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ABSTRACT: We report mid-infrared spectra and potential energy surfaces of four
anionic, 2′-deoxynucleotide-5′-monophosphates (dNMPs) and the ionic DNA pairs
[dGMP-dCMP−H]1−, [dAMP-dTMP−H]1− with a total charge of the complex equal to
−1. We recorded IR action spectra by resonant IR multiple-photon dissociation (IRMPD)
using the FELIX free electron laser. The potential energy surface study employed an on-
the-fly molecular dynamics quenching method (MD/Q), using a semiempirical AM1
method, followed by an optimization of the most stable structures using density functional
theory. By employing infrared multiple-photon dissociation (IRMPD) spectroscopy in
combination with high-level computational methods, we aim at a better understanding of
the hydrogen bonding competition between the phosphate moieties and the nucleobases.
We find that, unlike in multimer double stranded DNA structures, the hydrogen bonds in
these isolated nucleotide pairs are predominantly formed between the phosphate groups.
This intermolecular interaction appears to exceed the stabilization energy resulting from
base pairing and directs the overall cluster structure and alignment.

1. INTRODUCTION

A reductionist approach to the study of DNA focuses on the
intrinsic properties of its building blocks.1−3 The nucleotides, as
the monomeric form of DNA, have important structural
properties that may have played a role in their selection as the
alphabet for life as well as affecting the structure/function
relationship in biology. By studying nucleotides as isolated
molecules in the gas phase, we can gain insight into their
intrinsic properties, such as their lowest energy conformational
shapes and their preferred hydrogen bonding structures. The
nucleotides are large molecules with multiple sites for hydrogen
bonding on both the phosphates and the nucleobases.
Therefore, multiple intra- and intermolecular interactions
govern the overall structures. In order to simplify this complex
chemical landscape, it is instructive to remove the solvent and
the macromolecular environment in order to chart the detailed
competition and interplay of the hydrogen bonding of the
phosphates vs the nucleobases.
Hydrogen bonding of mononucleotides in solution has been

studied most successfully by proton NMR. The chemical shifts
associated with amine hydrogens are sensitive to hydrogen
bonding vs base stacking interactions and it was shown that
base pair hydrogen bonding competes with base stacking in
solution for both single mononucleotides and mixtures.4

Adenosine nucleotides have also been studied in solution by
Infrared5 and Raman spectroscopy.6 These pH-dependent
studies revealed the frequencies of the anionic phosphate
moiety and determined accurate pKa values for the acidic and
basic sites. No conclusions about the hydrogen bonding, either
intra or intermolecular, could be drawn due to the large
frequency shifts associated with the change in ionic state.
Experiments by Thomas and co-workers confirm the existence
of the keto and amino tautomers in solution.7 A comparison of
solution phase spectra with solid phase spectra showed strong
hydrogen bonding in the crystalline bases uracil, cytosine and
adenine but did not yield conclusions about the nucleotides and
did not show any interaction between the bases or the
phosphates in solution.7 A later study by Thomas and co-
workers examined mixtures of nucleotides, showing no change
in the spectrum of pure vs mixed solutions, concluding that
only stacked structures were present.8

Experiments aimed at studying isolated base pairing
interactions typically use nonpolar solvents and substituted
nucleosides to minimize hydrogen bonding competition from
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the solvent and to promote hydrogen bonded base pairing.9,10

These experiments have revealed that under those conditions
many base pairing motifs are possible, for example A-T can
form up to four structures that occur with almost equal
probability. Such experiments connect gas-phase and solution-
phase observations. However, they do not include the
phosphate moiety. The phosphate moiety is highly polar and
capable of strong hydrogen bonding that should be able to
compete with nucleobase bonding in solution as well as in the
gas phase.
Figure 1 shows the structures of the four canonical

nucleotide ions; these have been previously studied in the gas
phase by various mass spectrometry techniques such as
collision induced dissociation,11 H/D exchange,12 ion mobi-
lity13,14 and IR multiple-photon dissociation (IRMPD) spec-
troscopy.15,16 Gas phase structural information using IRMPD
spectroscopy has been reported for nucleobase-metal ion
clusters,17,18 protonated nucleobases,19 and nucleotide
ions.16,20 These past experiments have provided a wealth of
information such as, fragmentation pathways, low energy
structural conformations and, in the case of ion mobility,
energetic barriers between low energy conformations of
dinucleotides. All of these experiments have led to the
conclusion that the 3′OH stabilizes the negatively charged
phosphate group in a strong hydrogen bond that is conserved
in all the nucleotides. This interaction holds a fairly large
molecule into only a few conformations. Here, we extend these
gas-phase spectroscopic studies to the anionic DNA base pairs
[dGMP-dCMP−H]1−, [dAMP-dTMP−H]1−, where −H de-
notes a proton missing from the complex. We aim to gain
insight in the hydrogen bonding competition between the
phosphate moieties and the nucleobases by examining the
vibrational frequency differences between the monomers and
the clusters.
The structures of biologically relevant forms of DNA become

increasingly difficult to determine as the systems become larger
in size; more low energy structural isomers may contribute to
the spectrum and the presence of more infrared oscillators may
result in vibrational congestion. On the other hand, for a
successful structural identification the rich vibrational mode
information in the mid-IR (500−1800 cm−1) is very useful.
This region contains all hydrogen bonding modes through
carbonyl, amide, amine and phosphate moieties, facilitating a

complete analysis. Therefore, these data can provide structures
in greater detail than possible in solution or in the
macromolecule. The hope is that the resulting insights can
then be extrapolated to include the biological environment.
We perform structural analyses by comparison with a

combination of molecular mechanics and ab initio calculations.
The role of theory is even more critical here than in the case of
neutral species studied by resonance enhanced multiphoton
ionization (REMPI) spectroscopy because the experimental
data are not isomer specific. At the same time, clusters of the
nucleotides pose a challenge for current molecular mechanics/
ab initio methods. The large size of the system and the
availability of multiple hydrogen bond locations allow for the
clusters to adopt many low energy conformations that are quiet
diverse in their structure. Therefore, these gas phase data also
serve as benchmarks for computational results, allowing
optimization of methods and functionals and aiding develop-
ment of high level theoretical treatments.

2. METHODS

2.1. Computational. To explore the potential energy
surfaces, we used a molecular dynamics quenching method,
which combines molecular dynamics with a minimization
procedure of selected geometries, obtained from the
trajectories. We used an on-the-fly molecular dynamics
technique, employing a semiempirical AM1 method as an
external potential.21 For the nucleotide pairs we included all
possible combinations of charged and neutral nucleotides.
Molecular dynamics quenching simulation was performed at
1200 K, which is sufficient to allow crossing over all relevant
energy barriers and thus sample the complete potential energy
surface. To avoid dissociation, we imposed harmonic restraints
on the distances of centers of masses of the molecules in the
complexes. The ensemble was sampled by Andersen thermostat
with a total simulation time of 1 ns. Every picosecond the
structure from the MD trajectory was minimized, with the AM1
method, and stored. The optimized structures were sorted with
respect to their conformations and energies. Subsequently, the
50 most stable structures, based on relative Gibbs energies,
were further optimized with the B97D22 density functional and
TZVP basis set,23 employing the density fitting procedure. The
optimized structures were subjected to harmonic vibrational
analyses and the resulting frequencies were compared without

Figure 1. Molecular structures for the four 2′-deoxynucleotide-5′-monophosphate anions.
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further scaling with the experimental spectra. The DFT
calculations employed the Gaussian09 package.24

2.2. Experimental (IRMPD). We obtained infrared action
spectra of the anionic nucleotides, 2′-dexoynucleotide-5′-
monophosphates and clusters [dGMP-dCMP−H]1−, [dAMP-
dTMP−H]1− from infrared multiple-photon dissociation
(IRMPD) using the tunable mid-IR radiation from the free
electron laser FELIX (free electron laser for infrared experi-
ments).25 The ions were generated by electrospray ionization
(ESI) and subsequently injected into a 4.7 T actively shielded
Fourier transform ion cyclotron resonance mass spectrometer
(FT-ICR MS). Irradiation with the free electron laser beam
induces fragmentation of the precursor ion to an extent that is
dependent on the IR frequency, so that an IR spectrum can be
reconstructed from a series of mass spectra recorded at different
settings of the IR wavelength. The experimental setup has
previously been described in detail.26,27 The deprotonated
nucleotide anions and anionic clusters are generated using a
Waters Micromass Z-spray ESI source, which facilitates gentle
ionization and vaporization of labile biomolecular species. We
chose the −1 rather than −2 cluster ions for this study because
of their higher abundance in the mass spectrometer. We used
solutions of the mononucleotides of 1 mM in 50:50
H2O:MeOH. The continuously generated ions are accumulated
in a hexapole ion trap, after which they are sent through a
quadrupole bender before entering an octopole ion guide that
drives the ions into the FT-ICR cell. The anion or anionic
cluster of interest is isolated using a SWIFT excitation pulse.28

3. RESULTS
3.1. Anionic Monophosphate Nucleotide Monomers.

IRMPD spectra of the anionic nucleotides have been reported
by Nei et al.16 The ground state structures and assignments
here are in agreement with these earlier results. For the
nucleotides all calculated structures except two higher energy
structures for [dGMP−H]1− have the 3′OH of the ribose
hydrogen bonded to the phosphate. All nucleotides except
[dGMP−H]1− are in the anticonfiguration with respect to the
nucleobase and the ribose.,1415 In all cases the sugars line up in
the C3′endo conformation with the base and phosphate lying
above the plane of the sugar. All experimental and calculated
spectra along with the calculated structures are given in
Supporting Information. A comparison of the experimental
spectra of the monomers and the clusters is shown in Figures 3
and 5 to illustrate the changes in vibrational frequencies due to
hydrogen bonding between the monomers
3.2. Anionic Monophosphate Nucleotide Clusters. In

each base pair cluster one monophosphate nucleotide is neutral
and the other is negatively charged. We obtained 12 low energy
calculated structures for each cluster, six where the phosphates
on the pyrimidine nucleotides are negatively charged and six
where the phosphates on the purine nucleotides are negatively
charged. We also considered zwitterionic structures for the
neutral nucleotides in the clusters. dGMP has a low energy
structure where the N3 position is protonated and the
phosphate is deprotonated. For dCMP, dAMP, and dTMP,
we found protonation to be too high in energy to be
considered.
All of the calculated structures exhibit multiple hydrogen

bonds, most of which occur between the phosphate moieties
(Supporting Information, Figures SI5 and SI6). The structures
calculated here are similar to some of the structures identified
in a gas phase ion mobility study of covalently bonded

dinucleotides.13 In nearly all of the structures, the two
phosphate moieties are connected by at least one, and in the
lowest energy cases two, H-bonds. Only two structures are
predicted where the phosphates are H-bonded but the bases are
away from each other (Supporting Information Figure SI5,
structures 7, 8). Our experimental data suggest that this type of
structure, if present at all, is in low abundance. The phosphate
group can both accept and donate hydrogen bonds with its
highly polar P−OH and PO bonds. The purine and
pyrimidine bases can also act as both hydrogen bond donors
and acceptors. In all cases except one (Supporting Information
Figure SI6, structure 6), the highly polar phosphates bond to
each other with different orientations of the bases relative to the
sugar. Although assignment of one single structure is not
possible due to spectral congestion and the occurrence of many
low energy structures, assignment of a few families of structures
is possible. The lowest energy structures for both clusters show
an overall spectral shape most similar to the experimental
spectra. To simplify the comparison of the monomers and
clusters, we will use the frequencies corresponding to the
lowest energy structures for the monomers and clusters to
illustrate the band shifts seen in the experimental spectra
(Figures 3 and 5).

[dAMP-dTMP−H]1−. The computational data suggest that
the cluster of neutral dAMP bonded to negatively charged
dTMP is more stable than the cluster with the negative charge
residing on dAMP. The six lowest energy structures of [dAMP-
dTMP−H]1− fall within a range of 2.1 kcal/mol, all with the
charge on the phosphate of dTMP. The lowest energy structure
with the charge on dAMP is found at 4.75 kcal/mol. The
structures are numbered sequentially in increasing energy
(Supporting Information Figure 5)
Figure 2 shows the experimental spectrum with the

calculated spectra for comparison. The B97D functional
employed predicts the region above 1500 cm−1 quite well.
Structures 1 and 2 have double hydrogen bonds from dAMP to
[dTMP−H]1− between the phosphate groups forming an eight
member ring. For all calculated structures, both ribose moieties
are in the 3′ endo conformation with the exception of dAMP in
structure 5 (Supporting Information Figure SI5). Although the
experimental spectrum is congested, the clusters are predicted
to have intensities for the phosphate, carbonyl and amine
modes that are similar to those in the monomers. The carbonyl
vibrations on [dTMP−H]−1, NH2 scissor on dAMP and the
various phosphate modes are color coded in Figures 2−5.
Starting from the high energy region of the spectrum, the
yellow bands correspond to carbonyl modes, green to NH2
symmetric bends, blue to phosphate modes and red to both C−
O stretches on the ribose and phosphate modes. The frequency
assignments are given in Supporting Information Table SI5.
The two lowest energy structures fit the experimental spectrum
best considering these modes.
The two monomer spectra are plotted with the cluster

spectrum in Figure 3. The carbonyl modes of the [dTMP−
H]−1 monomer are calculated to be only 15 cm−1 apart,
however they are split by about twice as much in the cluster.
The experimental spectrum shows some broadening of the
unresolved carbonyl peaks as well as a blue shift of these
vibrations compared to the monomer spectrum. This shift is
consistent with the calculated frequencies of structures 1, 2, 4,
5, and 6 of [dAMP-dTMP−H]1−, where the planes of the bases
are closer to perpendicular rather than parallel. In structure 3,
the only stacked type conformation with the base planes
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oriented parallel to each other, the symmetric and anti-
symmetric carbonyl stretch modes are predicted to be much
more intense and only 5 cm−1 apart giving a narrower carbonyl
peak than seen experimentally. The NH2 scissor mode is more
intense in the experimental spectrum than predicted in any of
the computed spectra, but structures 1 and 2 provide the
closest match to the observed intensity and frequency of these
modes.
The experimental dissociation yield is much higher for the

noncovalently bound clusters than for the monomers. There-
fore, the spectral region from 1000 to 1300 cm−1 was collected

at half the laser power of the rest of the spectrum to avoid
saturation. The phosphate stretches have larger transition
dipole moments and thus lower laser power is required over
this range to fragment the clusters. Furthermore, the clusters
are held together by H-bonds rather than by covalent bonds so
a smaller number of IR photons is required to reach
fragmentation for the clusters than for the monomers. The
modes predicted in this region with high intensity are the O−
P−O asymmetric and PO stretches on [dTMP−H]−1 and
dAMP, respectively and are assigned to the experimental peak
centered at 1247 cm−1. In the cluster, only [dTMP−H]−1 has
an O−P−O asymmetric stretch because dAMP is neutral. The
asymmetric stretch on dTMP is predicted to be at 1181 cm−1

and the PO stretch on dAMP at 1168 cm−1. A red shift of 63
cm−1 is calculated for the O−P−O asym stretch. The
experiment shows a 38 cm−1 a red shift between the monomer
(1285 cm−1) and the cluster (1247 cm−1), illustrated by dotted
line #3 in Figure 3. All of the cluster phosphate stretches appear
to the blue of the calculated frequencies analogous to the shifts
in the monophosphates. Scuderi and co-workers have also
reported phosphate stretches and bends to the blue of the
calculated frequencies.15 We tentatively assign the experimental
peak centered at 1245 cm−1 to these two modes. The most
intense peak in the spectrum corresponds to both C5′−OPO3
stretches separated by 27 cm−1 calculated at 991 and 1018
cm−1. Experimentally these peaks are at 1072 and 1110 cm−1,
respectively. These peaks are unresolved and quite broad at the
base suggesting that other modes are also contributing.
Structures 3 and 4 are relatively low in energy but do not
show the same relative intensities for these sugar and phosphate
modes. Therefore, it is difficult to determine whether or not
they contribute to the spectrum. A direct comparison between
the monomer and the cluster spectra in the region, marked by
the red band in Figure 3, is difficult due to coupling of many of
the modes, so only the two C5′-OPO3 modes mentioned above
are compared in this region: These modes are marked by the
dotted lines labeled 4 and 5 for dAMP and dTMP respectively
in Figure 3. For other modes assigned to these experimental
peaks see Supporting Information, Tables SI1, SI2, and SI5. For
the lowest energy band marked in blue only the P−OH stretch
on dTMP is compared between the monomer and cluster
which is predicted to blue shift ∼50 cm−1 as shown by the
dotted line 5. The other modes in the cluster spectrum below
1400 cm−1 with no assignment are new modes arising from the
changes in symmetry in the neutral dAMP portion of the
cluster but are assigned to the cluster spectrum in Supporting
Information, Table SI5.

[dGMP-dCMP−H]1−. Analogously to structures 1−5 of
[dAMP-dTMP - H]1−, structure 1 of [dGMP-dCMP−H]1− is
charged on the pyrimidine nucleotide. As shown in Figure 4,
the experimentally observed CO and NH2 modes of [dGMP-
dCMP−H]1− are reproduced quite well by structure 1. The
peak at 1703 cm−1 matches the CO stretch at 1705 cm−1

resulting from dGMP hydrogen bonded to dCMP. In the
monomer the carbonyl is unbound and appears at 1717 cm−1

while predicted at 1719 cm−1. For the cluster, the calculation
predicts that the carbonyl of dGMP is H-bonded to the NH2 of
[dCMP−H]− and therefore this mode shifts by 12 cm−1 to the
red. This is in close agreement with the 13 cm−1 shift observed
experimentally, from 1717 to 1704 cm−1, shown in Figure 5
assignment 1. The carbonyl stretch of [dCMP−H]1− is present
in two modes of the cluster. It is H-bonded to NH2 of guanine
producing a red shift in both modes relative to the monomer.

Figure 2. Experimental spectrum of [dAMP-dTMP−H]1− plotted
with the three lowest energy calculated spectra. ΔG energies are given
in kcal/mol and are relative to the minimum energy structure.

Figure 3. (Black) Experimental spectrum of [dAMP-dTMP−H]1−.
(Red) Experimental spectrum of [dAMP−H]1−. (Blue) Experimental
spectrum of [dTMP−H]1−. Dotted lines illustrate the frequency shifts
between the lowest energy structures of the monomers and clusters.
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The higher energy of the two is predicted to be the more
intense and shifted by 15 cm−1. (assignment 2). The lower
energy frequency is shifted by 50 cm−1 and has one-third the
intensity of the former (assignment 3) The two red-shifted
carbonyls of [dCMP−H]1− predicted in the cluster are on
either side of largest peak in the experimental spectrum with
the higher energy mode having the largest intensity of all the
calculated modes for structure 1. This spectral feature most
clearly distinguishes the two lowest energy structures in the
region above 1600 cm−1 and suggests that the lowest energy
structure, 1, of [dGMP-dCMP−H]1−, is the largest contributor
to the experimental spectrum. Overall the phosphate modes are

calculated to the red, as was the case for [dAMP-dTMP−H]1−,
but considering these modes, [dGMP-dCMP−H]1− structure 1
is the one most similar to the experiment. The other, higher
energy, structures shown in Supporting Information Figure SI6
do not match the experimental spectrum in either the
phosphate or carbonyl/amine regions. Similar spectral shifts
assigned for the phosphate and C5′-OPO stretches in [dAMP-
dTMP−H]1− are assigned for [dGMP-dCMP−H]1− (6−10).
One exception is the 100 cm−1 red shift predicted for the
asymmetric O−P−O stretch, assignment 6, which does not fit
any shifts seen in the experimental spectrum.

[dGMP-dCMP−H]1− Cluster with Zwitterionic dGMP. The
calculations also predict two low energy zwitterionic structures.
In that case the N3 position on guanine is protonated and the
phosphate is deprotonated leaving an overall neutral molecule
that can bind to the negatively charged [dCMP−H]1− giving a
negatively charged cluster. The spectrum for these structures is
given in Supporting Information Figure 7 along with the
experimental spectrum. A dominant feature of the spectrum
comes from the N−H bends in the 1700−1720 cm−1 range
which involves an N3H and N1H coupled symmetric in-plane
bend and both are H-bonded to either their own phosphate or
the other nucleotide’s phosphate. Furthermore, the N1H
stretch is red-shifted into the 1800 cm−1 and is predicted to
have an intensity nearly three times that of any other mode
below 2000 cm−1. Since the experimental spectrum is limited to
1800 cm−1 it is difficult to tell if these structures are present. If
the prediction of the intensity and location of this absorbance is
within about 20 cm−1, we would expect to see a large increase
in fragmentation at the 1800 cm−1 edge of the experimental
spectrum, which we did not observe. All phosphate modes are
predicted to the blue of the experimental range while all other
organic modes are predicted accurately or slightly to the red if
hydrogen bonded. This would suggest that these strongly
hydrogen bonded organic modes should be just inside of the
experimental range but the overall experimental spectrum does
not seem to exhibit any of the major modes predicted for these
structures. Two new modes are predicted in the region between
1500 and 1600 cm−1 from a coupled in-plane asymmetric bend
of the two N−H bonds. This produces the large change in the
calculated spectrum for this region, which also does not match
the experiment. On the basis of these observations, we
conclude that zwitterionic structures are not formed in the
experiment.

4. DISCUSSION
The DFT calculations predict the monomer deoxynucleotide
vibrational frequencies quite well. Although the phosphate
symmetric and asymmetric stretches are observed at about 50
cm−1 to the blue of those calculated and about 100 cm−1 to the
blue for the P−OH stretches, the assignments for these modes
can be considered secure based on their high intensities and on
comparison with other IR experiments probing phosphates5,29

and organophosphates.30,31 Scuderi and co-workers and
Rodgers and co-workers reported similar findings for the cyclic
3′,5′-adenosine monophosphate anion and 2′-deoxynucleotide-
5′-monophosphate anions respectively using resonant
IRMPD.15,16 Since the carbonyl and amine frequencies for
nearly all the monomer structures match the experimental
spectra, the structuraly most diagnostic frequencies come from
the phosphate. For [dAMP−H]1− and [dGMP−H]1− we can
tentatively assign the calculated lowest energy structures to be
dominant but for [dCMP−H]1− the four lowest energy

Figure 4. Experimental spectrum of [dGMP-dCMP−H]1− plotted
with the three lowest energy calculated spectra. ΔG energies are given
in kcal/mol and are relative to the minimum energy structure.

Figure 5. (Black) Experimental spectrum of [dGMP-dCMP−H]1−.
(Red) Experimental spectrum of [GMP−H]1−. (Blue) Experimental
spectrum of [dCMP−H]1−. Dotted lines illustrate the frequency shifts
between the lowest energy structures of the monomers and clusters.
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structures are so similar and close in energy that they all may be
present. For [dTMP−H]− the two lowest energy structures
appear to be present in the experiment.
For the clusters, all calculated structures up to 5.5 kcal/mol

show a phosphate-phosphate interaction, but the bases may
occur as either parallel or perpendicular. At higher energies, for
[dGMP-dCMP−H]1− at 5.6 kcal/mol the computation predicts
a structure in which the phosphates are bonded to the
nucleobases and not to each other. This is the only example of
this motif. This observation is consistent with the prediction
that (1) this cluster is capable of more hydrogen bonds and (2)
the [dGMP−H]1− monomer is in the syn-conformation rather
than the anti-conformation, giving the nucleotide the ability to
be low in energy as a curled rather than extended structure.
This propensity for the syn-conformation rather than anti-
conformation seems to be mostly conserved in the clusters and
consequently a larger diversity of structures appears in the
calculations, albeit with a much higher energy gap from the
lowest energy structure. Even with these differences in the base
pair clusters, the third lowest energy (stacked type) structures
are remarkably similar and show a change in the 3′OH
hydrogen bond from stabilizing its own phosphate to bonding
with the adjacent nucleotide. The overall structure of the base,
ribose and phosphate seems to drive this change in interaction.
The [dGMP-dCMP−H]1− cluster can form three hydrogen

bonds between the nucleobases as opposed to [dAMP-dTMP−
H]1− which can form only two hydrogen bonds. This extra H-
bonding competes favorably with the bonding between the
phosphate groups and thus changes the lowest energy
structures from nonbonding bases in [dAMP-dTMP−H]1− to
the stacked motifs in [dGMP-dCMP−H]1−. A major difference
appears between [dGMP-dCMP−H]1− and [dAMP-dTMP−
H]1− for the preference of the charge location. While [dAMP-
dTMP−H]1− has the six lowest energy structures with the
charge on dTMP, the lowest energy for [dGMP-dCMP−H]1−
has its charge on dCMP and for the next two low energy
structures the charge is on dGMP. There is a much larger
energy gap between structures 1 and 2, giving a predicted
abundance of above 99% for the lowest energy structure
[dGMP-dCMP−H]1− #1.
The structural differences seen in the mononucleotides up to

∼7 kcal/mol were small and only include the location and
direction of the hydrogen bonded to the phosphate and the
orientation of the phosphate relative to the ribose. Features that
are conserved in dAMP, dTMP and dCMP are (i) the
perpendicular orientations of the base vs the sugar and (ii) the
anti configuration of the base relative to the sugar and the
phosphate, both of which are structural features in DNA.
Perhaps the most important feature is the stabilization of the
phosphate by the 3′OH of the ribose, predicted in 22 of the 24
monomer structures and conserved in many of the cluster
structures.
In the clusters, the phosphates are bonded to each other in

23 of the 24 structures showing the strength of the phosphate
hydrogen bonding. This strong interaction is of importance to
theories of prebiotic chemistry because autopolymerization of
nucleotides is predicted to be one of the ways in which DNA or
RNA may have been synthesized prior to polymerase
enzymes.,3233 Although these structures may not predict the
ability of the phosphates to autopolymerize they are
characterized by a significant H-bonding interaction.
An intriguing aspect is the change that occurs between the

lowest energy structures and the stacked type structures. In

both clusters pairs the third lowest energy structure is stacked
(Figure 6). In that case the hydrogen bonding preference of the

3′OH changes from its own phosphate to the phosphate on the
adjacent nucleotide. DNA polymerase has one of the highest
fidelity rates in biopolymerization. For fast polymerization the
complex must be able to take in the monomer quickly, make
small conformational changes, and add the monomer to the
chain. The gas phase cluster structures derived from this study
are very similar to structures calculated for the deoxynucleotide
triphosphates (dNTP) bonding in the active site of DNA
polymerase34,35 and in X-ray crystal structures from perma-
nently bonded or trapped analogues to dNTPs.36

This finding suggests that in the gas phase, free of solvent
effects, the hydrogen bonding of the phosphates and the
interaction of the bases directs the alignment of the nucleotides.
It appears that base stacking changes the interaction of the
3′OH from its own phosphate to the adjacent phosphate. This
structural motif is analogous to structures optimized for quick
incorporation into DNA polymerase in the biological environ-
ment. Furthermore, the stacked structure of [dGMP-dCMP−
H]1− is the only one in which the nucleotides adopt
conformations similar to those of dAMP, dCMP, and dTMP
monomers in the biological environment. Thus, it appears that
when the bases stack, the 3′OH hydrogen bonding to the
adjacent nucleotide creates the biologically relevant monomer
structures within the clusters which out competes the third
hydrogen bond of the lowest energy [dGMP-dCMP−H]1−
cluster.
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