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Abstract. A combined experimental-theoretical approach to modeling of building blocks of recognition
complexes formed by nucleic acid bases and the amino-acids side-chain amino group is reviewed. The
approach includes the temperature dependent field-ionization mass spectrometry and ab initio quantum
chemical calculations. The mass spectrometric technique allows determination of interaction enthalpies of
biomolecules in the gas phase, and the results it produces are directly comparable to the results obtained
through theoretical modeling. In our works we have analyzed both thermodynamic and structural aspects
of the recognition complexes of four canonical nucleic acid bases and acrylamide, which models the side
chain of asparagine and glutamine. It has been shown that all bases can interact with amide group of
the amino acids via their Watson-Crick sites when being incorporated into a single strand DNA or RNA.
Stability of the complexes studied, expressed as −∆H (kJmole−1) decreases as: m9Gua (−59.5) > m1Cyt
(−57.0) > m9Ade (−52.0) � m1Ura (−40.6). We have determined that in the double stranded DNA only
purine bases can be recognized.

PACS. 87.15.Aa Theory and modeling; computer simulation – 87.15.Kg Molecular interactions;
membrane-protein interactions – 87.14.Gg DNA, RNA – 33.15.Ta Mass spectra

1 Introduction

The importance of the molecular recognition and es-
pecially the protein-nucleic acid recognition governing
many biological processes has resulted in many investi-
gations [1,2]. The main problem encountered in studies of
the bio-recognition phenomenon has been to distinguish
the events directly involved in the recognition from all
other non-specific non-covalent interactions occurring in
biological systems and in biochemical reactions. To over-
come this problem, model systems that allow reconstruct-
ing of particular steps involved in specific interactions have
been usually considered in the laboratory experiments.
These model systems have different levels of complex-
ity and range from native and synthetic biopolymers to
smaller parts of biopolymers, which reproduce particular
molecular fragments participating in the recognition pro-
cesses, and to simple monomers active in the recognition
cites. At the level of biopolymers complexes, various tech-
niques (X-ray crystallography, NMR, IR and UV spec-
troscopy, mass spectrometry) have been routinely utilized
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to acquire structural data. However energy characteristics
of the specific recognition sites have been more difficult
to obtain because the energy measurements usually bear
integral character and do not permit to isolate the yields
corresponding to separate sites. The obtain site-specific
energy effects one need to resort to studying interactions
at the level of monomers, which in protein-nucleic acid
complexes are nitrogen bases and amino acids.

An approach to effectively model building blocks of
the recognition complexes at the level of monomers has
to combine experimental and theoretical methods. For
computational modeling of medium size complexes cor-
related level ab initio methods such as DFT or MP2 are
the most useful. To directly compare the results obtained
from theoretical calculations with the experimental re-
sults, it is desirable that the experimental technique al-
lows studying associates of isolated biomolecules without
presence of solvents or other environmental factors. This
implies the use of gas phase or vacuum conditions in the
experiment. The method of the temperature-dependent
(TD) field-ionization (FI) mass spectrometry has these
advantageous and it has been used in our investigations.
The method allows studying of the thermodynamics of
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intermolecular interactions of biomolecules in isolation. In
this capacity the method was employed to determine en-
thalpies of formation of the Watson-Crick nucleic acid base
pairs [3,4]. Those early studies were later followed by other
groups (for example [5,6]), who have continued investigat-
ing DNA base pairs in the gas-phase. A description of the
procedure and, in particular, its application to determine
enthalpies of site-specific interactions in bio-complexes is
given below in Section 2.1.

The aim of the study reviewed here is to investigate the
structural and energetic parameters of particular types of
complexes that involve nucleic acid bases and the amide
group of the side chains of the amino acids asparagine
(Asn) and glutamine (Gln). In the study we have applied
a combination of the experimental TD FI mass spectro-
metric technique and theoretical quantum-chemical calcu-
lations. Analysis of the available X-ray structural data of
protein-nucleic acid complexes reveals a number of recog-
nition sites which involve direct contacts of amide group
of Asn and Gln with nitrogen bases adenine (Ade) [7–13],
uracil (Ura) [14–16], guanine (Gua) [10,17,18] and cyto-
sine (Cyt) [19–21]. In general, asparagine-adenine contact
is one of the most frequently encountered in the recogni-
tion motifs [22,23].

Selection of model complexes to study recognition pro-
cesses in the present study was predetermined by the con-
straints of the experimental technique. It requires that a
sufficient concentration of the monomer mixture in the gas
phase can be generated to allow study of the intermolec-
ular complexes that the monomers form in the gas phase.
Four canonical nucleic acid bases, Ura, Cyt, Ade and Gua,
have been considered. Their volatility was additionally in-
creased by methylation. Acrylamide (Acr) was chosen to
mimic the amide group of the side chains of Asn and Gln
amino acids; this compound has the advantages of a high
volatility and the absence of any other H-bond-forming
groups apart from the amide group. The question about
the correspondence between the interaction of a base and
a separate side chain of the amino acid and the interac-
tion of the base with the whole amino-acid complex has
to be considered. Unfortunately, thermal instability and
low volatility of the Asn and Gln amino acids hampers
a direct experimental measurement of complexes involv-
ing these systems. Under these circumstances a compari-
son of theoretical data calculated for the acrylamide-base
complexes with the data obtained for the amino acid-base
complexes become the only source of validation that the
choice of acrylamide as a model of the amino acids side
chains is adequate.

2 Methods

2.1 Temperature dependent field-ionization mass
spectrometry

The general idea of an experiment aimed at obtaining in-
teraction energies of molecules in the gas phase, which
main steps are schematically shown in Figure 1, is rather
simple. It is necessary to create a gas-phase mixture of the

Fig. 1. A scheme of any, including TD FI mass spectromet-
ric, experiment for determination of enthalpies of interaction
of biomolecules in the gas phase: (a) determination of the com-
position (type and concentration of the components) of the re-
active system; (b) recording of the changes in the system with
variation of its temperature; (c) construction of van’t-Hoff’s
plots as ln Kass vs. 1/T and calculation of ∆H ; the total T
range of measurements in the present mass spectrometric ex-
periments is shown on the schemes, the ranges for individual
systems fall within this range.

two components (A and B) whose molecules form dimers.
The dimer formation reaction, A + B ⇔ AB, is character-
ized by the association constant Kass:

Kass =
[AB]
[A][B]

(1)

(see Fig. 1a) which can be determined by measuring the
concentrations [A], [B], and [AB]. Then it is necessary to
affect the equilibrium by changing the temperature T and
to remeasure the concentrations of the components [A],
[B], and [AB] (see Fig. 1b) to determine the new asso-
ciation constant Kass. Using these data van’t-Hoff’s plot,
that describes the dependence of Kass on the inverse of the
absolute temperature, 1/T , can be constructed (Fig. 1c)
according to the equation:

ln Kass = −(∆H/RT ) + const . (2)

From this relation the enthalpy of the interaction, ∆H ,
can be determined:

∆H = −R [δ (lnKass) /δ(1/T )] . (3)
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However, a practical realization of this scheme, widely
used in thermodynamic studies of gaseous and highly
volatile compounds, encounters significant difficulties
when applied to biological molecules. The main problem
is to generate gas-phase complexes of thermally unstable
molecules at equilibrium with a concentration sufficient
for the experimental analysis. It is also important to use
a method of study that is non-destructive and would least
affect the investigated system. Some spectroscopic tech-
niques could be considered for such studies [24], but as
the literature data show, it would be very difficult to study
the systems being the subject of the present investigations
with such methods because of their low volatility. For ex-
ample, IR spectroscopic experiments concerning associa-
tions of nucleic acid bases gave reliable results only for
the most volatile m1Ura base [3,25]. The main problem
in IR spectroscopic studies can also be to distinguish in
the IR spectra the bands of monomers, homo and hetero
associates.

The advantage of the mass spectrometric technique
is its high sensitivity and its sensitivity in distinguish-
ing components of the reactive system by their mass (al-
though a problem of non-destructive so-called “soft ion-
ization” exists). The transfer of intact biomolecules to the
gas phase has usually involved desorption from the con-
densed (solid and liquid) state [26,27]. Among the gas-
phase ionization techniques most frequently used, there
are some that cannot be applied to the systems studied
here. For example, the electron impact technique causes
strong fragmentation, the photo ionization is only applica-
ble to a certain group of compounds, and in the chemical
ionization, ion-molecule reactions often interfere with the
interaction of the neutral monomers. The latter method
was, however, successfully used in thermodynamic stud-
ies of proton affinities and the neutral-ion binding [28,29].
Among the numerous ionization methods, the soft ion-
ization technique, FI [30], appears to be the most effi-
cient in studies of interactions of simple biomolecules, and
the TD FI mass spectrometry technique has been refined
through the years of application and has gained popular-
ity [3,4,31–33].

The TD FI mass spectrometry method allows us to
avoid most of the problems listed above. First of all, it
causes very little distraction of the studied system. More-
over, the soft mode of the ionization via tunnel loss of
electron (in high electric field with strength of the or-
der of 1010 Vm−1) has very small effect on the weakly
H-bonded associates. On the other hand, field extraction
of rapidly formed positive ions deletes them fast from the
reactive zone, thus preventing the ion-neutral interactions
to form. The most important feature of FI is the possi-
bility of creation of an equilibrium gas-phase system at a
very well controlled temperature and at a pressure suffi-
cient for multiple collisions between volatile biomolecules
to occur and for efficient formation of van-der-Waals and
hydrogen-bonded complexes.

The “hart” of the FI ion source is shown in Fig-
ure 2. Molecular flows of two substances are supplied to
a relatively small volume within a cylindrical counter-

Fig. 2. A scheme of the creation of the reaction zone in the
FI ion source: 1 - needle type FI emitter connected to voltage
supply and resistive heating system; 2 - Teflon packing; 3 -
glass evaporators with the studied substances; 4 - heaters of
the evaporators; 5 - cylindrical counterelectrode; 6 - reaction
zone.

electrode (5) from two heated glass evaporators (3). Care-
ful balancing of all experimental parameters (such as
control of flows of compounds of significantly different
volatility by separate heating of evaporators, prevention
of electrical discharges and thermal destruction or con-
densation, etc.) is necessary to create an equilibrium gas
phase system (6). It is important, that the interactions in
this system occur among the neutral molecules. The tem-
perature of the gas phase is easily controlled by changing
the temperature of the FI emitter (1) by its resistive heat-
ing. The molecules entering the gas phase acquire the tem-
perature of the FI emitter due to multiple collisions with
its surface. The relation between the three characteristic
times, namely the lifetime of the molecules in the neutral
state prior to their ionization, τ1, the average time span
between the collisions of the molecules, τ2, and the time
for removing the ions formed from the reactive zone, τ3:

τ1(10−6 s) � τ2(10−11 s) > τ3(10−12−10−13 s) (4)

shows that, on the one hand, there is more than enough
time for neutral molecule interactions and efficient ther-
malization to occur and, on the other hand, the probabil-
ity of the ion-molecule interactions is vanishingly small.
Whether the thermal equilibrium has been establish in the
reaction zone can be easily verified by checking how con-
stant are the values of the ion currents of the components
of the mixture and, consequently, by how constant Kass

has become. It is assumed, that the ion currents of the
compounds, IA, IB, IAB, recorded in the FI mass spec-
tra of the compounds are proportional to their concentra-
tions [A], [B], [AB], if the compounds have similar physical
parameters and ionization potentials (Fig. 1a) in the gas
phase mixture [3,34].

The so-called field attraction effect experienced by po-
lar molecules in a high electric field is responsible for
the trapping effect which results in formation of a micro-
scopic zone of enhanced density near the FI emitter sur-
face [30,34] with the gas pressure sufficient for formation
of molecular associates. The pressure expressed in terms
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of the number of molecules, n, per cm3 can be determined
using the barometric equation:

n(F ) = n0(T ) exp[(µF + (α/2)F 2)/kT ], (5)

where µ is the dipole moment, α the polarizability, F po-
tential at the FI emitter, n0(T ) the pressure at zero field
at a given temperature T . For the nucleic acid bases, n(F ),
calculated for the temperature in the range of 300–400 K,
is equal to 1019–1020 cm−3 in average.

The values of the enthalpies of the associate formation
determined using FI technique could be dependent on the
field strength [35]. It is known that polar molecules tend to
align along the field direction, and the “stretching” effect
of a nonhomogeneous electric field can influence associ-
ation of such molecules. The alignment of the monomer
dipoles along the direction of the field can cause either
stabilization or destabilization of the dimer: the destabi-
lization effect is the strongest for dimers with antiparal-
lel orientation of the dipole vectors of the monomers. In
the previous studies on the homodimerization of nitrogen
bases, noticeable field dependencies were observed only
for cytosine derivatives [36]. This was not unexpected be-
cause these compounds have rather large dipole moments.
A more detailed analysis of the field stretching effect and
its relation to the TD FI technique can be found else-
where [3,4,31].

The ion beam formed in the FI ion source is sub-
jected to a standard mass spectrometric analysis via sep-
aration of the particles in accord with their mass-to-
charge ratio, m/z. Mass spectrometric measurements were
performed using the sector magnetic mass spectrome-
ter MI-1201 (“Electron” Works, presently “SELMI” JSC,
Sumy, Ukraine), equipped with a FI ion source. Needle-
type tungsten FI emitters were used. Resistive heating
of the emitter by the electric current of 0–1.2 A al-
lowed variation of the temperature of the reactive zone
in the range of 293–423 K. Emitter was usually kept at
the potential of 5 keV; field dependencies were obtained
at 2.5, 3, 4, 5 keV.

Methylderivatives of nucleic acid bases listed in Table 1
were used to increase the volatility of the compounds. To
avoid the distortion of the recognition sites, the methyla-
tion was performed at the N1 atom in pyrimidines and at
the N9 atom in purines. These sites of the bases are in-
volved in glycoside bond in the corresponding nucleotides.
In Table 1 the enthalpies of sublimation (∆Hsubl), which
reflect the volatility of the bases [3], and the temperature
ranges for the heating which provided sufficient molecular
flows without thermal destruction of the bases are pre-
sented. Acrylamide is characterized by high volatility at
the room temperature. Thus in the experiments, the acry-
lamide crystals were placed in the evaporator only in small
quantities and they were not heated.

The methylated nucleic acid bases were synthesized
at the Chemistry Department of the Kharkov State Uni-
versity (Ukraine); acrylamide was purchased from Reanal
(Hungary).

Table 1. Methylderivatives of nucleic acid bases under study:
their label, monoisotopic mass M , enthalpy of sublimation
∆Hsubl and temperature range of optimal volatility.

Nitrogen base M , Da ∆Hsubl [3] T range, K

m1Ura 126 112.2 ± 1.7 378–418

m1Cyt 125 142.7 ± 1.5 418–460

m1,N
2 Cyt 139 140.8 ± 2.1 395–445

m1,N,N
2 Cyt 153 110.9 ± 1.7 373–420

m9Ade 149 121.0 ± 1.3 403–468

m9Gua 165 173.3 ± 1.7 453–532

2.2 Quantum chemical calculations

All possible dimers of acrylamide with the nucleic acid
bases stabilized by at least two intermolecular H-bonds
were analyzed in the calculations. For the Acr-m9Gua
complex we have taken into account the possible coex-
istence in the gas phase of three different m9Gua tau-
tomers: the keto tautomer (Gk), the enol tautomer (Ge)
and the enol tautomer with the trans orientation of the hy-
droxy group (Get). These tautomers were found to exist
for m9Gua in the gas phase frozen in the low temperature
inert gas matrices [37–39]. In total two Acr-m1Ura, one
Acr-m1Cyt, one Acr-m1,N

2 Cyt, two Acr-m1,N,N
3 Cyt, two

Acr-m9Ade and eight Acr-m9Gua dimers were considered.
The interaction energies in the dimers have been cal-

culated using the DFT (Density Functional Theory) and
MP2 (Møller-Plesset Second-Order Perturbation Theory)
methods [40,41]. The DFT method was also employed in
the calculations of the harmonic frequencies, which were
used to determine the ZPVE (Zero-Point Vibrational En-
ergy) corrections. The DFT calculations were carried out
with the three-parameter density functional called B3LYP,
which includes Becke’s gradient exchange correction [42],
the Lee, Yang, Parr correlation functional [43] and the
Vosko, Wilk, and Nusair correlation functional [44]. The
interaction energies of the dimers at both the DFT and
MP2 levels were calculated with the account of the ba-
sis set superposition error (BSSE) by the counterpoise
method of Boys and Bernardi [45]. The method involves
a calculation of the total energy of the dimer and two
calculations of the monomer energies performed with the
basis set of the dimer. The BSSE-corrected interaction en-
ergy was calculated for each dimer as the difference of the
dimer energy and the BSSE-corrected monomer energies.
The BSSE correction for each monomer was determined
as the difference of the monomer energy calculated with
the basis set of the monomer and the energy calculated
with the basis set of the dimer.

Initially the geometries of all the dimers were fully
optimized at the DFT/B3LYP/6-31++G∗∗ level of the-
ory and used to calculate the DFT harmonic frequen-
cies. For the Acr dimers with m9Ade and m9Gua, the
DFT/B3LYP/6-31++G∗∗ geometries were used to calcu-
late the MP2/6-31++G∗∗ dimer interaction energies. Ge-
ometries of the Acr dimers with pyrimidine bases were
also calculated at the MP2/6-31+G∗ level of theory.
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Table 2. Experimentally determined enthalpies of formation (∆H , kJmole−1) of recognition complexes of methylated nucleic
acid bases with acrylamide and glutamine and calculated interaction energies (IE, kJmole−1) of these complexesa.

Parameters of base-acrylamide dimer Base-glutamine dimers

Base Experiment Theory Theory

−∆H Structure IE Ref. Structure IE Ref.
label label

m1Ura 40.6 ± 4.2 I 51.4 [47] - -
II 47.8

m1Cyt 57.0b III 54.8 [48] - -

m1,N
2 Cyt 58.7b IV 58.3 [48] - -

m1,N,N
3 Cyt 45.7b V 33.2 c - -

VI 32.6 - -

m9Ade 52.0 ± 5.0 VII 40.9 [49] VII′ 48.2 [49]

VIII 38.8 VIII′ 45.1

m9Gua 59.5 ± 3.8 IX (Gk) 65.0 [50] IX′ 65.1 [50]

X (Gk) 36.7 - -

XI (Ge) 43.5 XI′ 43.3

XII (Ge) 30.8 - -

XIII (Ge) 29.0 -

XIV (Get) 44.5 XIV′ 44.6

XV (Get) 29.9 - -

XVI (Get) 41.2 - -

aThe calculated interaction energies of the pyrimidine bases were obtained at the MP2/6-31+G* level for the equilibrium
geometries fully optimized at the same level of theory. The interaction energies of the purine bases were calculated at the
MP2/6-31G++G∗∗ level for the DFT/B3LYP/6-31++G∗∗ geometries. All energies were calculated with accounting for the
BSSE and ZPVE corrections. b Extrapolated to zero field. c Data of the present work.

The comparison of the MP2 and DFT interaction energies
between acrylamide and pyrimidine bases demonstrated
that the DFT method is capable of producing the interac-
tion energies that are very similar to the ones obtained
at the MP2 level of theory. Finally, DFT/B3LYP/6-
31++G∗∗ calculations were also performed for the Glu-
tamine (Gln)-m9Ade and Gln-m9Gua systems.

All calculations were done on the IBM Power 3
and SGI ORIGIN 2000 computers using the Gaussian98
quantum-chemical program package [46].

3 Results and discussion

The enthalpies of formation (∆H) of the acrylamide-base
dimers obtained experimentally using the TD FI mass
spectrometry technique, as well as the interaction energies
calculated at the DFT and MP2 levels of theory, are sum-
marized in Table 2. Theoretical values of the complexes
formation energies are given for a number of equilibrium
dimer structures labeled I–XVI shown in Figures 3–5. As
the calculated values of the interaction energies indicate,
several types of H-bonded dimers could be formed in the
gas phase. The close interaction energies of the recogni-
tion complexes make it difficult to estimate their relative
yields for some of the studied systems.

In relation to the question about the correspondence
between the interaction of a base with a separate side

chain to the interaction of the base with the whole amino
acid, the following can be concluded. Good agreement be-
tween the experimental and the theoretical data for most
base-acrylamide systems (Tab. 2) allows the use the the-
oretical data to determine whether the base-acrylamide
dimers are good models for the interactions between the
bases and the amino acids. The calculated results used in
this determination concern complexes of the purine bases,
m9Ade and m9Gua, with Gln. These results are shown
in Table 2.

Let us analyze now the results for interaction com-
plexes of acrylamide with the different bases. For the
Acr-m1Ura system we found two possible dimer struc-
tures (denoted as I and II) which are shown in Figure 3.
Both complexes are planar and stabilized by two pairs of
N–H···O H-bonds, which form a cyclic structure. The O4
and N3H groups of the base in the dimer I and the O2 and
N3H groups in dimer II are involved in the H-bonding. The
two associates have comparable interaction energies.

In the case of the complexes of the cytosine
methylderivatives, the analysis of the experimental results
was complicated by the need to account for the depen-
dence of the enthalpy of the formation of the complex
on the field strength. This effect was more pronounced in
this case because of a larger dipole moment of cytosine
(see Sect. 2.1). Similar field effect on the interaction en-
thalpy was previously observed for homodimers of some
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Fig. 3. Structures for acrylamide dimers with methylderiva-
tives of pyrimidine bases m1Ura (I, II), m1Cyt (III),
m1,N

2 Cyt (IV), m1,N,N
3 Cyt (V, VI). The equilibrium geome-

tries were calculated at MP2/6-31+G∗ level of theory for struc-
tures I-IV and on DFT/B3LYP/6-31++G∗∗ level for struc-
tures V, VI [45,46]. The vectors of dipole moments of the
monomers are shown for Acr-m1Cyt and Acr-m1,N

2 Cyt com-
plexes. Nitrogen atoms are shown in black, oxygen (hatched),
carbon and hydrogen (smaller circles, blank); the atoms num-
bering is in accord with a standard nucleic acids nomencla-
ture [1].

nitrogen nucleic acid bases [36]. We should add that the
cytosine-containing acrylamide-base complexes were the
only complexes where field-dependence of ∆H was ob-
served. For other bases the effect was negligibly small.
The dependence of ∆H on the potential of the FI emit-
ter were measured for the three Acr-Cyt methylderivatives
complexes. The curves describing the dependencies were
extrapolated to the zero field [48]. The ∆H values result-
ing from this extrapolation are shown in Table 2.

The equilibrium structures for the Acr complexes with
three methylated cytosines (denoted as III-VI) are pre-
sented in Figure 3. Single, almost planar structures were
found both for the Acr-m1Cyt (III) and Acr-m1,N

2 Cyt (IV)

Table 3. Dipole moments (µ) of some pyrimidine bases
and their dimers with acrylamide calculated at the
DFT/B3LYP/6-31++G∗∗ level of theory.

Base µ, D

Base Base-acrylamide pair

m1Ura 5.14 2.78 (I) 5.72 (II)

m1Cyt 6.44 3.51

m1,N
2 Cyt 6.61 3.49

m1,N,N
3 Cyt 6.12 4.70 (V) 3.76 (VI)

dimers. In these complexes, the deviation from the pla-
narity of about 15◦ occurs only at the amino group. The
dimers are connected by N–H···O and N–H···N H-bonds.
The N3 atom and the N4H site of the exocyclic amino
group of the bases are involved in the binding.

Two Acr-m1,N,N
3 Cyt dimers (V and VI in Fig. 3) with

close formation energies (see Tab. 2) were found. Dimer V
is stabilized by a O2···H–N hydrogen bond and by a weak
bonding interaction between acrylamide oxygen and the
methyl group at N1 of the base; in dimer VI there is a
N3···H–N H-bond and a weak attractive contact between
the acrylamide oxygen and the methyl group at N4 of the
base. Since steric constrains permit formation of only one
H-bond in Acr-m1,N,N

3 Cyt dimer, the interaction energy
in both complexes V and VI is lower, than that for the
Acr-m1Cyt (III) and Acr-m1,N

2 Cyt (IV) dimers stabilized
by two H-bonds. At the same time, the experimental en-
thalpies of formation of the Acr-m1Cyt and Acr-m1,N

2 Cyt
dimers are noticeably, by about 17–19 kJmole−1, higher
than that in the Acr-m1Ura dimer. This is unexpected,
since the latter has two H-bonds similar to the H-bonds
in the Acr-m1Cyt and Acr-m1,N

2 Cyt dimers. One can ex-
plain the additional stabilization of the Acr-m1Cyt and
Acr-m1,N

2 Cyt complexes by the proximity of the carbonyl
oxygen, O2, of the bases to the acrylamide amino group.

As already mentioned, the orientation of the dipole
moments of the molecules under study determines the
magnitude of the field effect on the intermolecular inter-
actions. In Table 3 the calculated values of the dipole
moments of the methylated cytosines and their com-
plexes with acrylamide are shown. The corresponding data
for m1Ura are also given for comparison. As shown in
Figure 3, the dipole moment vectors of the individual
molecules in the Acr-Cyt III, IV, and VI dimers, appear to
be almost antiparallel and the resulting dipole moments
of the dimers are rather low. This is consistent with the
observed lowering of ∆H in strong fields, since the lower
dipole moments of the dimers than of the corresponding
monomers lead to higher stabilization of the monomers in
the high field, which results in lowering of the dimerization
enthalpies. In the case of m1Ura, the dipole moment of the
base monomer is similar to that of dimer II. In result, this
structure under strong field conditions becomes more ther-
modynamically stable and it is produced in higher quan-
tities. Although the structural differences cannot be di-
rectly distinguished on the basis of the FI mass spectra,
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Fig. 4. Equilibrium structures of the Acr-m9Ade dimers VII
and VIII and Gln-m9Ade dimer VIII′ calculated at the
DFT/6-31++G∗∗ level of theory [49].

the absence of field dependence of ∆H for the Acr-m1Ura
system points tentatively to the dominance of formation
of the dimer with the higher dipole moment. It is worth
noticing, however, that the relative change of ∆H with
the field strength, which constitutes the field effect, the
smallest for m1,N,N

3 Cyt [48] which has the smallest dipole
moment among the three cytosine derivatives (see Tab. 3).

For the Acr-m9Ade complex, two almost planar equi-
librium structures VII and VIII (Fig. 4) were found in
the calculations. Similar structures (VII′ and VIII′) were
found for the Gln-m9Ade complex. In the dimers VII, VII′,
the side chain of the amino acid interacts with the Watson-
Crick sites of the base via N–H···O and N–H···N H-bonds
which involve the N1 and N6A atoms of m9Ade. In the
dimers VIII, VIII′, the Hoogsteen sites are involved in
the hydrogen bonding with the amide group of either Acr
or Gln with the N7 and N6A atoms of m9Ade. The cal-
culations predict rather short H-bonds in all the dimers.
Changes of the bond lengths of the bases due to for-
mation of the complexes with acrylamide or glutamine

are only 0.004–0.006 Å. The interaction energies are very
close for the VII and VIII types of dimers, what indicates
that both of them could exist in the gas phase. At the
same time the interaction energies in the Acr-m9Ade and
Gln-m9Ade complexes are almost identical and differ by
only 1 kJmole−1. This allows us to conclude that acry-
lamide can indeed be used as a model of the amide group
of the amino acid side chain.

It should be noted that for the Acr-m9Ade complex
the largest deviation between the experimental and theo-
retical values of the interaction energies among the studied
systems is observed. Possible reasons causing such a devi-
ation in the computations were discussed in reference [49].

The present results concerning the interaction sites in
Acr-m9Ade and Gln-m9Ade complexes agree well with the
results of modeling of the Asn-Ade interactions obtained
from the interaction free energy surface [22]. The same
preferential paring of Asn at the N6H and N7 sites of ade-
nine (for Ade involved in the Ade-Thy pair corresponding
to the double-strand DNA) was described in [22].

The calculations revealed the largest isomeric diversity
for the Acr-m9Gua complex, since guanine can exist in the
gas phase in the three tautomeric forms: keto (Gk), enol
(Ge) and enol tautomer with the trans orientation of the
hydroxy group (Get) (see Sect. 2.2). All these tautomers
have both proton donor and proton acceptor groups allow-
ing multiple acrylamide connections via two H-bonds. In
total eight H-bonded dimers formed by the three lowest-
energy m9Gua tautomers were found in the calculations
(Tab. 2). Geometries of the most stable of these complexes
for each of m9Gua tautomer are depicted in Figure 5. All
dimers are almost planar except for the methyl groups.
Similarly to associates with the purine base adenine, acry-
lamide can interact with guanine at the Watson-Crick (IX,
XI, XIII, XVI) and Hoogsteen (XIV) sites and the site ex-
posed to the DNA minor groove (X, XII, XV).

The most important feature of these data is the
significant difference in the interaction energy of the
Acr-Gk IX dimer from the ones found for all other
eight dimers. The lowest energy complex IX (Fig. 5)
involves the keto tautomer of m9Gua and is stabilized
by two intermolecular H-bonds, O6···H–N and N1–H···O.
It is more stable than the second lowest energy dimer
by ≈25 kJ mole−1, and the calculated energy of its for-
mation, −65.0 kJmole−1, is very close to that obtained
in the experiment, −59.5 ± 3.8 kJ mole−1. Moreover, the
interaction energy in the dimer IX is the only one that
matches the experimental value. This leads to the conclu-
sion that the dimer with the structure IX is preferentially
formed in the experiment.

The reason of the highest stability of the structure IX
in comparison with all other structures can be found in the
specific distinct features of its geometry (Fig. 5). In the
structure of this dimer, in addition to the two O6···H–N
and N1–H···O H-bonds, there is another short (2.513 Å)
bonding contact involving the N4–H···O interaction. This
additional contact is similar to the additional contact en-
hancing the stability of the acrylamide-cytosine dimers III
and IV, which we described above.
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Fig. 5. Equilibrium geometries of the most favorable for each
of three tautomers of guanine complexes with acrylamide:
Acr-Gk (IX), Acr-Ge (XI), Acr-Get(XIV). Calculations per-
formed at the DFT/6-32++G∗∗ level of theory [50].

For each guanine tautomer, possible structures of the
complex with the amino-acid glutamine were determined
in the calculations. The interaction energies in these com-
plexes (IX′, XI′, XIV′), like in the adenine case, are sim-
ilar to those in the corresponding Acr-m9Gua complexes
(see Tab. 2).

In relation to the recognition process, it is interest-
ing to compare the experimental and the theoretical in-
teraction energies (kJmol−1) in the acrylamide-base and
Watson-Crick base pairs. Let us include in this comparison
the Acr-m9Ade (−52.0) and Acr-m1Ura (−40.6) dimers
and the m9Ade-m1Ura (−54.6) [3,36,51] base pair, as well
as for the Acr-m9Gua dimer (−59.5) and m9Gua-m1Cyt
(−87.3) [36,51] base pair. Comparing the energy values
for the pairs involving adenine and uracil and the dimers
of each of them with acrylamide indicate that the amide
group can compete with uracil in pairing with adenine.
On the other hand, the enthalpy of the m9Gua-m1Cyt
Watson-Crick pair formation is much higher than that
of the Acr-m9Gua dimer, which means that in this case
the amide group cannot compete with cytosine in pairing
with guanine. This explains the sensitivity of the transi-

tion temperature of the polynucleotides rich in Ade-Ura
pairs1 to the presence of acetamide [52].

It may be concluded that, in accord with the
experimentally determined values of the enthalpies,
−∆H (kJ mol−1), of the formation of the recognition com-
plex, the Acr associates with different bases can be ar-
ranged in the following stability row:

m9Gua (−59.5) > m1Cyt (−57.0)

> m9Ade (−52.0) � m1Ura (−40.6). (6)

In most cases the measurements of the enthalpies of
the dimer formation between acrylamide and the bases
were carried out at the emitter temperature of 298 K.
One may expect that at this relatively high temperature
the relative stability of the dimers might be affected by
the entropy factors. To elucidate this effect, we calcu-
lated the thermal corrections to the energy, to the en-
thalpy, and to the Gibbs free energy at the temperature
of 298 K for two Acr-m9Ade dimers (VII and VIII). These
systems were chosen because they have very close calcu-
lated interaction energies (Tab. 2) and the thermal correc-
tions might differentiate them in terms of other thermody-
namic functions. The calculations were performed at the
DFT/B3LYP/6-31++G∗∗ level of theory. We found that
the thermal corrections to the energy and to the enthalpy
were almost identical for the two dimers. The differences
were less than 0.01 kJ mol−1. The difference between the
thermal corrections to the Gibbs free energy was larger
but still very small (0.04 kJ mol−1). Thus we can conclude
that the thermal corrections do not significantly influence
the calculated relative stability of the dimers.

4 Conclusions

Summarizing the above-described results of the combined
experimental and theoretical investigations of the nucleic
acid bases-acrylamide systems, it can be concluded that
all studied bases can interact with the amide group of the
side chains of the amino acids Asn and Gln. The most fa-
vorable equilibrium geometries found in the calculations
agree with the “point contact model” which requires for-
mation of at least two H-bonds in a recognition process.

Higher stabilization for some recognition complexes
was found and explained as due to formation of a third
additional acrylamide-base interaction contact. In the
Acr-m1Cyt (III) complex, this additional bonding contact
involves the O2 atom of m1Cyt (in addition to the O4 and
N3H H-bond forming sites), and in the Acr-m9Gua com-
plex (IX) the additional contact involves N4H of m9Gua
(in addition to the O6 and N1H H-bond forming sites).

If only the energetic relations are considered, the sta-
bility of the complexes of acrylamide with nucleic acid

1 In the native DNA uracil can be formed in the result of
cytosine desamination; although this mutation is rapidly re-
paired by the reparation system, a uracil residue remains in
DNA for some finite time.
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bases decreases as: Gua > Cyt > Ade > Ura. This sta-
bility trend indicates that, based on the thermodynamics,
the amide group can distinguish between the bases in the
single stranded DNA.

The interaction energies of the amino acid Gln with
the purine bases are similar to those found for the base-
acrylamide complexes, which justifies the use of acry-
lamide as a model of the amino-acids side chain.

On the basis of comparing the structures of the model
complexes described in this work with the literature data
on the recognition complexes of the nucleic acids and pro-
teins biopolymers, the site preferences of the glutamine
and asparagine side chains in the interactions with nu-
cleic acid bases can be outline. All bases can interact with
amide group of the amino acids via their Watson-Crick
sites when being incorporated into a single strand DNA
or RNA.

The purine bases can be recognized by the amide group
in the double- and single-strand DNA, while pyrimidine
bases cannot be recognized in the double stranded DNA.
m9Ade is the only base which can be recognized in the
major groove of the double-strand DNA. These results are
important, because the interaction with the amide group
in the major groove lowers the stability of the adenine-
uracil base pair [52,53]. The keto tautomer of m9Gua,
which is the dominant form of guanine in DNA, is the
only structure that can be recognized in the minor groove
of the double-strand DNA. The above information may
be useful in considerations of more complex models and
eventually of the real biological systems.

This work was partially supported by INTAS (Grant No. 99-
00478).
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