernous nerves, whicterminal portions of the side chain (R-group) of the arginine

laxed by NO which spreads by diffusion (18, 3—-6aL9%or

2M.A. Zamora, H.A. Baldoni, A.M. Rodriguez, R.D. Enriz, C.P. Sosa, A. Perczel, A. Kucsman, O. Farkas, E. Deretey, J.C. Vank, and |.G.

Csizmadia. J. Am. Chem. Soc. (in preparation).
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practical to optimize the entire structure before we have a
H preliminary knowledge about the intricacy of its conforma
H ’ WH tions. As an appropriate model one may stddystead of3
3G 18 or, in a similar fashion2 in order to better understand the
behavior of4.
" X ; The two torsional modes of motion (rotation about the
GW)CZ - _C—C and C—N bonds) are labeledasandy, respectively
H N-—His in all four structures 1-4) even though structures and 2
L\ sirans / have nox, andx, torsional modes.
N——~Cg
/7 Xs \\XG H
Ho NG M 2. Computational methods

endo

1d

residue inN-formyl-argininamide 8) and its side chain ter
minal N-protonated form 4), respectively. Arginine can be

Quantum chemical calculations involving geometry
optimizations were carried out using the Gaussian 94 pro
gram at the Hartree Fock (HF) and DFT levels of theory us
ing various basis sets. The following two basis sets have

divided into two portions: the backbone, which is analogousheen employed for HF calculations: 3-21G and 6-31G. Ge
to glycine (or alanine), and the side chain, which is an alkylometries optimized at the HF level were subjected to further

guanidine.

geometry optimization using DFT calculation at the

Due to the large number of conformations of the aminoB3LYP/6-31G(l) level of theory. Points calculated by the
acid side chain, even if it is of a modest size, it is simply notl1D-scan for theE = E(X,) potential energy curve (PEC) of

© 2000 NRC Canada
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Fig. 1. Potential energy curv& = E(x,) of ethylbenzene (top) and that of propionate ion (bottom) both calculated at HF/3-21G.
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la was obtained at the HF/6-31G level of theory and theonly two unique minima were shown to exist; onexat= 0°
E = E(xs) PEC of2 was obtained at the HF/3-21G level of (the plane of the phenyl ring eclipsed with the C—C bond)
theory. Surface points generated by 2D—-PES scans were cand the other one g, = 90° (the plane of the phenyl ring
culated at HF/3-21G level of theory. All curves and surfacebeing perpendicular to the C—C bond). The global mini
points obtained were plotted using the Axum 5.0c program. mum was found to be the one in which the planar moiety
was perpendicular to the C—C bong, (= 90°). Of course,
: ; both of these minima occurred twice in full 360° rotation
3. Results and discussion due to the fact that the two sides of the benzene ring were
When a planar moiety is twisted about a single bond withidentical. The potential energy curve of the other symmetri
respect to a tetrahedral moiety, in principle six minima maycal compound, namely the propionate ion, is the exact mir
appear. Some of these conformations are shown schematbr image of that associated with ethyl benzene, where the
cally in Scheme 4. In all cases shown, the methyl group wasninimum of one is the maximum of the other (Fig. 1). The
staggered (i.ex; = 60°). For the case of ethyl benzene (29)two asymmetrical compounds, propionic acid and

© 2000 NRC Canada
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Fig. 2. Potential energy curv& = E(x,) of propionic acid (top) and that of propionamide ion (bottom) both calculated at HF/3-21G.
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propionamide, give rise to a global minimum when they arethe HF/6-31G level of theory. The global minimum occurs
in the anti conformation and local minima in thgauche at 180° (theanti form). For all four structuresl@, 1b, 1c,
conformations. (Fig. 2) and 1d) g*, a, and g were shown to have energy minima.
In the case of ethylguaniding)(and the ethylguanidinium We optimized these minima using three levels of theory
ion (2), there are two torsional anglgs andx,. The dihed  (Hartree Fock 3-21G, 6-31 G, and DFT/B3LYP). The re
ral numbering is in accord with the amino acid conventionsults are summarized in Table 1.
(corresponding tg; andy, in ethylbenzene). These are two  The ethyl rotation as characterized by the PES of the type
kinds of bonds, C—C and C—N, with respect to which theg = E(Xs, Xs) for the structureda, 1b, 1c, and1d are pre
guanidine group could be either eclipsed or perpendicular. sented in Figs. 4, 5, 6, and 7 respectively. Although the four
surfaces are noticeably different, the three-fold periodicity of

3.1 Energetic considerations the CH; rotation (alongys) is fully apparent. The relative
stabilities of thes 4 x 3 = 12structures are illustrated in
3.1.1 Ethylguanidine Fig. 8. One can observe that tgaucheconformation oflb

Figure 3 shows the torsional potential, with varyigg for  is the global minimum, and that ienti conformation is of a
ethylguanidine in itss-cigexo la structure calculated using relatively low energy comparing to the other threati
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Table 1. Optimized torsional anglexf) and energy values of the conformational minima=(0) of structuresla, 1b, 1c, and1d using
various basis sets at the HF and DFT level of theory.

Structure Basis set Optimized Parameters

(Xa) Enin (hartree) AE (kcal/mol) AAE (kcal/mol)

la HF/3-21G 82.27 —280.6102467 1.35 0.09

168.67 —280.6101103 1.44 0.00

—74.59 —280.6098721 1.59 0.15

HF/6-31G 78.29 —282.0620464 0.92 0.44

171.21 —282.0627458 0.49 0.00

—78.22 —282.0620465 0.92 0.44

B3LYP/6-31G(d) 75.48 —283.9874326 0.10 0.30

177.36 —283.9879119 0.40 0.00

-81.42 —283.9865861 0.43 0.83

1b HF/3-21G 79.38 —280.6124011 0.00 0.97

162.46 —280.6108520 0.97 0.00

-79.41 —280.6124010 0.00 0.97

HF/6-31G 84.26 —282.0635187 0.00 3.98

168.25 —282.0630562 0.29 0.00

—84.12 —282.0635189 0.00 0.29

B3LYP/6-31G(d) 76.14 —283.9877135 0.27 0.27

173.42 —283.987277 0.00 0.00

-76.27 —283.9877134 0.27 0.27

1c HF/3-21G 100.76 —280.6079228 2.81 0.06

157.14 —280.607826 2.87 0.00

—64.80 —280.6085254 2.43 0.44

HF/6-31G 75.57 —282.0599067 2.27 0.39

-179.98 —282.060534 1.87 0.00

—85.42 —282.0598876 2.28 0.41

B3LYP/6-31G(d) 67.85 —283.9857075 0.98 0.43

179.73 —283.9850151 1.42 0.00

—67.97 —283.9857073 0.99 0.43

1d HF/3-21G 63.05 —280.6087256 2.31 0.44

189.70 —280.6080244 2.75 0.00

—62.95 —280.6087256 231 0.44

HF/6-31G 77.53 —282.0603108 2.01 0.41

-179.94 —282.0609655 1.60 0.00

-77.30 —282.0603107 2.01 0.41

B3LYP/6-31G(d) 65.46 —283.9856017 1.05 3.17

179.94 —283.9805551 4.22 0.00

—65.66 —283.9856012 1.05 3.17

Fig. 3. Potential energy curv& = E(x,) of structurela calcu
lated at HF/6-31G.
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forms. Theanti conformation ofld is highest in energy. It is
also interesting to note that the energy difference between
the anti andgaucheforms of 1d is the greatest, whereas this
energetic difference is the smallest ib.

3.1.2 Ethylguanidinium ion

The protonated form of the ethylguanidin® (s the ethyl
guanidinium ion 2). Due to the internal symmetry of the N-
C(NH,)," moiety, this species has only one arrangement, un
like 1 which has four:1a, 1b, 1c, and 1d. Consequently,
only the ethyl rotatiorE = E(X3, X4) IS important, of which
the 1D cross-sectiole = E(x,) predominates. The energy
values for the 1D-scan are computed at the HF/3-21G level
of theory. This PEC is depicted in Fig. 9. TEe= E(X3, Xa)
PES is depicted in Fig. 10. The PEC has a pattern similar to
those seen in Fig. 2. Another PEC cross-section of the PEHS
E = E(Xs) is of particular interest since it interconnects the
cis and s-trans conformers. However, in the case of the

© 2000 NRC Canada
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Hia Table 2. Optimized torsional angles¢f) and energy values of
Xs= BTN g the conformational minima(= 0) of structure2 CHz-CH,-NH-
Hs /12 C(NH,), using various basis sets at the HF and DFT level of
N o theory.
B, of = (1-279) y—H Basis set Optimized Parameters
10
Y lX3 12 |1{1/ ) E.. (hartree)  AE (kcal/mol)
& 3-21G 81.79 —281.0413070 0.61
H/‘ Ty 179.52 —281.0422726 0
S -82.59  -281.0413097  0.60
* 2 6-31G 85.00 -282.4864891  0.91
179.98 —282.4879377 0
H -85.06 —282.4864888 0.91
2N (+) NH, B3LYP/6-31G(d)  90.52 —284.3914612  0.37
CH 179.94  -284.3920511 O
xle ~90.54  -284.3914611  0.37
H A cH,
}Xs Table 3. Proton affinities (in kcal/mol) for the 3 conformational
e minima of structureda, 1b, 1c, and 1d at HF/6-31G and
z o eH B3LYP/6-31G(l) levels of theory.
2
‘Xl Conformation Base HF/6-31G B3LYP/6-31G(d)
H o HCo_y o g la 266.34 253.53
ST TP 1b 265.42 253.36
o ™ o, 1c 267.70 254.61
N 1d 267.43 254.68
H Qe H a la 266.81 253.60
1b 266.62 254.00
3 1c 268.20 255.42
1d 267.93 258.22
g la 266.34 254.43
H,N /NH 1b 265.42 253.36
N 1c 267.69 254.61
s | 1d 267.43 254.68
N
'd m\THz
% HaN_ (+) NH,
O \T/
%s
X2 "CH, N
'Xl W X4\CH2 ﬁ
X3
H HCo O %L C
NG HoC 2 u
N ¢ % “CH, HaC/ \0/
Lk : :
H™ No——H" H N N
0)0 c')1 (1)2 0)3
4 H RO i NQ\HTa{ o w" Ny
H

protonated form they become degenerate as shown in

Fig. 11. It is interesting to note that the curve (Fig. 11) is

analogous to that of Et-COO(-) of Fig. 1. The principal re 5

sults of the geometry optimizations achieved at these levels

of theory are summarized in Table 2. The first ab initio proton affinities were computed in-To
For the proton affinity (PA) we may recognize that a rum ronto (30) in 1968. A collection of relative proton affinities

ber of values may be calculated. There is only one PEC fowas compiled by Lias et al. (31) in 1984. In 1993, Radom

the protonated form2) but there are four PECs fol). Two  (32) provided state-of-the-art calculation of various proton

vertical proton affinity values may be identified using theseaffinities, some of which involved saturated nitrogen eom

PECs. The two vertical ones involve-g and a-a. These pounds. Note that the present proton affinities are generated

values are summarized in Table 3. for illustrative purposes only and not for state of the art

© 2000 NRC Canada
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Fig. 4. Conformational potential energy surfaBe= E(xs, X4) Of structurela as landscape (top) and projected contour plot (bottom)
calculated at HF/3-21G.
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Fig. 5. Conformational potential energy surface landscape (B&p) Exs, X4) Of structurelb and projected contour plot (bottom) caicu
lated at HF/3-21G.
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Fig. 6. Conformational potent

al.

culated at HF/3-21G.
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Fig. 8. Topological representation of thHe = E(X4, X5, Xs) Potential energy hypersurface for compouhdEnergy differences were
computed at the B3LYP/6-31@) level of theory.
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Fig. 10. Conformational potential energy surface landscape (Bop) E(x3 X4) Of structure2 and projected contour plot (bottom) calcu
lated at HF/3-21G.
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Fig. 9. Potential energy curv& = E(x,) of structure2 calculated  Fig. 12. Vertical proton affinity values for the transition-ea cal

at HF/3-21G. culated at HF/6-31G.
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arginine (N—H?8 in 2) can also deprotonate if the lone pair
T T T e i e e o e e formed in the deprotc_)natlon is stab|l|_zed by backbg_lsgje .

chain hydrogen bonding. Other reactions of the arginine side
chain have also been investigated [{,195) recently.

B
AE (HF)

AE (keal/mol)

Lo - M e a0 N ® ©
T T T
~e.

Xs

] ) 3.2 Geometrical considerations

accuracy. It is worthy to mention, however, that at least the For the ease of identification of the various geometrical
trend in proton affinities is apparent when one compares thgarameters, the symbolizmatrix is given in Table 4. Ta
values at the HF level with those of the DFT level of theory.b|es 5’ 6' 7' and 8 (Supp'ementary mate?ial)mmarize op
These values are to show that different conformations giv@imized geometrical parameters fam, 1b, 1c, and 1d. It
d|ffe.r.ent pI’Oton affInItIeS. Proton aff|n|ty IS_defIned with a may be interesting to compare how some parameters remain
positive sign and is actually the deprotonation energy of thesirtually unchanged with conformational variation while eth
conjugated acid. The aa and the gg vertical grs vary noticeably.
deprotonation energies are shown in Fig. 12 and Fig. 13 Taple 9 (Supplementary materfalyjives the geometrical
respectively. In this way, one can determine the order of relparameters fol. It is noteworthy to compare what happens
ative acidities of the four protons in the guanidinium iontg the C=N double bond of, upon protonation, leading to
(Fig. 14). _ _ o _ ethylguanidinium ion 2).

Proton affinities of amino acids are studied in detail (33)
and the deprotonation of side chain protonated arginine (343.2.1 Ethylguanidine
has also been investigated. It has also been pointed out thatEthylguanidine has four stereoisomeric forms, as shown
the proton at the first N—H bond of side chain-protonatedin Fig. 8; they ares-cidendq s-cigexg s-tranvendq and

3Supplementary material may be purchased from: The Depository of Unpublished Data, Document Delivery, CISTI, National Research
Council Canada, Ottawa, Ontario, Canada, K1A 0S2.
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N

Fig. 14. Hierarchy of acidity of the four protons of
ethylguanidium ion.
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Most acidic

10.
11.

Can. J. Chem. Vol. 78, 2000

. F. Murad, B.A. Weissman, A. Allon, and S. ShapiEditors).
Biochemical, pharmacological and clinical aspects of nitric ox
ide. Plenum Press, New York. 1995. pp. 1-11.

. M.A. Marletta. J. Biol. Chem268 (17), 12231 (1993).

. A.R. Butler, FW. Flitney, and D.L.H. Williams. Trends
Pharmacol. Scil6, 18 (1995).

. M.D. Black, E.K. Matthews, and P.P.A. Humphrey.
Neuropharmacology33 (11), 1357 (1997).

. Chol Lipton, Lei Pan, Sucher Chen, Singel Loscalzo, Stamler.
Nature (London)364, 626 (1993).

. V.L. Dawson, T.M. Dawson, E.D. London, D.S. Bredt, and

S.H. Snyder. Proc. Natl. Acad. Sci. U.S.88, 6368 (1991).

W. Wutian and L. Linxi. Neurosc. Letil53 121 (1993).

J.F. Kerwin and M. Heller. Med. Res. Rei4, 23 (1994).

12. N.M. Olken and M.A. Marletta. Biochemistry32, 9677

s-trangexa The cis—transrelationship is assigned with +e

spect to the orientation of the ethyl moiety around the tor 13,

sional anglexs, and theexo—endorelationship is assigned

according to the orientation of the hydrogen double bonded4.

to the nitrogen (R°=HY). If the hydrogen is pointing out of
plane, the isomer is assigneaa with xg = 180°; similarly,

if the hydrogen is pointing towards the plane, the isomer is
assignedendq xg = 0°. One can compareN!° (B9) and
C°—N?* (B11) bond lengths ofl with the C—N bond

lengths of2, and deduce the extent of the double bond na16-

ture. The C—N*? and C—N1° bond lengths (1.340) o2
are between the lengths of thé=-0I*° bond and the &—N*2
bond of1. The difference between these two bond lengths is
the greatest in all three conformations 1f. So, the single
bonds C—N° and C—N?? of 2 have more “double bond”
character than the single bond-GN*? of 1.

3.2.2 Ethylguanidinium ion

While the guanidinium ion is symmetrical, ethylguanidin-
ium is not. Presence of the ethyl moiety makes all five hy-
drogens of guanidinium ion inequivalent. The fourdnogens
for deprotonation can lead to four isomers of the neutral
ethylguanidine.

The lengths of N—H bonds of the guanidino end are iden

tical, indicating that the positive charge is delocalized. It ispq

also worth noting that N—H,4, (B10) of 2 is the shortest of
the four NH, hydrogens although H is the most acidic of
the four (Fig. 14). Therefore, the N—H bond length is not
governed by acidity (i.e., electronic effects), but rather by

the orientation of the ethyl moiety (i.e., steric effects).22.

N1—H is synwith respect to the ethyl group and is there
fore sterically the closest to the aliphatic group.

23.
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