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Abstract: The biochemical transport and binding of nicotine depends on the hydrogen bonding between
water and binding site residues to the pyridine ring and the protonated pyrrolidinium ring. To test the
independence of these two moderately separated hydrogen-bonding sites, we have calculated the structures
of clusters of protonated nicotine with water and a bicarbonate anion, benzene, indole, or a second water
molecule. Unprotonated nicotine—water clusters have also been studied for contrast. The potential energy
surfaces are first explored with an intermolecular anisotropic atom—atom model potential. Full geometry
optimizations are then carried out using density functional theory to include nonadditive terms in the
interaction energies. The presence of the charge on the pyrrolidine nitrogen removes the conventional
hydrogen-bonding site on the pyridine ring. The hydrogen-bond ability of this site is nearly recovered when
the protonated pyrrolidinium ring is bound to a bicarbonate anion, whereas its interaction with benzene
shows a much smaller effect. Indole appears to partially restore the hydrogen-bond ability of the pyridine
nitrogen, although indole and benzene both z-bond to the pyrrolidinium ring. A second hydrogen-bonding
water produces a significant conformational distortion of the nicotine. This demonstrates the limitations of
the conventional qualitative predictions of hydrogen bonding based on the independence of molecular
fragments. It also provides benchmarks for the development of atomistic modeling of biochemical systems.

1. Introduction viewing hydrogen-bonding interactions to different functional

The hydrogen bond dominates supramolecular chemistry and9roups independently. We report density functional theory
molecular recognition in biological systems. The characteristic (PFT) calculations on three molecular clusters comprising of
orientation dependence, such as the near linearity 6HE&- water and o_ther §ma|| ligands bound to nicotine, a moderately
N2-3 or N—H---O# is well established, and generally, deviations Sized, two-ring biomolecule.
are only expected when there are multiple donors or acceptors The plant alkaloid, nicotine (Figure 1) is a common drug of
in close proximity giving rise to bifurcated and multi-center abuse that is orally self-administrated mainly by the combustion
hydrogen bondé.Thus, considerable effort has been devoted ©f tobacco products. Cigarettes represent “the most toxic and
to understanding hydrogen bonds by experimental and theoreti_addictive form of nicotine® The negative effects of nicotine
caPa¢ studies of small model systems. Generally, there is good ©n public health include heart disease, cancer and respiratory
correspondence between the hydrogen-bonding geometries seefiisorders:'® However, in addition to its analgesic effects,
in such “gas-phase” studies of bi-molecular complexes and thosehicotine has recently been identified to have potentially ben-
seen in crystals and proteins, as derived by statistical databaséficial effects on neurodegenerative diseases, like Alzheimer’s
analysis®” In this paper, we investigate the limitations of and Parkinson’s, on cognitive and attention deficits, Tourette’s
syndrome and ADHD (attention deficit hyperactivity disorder),

T On leave from Laboratoire de Spectrochimie et Mizddion, Universite ; T ; : ot
de Nantes, 2, rue de la Houssie BP 92208, 44322 Nantes Cedex 3, anxiety, gastric disorders, and smoking cessdfidiicotine acts

France.
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various quaternary liganéfswith Acetylcholine Esterase (AChE)

C}' C\’O probably occurs through cation-interactions in addition to
N; ¢02\C3/°?\N8/09 hydrgggn-pond int.eractions. A synthetic AChR glso shows a
- | I | stabilizing interaction of the quaternary ammonium group of
Cox C4 CpzHa ACh with the electron-rickz-cloud of aromatic rings® Because
Cs nicotine is an agonist of ACh, it seemed probable that it also
Figure 1. Conformation of neutral and protonated nicotine and numbering hinds to NAChRs through catiom-interactions, though very

scheme. recent evidence strongly suggests that nicotine has a distinct

agonist binding modé?27 Benzene and indole are used to
represent the interaction of nicotine with the phenylalanine and
. ryptophan residues, respectively. The effect of indole is
?hndrﬁ h)t/i(:]rioger?-:)r?]nd achcerptor site as the two key elements OfiInvestigated because of the possible presence of tryptophan as
€ nicotinic pharmacophore. cations sites?® and because it provides a much larger and more

~ Several protonation ft“d'e,s have .beesnlgcamed out on nicotingjanse region of negative electrostatic potefitidlan benzene.
in both the gas phad'’and in solution'®*In the gas phase,  ygever, the increase in size of the clusters involving indole

the pyrrolidine alr71d pyridine nitrogen atoms show very similar  eyents these being studied with ab initio or DFT methods,
basic strength®1”However, a significant difference is observed and so these results had to be extrapolated using the model

; 18,19 \pji ; ; ; ¢ > -
in Wa_te_r, _W|th the_ first protor_latlon occurring on the  intermolecular potential method. When the Niavater clusters
pyrrolidine site. Thus, in physiological conditions, with K gave unexpected results, calculations were also carried out on
value of about 7.74 at 37.2C,2° nicotine is predominantly Nic® and pyridine with water.

(about 60%) found in the singly protonated pyrrolidinium form, The conformation of nicotine (Figure 1) has been well

in addition to the neutral form. Despite the predominance of oqiapiished through experimeRaf® and theoretical studié&3’
protonated nicotine (Nig in water and the ammonium element 11,6 yethyl and pyridyl substituents of the pyrrolidine ring prefer
in the pharmacophore, the hydrogen-bonding properties haveyne trans configuration with respect to cis-trans isomerization
only been studied experimentally for neutral nicotine AN#é-22 about the C7N8 bond (Figure 1§33 The pyrrolidine ring
An early IR stud§? of nicotine with five substituted phenols adopts an envelope conformation, with different out-of-plane
proposed that the pyridine nitrogen was the only hydrogen-bond 514ms for neutral or protonated nicotitfeé¥” The pyridine and
acceptor site. R(_acently, in an extensive theoretlcgl _gnd experi-yrrolidine rings are orientated roughly perpendicular to one
mental study using FTIR measurements and ab |n|t|.o calcula- another (as indicated by the (C7)H7 atom being approximately
tions?? the authors show that some hydrogen bonding to the i the pyridyl plane) with a sufficiently high barrier to torsion
pyrrolidine nitrogen is involved, and estimate an approximately (approximately 110 kJ mot for neutral nicotin&” and 90 kJ
10:1 ratio of pyridine/pyrrolidine complex of nicotine with [ \01-1 o, protonated nicotiri) that the molecule is expected
p-fluorophenol. to be fairly rigid. This rigid molecule approximation was used
The original aim of this work was to study the ability of the  for exploring the potential surface, (and as the most reliable
pyridine nitrogen to act as a hydrogen-bond acceptor in the feasible calculations for the nicotine-indole-water complexes),
protonated active form of nicotine (Ni. The influence of the  ysing model intermolecular potentials based on an accurate

whole, or partial, neutralization of this charge is also investigated gistributed multipole analysis (DMA) model for the dominant
by adding a bicarbonate anion, benzene, indole, or a secondg|ectrostatic interaction.

water molecule to the Nic-water complex. These additional The more reliable calculations of the interaction energies of

molecules interact with the pyrrolidinium site, and have been two and three-body systems involving nicotine were carried out
chosen to represent molecules present in blood or in the activeysing density functional theory (DFT). DFT methods have been
site of NAChRs. Indeed, water and the bicarbonate anion areshown to provide an affordable and reliable means of determin-

by binding to the nicotinic acetylcholine receptors (NnAChRS).
Several studiéd-1°identify a quaternized amino nitrogen atom

as a pi-buffer. The binding of acetylcholine (ACH) and

yielding dissociation energies in agreement with the best
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calculations available, in a systematic suPeyf the energies

species. The difference between the DFT and model potential

and structures of 53 hydrogen-bonded complexes of water with energies gives some indication of the effect of this approxima-

various small organic molecules. Hence, we carried out full
geometry optimizations at the B3LYP level of theory using the
6-31+G* basis set for our much larger, neutral and charged,
organic complexes.

2. Methods

2.1. Model Intermolecular Potential Calculations. The
model intermolecular potential calculations were carried out

tion.

The advantage of using the model potential is that we were
able to scan thoroughly the potential energy surfaces of the
systems studied by performing geometry optimizations from a
large number of starting points. The agreement between the
model potential and DFT results showed that the model potential
would provide worthwhile results on larger systems (protonated
nicotine-indole-water) that could not be studied using DFT or
MP2 calculations.

assuming that there is no relaxation of the geometry of each 3 > Electronic Structure Calculations. To obtain more
monomer during the complexation. The monomer geometries gccurate structures, full geometry optimizations were carried

were kept fixed at the MP2/6-311G(d,p) optimized geometries.
To obtain the dissociation enerddp, the minimumDe in the
potential energy) of the complex is adjusted by the zero-point
energy (ZPE) contribution calculated from the harmonic inter-
molecular vibrational frequencies only. The model potential,
dubbed MP2fit/DMA% consists of an atomatom 6-exp
potential to describe the repulsion and dispersion terms,
augmented with a DMA42model to describe the electrostatic
interaction (1)

Cuﬂ
Uun = a;b;Aaﬁ exp(-B,s Ryp) — E + yPvA (Rap €220

b

with

_ 12 _1 _ 12
Aa[j - (Aua Aﬁﬁ) ) Baﬁ - E (B(m. + Bﬁ[)’)1 Caﬁ - (C(m. C[)‘ﬁ)(l)

The sum runs over the atomasandb (of type a. and j3) of

each of the molecules M and N, and because all terms are

pairwise additive, this can readily be extended to three-mole-

cule complexes. The repulsion and dispersion parameters

were empirically fitted to organic crystal structures and heats
of sublimation?®~45 with the oxygen and water hydrogen
parameters readjust®do yield good agreement with accurate
ab initio data on uracitwater clusters. The DMA electrostatic
model includes all terms in the ateratom multipole expansion
up to R;E. It uses atomic multipoles up to hexadecapole
derived from ab initio wave functions (MP2/6-311G(d,p) for

the protonated and neutral nicotine, pyridine, bicarbonate anion,

benzene and indole; MP2/6-3t#G(2d,2p) for water), com-
puted with the GAUSSIAN 98 packadéThe program GD-
MA47was used to compute the DMA models from the Gaussian
wave functions, and the model potential calculations on the
clusters were carried out with the program ORIEMT.

In this potential model, we have neglected the contribution
of induction energy, which is expected to be fairly small for
neutral species, but more important for interactions of charged

(39) Rablen, P. R.; Lockman, J. W.; Jorgensen, WJ.LPhys. Chem. A998
102 3782.

(40) Van Mourik, T.; Price, S. L.; Clary, D. Graraday Discuss2001, 118
95
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out at the B3LYP/6-3+G* level, starting from the interaction
geometries optimized with the MP2fittDMA potential. The
minima for the other systems, such as Niwater, were also
used as additional starting points for a DFT optimization. The
geometry optimizations were performed using the GAUSSIAN
98 suite of program$ and MOLDEN" was used to visualize
and draw the figures. The harmonic vibrational frequencies were
calculated for the optimized geometries at the same level of
theory to yield estimates of the zero-point vibrational energies
(ZPE) corrections to the total energy. All binding energies were
corrected for basis set superposition error (BSSE) using the
counterpoise proceduP&>! The deformation energies of the
individual monomers were included in the interaction energies
obtained from the full optimizations. Thus, the binding energy
of a two-molecule complex ABD¢(AB), is computed as

D,(AB) = E,s*(AB) — E,\*(AB) — E;*/(AB) +
[EA“(AB) — E,“(A)] + [E5"(AB) — E/(B)] (2)

The subscripts denote the molecular system considered, whereas
the superscripts denote if the energy is computed in the
monomer { or ) or dimer basis setof3). The geometry at
which the energy is evaluated is indicated in parentheses. Thus,
EA%(AB) is the energy of A at the geometry it has in the complex
AB, whereasEa®(A) is the energy of A at its own equilibrium
geometry. The last two terms in brackets are the deformation
energies of the fragments A and B, respectivély(AB) is
calculated by

DO(AB) = De(AB) + EZPE(AB) - EZPE(A) - EZPE(B) (3)

where the zero-point enerdspe is calculated by the harmonic
approximation for all the degrees of freedom. Thus, any changes

(46) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Menucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,; Peng,
C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;
Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. A. Gaussian 98, Revision A.9, Gaussian, Inc.,
Pittsburgh, PA,1998.

(47) Stone, A. JGDMA: a program for performing Distributed Multipole
Analysis of wae functions calculated using the Gaussian program system
version 1.0, University of Cambridge (UK), 1999.

(48) Stone, A. J.; Dullweber, A.; Engkvist, O.; Fraschini, E.; Hodges, M. P.;
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University of Cambridge2001
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Unprotonated nicotin
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Protonated nicotine with other residues
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—
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~

Figure 2. Effect of protonation and third bodies on the water binding sites of nicotine. The B3LYP#&3ptimized structures and the specific interaction
energiesADp (kJ mol1) from the addition of a water molecule are given.

in the intramolecular vibrations of A and B caused by the BSSE corrections are needed. The computationally demanding
formation of the complex are included. three-molecule optimizations were performed on 1.7 to 2.0 GHz
2.3 Comparisons of Effect of Third Body. In estimating Pentium 4 and dual Xeon processors.
the effect of the third molecule, bound to the pyrrolidinium ring,
on the strength of the watenicotine interaction, we require
the specific binding energy of one water molecul). (or The structures and corresponding energies of the most
ADy), to protonated nicotine already bound to, for example, important DFT minima found in this study are shown in Figure
bicarbonate anion. ThuaDe (or ADo) corresponds simply to 2, whereas the DFT and model intermolecular potential energies
the difference between the binding energies of three and two- are given in Tables 1 and 2 for the two-molecule and three-
body systems molecule complexes, respectively.
3.1. DFT Minima. The most stable complex of neutral
AD, = DABC) — D(AB) (4) nicotine (Ni®) with water has a conventional hydrogen bond
to the pyridine ring nitrogen (Figur2a). Indeed, the steric and
with a similar formula for ADy. Here, ABC refers to, for electron-withdrawing effects of the pyridine substituent strongly
example, Ni¢—bicarbonate-water and AB to Ni¢—bicarbon- decrease the hydrogen-bond affinity of the amino nitrofen.
ate. On the other hand, the effect of the pyrrolidine ring is very
For the model potential calculations (which employ rigid small, with the Ni€—water complex being only about 1 kJ
monomers), this corresponds to the energy gain due to themol™! more stable than pyridirewater (Table 1), with com-
physical process of adding a water molecule to an existing dimer mensurate, insignificant changes to the hydrogen-bond geometry
at its optimal dimer geometry, followed by re-optimization of (Table 3). This is consistent with the experimental difference
all the intermolecular parameters to define the trimer geometry. (1.1 kJ mof?) between pyridine and nicotine complexed to
Equation 4 also represents the additional binding energy on p-fluorophenol in carbon tetrachloridé.
addition of a third molecule in DFT calculations in this case  In contrast, the pyridine hydrogen-bonding site is severely
where the monomer geometries are allowed to change duringmodified in protonated nicotine (Figurgc), to give much
the re-optimization of the trimer structure. Siné(AB) weaker binding involving an elongated, very nonlinearN—O
corresponds to the binding energy of AB at its optimal geometry, hydrogen bond and a C&3-+-O interaction. This GH:--O
the specific binding energy calculated via eq 4 automatically interaction is likely to contribute significantly to the stability

3. Results

includes the change in dimerization energiﬁﬁ(ABC) - of this structure, as CH-X (X = N, O) “hydrogen bonds” are
E,“_{@(AB)], as well as the change in deformation energies of the recognized to contribute to the stability of many supramolecular
two monomers in the dimeEf:(ABC) — E%(AB) andEA(ABC) structure$? %% The loss of the conventional (near-linear)

— Eg(AB)] occurring when the dimer changes from its optimal hydrogen bond in Nitc—water was sufficiently unexpected to
geometry to the geometry it adopts in the trimer. Both the dimer
and trimer D, energies are free of BSSE, so no additional

(52) Taylor, R.; Kennard, QJ. Am. Chem. S0d.982 104, 5063.
(53) Pedireddi, V. R.; Jones, W.; Chorlton, A. P.; DochertyCRem. Commun.

1996 997.
(50) Boys, S. F.; Bernardi, Aviol. Phys.197Q 19, 553. (54) Jeffrey, G. AJ. Mol. Struct.1999 485-486, 293.
(51) Van Duijneveldt, F. B.; van Duijneveldt-van de Rijdt, J. G. C. M.; van  (55) Desiraju, G. R.; Steiner, TThe Weak Hydrogen Bond in Structural
Lenthe, J. HChem. Re. 1994 94, 1873. Chemistry and BiologyOxford University Press: Oxford, UK, 1999.
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Table 1. Interaction Energies of Two-Molecule Complexes Involving Nicotine, Calculated by DFT and the Model Intermolecular Potential
structure B3LYP/6-31+G* MP2fitDMA
figure interaction mode? De(CP)° A(CP)° A(ZPE) Do De A(ZPE)! Dy
neutral nicotine-water

2(a) NicP (pyrid) —27.62 —3.58 7.74 —19.88 —28.91 7.31 —21.60

2(b) Nic® (pyrro) —26.01 —6.63 9.92 —16.09 —32.58 11.56 —21.02
protonated nicotinewater

2(c) Nic™ (pyrid) —-17.95 —-2.91 6.63 -11.32 no minimum found

2(d) Nic* (pyrro) —54.88 —6.16 6.98 —47.90 —53.93 6.05 —47.88

2(e)Nic* (both) —34.06 —4.04 8.13 —25.92 —30.01 5.59 —24.42

protonated nicotinebicarbonate anion
Nict (pyrro) —472.45 —4.84 —-0.34 —472.79 —396.78 3.22 —393.56
protonated nicotinebenzene

Nic™ (pyrro) —29.02 —2.58 2.59 —26.44 —41.51 2.03 —39.48
protonated nicotineindole

Nic* (pyrro) DFT calculations not feasible —59.62 1.95 —57.67

pyridine—water —26.59 —3.18 7.79 —18.80

aThe minima are described by contacts between the nicotine and the

second molecule being with the pyridine ring (pyrid), or the pyrrolidinium (or

pyrrolidine) ring (pyrro), or the methyl and pyridyl substituents (bo®Binding energy corrected from the basis set superposition error (k})mbBasis
set superposition error (kJ md). @ Zero-Point Vibrational Energy contribution (kJ mé).

Table 2. Total Interaction Energies of Protonated Nicotine with Water and a Third Body as Calculated by DFT and a Model Intermolecular

Potential
structure B3LYP/6-31+G* MP2fit/DMA
figure interaction mode? D(CP)P A(CP)® A(ZPE) ¢ Do De A(ZPE)* Do
protonated nicotinewater—bicarbonate anion

2(f) Nic*(pyrid) —498.82 -8.31 7.20 —491.62 —421.25 10.62 —410.63

Nic*(bothy minimum not found —415.49 7.98 —407.51
protonated nicotinewater—benzene

2(g) Nic*(both) —60.46 —6.92 10.67 —49.79 —70.93 7.55 —63.38
protonated nicotinewater—indole

4(a) Nic*(both) DFT calculations not feasible —88.62 6.17 —82.45

4(b) Nic*(pyrid) —85.83 8.16 —77.67
protonated nicotinewater—water

2(h) Nic*(bridge] —106.49 —-14.15 19.84 —86.65 —105.34 19.20 —86.14 (-74.54)

Nic*(both) Nic" conformation distorts to min above —82.54 11.53 —71.00

Nic*(pyrid) Nic™ conformation distorts to min above —80.03 13.55 —66.48

aThe different minima are described by contacts between the nicotine and the water molecule(s) being with the pyridine ring (pyrid), or theysgrrolidin

ring (pyrro), or the methyl and pyridyl substituents (both), or through a chai

n bridging the two nitrogen atoms (Br&igding energy corrected from the

basis set superposition error (kJ myl ¢ Basis set superposition error (kJ myl 4 Zero-Point Vibrational Energy contribution (kJ mé). € This minimum

has the water in the same position 2& whereas the bicarbonate forms a

N{D bond with the pyrrolidinium ring, similar t@f. f The MP2fit/DMA

Nic*(bridge) structure corresponds to the distorted geometry of Nicnomer obtained from the DFT optimization. Hence, Beenergy allowing for the
internal energy change is given in parentheses, as this is the more appropriate value for comparison with the DFT results.

Table 3. Geometries of the O—H---N(pyridine) Interactions in
Water—Nicotine Complexes?

structure Ayl ysol/A Ongeotiol® @eacont—ol®

2(a) neutral nicotine 1.940 2.923 176.9 —1755
protonated nicotine

2(c)isolated 2.267 2.951 126.5 170.4
2(e)isolated 2.415 3.134 130.3 113.2
2(f) +bicarbonate anion 1.952 2.898 160.9 -177.3
2(g) +benzene 2.321 3.067 132.8 116.2
2(h) +water 2.059 2.888 141.1 122.4
4(b) +indole 1.988 2.772 137.6 155.2
pyridine 1.949 2.933 1795 £174.9

aB3LYP/6-31+G* structures are used except for nicotine-indole-water
where the MP2fit/DMA potential model structure is used. A positive value
of the coplanarity parameter means that the water oxygen is on the same
side of the pyridine plane as the pyrrolidinium nitrogen.

justify performing careful scans for other possible minima in
this region. Thus, we carried out DFT and MP2 geometry
optimizations, in addition to the MP2fit/DMA potential calcula-
tions, starting from the conventional hydrogen-bonded structure
(Figure 2a) and an alternative structure to Figu2e with the
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water bent toward the H attached to C2. No additional minima
were found, demonstrating th2t is indeed the only minimum
with water bound to the pyridine nitrogen of NicThus, the
protonation of the pyrrolidine nitrogen has markedly decreased
the basicity of the pyridine ring, to reduce the strength of the
water-binding energy by almost a factor of 2. The direct effect
of protonation on the pyrrolidine ring nitrogen is to change it
from being a moderate hydrogen-bond acceptor (Figbjeto

a strong hydrogen-bond donor (Fig@d). There is a secondary
minimum for Nic"—water, involving contact with both the
pyridyl and the methyl substituents (Figus), which is
considerably stronger than the interaction of water with just the
pyridine ring in either Ni€ or Nic*, despite neither of the N
-*H—0 and CsgH---O interactions being conventional hydrogen
bonds. The considerable stability of this structure arises from
the water interaction with the charged pyrrolidinium ring through
the Ga(sp)H:++-O contact (H:+O 2.234 A, G»+-O 3.318 A,
0Ci2—H---O 17C). The situation is analogous to that found in
a study of the linearly €H---O bonded complexes of methane,
methylamine or methylammonium and wa&fewhere there is
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Table 4. Specific Pyridine Nitrogen-water Interaction Energies AD. and ADp in Complexes of Nic™ with Certain Third Molecules Bound to
the Pyrrolidinium Nitrogen

structure B3LYP/6-31+G* MP2fittDMA
figure interaction mode? AD(CP)° A(CP)® A(ZPE)! ADg® AD, ADg®
protonated nicotinewater—bicarbonate anion
2(f) Nic™ (pyrid) —26.37 —3.47 7.54 —18.83 —24.47 —17.07
protonated nicotinewater—benzene

2(f) Nic™ (pyrid) —31.44 —4.34 8.08 —23.36 —29.43 —23.90
protonated nicotinewater—indole

4(a) Nic*(both) DFT calculations not feasible —28.99 —24.77

4(b) Nic*(pyrid) —26.21 —20.00
protonated nicotinewater—water

2(h) Nic*(bridge) —51.61 —7.99 12.86 —38.75 —51.41 —38.26

aThe different minima are described by contacts between the nicotine and the water molecule(s) being with the pyridine ring (pyrid), or the methyl and
the pyridyl substituents (both), or through a chain bridging the two nitrogen atoms (bridgjejling energy, calculated from eq 4, corrected for the basis
set superposition error (kJ mad). ©Basis set superposition error (kJ my| obtained from the difference between the trimer and the dit{€P) values.
d Zero-Point Vibrational Energy contribution (kJ mé). € Calculated from Equation 4 (kJ md). f The MP2fit/DMA Nic*(bridge) structure corresponds to
the distorted geometry of Nicmonomer obtained from the DFT optimization. The specific binding enéy is calculated from the difference of the
binding energies found i@d and 2h (see Tables 1 and 2).

a much stronger interaction between water and the protonated
structure £38.9 kJ mof! compared to—2.6 kJ mot? for
methylamine and-2.2 kJ mof! for methane) and a shortened
equilibrium G--O distance (3.280 A compared to 3.916 A for
methylamine and 3.863 A for methane). This may be attributed ©<
to the long-range interactions of the charge and the change in
polarization of the contact methyl group.

The effect of the introduction of a third molecule on the
binding of the water molecule to Nicat the distant pyridine
ring depends markedly on the third molecule. A bicarbonate (a) (b) (¢)
anion (HCQ") binds strongly to the pyrrolidinium proton (Table Figure 3. Distortion of the protonated nicotine conformation caused by

1). A water molecule binds quite strongly to this NieHCOs™ the protonation on the pyrrolidine nitrogen and the binding of two water
complex (Table 4), with a very similar energy 1 kJ mol? molecules.a uncharged andb charged monomers, armiwhen bound to

weaker) as to Nftand in a conventional hydrogen-bonding o water molecules as in Figugh, with the water molecules removed
. . for clarity. The pyridyl ring (vertical) is perpendicular to the envelope

geometry (Figure2f), though somewhat less linear (Table 3) pyrrolidyl ring with the nitrogen atom out-of-plane, & The envelope
than the pyridine-water hydrogen bond. Thus, the bicarbonate conformation is lost irb, and a larger distortion is constraineddn
anion has effectively neutralized the protonation of the pyrro-
lidine ring, in its effect on the distant pyridine binding site. (Figures2e and2g). Thus, the @C3C7H7 torsion angle (which

A benzene molecula bonds quite strongly to Nicthrough is close to 0 when the two rings are roughly perpendicular)
the pyrrolidinium N"—H, effectively blocking the most favor-  changes from—6° in Nic™ to —16° and —22° in 2e and 2g,
able water-Nic™ binding site. The water binds to the Nic respectively. However, when a second water molecule is added
benzene complex by a simultaneous interaction with both methyl to the most stable Nic-water complex, we observe a particu-
and pyridyl substituents (Figu@g), which is geometrically very  larly large distortion of the nicotine conformation (Figure 3) to
similar to the local Ni¢ —water minimum (Figuree), and only allow the two water molecules to form a chain bridging the
slightly less stable, at23.48 as opposed t625.92 kJ mot™. two rings (Figure2h). This is the only structure involving an
Thus, the catione interaction of Nic-benzene appears to have  jnteraction of the water molecules with both the pyridine and
little influence on the pyridine nitrogen basicity. No local the pyrrolidinium nitrogen atoms. 18h, the conformation of
minimum corresponding to water hydrogen bonding to the pjc+ changes by a rotation of 3detween the pyridine and
pyridine ring (see Figuréc) was found. One possible explana- e pyrrolidine rings from the Nic monomer geometry (i.e.,
thn for the absence of such a minimum is that the mtgrapnqn about twice as large as the rotation observe@érand 2g),
W'th benzene may ha\{e reduceq the barrier between this blndlngcorresponding to a significant intramolecular destabilization of
site at the pyridine nitrogen (Figur&c) and the more stable
structure shown in Figurge This small effect of ther-bonding
to benzene contrasts with the estimated effect of indole as a
m-binding residue (section 3.3).

11.6 kJ mot? This is in good agreement with a destabilization
of about 10 kJ mol® for such a rotation in the Nic SCF/6-
31G(d,p) rotational energy profif€.The envelope conformation
i ) i of the pyrrolidine ring is modified so that the (N8)H atom
.The hydrogen bondllng of a Watef molecule to gther ring of changes from a gauche to a cis conformation with respect to

Nic* does not change its conformation, and there is a moderate . .
change when a water molecule is hydrogen bonded to both rin sthe C3 atom (the C3C7N8H torsion angle reduces frofis7

9 ydreg g Nic™ to 8 in structure2h). This conformational change allows
(56) Van Mourik, T.; van Duijneveldt, F. Bl. Mol. Struct. (THEOCHEM})995 the f_ormatmn of a water bndge Imkmg the two nitrogen atoms

341, 63. of Nic™ through three hydrogen bonds.
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Scheme 1 . Interaction of Water and Bicarbonate Anion with Protonated Nicotine

H.
+ (6] ° +
o _0 X
A Rk . N
N| /N\ + i Y \H + H H —_— | ’N\H o
~ Me H o} Z Me oo, L
D, = -411 kJ mol' (MP2fit/DMA) 07 O
- 492 kJ mol! (B3LYP) F'i

D, = -394 kJ mol-! (MP2fit/DMA)\ / AD, = -17.1 kJ mol-* (MP2fi/DMA)

-473 kJ mol-* (B3LYP) -19.0 kJ mol' (B3LYP)

3.2. Comparison between DFT and Intermolecular Model that are dominated by the dispersfrsuch as (He) (Ne),
Potential Minima. A comparison of the results obtained from and (Ar), and dispersion is likely to be a major contribution to
the rigid-body calculations using the intermolecular model the Nict—benzene interaction. On the other hand, the model
potential with those from the full DFT optimizations can be potential estimates the dispersion contribution by parameters
used to assess the effects of neglecting molecular deformationfitted to heats of sublimation. It seems therefore probable that
and the approximations in the model potential. This is necessarythe discrepancy between the Niebenzene binding energies
for assessing whether the model potential calculations are likely is mainly due to errors in the dispersion estimates in the DFT
to give worthwhile results when applied to larger systems, such and model potential.
as nicotine-indole—water, for which a reliable ab initio or Despite these errors in the energies of some of the two-
density functional calculation is too expensive. molecule complexes, there is very good agreement between the

The intermolecular potential model gives a fairly good two methods for the specific energyDg of binding a water
qualitative estimate of the geometries of the most significant molecule to the complex (Table 4). This cancellation of errors
minima in almost all cases. The intermolecular distances is illustrated in Scheme 1. It must be acknowledged that in these
obtained from the model potential calculations agree to within three-molecule complexes, the water is separated from the
about 10% with the DFT values. The exceptions are the Nic  bicarbonate or benzene by the nicotine molecule and so the
(H20)> complex, where a significant conformational change of short-range interactions would be expected to be additive. This
Nic* during the DFT optimization allowed either of the rigid-  additivity cannot be expected for systems where all three
model minima to collapse into the chain struct@re This is a molecules are in van der Waals contact with each other.
clear failure of the rigid-body approximation. However, when Nevertheless, even for the Nie (H,O), complex where the two
this optimized geometry of Nicand its corresponding DMA  water molecules are linked, the two methods give very similar
have then been used to reevaluate the interaction energy withspecific binding energies.
the two water molecules using the MP2fit/DMA potential model, Thus, we would expect the model potential method to give
the results are in good agreement with the DFT energies. Thereasonable estimates for the geometries and specific water
other exceptions are that the model potential does not give thebinding energied\Dy to the pyridine ring for complexes where

very shallow local minimum of Nit—H,O (Figure 2¢), and another molecule was bound to the pyrrolidinium ring of Nic
gives an additional local minimum for the Nie bicarbonate- This is provided that the rigid-body approximation was reason-
water complex. This minimum has the water in the same aple, i.e., the molecule did not have the shape and strength of
position as2e, whereas the bicarbonate forms a f® bond interaction with water to induce a significant conformational

with the pyrrole ring, similar t@f. The quantitative agreement  change as in Nic—(H.-O),. Thus, the model potential approach
between the binding energies is rather more variable. The was used to investigate the effect of indole (as a model for the
quantitative agreement between e values for the Nic— tryptophan side chain in the nicotinic binding site), as the three-
water complexes conceals more significant differences in the molecule system is too large for DFT calculations to be feasible.
energies of the minimal)) and the zero-point energies. This 3.3 Effect of Indole on Water Binding Site.Indole binds

is more apparent in the Miewater results, where the model mgre strongly to the pyrrolidinium nitrogen of Nicthan
potential underestimates the difference in the binding energiespenzene (Table 1). This is consistent with the electrostatic
to the two hydrogen-bonding sites. Nevertheless, if only potential around ther-cloud being more negative for the
accuracy of about 1 kcal mdlis required, these model potential  penzene ring of indole than benzene it8Fhe model potential
binding energies are acceptable. Considerably large errors occufinds two minima for the Nic—indole—water complex (Figure
for the Nic"™ complex with the bicarbonate anion or benzene. 4). The more stable minimura has the water in contact with

In the former aniorrcation interaction, the underestimate of poth the pyridyl and methyl substituents of Njcand is
the binding energy by 80 kJ mdi (about 16%) is likely to be  geometrically very similar to the Nic-water local minimum
predominantly due to the lack of induction in the potential 2e and the Ni¢—benzenewater complex2g. The model

model. The interaction energy between Niand benzene is  potential estimated specific binding energy for this water
considerably smaller when calculated by DFT than estimated

from the model potential. DFT appears unreliable for interactions (57) Van Mourik, T.; Gdanitz, R. . Chem. Phys2002 116, 9620.
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A second unexpected result was that the complex with two
water molecules (Figureh) induced a significant conforma-
(a) tional change in Nit, far greater than that which would be
04.77 anticipated from the torsional profilé;38 or the geometry of
’ all the other complexes. The large deformation of Njcosting
11.6 kJ mot?l) allows two water molecules to link the
pyrrolidinium nitrogen to the pyridine nitrogen. The binding
energy Do = —86.7 kJ mot?) is about 20 kJ mol' larger than
the sum of the two water hydrogen bonds to pyrrolidinium,
estimated from Nit—water (Figure2d) and pyridine (estimated
from Nic®—water), which roughly corresponds to the water
b dimer binding energy?-%3 Thus, the intra and intermolecular
(b) forces are very finely balanced to produce the complex with
-20.00 the unusual conformational change.
Figure 4-h Ge0m_f?érineizo%fnréff\)l\tlg?;t?nfiter;iggttigf ::gppgz?ew“iceig?g'%a”d The implications of these results on our understanding of the
Vn\gaotl(ﬂ: Zsec:tﬁ:i(l:;ted using the MP2fit/DMA intermgglecular%otential. blochemlc_al prOp_ertl_eS O_f nicotine n the blood and for ItS.
structure in the binding site are to considerably reduce confi-

molecule varies by less than 1 kJ mbWhen nothing, benzene dence in expectations arising from isolated-molecule and two-
or indole arez-bonded to the pyrrolidinium ring. In the molecule studies. The conformation may be considerably

secondary minimurab, the indole is found in the same position changed by the hydration shell or binding site. It is well
as in Nic'—indole and in the global Nic—indole-water established that deviations from an ideal hydrogen bond, where

minimum 4a, whereas the water is hydrogen bonded to the thg donor heavy atom, the hyc_irogen, the accegtor lone electron
pyridine ring. Although the waterpyridine nitrogen hydrogen pair and the acceptor all lie in a stralght f#€° can oceur.
bond is rather nonlinear (Table 3), and the water molecule is HOWeVer, the scatter of hydrogen-bonding geometries around
; . . -

positioned below the plane of the pyridine ring, the specific & 9iven functional group found in analyses of protén® or
interaction energyADo of —20 kJ mot! is comparable to the ~ Organic crystal databas@gc7¢ 73 has generally been attributed
binding energy of water to neutral nicotine. Thus, the interaction t©© the effects of packing of molecules in the vicinity of the
of the indole molecule to the pyrrolidinium ring appears to hydrogen-bond donor and acceptor. The res_ults of the current
partially restore the hydrogen-bond geometry and strength to Study suggest that molecules that are not in van der Waals

that which would be expected from the pyridine ring in isolation. contagt with one or another can have a significant effect on the
In Nict—benzenewater, as in the Nic—water systems, we potential energy surface for the hydrogen bond interaction.
found no such minimum using either the model potential or However, since the long-range effects from a bicarbonate anion

the density functional method. (and, to a lesser extent, from indole) bound to the pyrrolidinium
ring, restore the hydrogen-bond geometry and strength to that
4. Discussion of the pyridine ring in isolation, the process of considering the

o two rings in isolation appears to work. However, this cannot
The most remarkable aspect of the results, shown in Figure o (qjieqd upon, since the-bonding of an indole to the

2, is how strongly the hydrogen bonding between water and p1onated pyrrolidinium is qualitatively different fram-bond-

the pyridine nitrogen is affected by changes in the protonation ;g 14 penzene, and comparable to neutralization by hydrogen
and interaction of an anion, aromatic compounds or a water jy,ding to bicarbonate. Moreover, the conformational change
mo!e_cule to the pyrrolidinium ring. The strong, linear water- ¢ 1o Nicr— (watery system also strongly illustrates the
pyridine hydrogen bond to Niccorresponds to the strongly jimitations of treating polyfunctional structures to various
preferred geometry for water molecules bound to a pyridine ¢, -tional groups independently

ring,? in the analysis of 342 crystal str.uctur.es in the Cambridge The unexpected results concerning the long-range effects on
Struct'ural Dgtabase (CSI?).The near linearity OT the hydrog.en. hydrogen bonding required careful consideration of the reli-
bond is consistent with the preference shown in such statistical ability of the DET results. Calculations on adrenaline-water

analyses between aliphatic alcohols and nitrogen acceptors inc, e q oyt jn our laboratof§show that B3LYP/6-3+G* gives
aromatic heterocyclésand for water interacting with various

sp? nitrogens: Hence, the observation that in the gas phase the sg) xantheas, S. SI. Chem. Phys1996 104, 8824.
pyridine ring of Nic" is no longer a conventional hydrogen- (60) Feggreisen, M. W.; Feller, D.; Dixon, D. Al. Phys. Chem1996 100,
bond acceptor, though it is expected to be one in the nicotinic (61) Halkier, A.; Koch, H.; Jargensen, P.; Christiansen, O.; Beck Nielsen, I.

binding site, demanded investigation. M.; Helgaker, T.Theor. Chem. Accl997, 97, 150.
. . . i (62) Hobza, P.; BludskyO.; Suhai, SPhys. Chem. Chem. Phyi999 1, 3073.
The resolution of this contradiction is that the presence of a (63) Torheyden, M.; Jansen, Gheor. Chem. Ac200Q 104, 370.
; H idini H (64) Legon, A. C.; Millen, D. JChem. Soc. Re 1987, 16, 467.
bicarbonate anlon,_bound to the protonated pyrrol|_d|n|um fiNg, (65) Legon A. C. Millen. D. JAcc. Chem. Red.987 20, 39,
restores the pyridine-water hydrogen bond to its expected (66) Baker, E. N.; Hubbard, R. Brog. Biophys. Mol. Biol1984 44, 97, and
i ; ; ; references cited.
Strength a“q geometry. Thus, the addition Qf CerFam .'[hll’d bodies, (67) Thornton, J. M.; MacArthur, M. W.; McDonald, . K.; Jones, D. T.; Mitchell,
at quite a distance from a hydrogen-bonding site, is shown by J. B. O,; Nandi, C. L; Price, S. L.; Zvelebil, MPhilos. Trans. R. Soc.

these high-level calculations to have a profound effect on the (g London, Ser. A1993 345 (1674) 113.

e ) McDonald, I. K; Thornton, J. MJ. Mol. Biol. 1994 238 777.
strength and geometry of a traditional hydrogen bond. (69) Klebe, G.J. Mol. Biol. 1994 237, 212.
(70) Lommerse, J. P. M.; Price, S. L.; Taylor, R.Comput. Chenl997, 18,
757.
(58) Allen, F. H.; Kennard, OChem. Design Automation New893 8, 1. (71) Taylor, R.; Kennard, OAcc. Chem. Red4984 17, 320.
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Table 5. Comparison of Interaction Energies (in kJ mol~1) and
Hydrogen-Bond Distances (in A) Obtained from B3LYP/6-31+G*
and MP2/6-31+G* Optimizations

B3LYP/6-31+G* MP2/6-31+G*
structure De(CP) A(CP) R? De(CP) A(CP) R?
NicO(pyrid) —27.62 —3.58 194 —-26.64 —9.69 1.96
Nic*(pyrid) —17.95 —-2.81 2.27 —20.58 -—7.16 2.26
Nic*(pyrro) —54.88 —6.16 1.86 —59.29 -16.27 1.84
Mepyrrot-benzene —37.52 —2.05 2.38 —57.67 —20.47 2.20

aNic9(pyrid) and Nic (pyrid): the H(water)-N distance; Ni¢(pyro):
the H(water)-N distance; Mepyrré-benzene: the distance from H(water)
to the plane of benzené&The hydrogen-bond distance was corrected for
BSSE by numerically locating the distance for which the counterpoise-
corrected binding energy has its maximum. This correction can be large
for m-bonded system&. This numeric re-optimization increased the
hydrogen-bond distance by 0.025 (B3LYP) and 0.16 (MP2) A, and the
interaction energy increased by 1.11 (B3LYP) and 2.11 (MP2) kJ ol
from the minimum found without BSSE correction.

Figure 5. Geometry ofN-methylpyrrolidinium-benzene, calculated with
B3LYP/6-314+-G* and MP2/6-3%#G*. The B3LYP and MP2 structures are
superimposed with the NH bonds in the same place. The geometry with
the yellow carbon atoms is the MP2-optimized structure.

interaction energies and geometries in very good agreement with

MP2 results, for neutral hydrates containing orndytype
hydrogen-bonding interactions, thus confirming the conclusions
of ref 39. To investigate the suitability of DFT for the neutral

and protonated systems studied in the current paper, we

re-optimized the structures of Ni{pyrid) (Figure 2a), Nic*-
(pyrid) (Figure2c), and Nic (pyrro) (Figure2d) with an MP2/
6-31+G* wave function. Because MP2 optimizations on Nic

a challenge to molecular modeling. The changes in hydrogen-
bonding acceptor capabilities of the pyridine ring with the nature
of the pyrrolidinium interactions clearly require considerable
accuracy in the long range interactions. The degree of confor-
mational change induced by two water molecules, where no
significant conformational flexibility had been seen in any other
complex, shows the challenging requirement that force fields
balance the inter and intramolecular interactions accurately. In
this work, we used a model intermolecular potential with an
unusually accurate anisotropic electrostatic model, though no
molecular flexibility or induction energy. This proved to be a
useful method for scanning multidimensional potential energy
surfaces to locate less obvious low-energy structures as starting
points for the more expensive optimizations. The level of
agreement between the two methods in estimating interaction
energies shows that it gives worthwhile results in cases where
high-quality electronic structure calculations are not feasible.
The induction energy is clearly significant for the aniaration
interaction energies, though not for semiquantitative structures
or for specific binding energies for the introduction of an
additional molecule. Thus, the use of a distributed multipole
electrostatic model appears to be working as well as found for
small molecule hydrogen-bonded compleé8in predicting
hydrogen-bonding contact geometries well, even when there is
significant influence from more distant parts of the molecule
or supramolecular complex.

5. Conclusions

Our investigations of the hydrogen-bonding ability of the
pyridine nitrogen in the active protonated form of nicotine show
that it is very dependent on the molecules around the pyrroli-
dinium ring. The introduction of a charge on the pyrrolidinium
nitrogen drastically decreases the hydrogen-bond ability of the
nicotine sp nitrogen. This can be restored if the pyrrolidinium
ring interacts with a bicarbonate anion, partially restored if it
interacts with indole, but is unaffected by interaction with
benzene. It appears, from the similarity between the results of
the DFT calculations and a model intermolecular potential with
an accurate electrostatic potential, that this effect is predomi-
nantly due to the modification of the electrostatic potential in

benzene are too computationally demanding, we also optimizedthe region of the pyridine ring. Since the pyridine nitrogen

the structure ofN-methylpyrrolidinium-benzene (Mepyrte
benzene) at the MP2 level to investigate the reliability of DFT
for structures that contain-type interactions. The results are

shown in Table 5. DFT gives interaction energies and geometries

comparable to MP2 for all structures except Mepyrbenzene.

However, even in this case, the geometries are quite similar

(see Figure 5); with the (N)H atom pointing somewhat more
closely to the center of the benzene ring in the MP2 structure.
This, in addition to the expectation that the error in the
Mepyrrot-benzene interaction energy will cancel (cf. Scheme

1), indicates that the DFT method is adequate for the calculation

of the specific binding energies of an additional wateb, for
the three-body complexes in this study.

appears to be a hydrogen-bond acceptor in the nicotinic
pharmacophor&? 15 it seems probable that the residues in the
binding site significantly contribute to this hydrogen-bond

strength.

A second finding is that it cannot be assumed that the bound
conformation of nicotine is similar to the gas-phase conforma-
tion, despite the significant torsional barrier. Whether the"Nic
(H20), complex, with the high-energy conformer stabilized by
water hydrogen bonds linking the nitrogen atoms in the two
rings, would be found in Nit aqueous solutions or binding
sites is an open question, but there is certainly an unusual
balance of molecular geometry, intermolecular and conforma-
tional forces producing this structure (Figie). Thus, density

The differences between the three-molecule complexes andfunctlonal calculations on nicotine with small model molecules

what would be extrapolated from two-molecule studies, or

models based on the separate rings of nicotine, obviously pose%&

(72) Leiserowitz, L.; Tuval, MActa Crystallogr.1978 B34, 1230.
(73) Murray-Rust, P.; Glusker, J. Rl; Am. Chem. S0d.984 106, 1018.
(74) Van Mourik, T., unpublished.
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interacting with the pyridine and pyrrolidinium rings show

Buckingham, A. D.; Fowler, P. W.; Stone, A. liit. Rev. Phys. Chem.
1986 5, 107.

(76) (a) Van Mourik, T.; Price, S. L.; Clary, D. CChem. Phys. Let200Q
331, 253. (b) Tsui, H. H. Y.; Van Mourik, T.Chem. Phys. Let2001,
350, 565.
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significant interactions between all three molecules, even when six months. T.v.M. gratefully acknowledges the Royal Society
there is no contact between the nicotine ligands. This revealsfor their support under the University Research Fellowship
the limitations of experiments and calculations on model systems scheme.
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