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We applied the temperature-dependent field ionization mass spectrometry method to determine the interaction
energy between 9-methyladenine and acrylamide. Acrylamide mimics the side chain amide group of the
natural amino acids asparagine and glutamine. The experimental enthalpy of the dimer formation derived
from van’t Hoff’s plot is-52.0( 5.0 kJ mol-1. This value is close to the interaction energy between acrylamide
and 1-methylcytosine (-57.0 kJ mol-1) and much higher than the interaction energy between acrylamide and
1-methyluracil (-40.6 kJ mol-1). The DFT/B3LYP/6-31++G** and MP2/6-31++G** quantum-chemical
methods were used to determine the structures and the interaction energies of the 9-methyladenine-acrylamide
dimers. In the calculations, two energetically almost equivalent equilibrium structures were found. They are
stabilized by intermolecular H-bonds formed between the acrylamide amide group and the Watson-Crick
and Hoogsteen sites of 9-methyladenine, respectively. The calculated interaction energies of the dimers are
-41.4 and-39.2 kJ mol-1, respectively, at the DFT level of theory and-40.9 and-38.8 kJ mol-1,
respectively, at the MP2 level. We also performed calculations for 9-methyladenine-glutamine dimers at the
DFT/B3LYP/6-31++G** level of theory. The interaction energy differences between the corresponding
9-methyladenine-acrylamide and 9-methyladenine-glutamine dimers of less than 1 kJ mol-1 were obtained
in the calculations. This result demonstrates that acrylamide is a good model for the amino acid amide group.
The experimantal and the calculated data indicate that the amino acid amide group can interact with the
adenine residue in the single-stranded DNA, as well as in the major groove of double-stranded DNA. The
influence of the interaction with the amide group on the stability of the adenine-uracil base pair is discussed.

1. Introduction

In this work we continue the investigation of the point
contacts between nucleic acid bases and amino acid side chain
models. The main aim of the work is to establish a detailed
molecular mechanism of the specific recognition of the nucleic
acid bases by the amino acid side chains. Interactions between
nucleic acids and proteins are among the most important
biological processes, but despite their importance detailed
information about the molecular mechanisms of the specific
recognition patterns is still very limited. This lack of information
is mainly due to the large size of the systems and the complexity
of the interaction effects. To determine how specific the
interactions between the protein polar groups and nucleic acid
sites are, we have investigated simpler model systems, which
contain some characteristic structural features of the protein-
DNA systems. The models are intermolecular complexes formed
by the nucleic acid bases and systems with amino acid polar
side chains. The approach allows determination of the local
thermodynamic and structural parameters of the interacting sites.
This information will be used in considerations of more complex
models and eventually in considerations of real biological
systems. In the studies, we employ the temperature-dependent

field ionization (TD FI) mass spectrometry to measure the
enthalpy of formation of the H-bonded complexes of the
nucleic acid bases and the systems modeling the amino acid
side chains. The experimental data are correlated and assigned
to specific structures of the complexes based on the results of
quantum mechanical calculations.

Recently we studied the complexes between acrylamide (Acr)
and the pyrimidine nucleic acid bases- 1-methyluracil (m1

Ura)1 and 1-methylcytosine (m1 Cyt).2 We demonstrated that
acrylamide is a suitable model for the amide group of the amino
acids asparagine and glutamine. We also determined the inter-
action energies between acrylamide and the pyrimidine bases,
as well as the structures of the complexes. As we showed, both
cytosine and uracil can form two H-bonds with acrylamide
and the enthalpy of formation of the Acr-m1 Cyt dimer (58.7
kJ mol-1) is much higher than for the Acr-m1 Ura dimer (40.6
kJ mol-1). We concluded that this difference should allow the
peptide amide group to distinguish between the two pyrimidine
bases.

In the present work we undertook an investigation of the
complexes between the purine base adenine (Ade) and acryl-
amide, which models the side chains of asparagine and
glutamine. Unfortunately it is not possible to perform experi-
mental gas-phase studies of the amino acid-base dimers since
both asparagine and glutamine are thermally unstable. The low
thermal stability precludes TD FI mass-spectrometry study
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because it is not possible to obtaine a concentration of the amino
acids in the gas phase which is sufficient to register their mass-
spectra. However it is possible to calculate interaction energies
for the 9-methyladenine-amino acid (glutamine or asparagine)
system. The comparison of the structures and interaction
energies of the 9-methyladenine-amino acid and 9-methylade-
nine-acrylamide dimers may provide a direct evidence whether
acrylamide is a good model of the glutamine and asparagine
side chains. The natural amino acids asparagine and glutamine
are among the six amino acids which are present in the peptide
recognition sites.3 Their neutral amide groups can form at least
two H-bonds with all monomeric nucleic acid bases, as well
as with the base pairs. The formation of two H-bonds is an
important property since formation of a single H-bond between
the amino acid side chain and the base would be insufficiently
specific for recognition, but formation of two H-bonds should
suffice to recognize all the bases.4 The direct interaction between
the adenine residue and the asparagine and glutamine amide
groups was observed experimentally. For example, the specific
interaction between these amino acids and adenine was observed
in the process of DNA recognition by yeast transcription
activators GCN4.5 Another example concerns the crystal
structure of ribonuclease S (bovine pancreatic ribonuclease) and
dinucleoside monophosphate C2′p5′A studied by Wodak et al.6

They found that the specific H-bonds are formed between the
NH2 group of adenine and the CdO moiety of the amide group
of asparagine and glutamine. Yet another example of the specific
interaction of asparagine-adenine is the complex between DNA
and the zinc-finger recognition domain of the Tramtrack protein,
which is the transcriptional regulator of thefushi-tarazugene.
In this complex, a specific bond is formed between asparagine
and adenine in one of the zinc fingers which is involved in the
formation of the recognition structure.7 To understand these
types of processes, it is important to obtain direct information
on the thermodynamic parameters of the point contacts between
the H-bonding groups in these systems. The comparison of
the interaction energies between the amino acid amide group
and different nucleic acid bases, as well as analysis of the
structure of the complexes formed by these systems, can provide
information at the molecular level about the mechanisms
governing the specific recognition patterns. The aim of this work
is to contribute to the understanding of these mechanisms.

2. Experimental Method

The experimental measurements of the mass spectra were
performed using a magnetic sector mass spectrometer MI-1201,
(‘Electron Works’, Sumy, Ukraine) equipped with a laboratory
built FI ion source.8 The methodology of temperature dependent
field ionization (TD FI) mass spectrometry, and the procedure
used for measurements of enthalpies of interaction, has been
described in detail elsewhere.8-10 Here we only briefly outline
the main points of the experimental procedure. Monomolecular
fluxes of the compounds under study (obtained by heating of
the individual crystalline samples in separate glass ampules)
were mixed in the gas-phase reaction zone in the cavity of a
cylindrical counter-electrode. The FI emitter (an electrolytically
etched tungsten needle, with the radius of the tip of≈4000 Å)
was located in the center of the zone and kept at a potential of
+5 kV. The density of the gas-phase mixture near the FI emitter
was adequate to facilitate a sufficient rate for the association
reaction between the monomers. Experimental conditions were
adjusted to ensure that the thermodynamic equilibrium is reached
by the system at the fixed temperature of the experiment.9,11

Ionization of the components of the reaction mixture occurred

near the FI emitter surface by a tunneling mechanism. The
ionization process did not cause the weakly bound noncovalent
complexes to dissociate.

The temperature change in the reactive zone was achieved
by resistive heating of the FI emitter. The temperature of the
emitter was measured using a copper-constantan thermocouple
firmly attached at the point of welding of the tungsten needle
to the emitter metal holder. The gradient of the temperature
between the welding point and the tip of the needle with the
lengths of 2-3 mm was assumed to be negligibly small.

It was shown earlier,9 that the abundance of the ion current
is proportional to the concentrations of the components (the
monomers and the complexes) in the reactive system. This
dependency allows one to directly determine the relative
association constants,Kassoc, on the basis of the mass spectral
data. Variation of the temperature of the reactive zone (by
resistive heating of the FI emitter) permits measurement of the
temperature dependencies ofKassoc, construction of the van’t-
Hoff plots and calculation of the enthalpies of association,∆H,
according to the following equation:

The data of four independent experiments were averaged,
leading to the estimated precision in the enthalpy determination
of (5.0 kJ mol-1. The samples of 9-methyladenine were
synthesized at the Kharkov State University (Ukraine). Acryl-
amide was purchased from Reanal, Hungary.

3. Computational Details

The interaction energies in the complexes of acrylamide and
9-methyladenine have been calculated using the DFT (Density
Functional Theory) and MP2 (Møller-Plesset second-order
perturbation theory) methods.12,13 The DFT method was also
employed in the calculations of the IR frequencies using the
harmonic approximation. The frequencies were used to deter-
mine the ZPVE (zero-point vibrational energy) corrections. The
DFT calculations were carried out with the three-parameter
density functional, usually abbreviated as B3LYP, which
includes Becke’s gradient exchange correction,14 the Lee, Yang,
Parr correlation functional15 and the Vosko, Wilk, and Nusair
correlation functional.16

As we demonstrated earlier,1,2 the DFT method is capable of
producing the interaction energies between acrylamide and
pyrimidine bases which are very similar to the ones obtained
at the MP2 level of theory. The geometries of the Acr-m9 Ade
dimers were determined at the DFT/B3LYP/6-31++G** level
of theory and used to calculate the DFT harmonic frequencies.
The DFT/B3LYP/6-31++G** geometries were also used to
calculate the MP2/6-31++G** energies of the dimers. The
similar calculations were performed for the glutamine(Glu)-
m9 Ade system. Two structures were found for each of the Acr-
m9 Ade and Glu-m9 Ade complexes at the DFT/B3LYP/6-
31++G** level. They are denoted as dimer A and dimer B.

The interaction energies of the dimers at both the DFT and
MP2 levels were calculated with the account of the basis set
superposition error (BSSE) by the counterpoise method of Boys
and Bernardi.17 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
calculations of monomers are done using their respective
equilibrium geometries. The BSSE- -corrected interaction ener-
gies were calculated for each dimer as the difference of the
dimer energy and the monomer energies calculated with the

∆H ) - R[δ(ln Kassoc)/δ(1/T)] (1)
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dimer basis set. The BSSE corrections for the monomers were
calculated as the difference of the monomer energies calculated
with the basis sets of the monomer and the dimer. All
calculations were done on IBM RS6000 and SGI ORIGIN 2000
computers using the Gaussian94 quantum-chemical program
package.18

4. Results and Discussion

Enthalpies of Formation.The field-ionization mass spectrum
of the mixture of Acr and m9 Ade is shown in Figure 1. It con-
tains peaks corresponding to the molecular ions of the mono-
mers, peaks corresponding to the Acr and m9 Ade homodimers
and peaks due to the Acr-m9 Ade heterodimers. For each of
the ions the spectrum also contains a peak located at one mass
unit higher than the peak of the ion which is a superposition of
the13 C- isotope-containing ion and the protonated ion. The mass
spectrum of the Acr-m9 Ade mixture was measured at different
temperatures and the temperature dependencies of the ion
currents of the monomers and of the heterodimer are presented
in Figure 2. The intensities of the peaks in the FI mass spectra
are related to the concentrations of the molecules in the reactive
zone through the following relation:

where Ix(F) is intensity of the peak due to ionx at the field
strengthF; σx(F) is the ionization coefficient; andnx(F) is the
concentration of the neutral molecules. The concentration of
the neutral molecules (expressed in terms of the number of mole-
cules per cm3) can be evaluated using the barometric equation:

where the symbols used in the equation indicate the following
quantities:µ ) the dipole moment,R ) the polarizability, and
F ) the emitter potential. In the case of the nucleic acid bases
and their methylated derivatives, the density,n(F), calculated

for the temperature in the range of 300-400 K is≈1019 -1020

molecules/cm3. (At F ) 0 the densityn0(T) was determined
using the vapor pressure and the heat of sublimation.)

The relative constant of association,Kassoc, for the Acr-m9

Ade dimer is

whereσ*(F) denotes the effective ionization coefficient. The
real constant of the chemical equilibrium,K′assoc, and the
relative association constant,Kassoc, are connected via the ratio

It was shown,11,19 that, in the case of close values of the
ionization potentials of the studied molecules at constant
experimental conditions, the temperature dependence ofσ*(F)
could be neglected. The association constant,Kassoc, was
calculated at each point of the [log(I) - f(ie)] dependency.
Temperature dependencies ofKassoc, calculated as

allowed to construct the van’t Hoff plot (Figure 3) and evaluate
the enthalpy of formation of the Acr-m9 Ade hydrogen-bonded
complex. The enthalpy value,∆H, derived from this analysis
is -52.0 ( 5.0 kJ mol-1 at the emitter potential of+5 kV.

Since the enthalpy of the Acr-m9 Ade dimer formation was
obtained in the presence of a nongomogeneous electric field
created in the reaction zone by the field ionization emitter, one
needs to consider that the electric field may have influenced
the enthalpy value. A dependency of the enthalpy on the field
strength was observed in our previous studies of the cytosine
homodimers20,21and the 1-methylcytosine-acrylamide hetero-
dimers.2 However, in the study of the 1-methyluracil-acryl-
amide dimers no field dependency was observed1 and this effect
was attributed to small differences between the dipole moments
of the monomers and the dimers. To elucidate this point for
the Acr-m9 Ade complex, we performed measurements at
additional two different values of the emitter potential (+4 kV,
+3 kV) and at different field strengths. The experiments showed
no field dependency of the enthalpy of the Acr-m9 Ade dimer
formation. Therefore, the enthalpy value mentioned above
should provide an accurate estimation for the field-free enthalpy
of the dimerization.

Structures of the Dimers. Two almost planar equilibrium
structures of the Acr-m9 Ade dimers were found in the DFT/
B3LYP/6-31++G** calculations. These structures (dimer A and
dimer B) are depicted in Figure 4. Two equilibrium structures

Figure 1. Field ionization mass spectra of the reaction mixture of
acrylamide with m9 Ade at the emitter potentialU ) +5 kV and the
emitter temperatureT ) 298 K.

Figure 2. Dependencies of the ion currents (I) vs currentie of the
emitter resistive heating (Ie) for acrylamide (1), m9 Ade (2) and their
dimer (3) at the emitter potentialU ) +5 kV.

Ix(F) ) σx(F)nx(F) (2)

n(F) ) n0(T) exp[(µF + (R/2)F2)/kT] (3)

Figure 3. Temperature dependencies ofKassoc for the Acr-m9 Ade
dimer at the emitter potentialU ) +5 kV.

Kassoc) nAcr-m9Ade/(nAcr‚nm9Ade) )
IAcr-m9Ade/(IAcr‚Im9Ade)‚σ* (F) (4)

Kassoc) K′assocσ*(F) (5)

ln Kassoc-(∆H/(RT)) + const (6)
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(dimer A and dimer B) were also found for the Glu-m9 Ade
system and they are depicted in Figure 5. In these dimers acryl-
amide and glutamine interact with the Watson-Crick (in dimers
A) and Hoogsteen (in dimers B) sites of m9 Ade via the N-H‚‚‚
O and N-H‚‚‚N H-bonds. The calculations predicted rather
short H-bonds in all the dimers. The calculated bond lengths
for the 9-methyladenine complexes with acrylamide and gluta-
mide are: 1.977 (Acr) and 1.982 Å (Glu) for the N-H‚‚‚N H
bonds (dimers A); 1.863 (Acr) and 1.867 Å (Glu) for the
N-H‚‚‚O H bonds (dimers A); 1.980 (Acr) and 1.985 Å (Glu)
for the N-H‚‚‚N H bonds (dimers B); 1.876 (Acr) and 1.882
Å (Glu) for the N-H‚‚‚O H bonds (dimers B). The average
difference between the H-bond lengths in the acrylamide and
glutamine dimers with 9-methyladenine is only 0.004-0.006
Å.

The total energies, the ZPVE’s, the BSSE corrections and
the interaction energies of the Acr-m9 Ade dimers calculated
at the DFT/B3LYP/6-31++G** and MP2/6-31++G**//DFT/

B3LYP/6-31++G** levels of theory are presented in Tables 1
and 2, respectively. Analysis of the data allows one to draw
the following conclusions:

•Both methods predict very close interaction energies of the
Acr-m9 Ade dimer A and dimer B. Dimer A is slightly more
stable by 1.6 kJ mol-1 at the DFT level and by 2.1 kJ mol-1 at
the MP2 level than dimer B. It indicates that both dimers can
be formed in gas phase and that the peak observed in the mass
spectrum is probably a superposition of two dimer peaks. Since
the dimers have identical masses they are indistinguishable in
our experiments.

•The total energies, the BSSE corrections and the interaction
energies of the Glu-m9 Ade dimers calculated at the DFT/
B3LYP/6-31++G** and MP2/6-31++G**//DFT/B3LYP/6-
31++G** levels of theory are shown in Tables 3 and 4,
respectively. Comparison of these data with the energies
obtained for the Acr-m9 Ade dimers demonstrates that the
interaction energies of m9 Ade with Glu and Acr are almost

Figure 4. Equilibrium geometries of the Acr-m9 Ade dimer A (top)
and Acr-m9 Ade dimer B (bottom) calculated at the DFT/6-31++G**
level of theory. (The geometries of the dimers are available from the
corresponding author.)

Figure 5. Equilibrium geometries of the Glu-m9 Ade dimer A (top)
and Glu-m9 Ade dimer B (bottom) calculated at the DFT/6-31++G**
level of theory. (The geometries of the dimers are available from the
corresponding author.)
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identical. Since the differences are less than 1 kJ mol-1, we
can conclude that acrilamide is a suitable model of the amino-
acid amide group.

•Acrylamide interacts with the Watson-Crick or Hoogsteen
site of adenine. This indicates that adenine can be recognized
by the amide group of the amino acid both in the single and
double stranded DNA. In the latter case the interaction occurs
in the major groove of DNA. It should be noted that pyrimidine
bases cannot be recognized in the double stranded DNA. This
is an important result since the interaction with the amide group
in the major groove lowers the stability of the adenine-uracil
base pair.22

•The enthalpies of the dimer formation, (∆H), between
acrylamide and m1 Ura, m1 Cyt and m9 Ade, which are-40.6,
-57.0 and-52.0 kJ, respectively, form the following relation:
-∆HAcr-m1Cyt - ∆HAcr-m9Ade . -∆HAcr-m1Ura. It indicates that,
based on thermodynamics, the amide group can distinguish
between the adenine and uracil residues in the single stranded
DNA.

The experimental heat of formation of the Acr-m9 Ade dimer
(-52.0 ( 5.0 kJ mol-1) are different from the calculated
interaction energies obtained for the most stable dimer A (-41.4
kJ mol-1 at the DFT/B3LYP/6-31++G** level and -40.9 kJ
mol-1 at the MP2/6-31++G**//DFT/B3LYP/6-31++G** level)
by ca. 10 kJ mol-1. Analyzing reasons which may cause the
difference we should firstly note that the harmonic approximtion
used for the frequency calculation leads to the respectively
higher overestimation of the frequencies of the stretching
vibrations of N-H bonds which form the H-bonds in the Acr-
m9 Ade dimers. For example, in the case of the strong H-bonds
in the amino acids the difference between the experimental and
calculated at the DFT level frequencies may reach few hundreds
revers centimeters.23,24 This results in the increasing of the
calculated zero-point vibration energies of the dimers and
consequently in the decreasing of the calculated interaction
energies by 3-5 kJ mol-1.

Other two reasons which can influence the accuracy of the
obtained interection energies are the truncation of the basis set
and underestimation of the correlation energy contributions. The
size of the dimers studied precludes direct calculation with larger
basis sets or at higher level of theory. In this situation to evaluate
the influence we can only refer to the investigations of the
simplier systems. The comparison of the interaction energies
obtained for the water and ammonia dimers at the MP2/6-
31++G** level of theory and at the higher levels (until MP4-
(SDTQ)/aug-cc-VTZ and CCSD+T(CCSD)/aug-cc-pvdz)25 dem-
onstrates that due to the truncation of the basis set and neglecting
of the higher correlation energy contributions the real interaction
energy of the dimers should be about 10-20% larger than the
calculated at the MP2/6-31++G** level.

TABLE 1: Total Energies (in hartrees), Interaction Energies
(IE, in kJ mol -1) and Zero-Point Vibration Energies (ZPVE,
in hartrees) Calculated at the DFT/B3LYP/6-31++G**
Level of Theory for Dimer A and Dimer B of Acr -m9 Ade
and for the m1 Ura-m9 Ade Dimera

Acr-m9Ade

dimer A dimer B m1Ura-m9Ade

energy -754.006573 -754.005717 -960.847441
IE -51.0 -48.8 -54.3
ZPVEb 0.210154 0.210129 0.243302
ZPVE correction 0.002766 0.002741 0.001986
BSSE correctionc

Acr or m1Ura 0.000499 0.000542 0.000666
m9Ade 0.000388 0.000377 0.000510
total 0.000887 0.000919 0.001176

IE (BSSE corrected) -48.7 -46.4 -51.2
IE (BSSE and ZPVE

corrected)
-41.4 -39.2 -46.0

a All energies were obtained at the DFT/B3LYP/6-31++G** dimer
equilibrium geometries.b Calculated based on the DFT/B3LYP/6-
31++G** frequencies scaled by a factor of 0.95.c Energy difference
calculated for the equilibrium monomer geometries in the monomer
and dimer basis sets.

TABLE 2: Total Energies (in hartrees), Interaction Energies
(IE, in kJ mol -1) and Zero-Point Vibration Energies (ZPVE,
in hartrees) Calculated at the MP2/6-31++G** Level of
Theory for Dimer A and Dimer B of Acr -m9Ade and for
the m1Ura-m9Ade Dimera

Acr-m9Ade

dimer A dimer B m1Ura-m9Ade

energy -751.822071 -751.821312 -958.104829
IE -59.7 -57.7 -67.9
ZPVEb 0.210154 0.210129 0.243302
ZPVE correction 0.002766 0.002741 0.001986
BSSE correctionc

Acr or m1Ura 0.002320 0.002366 0.002951
m9Ade 0.002062 0.002100 0.002745
total 0.004382 0.004466 0.005696

IE (BSSE corrected) -48.2 -46.0 -53.0
IE (BSSE and ZPVE

corrected)
-40.9 -38.8 -47.8

a The calculations performed at the dimer equilibrium geometries
obtained at the DFT/B3LYP/6-31++G** level. b calculated based on
the DFT/B3LYP/6-31++G** frequencies scaled by a factor of 0.95.
c Energy difference calculated for the equilibrium monomer geometries
in the monomer and dimer basis sets.

TABLE 3: Calculated at the DFT/B3LYP/6-31++G** Level
of Theory Energies (au), Interaction Energies (IE, kJ mol-1)
and Zero-Point Vibration Energies (ZPVE, au) for the
Glu-m9Ade Dimer A and Dimer B, Together with BSSE
Corrected Interaction Energiesa

Glu-m9Ade

dimer A dimer B

energy -1038.492833 -1038.491895
IE -50.4 -47.9
BSSE correctiona

Glu 0.000535 0.000536
m9Ade 0.000406 0.000398
total 0.000941 0.000934

IE (BSSE corrected) -47.9 -45.5

a All the energies were obtained for the dimer geometries fully
optimized at the DFT/B3LYP/6-31++G** level. a Energy difference
calculated for the equilibrium monomer geometries in the monomer
and dimer basis sets.

TABLE 4: Calculated at the MP2/6-31++G** Level of
Theory Energies (au), Interaction Energies (IE, kJ mol-1)
and Zero-Point Vibration Energies (ZPVE, au) for the
Glu-m9Ade Dimer A and Dimer B, Together with BSSE
Corrected Interaction Energiesa

Glu-m9Ade

dimer A dimer B

energy -1035.536756 -1035.535657
IE -60.8 -57.9
BSSE correctionb

Glu 0.002580 0.002621
m9Ade 0.002203 0.002252
total 0.004783 0.003873
IE (BSSE corrected) -48.2 -45.1

a All the energies were obtained for the dimer geometries fully
optimized at the DFT/B3LYP/6-31++G** level. b Energy difference
calculated for the equilibrium monomer geometries in the monomer
and dimer basis sets.

9-Methyladenine-Acrylamide Interaction Energies J. Phys. Chem. A, Vol. 104, No. 39, 20008969



It is interesting to compare the calculated and the experimental
interaction energies in the Acr-m9 Ade and Acr-m1 Ura dimers
and those in the m1 Ura - - m9 Ade Watson-Crick base pair.
To do this, we performed additional calculations of the base
pair at the DFT/B3LYP/6-31++G** and MP2/6-31++G**//
DFT/B3LYP/6-31++G** levels. The results of the calculations
are included in Tables 1 and 2. The experimental interaction
energy of the m1 Ura-m9 Ade base pair derived from the mass
spectrometry experiment is-54.6 kJ mol-1.26,27This interaction
energy is close to the interaction energy in the Acr-m9 Ade
dimers. It means that the amide group can compete with uracil
in pairing with adenine. This may explain the experimentally
observed lowering of the transition temperature of poly(rA)‚
poly(rU) in the presence of acetamide.28

Spectral Characterization of the Acr-m9 Ade Dimers.As
was mentioned before, the Acr-m9 Ade dimers are indistin-
guishable in the mass-spectromeric experiments since they have
identical masses. In this section we provide spectral character-
istics which can assist in identifying the dimers using other
specroscopic methods.

The rotational constants of dimer A and dimer B are presented
in Table 5. As it is seen, the dimers have significantly different
rotational constants which may allow to distinguish between
them using the microwave spectroscopy. One should also note
that dimer B has much higher dipole moment (6.25 D) than
dimer A (2.45 D). Therefore, the dimer B bands should be more
intense than those of dimer A in the microvave spectrum.

The matrix-isolation IR spectroscopy is another method which
may be used to study the Acr-m9 Ade dimers. Although most
of the dimer frequencies are very close to the frequencies of
the monomers (the differences are within 10 cm-1) there are
some dimer vibrational frequencies which are more distinct from
the monomer frequencies and also different for dimer A and
dimer B. These frequencies are summarized in Table 6. The
most distinct spectral manifestation of the dimers should be
observe in the high-frequency region of the IR spectra for the
N-H stretching vibrations (3600-3000 cm-1). Both 9-methyl-
adenine and acrylamide have two stretching vibrations of the
amino group, i.e., a higher frequency antisymmetric vibration
and a lower frequency symmetrical vibration (see Table 6). The
H-bonding in the dimers changes the frequencies of these
vibrations. The bands of the stretching vibrations of the free
NH bonds in the dimers should appear at around 3500 cm-1.
These vibrations have close frequencies [3504, 3499 cm-1 (for
dimer A) and 3497, 3500 cm-1 (for dimer B)] and cannot be
used to distinguish the dimers. But the frequencies of the
stretching vibrations of H-bonded NH bonds are significantly
different. They are 3177 and 3099 cm-1 for dimer A and 3230
and 3142 cm-1 for dimer B. The H-bonding also leads to a
strong increase of the IR intensities of these vibrations by 10-
20 times. These features should enable identification of the
dimers with the matrix-isolation IR spectroscopy.

The frequencies of the CdO stretching vibrations of the
dimers are downshifted with respect to the corresponding
acrylamide monomer band by ca. 17 cm-1. However both
dimers have close CdO stretching vibration frequencies (see
Table 6). Other vibrations which are different for dimer A and
dimer B are the NH bending vibration, the C2N3 stretching

vibration and the NH2 torsion vibration of 9-methyladenine.
Their frequencies and intensities are given in Table 6. These
modes may provide additional means to distinguish the dimers.

In conclusion, the above analysis of the IR spectral charac-
teristics of dimer A and dimer B of Acr-m9 Ade shows that
each dimer has at least six strong bands which may be used for
their identification. Thus, the matrix-isolation IR spectroscopy
seems to be a suitable tool for investigating these and other
complexes between nucleic acid bases and amino acids. This
is mainly due to the sensitivity of the IR spectra to the
intermolecular H-bonding.
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