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We report a computational study of the conformationally and tautomerically flexible cation—dianion complex
of Na" with doubly deprotonated adenosine 5'-triphosphate (ATP) using a hierarchical selection method. The
method uses molecular dynamics to generate initial conformeric structures, followed by a classification process
that groups conformers into five “families” to ensure that a representative sample of structures is retained for
further analysis, while very similar conformational structures are eliminated. Hierarchical ab initio calculations
(DFT and MP2) of typical conformers of the families are then performed to identify the lowest-energy
conformeric structures. The procedure described should provide a useful methodology for conducting higher-
level ab initio calculations of medium-sized gas-phase biological molecules for interpreting contemporary
laser spectroscopy measurements. For Na™+[ATP-2H]? (considering tautomers where the phosphate chain of
ATP is doubly deprotonated), the calculations reveal that the sodium cation interacts directly with the negatively
charged phosphates (maximum distance = 2.54 A) in all of the low-energy conformers, while a number of
the structures also display close cation—adenine interactions producing compact ball-like structures. These
compact structures generally correspond to the lowest-energy conformers. The structural variation between
the bare [ATP-2H]*~ molecular ion (Burke et al. J. Phys. Chem. A 2005, 109, 9775—9785) and the Na*+[ATP-
2H]*" cluster is discussed in detail, including the effect of sodiation on the intramolecular hydrogen-bonding

network within ATP in a gas-phase environment.

1. Introduction

The study of isolated gas-phase biological molecules has
developed into a rapidly expanding field of research over recent
years, with much experimental and theoretical effort being
expended to provide detailed insights into the geometric and
electronic properties of these important molecules.!™!'® Much
of this research effort is driven by the challenge of understanding
the factors that control the geometric structure of these confor-
mationally flexible systems within the gas-phase environment
where the intrinsic structures are not affected by interactions
with solvent molecules or counterions.® The effect of solvent
(or counterions) on the molecular structure can then be
investigated through the study of molecular clusters.! Such an
approach follows the tradition of gas-phase cluster studies of
smaller molecular systems, where considerable progress has
been made in understanding the detailed nature of solvation
effects on both spectroscopic and thermodynamic parameters.'”~2
An important aspect of such gas-phase studies of isolated
molecular species is that they provide crucial benchmarking data
for assessing the reliability of computational approaches to
molecular structure determination. Indeed, there is a strong
synergy between high-level computational chemistry and gas-
phase high-resolution laser spectroscopic studies, in particular,
since accurate calculations are essential for interpreting the
spectra obtained.?!

In this paper, we report a computational study of the effect
of cation complexation on the conformationally flexible gas-
phase ion, doubly deprotonated adenosine 5'-triphosphate (ATP),
i.e., NaT+[ATP-2H]?>". The work presented here builds on our
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earlier study of the bare [ATP-2H]*~ dianion,”?> where we
specifically focused on the dianionic species formed when two
protons of the phosphate chain have been removed. In that study,
the extent of intramolecular hydrogen bonding was found to be
the primary factor determining the relative stability of the
various conformational isomers of the gas-phase ion. Our focus
in this work is on understanding the preferred binding sites for
the Na™ cation to the same doubly deprotonated [ATP-2H]*>~
dianion, and how complexation of [ATP-2H]*~ with Na™ affects
the intramolecular hydrogen-bonding within the ATP ion in a
gas-phase environment. There are currently very few detailed
gas-phase experimental or computational studies of mixed
charge (i.e., ion pair) systems containing biological molecules.
We note that Julian and Beauchamp have investigated collisional
activation of sodiated clusters of deprotonated adenosine 5'-
monophosphate to model abiotic ATP synthesis.'*

The calculation of the lowest-energy geometric structures for
a system such as Nat+[ATP-2H]?~ is nontrivial, since the [ATP-
2H]*" dianion has four possible tautomers associated with
deprotonation of the phosphate chain (Figure 1) in addition to
considerable conformational flexibility. We explore the tauto-
meric and conformational space of our Na™+[ATP-2H]? system
by using molecular dynamics to generate initial conformeric
structures and then performing hierarchical ab initio calculations
of selected conformers to obtain a fuller picture of the
conformational potential energy surface. This procedure has the
advantage of retaining a representative sample of structures for
higher-level analysis while eliminating very similar conforma-
tional structures, thus reducing the number of unnecessary
calculations.
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Figure 1. Chemical structures of the tautomers of doubly deprotonated
ATP, i.e., [ATP-2H]*>~ where two protons from the phosphate chain
have been removed: (a) oy- (b) oS- (¢) fy-, and (d) yy-tautomer, where
the a, 3, and y labels refer to the phosphate group(s). The labeling
scheme for the nitrogen atoms of adenine is also illustrated.

Previous gas-phase studies of ground-state ion pairs have
focused on systems where the conformational space is almost
entirely restricted.?73! (We exclude ion pairs that are excited
electronic states, i.e., charge-transfer states’>** and solvent-
induced ion pairs, from this discussion.’*) For ion pairs that
consist of dianion—cation complexes, we have investigated
simple complexes such as K*+Pt(CN),>~ and found that the
metal ion only weakly perturbs the electronic structure of the
multiply charged anion.?®?” Wang and co-workers have used
photodetachment photoelectron spectroscopy to probe the
Lit+Bg?~ and Na'-SO,2~ clusters.?®?° The only gas-phase
structural study of comformationally flexible dianion—cation
complexes that we are aware of was conducted by Barran and
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co-workers,” who used ion-mobility mass spectrometry to
investigate Na'+oligosaccharide anion complexes. A separate
class of studies have investigated the formation of zwitterions
within cationized amino acid complexes, although these studies
are distinctive since the presence of the cation promotes the
zwitterionic state.’*?> Mixed-charge clusters are, of course,
common species in both electrospray ionization and MALDI
mass spectrometry, where they are generally viewed as species
that complicate the spectrum of the chemical system under
investigation.®

To provide some biological context, in aqueous solution, the
four pK, values associated with the acidic protons of the
phosphate of ATP are <1 for the protons at the o and f8
phosphates (Figure 1), ~1.0 for the first proton removed from
the v phosphate, and 6.5 for the second proton at the y phosphate
group.’®?” The pK,value of the NI position (4.0) is also of
relevance, so that in solution “neutral” ATP is actually a zwitte-
rionic species with either the a or f phosphate group deprotonated
and the N1 group protonated.’®3’ The [ATP-2H]*~ species in
aqueous solution should therefore also be protonated at the N1
position, with deprotonation at the a and 3 phosphate groups, and
single deprotonation at the y phosphate group.®® The Na*+[ATP-
2H]*~ system studied in this work should therefore be viewed as
a model mixed-charge species rather than a species with direct
biological relevance. However, the methodology presented here
could be readily extended for performing detailed computational
studies of the biologically important species, e.g. (Na™),*[ATP-
4H]* and Mg?*+[ATP-4H]*~.*83? Such studies have the potential
to provide important structural insights to support condensed phase
work on biological mixed-charge systems. 042

2. Computational Method

Conformational searches were performed to generate 100
candidate structures using the Merk molecular force field
(MMFF9%4) as implemented in SPARTAN. The default param-
eters were used including an initial temperature of 5000 K (the
lowest 100 minima were saved).** The initial starting structures
were refined using molecular mechanics based on the MMFF94
force field, prior to performing the conformational searches.
Calculations were conducted for each of the four possible
tautomers of Na'+<[ATP-2H]?>~ that are based on the four
tautomers of [ATP-2H]?>~ (Figure 1). For Nat+[ATP-2H]*", the
fully optimized [ATP-2H]*>~ tautomer structures were used in
the respective starting structures with the Na™ placed close to
the negatively charged phosphate groups. The initial cation
position was not found to influence the final structures.

Single-point (sp) energies for the 50 lowest-energy MMFF94
conformers were obtained at the B3ALYP/6-31+G* level using
Gaussian 03.* Conformers were then manually inspected and
grouped into “families” that display similar gross structures.
The lowest-energy conformer from each family was then fully
optimized (B3LYP/6-31+G*) to further refine the energy
ordering of the families. Frequency calculations were conducted
to ensure that the optimized structures correspond to true
minima. Finally, MP2/6-31+G*(sp) energies were also obtained
for the lowest conformer of each family for comparison against
the BALYP/6-31+G* relative energies. Using this strategy, a
picture is built up of the most probable low-energy conforma-
tions. The approach described here is unique, but complements
work by other groups toward a similar goal.#~#

We note that the methodology adopted here is unlikely to
identify all of the low-energy conformers for the system under
study, since it relies on the effectiveness of the MMFF94 force
field. (It is not the goal of this work to evaluate or develop
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Figure 2. Illustration of the five structural families (A—E) of the four tautomers (aty, af3, By, and yy) of Na*+[ATP-2H]*". The structures displayed
are the lowest energy optimized structures at the B3LYP/6-31+G* level. Note that none of the Sy-tautomer conformers inspected corresponded to
a family B structure. The conformers are displayed with the ribose oriented the same way for each structure.

force fields, but to provide a method for proceeding from a set
of molecular conformations to hierarachical calculations.) Ka-
minsky and Jensen have recently performed a study to evaluate
the performance of a number of force fields against full MP2
calculations at calculating conformational isomers for four amino
acids in model peptides.*> MMFF94 was assessed to provide
the best performance among the traditional fixed charge force
fields (which included AMBER94, AMBER99, and OPLS),
identifying ~60% of the MP2 conformations. They noted that
the missing conformers tended to be the higher energy conformers.

3. Results and Discussion

3.1. Na*-[ATP-2H~

3.1a. Description of the Conformer Families for Na* +[ATP-
2HP~ and Overview of Structures. Figure 2 illustrates the
conformer families (A—E) that describe the main structural
variations of the four tautomers of Na™+[ATP-2H]*". Inspection
of the structures reveals that the Na* interacts directly with the
negatively charged phosphates (maximum distance = 2.54 A)
in all of these low-energy conformers, while a number of the
structures also display close cation—adenine interactions. For
conformers of a given tautomer, it is notable that the specific
interactions between the phosphate oxygens and the Na™ are
the same. The differences between families of a tautomer are
therefore associated with the degree of interaction between the
Na™ and the adenine group, and the extent of the phosphate—adenine
interactions. (Within a family of a tautomer, conformers vary
only with respect to the phosphate—sugar or sugar—adenine
torsional angles.)

In discussing the structures it is useful to define four key
geometric parameters, namely, an intramolecular angle
(Po—0—Ny) between the phosphate—ribose—adenine groups and
the closest distance of the cation from the adenine N;, N3, and

TABLE 1: Key Structural Parameters for the
Lowest-Energy Conformers of Na*:[ATP-2H]*>~ Illustrated
in Figure 2

tautomer family angle’ N, distance” N distance® Nj distance”

oy A 71.7 2.48 5.54 5.77
B 82.9 4.96 7.80 7.56
C 102.0 6.37 10.06 9.46
D 124.1 9.64 7.84 6.87
E 119.3 8.79 11.91 10.19
of A 73.3 2.39 5.41 5.71
B 98.8 6.48 9.99 9.31
C 151.0 10.89 13.90 12.07
D 135.0 11.29 13.54 11.33
E 108.7 6.86 10.44 9.31
By A 76.1 2.59 5.60 5.88
C 100.0 6.48 9.93 9.26
D 112.8 8.79 6.24 5.51
E 145.3 11.84 11.54 9.29
Yy A 100.7 2.52 533 5.21
B 89.4 2.34 5.72 5.96
C 107.5 8.78 11.82 10.31
D 165.0 5.88 11.12 8.83
E 152.7 10.07 4.64 2.52

“Intramolecular angle (P,—O—Ny, in degree§) between the
phosphate—ribose—adenine groups. ” Distance (in A) of Na* from
N7, Ny, and Nj of adenine (Figure 1a), respectively.

N7 nitrogen atoms (Figure 1a). Table 1 lists the values of these
parameters for the lowest-energy conformer of each family of
Nat+[ATP-2H]>" (see below). The parameters are typical for
conformers of the family. In general, the structures become less
compact on going from family A to E, with the phosphate—
ribose—adenine angle increasing across the series. The param-
eters listed in Table 1 illustrate that smaller cation—adenine
distances are associated with the smaller phosphate—ribose—
adenine angles, i.e., the more compact structures.
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In group A, the [ATP-2H]*" dianion surrounds the Na™
creating highly compact conformers. These structures correspond
to the Na™ binding above the plane of the electron-rich adenine
ring and simultaneously binding to the anionic phosphates. There
are also additional direct phosphate—adenine interactions (in
the ory-, of3-, and fy-tautomers) which are associated with
distortion of the adenine away from a planar geometry. In
addition to the hydrogen bonds within the phosphate chain, there
are additional hydrogen-bonding interactions between the sugar
ring and the adenine (in the ay-, a3-, and Sy-tautomers). We
note that the yy-tautomer structure is somewhat distinctive as
it does not share these interactions with the other family A
tautomer structures. This trend also occurs for the other families
and relates to the unique molecular conformations that are
associated with the doubly deprotonated terminal phosphate.

The distinctive structural feature of the group B conformers
is the presence of a close (<3.5 A) a-phosphatelNy-adenine
interaction. These interactions again result in compact confor-
mations, although the structures are slightly more open than
for family A.

The most compact structures of Nat+[ATP-2H]*~ (family A
oy-, of3-, and By-tautomers, and the family B ay-tautomer)
display hydrogen-bonding interactions between the sugar ring
and the adenine, but also between the adenine NH, and
phosphates. These compact structures are favorable primarily
because the cation is able to simultaneously interact with the
phosphate and adenine, but also because the acute angle
geometry facilitates these additional hydrogen-bonding interac-
tions.

The family C conformers have the Na*t primarily interacting
with the phosphate chain. Within this family, the [ATP-2H]?>~
backbone is oriented so that the cation is bound to the phosphate
with the adenine angled toward the cation. The family E
conformers display the opposite situation with the Na®™ and
adenine lying on opposite sides of the [ATP-2H]*~ backbone.
Finally, the family D conformers are the most linear structures,
with no phosphate—adenine interactions. The family C—E
conformers are considerably less compact than the family A
and B conformers and share a number of common structural
motifs with those seen in conformations of bare [ATP-2H]*~
(section 3.2). The family E conformers of the yy-tautomer are
again an exception among this group of conformers since they
display direct Na™ adenine interactions (~2.5 A). (Note that
these structures are still distinct from the family A yy-tautomer
conformers because the Na™ is not bound above the adenine
plane.)

3.1b. Energies of the Na* -[ATP-2HJ*~ Conformers: Com-
paring the Single-Point and Optimized Energies. Figure 3a
displays a plot of the MMFF94 energy distribution of the
Na™+[ATP-2H]*~ conformers, labeled according to their tau-
tomeric species. The figure illustrates that the lowest-energy
MMFF9%4 tautomer is the yy-species, with the other tautomers
lying significantly higher in energy (oty < a8 < Sy). It is notable
that the four tautomers are clearly separated in energy. However,
the relative ordering of the Na™*[ATP-2H]*~ tautomers changes
dramatically at the B3LYP/6-31+G* (sp) level, as illustrated
in Figure 3b. (The B3LYP results are assumed to be more
reliable than the MMFF94 results through this discussion,
since they are quantum mechanical energies rather than simple
molecular mechanics. For a recent comparison, readers are
referred to ref 45.) In contrast to the MMFF94 energy plot, the
yy-species is now the highest energy tautomer, with the other
tautomers lying significantly lower in energy. (The poor
performance of the MMFF94 force field for the yy-tautomer is
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Figure 3. Energy distribution plots (relative energies in kcal/mol) for
the conformers of Na*+[ATP-2H]>~ labeled according to tautomeric
species: (a) MMFF94 energies (100 lowest-energy conformers), and
(b) B3ALYP/6-31+G*(sp) energies (50 lowest-energy conformers).
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Figure 4. Energy distribution plots (relative energies in kcal/mol) for
the By-tautomer conformers of Na*+[ATP-2H]>" labeled according to
family: (a) MMFF94 energies and (b) B3LYP/6-31+G*(sp) energies.

likely a result of the fact that none of the systems included in
the core parametrization of MMFF94 have two excess charges
on one functional group.®) There is some overlap between the
energies of the af-, fy-, and oy-tautomer conformers, with
the general energy ordering being Sy < off < avy.

Figure 4a displays a plot of the MMFF94 energy distribution
of just the Sy-tautomers labeled according to family. The family
C conformers correspond to the lowest-energy conformations,
with the compact family A structures lying next in energy.
Figure 4b displays the corresponding plot of the B3LYP/6-
31+G*(sp) energies for the Sy-tautomer. It is notable that the
relative ordering of the families of conformers is reasonably
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0.822

Figure 5. Optimized geometric structures (B3LYP/6-31+G*) of the
lowest-energy conformational minima of the (a) ay-tautomer (family
A conformer), (b) of-tautomer (family B conformer), (¢) Sy-tautomer
(family C conformer), and (d) yy-tautomers (family A conformer) of
Na®+[ATP-2H]*>". The relative energies (in eV) are included on the
figure. Typical hydrogen bonds are indicated as red dashed lines, with
“loose” hydrogen-bond-like interactions as blue dotted lines.>!

consistent on going from MMFF94 to B3LYP/6-314+G*(sp),
with the family C structures lying lowest in energy, followed
by the family A structures. Furthermore, both energy plots show
the family A and family D conformers appearing with broadly
similar energy, with the family E conformers being the highest
energy structures. Similar results were obtained for the other
tautomer families.

One of the most notable features of the presentation of
the data points displayed in Figure 4b (and for the related
data presented for [ATP-2H]?*" in Figure 8b) is the clustering
of data points within families, and the associated energy steps.
The data point clusters are associated with “subfamilies” of
structures, so that the energy steps correspond to modest
structural changes. For example, for the family D structures,
the energy step between the lowest cluster of data points to
the next group of data points (data point 2 — 3) corresponds
to a small change in the orientation of the adenine group.
From data point 10 — 11 there is a change in the
phosphate—adenine angle resulting in a slightly more open
structure, while from data point 15 — 16, the orientation of
the phosphate chain becomes more curled back upon itself.
We emphasize that none of these changes are significant
enough to warrant reclassifying the structures into another
family.

While the abundance of families of conformers for a given
tautomer is not directly related to the energy ordering of the
families in the straightforward molecular mechanics calculations
performed here (this differs from an annealing calculation), it
is of interest to consider the abundances. For the Sy-tautomer
results which are presented in Figure 4, 14% of the conformers
belong to family A, 41% belong to family C, 35% belong to
family D, and 10% belong to family E. At the B3LYP/6-
314+G*(sp) level (Figure 4b), the most abundant families of
conformer (C and D) correspond to the lowest-energy structures.

Full geometry optimizations (B3LYP/6-314+G*) were per-
formed for the lowest-energy conformer of each family of
Na't+[ATP-2H]*". The optimized structures of these 19 con-
formers are displayed in Figure 2. Figure 5 displays expanded
views of the lowest-energy optimized conformational minima
obtained for each tautomer, illustrating the hydrogen bonds
present in each structure. The figure also illustrates the highly
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Figure 6. Geometric structures (MMFF94) of the of-tautomer of
[ATP-2H]?>~ showing conformers from family (a) a, (b) b, (¢) ¢, (d) d,
and (e) e. Typical hydrogen bonds are indicated as red dashed lines,
with “loose” hydrogen-bond-like interactions as blue dotted lines.’!

similar structures of the lowest-energy conformers of the o/3-
(Figure 5b) and fy-tautomers (Figure 5c). These conformers
differ by only one protonation site on the phosphate chain and
the relative orientation of the adenine, sugar, and phosphate
groups is highly similar (Table 1). Higher-level calculations
would be necessary to establish a reliable energy ordering for
these conformers.
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TABLE 2: Relative Energies (B3LYP/6-31+G*(sp), B3LYP/6-31+G* Optimized, and MP2/6-31+G*(sp)//B3LYP/6-31+G*) for
the Lowest-Energy Conformers of Each Structural Family of Na®™-[ATP-2H]*" Grouped According to Tautomer®”

B3LYP/6-314+G*(sp)

B3LYP/6-31+G* MP2/6-31+G*(sp)°

tautomer family AE“/eN AE/eV AE“/eN AE"/eV AE“/eN AE"/eV
oy A 0.000 0.218 0.000 0.000 0.000 0.054
B 0.419 0.626 0.321 0.321 0.386 0.435
C 0.333 0.544 0.191 0.191 0.531 0.571
D 0.272 0.490 0.382 0.382 0.714 0.762
E 0.101 0.299 0.118 0.118 0.300 0.354
of A 0.089 0.109 0.133 0.133 0.000 0.000
B 0.000 0.027 0.000 0.000 0.136 0.136
C 0.283 0.299 0.278 0.278 0.532 0.532
D 0.12 0.136 0.085 0.085 0.299 0.299
E 0.217 0.245 0.196 0.196 0.311 0.311
By A 0.185 0.185 0.160 0.160 0.134 0.272
C 0.000 0.000 0.000 0.000 0.000 0.136
D 0.351 0.351 0.232 0.232 0.507 0.626
E 0.093 0.093 0.080 0.080 0.099 0.218
Yy A 0.439 1.524 0.000 0.000 0.000 0.599
B 0.000 1.088 n/a* n/a* n/a* n/a*
C 0.942 2.014 0.577 0.577 0.904 1.497
D 0.765 1.850 0.603 0.603 0.908 1.497
E 0.446 1.524 0.341 0.341 0.564 1.170

“Relative energy within tautomer. ” Energy relative to the global minimum. For B3LYP (sp), AE is given relative to the family C conformer
of the fy-tautomer (absolute energy = —2828.085 H), for B31YP (opt.) AE is given relative to the family C conformer of the Sy-tautomer
(absolute energy = —2828.122 H), and for MP2 (sp), and AE is given relative to the family A conformer of the a/3-tautomer (absolute energy
= —2821.766 H). < MP2/6-31+G*(sp)//B3LYP/6-31+G* energies. * This conformer converted to the oy-tautomer via proton transfer upon
optimization and so the next lowest conformation, A, is taken as the minimum for the yy-tautomer.

Table 2 lists the B3LYP/6-314+G* energies for the fully
optimized conformers, along with the corresponding zero-point-
corrected energies and the relative conformer energies. A
comparison of the absolute energies indicates that the lowest-
energy conformers correspond to either a3- or Sy-tautomers at
both the single-point and fully optimized B3LYP/6-314+G*
levels, with the yy-tautomers lying highest in energy. The
relative energies of the families of conformers for a given
tautomer are reasonably consistent on going from the single-
point to the optimized energies. Table 2 also lists MP2/6-
31+G*(sp)//B3BLYP-6-31+G* energies for the Na®+[ATP-
2H]*" conformers, illustrating the important result that the
lowest-energy conformers at the B3LYP/6-31+G* level, remain
the lowest-energy conformers at the MP2/6-31+G*(sp) level
within the expected accuracy of the calculations (~0.2 eV).

Focusing on the MP2/6-31+G*(sp) energies, it is evident that
the lowest-energy structures tend to be the most compact
conformers, i.e., a family A structure is the minimum for the
oy-, 0f-, and yy-tautomers, with a family C structure (the
second most compact for this tautomer) being the lowest-energy
conformer for the Sy-tautomer.

3.1c. Geometric Changes of the Na'-[ATP-2H]?~ Con-
former Structures upon Optimization. Upon optimization, the
conformations of the Na*+[ATP-2H]?>" tautomers presented in
Figure 2 changed remarkably little from the MMFF94-generated
structures, with the overall family classification remaining
unchanged, along with the hydrogen-bonding and ionic interac-
tions. The main conformational changes that took place involved
the adenine, which underwent modest changes including the
ring planarity, the NH, planarity, and the adenine—sugar
torsional angle. Group D and E structures became slightly less
compact (the adenine group moved a maximum of 0.2 A away
from phosphate), and the adenine which was previously more
perpendicular to the phosphate chain became more oriented
toward it. The group A structures became slightly more compact,
with the adenine becoming less planar (particularly for the o3-
tautomer).

The computed harmonic vibrational frequencies of the lowest-
energy conformer of each of the four tautomers of Na*+[ATP-
2H]*~ (Figure 5) is available in the Supporting Information
(Table 1S), along with frequencies for the lowest-energy
conformers of [ATP-2H]?*". Vibrational frequencies are available
for all of the conformers displayed in Figure 2 on request. The
calculated frequencies indicate that the conformers display
distinctive patterns of vibrational frequencies that should allow
them to be identified using IR spectroscopy.

3.2. [ATP-2H]*". Calculated geometric structures for [ATP-
2H]*" were presented in an earlier paper to aid the interpretation
of collision-induced dissociation measurements.?2 However, full
details of the calculations were not given and are therefore
described here to illustrate the methodology for a second system.
For [ATP-2H]?>", the general method is the same as for
Nat+[ATP-2H]*~ except that full optimizations (B3LYP/6-
314+G*) were only carried out for the B3LYP/6-314+G*(sp)
lowest-energy conformer of each tautomer.

3.2a. Description of the Conformer Families for [ATP-
2HP". In contrast to Na™«[ATP-2H]>", the conformers of [ATP-
2H]*" displayed more modest structural variation. For all of
the [ATP-2H]*~ conformers, the two sugar OH groups and the
two protonated phosphate OH groups form hydrogen bonds with
the rest of the triphosphate producing a cyclical arrangement
for the phosphate chain.

Detailed inspection of the conformer structures, however,
reveals that there is considerable variation in the number and
type of hydrogen bonds, and these interactions were therefore
used to classify [ATP-2H]?". The af-tautomer, for example,
was classified into families as follows: this tautomer has four
different OH groups (Figure 1b), labeled yOH,; and yOH,
(terminal phosphate groups), and OH, and OHj; of the sugar.
There are also five negatively charged O°~ groups labeled YO,
(terminal phosphate group), fO; and SO, (central phosphate
group), and 0tO; and O, (phosphate group nearest the sugar
ring). The of-tautomer conformers each displays four of the
following hydrogen-bonding interactions; yOH; — f0O;, yOH,
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TABLE 3: Hydrogen-Bonding Interactions Used To Define
the Conformer Families of the af-Tautomer of
[ATP-2H]?> *»

conformer
family hydrogen-bonding interactions
a yOH, — O, yOH, — aO; OH;— 0, OH,— OHj;
b j/OHl - ﬁO] }/OHZ — a0, OH; — QO] OHZ — OHj;
¢ yOH, — 0, yOH, — a0, OH;— 00, OH, — OHj;
d yOH, — O, yOH, — 00, OH;— 0O, OH,— OH;
e yOH, — B0, yOH, — aO, OH;— 0, OH,— 0,

“H-bonds are listed from the most terminal OH group inward
toward the sugar ring. ” Representative structures are presented in
Figure 6.
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Figure 7. Energy distribution plots (relative energies in kcal/mol) for
the conformers of [ATP-2H]*~ labeled according to tautomeric species:
(a) MMFF9%4 energies (100 lowest-energy conformers), and (b) B3LYP/
6-31+G*(sp) energies (50 lowest-energy conformers).

- (101, OH3 - (XO], OH3 e 0.02, OH3 - ﬁOQ, OH3 - ﬁO],
OH, — OHj;, and OH, — f0,. These hydrogen bonds include
both “typical” hydrogen bonds and “loose” hydrogen-bond-like
interactions.>' Table 3 lists the hydrogen bonds for the resulting
five conformer families (a—e), with representative structures
presented in Figure 6. The same procedure was used for each
tautomer, resulting in a specific list of hydrogen bonds for each
conformer observed and hence a straightforward separation of
the conformers into families.

3.2b. Energies of the [ATP-2HP~ Conformers: Comparing
the Single-Point and Optimized Energies. Figure 7a displays
a plot of the MMFF94 energy distribution of the 100 lowest-
energy conformers of [ATP-2H]*>~ obtained from the initial
conformer search, labeled according to their tautomeric species.
The plot illustrates that, at the MMFF94 level, the lowest-energy
tautomer is again the yy-tautomer, with the other tautomers lying
considerably higher in energy (oy <y < o3). The results mirror
the Nat+[ATP-2H]*" results since the energy variation between
conformers of a tautomer is small relative to the energy
difference between tautomers. The B3LYP/6-31+G* (sp) energy
distribution for the [ATP-2H]?>~ conformers (labeled according
to tautomer) is shown in Figure 7b. As in Nat+[ATP-2H]*",
yy is the highest-energy tautomer compared to being the lowest-
energy MMFF94 tautomer, with the overall tautomer ordering
being af < fy < ay < yy.

An MMFF94 energy plot of the o3-tautomer conformers is
displayed in Figure 8a, with the conformers labeled according
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Figure 8. Energy distribution plots (relative energies in kcal/mol) for
the o,-tautomer conformers of [ATP-2H]>~ labeled according to family:
(a) MMFF94 energies and (b) B3LYP/6-31+G*(sp) energies.

(@)

Figure 9. Optimized geometric structures (B3LYP/6-31+G*) of the
lowest-energy conformational minima of the (a) oy-tautomer (family
a conformer), (b) a-tautomer (family a conformer), (c) Sy-tautomer
(family b conformer), and (d) yy-tautomers (family b conformer) of
[ATP-2H]?>". The B3LYP/6-31-+G* relative energies are included on
the figure. Typical hydrogen bonds are indicated as red dashed lines,
with “loose” hydrogen-bond-like interactions as blue dotted lines.’!

to family. Although there is some overlap in the energies of
the different families, the family a structures display the lowest
energies. The corresponding B3LYP/6-31+G* (sp) energy plot
is displayed in Figure 8b. As in Na*+[ATP-2H]*", it is notable
that the relative ordering of the families is reasonably consistent
on going from MMFF94 to B3LYP/6-31+G* (sp), with the
family a structures again lying lowest in energy, followed by
the family d structures. (We note that the most abundantly
populated family, a, lies at the lowest energy in both the
MMFF9%4 and B3LYP/6-31+G* (sp) plots.)

3.2c. Geometric Changes of the [ATP-2HJ?~ Conformer
Structures upon Optimization. Full B3ALYP/6-31+G* geometry
optimizations were performed for the lowest-energy B3LYP/
6-31+G*(sp) conformer of each tautomer. The optimized
structures are displayed in Figure 9, with Table 4 listing the
absolute, relative and zero-point-corrected energies. (Frequency
calculations were conducted for these structures to ensure they
are true minima. Selected IR vibrational frequencies obtained
from the calculations are presented in Table 1S of the Supporting
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TABLE 4: B3LYP/6-31+G*(sp), and B3LYP/6-31+G*
Optimized Energies for the Lowest-Energy Conformers of
the [ATP-2H)*>~ Tautomers®

B3LYP-6-31+G*(sp) B3LYP/6-31+G*
tautomer E/H AE/eV E‘H AE/eV

oy —2665.691 0.000  —2665.728 (—2665.422) 0.227 (0.273)
of —2665.594 0.097  —2665.737 (—2665.432) 0.000 (0.000)
By —2665.562 0.129  —2665.726 (—2665.420) 0.280 (0.327)
Yy —2665.588 0.103  —2665.731 (—2665.425) 0.165 (0.191)

@ Zero-point-energy-corrected values are included in parentheses.

Information.) The lowest-energy conformer is an a5-tautomer
(Figure 9b), with the phosphate chain adopting a cyclic structure
where the excess charges are stabilized by intramolecular
hydrogen bonds. The primary hydrogen bonds connect yOH,
to S0y, YOH, to 0O, and OHj of the ribose sugar to SO,. Two
additional weak hydrogen-bonding type interactions are also
present. This low-energy structure was successfully used (along
with structures for [ATP-2H]™ and the related adenosine 5'-
diphosphate anions) to provide a full interpretation of collision-
induced dissociation measurements for this system.??

Overall, the conformeric structures changed very little upon
optimization, with the specific hydrogen-bonding interactions
and the gross structures remaining the same. Minor changes
involved the bond lengths and angles along the phosphate chain,
and the torsional angle of the adenine with respect to the sugar
ring. The adenine remained planar, and oriented toward the
phosphate chain, and the phosphate groups retained their cyclical
hydrogen-bonding arrangement upon optimization. The distance
between the phosphate groups and the adenine remained almost
constant upon optimization, across the four tautomers.

3.3. Comparison of [ATP-2H]?>~ with Na™ :[ATP-2HJ% In
order to compare the structures of [ATP-2H]*~ with those
obtained for Na*+[ATP-2H]?>" in more detail, the [ATP-2H]*~
conformations were separated into groups labeled A—E, based
as closely as possible on the Na™+[ATP-2H]*~ families (section
3.1a). Figure 10 illustrates these [ATP-2H]*" structural groups
allowing direct comparison with Figure 2. All of the Na™+[ATP-
2H]*>" structures are considerably more compact than the bare
[ATP-2H]*" structures, and there is much less structural
variation among the [ATP-2H]*~ conformations compared to
Na"+[ATP-2H]>". This is reflected in the B3LYP relative
energies of the conformers of the two systems (Figures 3b and
7b), where the Na*t+[ATP-2H]? conformers have energies spread
across 46 kcal/mol, compared to 28 kcal/mol for the [ATP-
2H]*" conformers.

The hydrogen bonds within the phosphate chain are broadly
similar in the sodiated and unsodiated tautomers, with similar
structural motifs evident across the two systems, i.e., the cyclical
arrangement of hydrogen bonds within the phosphate chain. This
cyclical arrangement reflects the conformer structures adopted
by the H3P30,(>" triphosphate dianion.'#??

As discussed above, a number of the Nat+[ATP-2H]*~ structures
have the Na* interacting with both the phosphate chain and the
adenine. In the group A structures in particular, this double
interaction (the Na™ is typically ~2.5 A from the adenine) results
in an acute phosphate—sugar—adenine angle conformation for the
[ATP-2H]*~ moiety within the cation—dianion complex (Table 1).
No such “acute” angle structures were observed as low-energy
conformers for [ATP-2H]?", since in the absence of the sodium
cation, [ATP-2H]?>" is able to maximize its noncovalent interac-
tions without having to pay the energetic penalty associated with
adopting the acute angle geometry. The conformers with the
more acute phosphate—sugar—adenine angle display hydrogen-
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bonding interactions between the sugar and adenine groups,
whereas conformers with more obtuse angles (including all the
[ATP-2H]* structures) have the sugar hydrogen bonding to the
phosphate chain.

For the Na®+[ATP-2H]?>" structures, interactions exist be-
tween the phosphate chain and the adenine group, at the expense
of hydrogen-bonding interactions between the phosphate chain
and the sugar ring. There are no interactions between the
phosphate chain and the adenine group for any of the [ATP-
2H]?" structures, and the phosphate chain is always hydrogen
bonded to one or both of the sugar OH groups. In Na™+[ATP-
2H]*", there are conformers where the OH groups on the
phosphate chain are free, i.e., not hydrogen bonded (e.g., all
structures of the of3-tautomer). The [ATP-2H]*~ OH groups,
by contrast, are always hydrogen bonded. This is a direct result
of the presence of strong cationic interactions in Na*t+[ATP-
2H]*.

As noted above, the family C—E structures of Na'+[ATP-
2H]?*" share a number of common structural motifs with those
seen in conformations of bare [ATP-2H]?>". However, the
Na™+[ATP-2H]*~ complexes display relatively smaller distances
between the phosphate and adenine groups, compared to [ATP-
2H]*", indicating that the Na® strengthens these hydrogen-
bonding interactions by polarizing the phosphate bonds.

4. Further Discussion

The only related study we are aware of to the work presented
here is a molecular modeling investigation by Jin et al. of the
preferred binding sites of Na* to negatively charged glycosami-
noglycan disaccharides and tetrasaccharides.?® The cations were
found to significantly distort the sugar rings and to produce a
greater variety of conformational structures than appear for the
uncomplexed sugars. For the disaccharides, the cation acted as
a bridge between the two sugar rings, simultaneously interacting
with the two anionic sugar units. For the larger, more flexible
tetrasaccharides, the sodiated structures were found to exhibit
very compact structures. The calculations revealed that the Na™*
plays a vital role in reducing the Coulombic repulsion in these
multiply charged species and hence enhances their gas-phase
stability. The work of Jin et al. has very close parallels to our
results, particularly in respect of the more varied structures
obtained upon cation complexation. The “tightening” of the
sugar complexes upon addition of Na™ and the compact nature
of our Nat:[ATP-2H]?>" structures are a direct result of
the stabilization of the gas-phase species via the reduction of
the Coulombic repulsion associated with the excess negative
charges.

The Na'+[ATP-2H]?>" structures could be classified into
families via a range of different criteria. It is important to
emphasize that the main point of grouping structures into
families is to ensure that structurally similar structures are not
unnecessarily optimized in the hierarchical calculations. This
provides a criterion for assessing different classification strate-
gies, i.e., classification must group together conformers that
display similar gross structures.

We initially attempted to classify the sodiated complexes by
their hydrogen-bonding interactions, following the scheme
described for [ATP-2H]*>" in section 3.2a. However, it was
immediately evident that the hydrogen bonds varied much less
in the Nat+[ATP-2H]*~ conformers compared to [ATP-2H]*".
Classification using hydrogen bonding resulted predominantly
in just three families per tautomer (four for ay), but the
“families” consisted of conformers that displayed very different
gross structures. (Similar gross-structure conformers appeared
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Figure 10. Table illustrating the five structural groups (A—E) of the four tautomers (ay, o3, By, and yy) of [ATP-2H]*~ for comparison with the
corresponding table of structures for Na*+[ATP-2H]*~ given in Figure 2. The structures displayed are the MMFF94 structures and are shown with

the ribose oriented the same way for each structure (as in Figure 2).

in different families; e.g., for ay the family B, D, and E
conformers displayed in Figure 2 appeared in a single family
following classification just by hydrogen-bonding.)

Given the dominance of the cationic interactions within
Na'+[ATP-2H]*", the structures could also be classified via
analysis of the cation binding sites. The Na™ associates closely
with the negatively charged phosphate chain in all of the
conformers, but interacts with the electron-rich adenine to
varying degrees. There are primary binding sites of Na¥ to
adenine associated with the N;, N3, and N5 nitrogens,>® sug-
gesting that the conformers could be grouped according to how
closely the Na® was associated with each of these positions.
However, this classification again resulted in families of
structures consisting of conformers with very different gross
structures. For example, although the Na*—N;, —Nj;, and —N;
distances for the lowest-energy family A and B conformers of
the yy-tautomer are similar (Table 1), the Na™ lies above the
plane of the adenine ring for the family A conformers, but in
the plane of the ring for the family B conformers. Ultimately,
we resorted to inspecting the geometries manually and grouping
them according to similar gross structures. The resulting families
display characteristic noncovalent interactions, which are com-
binations of both hydrogen-bonding interactions and cation—
phosphate and cation—adenine interactions. It would be of
interest to analyze the noncovalent interactions within the
resulting families of conformers quantitatively in future work.>*?!

In conclusion, the structural variation (and hence classifica-
tion) of the Na™+[ATP-2H]>" conformers is more complex than
for [ATP-2H]*, since the three-dimensional gas-phase structures
adopted by the sodiated complex involve interplay between both
cationic and hydrogen-bonding interactions. The number of
hydrogen-bonding interactions is reduced in some of the
conformer families to maximize the cationic interactions.

However, the hydrogen bonds still play a crucial role in
controlling the overall conformation of the structures.

5. Concluding Remarks

The identification of the lowest-energy isomers for a con-
formationally flexible molecular system is a problem of intense
current interest.”® For certain experimental techniques, e.g., ion
mobility measurements,’® molecular dynamics simulations have
proved successful at providing adequate geometric structures
to allow a reliable interpretation of the data obtained. However,
the current advances in gas-phase laser spectroscopy of larger
molecular systems, including protonated and deprotonated
polypeptides,”’>® demand that higher-level calculations are
performed to fully optimize the molecular geometries and
provide vibrational frequencies. Such calculations are still
restrictively expensive for the size of systems that are now
spectroscopically accessible. It is, therefore, important to have
a reliable methodology for selecting trial structures that are likely
to represent low-energy conformations.

The method presented in this paper of grouping structures
according to families of structures that display similar gross
molecular structures ensures that a representative sample of
conformational structures is retained for hierarchical analysis,
while very similar conformational structures are eliminated. The
hierarchical (B3LYP and MP2) calculations indicate that the
MMFF94 energies for different tautomers can be unreliable:
while the MMFF94 energies of Na®+[ATP-2H]*>~ and [ATP-
2H]?*" indicated that the yy-tautomer conformers appeared at
much lower energies than the other tautomers, our higher-level
calculations revealed that these conformers in fact represented
the highest-energy structures. This illustrates the problem with
any hierarchical refinement if the initial energies are unreliable,
and indicates the importance of sampling widely prior to refining
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the energies. Our method attempts to circumvent this problem
by not just sampling from the lowest-energy force-field struc-
tures, since we do not omit any unique structural types just
because they initially appear to be higher in energy.

For the Na®-[ATP-2H]*>~ and [ATP-2H]*~ systems, the
geometries obtained from the MMFF94 molecular mechanics
simulations changed only very little upon full optimization. This
finding is in line with results from a recent study by Kaminsky
and Jensen who found that the MMFF94 force field performed
well for a fixed-charge force field at providing geometries and
relative energies for amino acid (mixed-charge) conformations.*
Given that the conformer geometries of Na'+[ATP-2H]>~
change little upon B3LYP optimization, it would be reasonable
for similar systems to proceed straight to MP2(sp) energies to
select the low-energy conformers prior to full optimization, with
the caveat that all molecular tautomers should be explored.
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