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Multiply charged anions (MCAS) represent highly energetic species in the gas phase but can be stabilized
through formation of molecular clusters with solvent molecules or counterions. We explanéémeolecular
stabilization of excess negative charge in gas-phase MCAs by probing the intrinsic stability of the [adenosine
5'-triphosphate-2HT ([ATP-2H]?"), [adenosine Bdiphosphate-2HT (JADP-2H]?"), and BP;0,¢>~ dianions

and their protonated monoanionic analogues. The relative activation barriers for decay of the dianions via
electron detachment or ionic fragmentation are investigated using resonance excitation of ions isolated within
a quadrupole trap. All of the dianions decayed via ionic fragmentation demonstrating that the repulsive Coulomb
barriers (RCB) for ionic fragmentation lie below the RCBs for electron detachment. Both the electrospray
ionization mass spectra (ESI-MS) and total fragmentation energies for [ATP;ZADP-2H]?~, and HP;010>~

indicate that the multiply chargedsPtO;¢>~ phosphate moiety is stabilized by the presence of the adenosine
group and the stability of the dianions increases in the ordBs®{,?>~ < [ADP-2H]?~ < [ATP-2H]?>". Fully
optimized, B3LYP/6-31G* minimum energy structures illustrate that the excess charges in all of the phosphate
anions are stabilized by intramolecular hydrogen bonding either within the phosphate chain or between the
phosphate and the adenosine. We develop a model to illustrate that the relative magnitudes of the RCBs and
hence the stability of these ions is dominated by the extent of intramolecular hydrogen bonding.

1. Introduction In this paper, we address the issue of intramolecular stabiliza-
The study of isolated, gas-phase multiply charged anions tion of excess charge by investigating the intrinsic stability of

(MCAs) has developed into a rapidly expanding research field 98S-phase [adgnosinétﬁphoiPhath]”‘ (r[éTP-n_H]”‘) and
over recent years, with considerable experimental and theoretical2denosine SdiphosphateiH]™ (IADP-nH]"), n =1 and 2,
effort being expended to provide preliminary insights into the COMPared to the §PsO10™" and HP:O0™ triphosphates. Figure
electronic and geometric properties of MC&d3 Much of this Lillustrates the chemical structures of the fully protonated forms

research effort is driven by the challenge of understanding the ©f the ions. (The phosphate/ADP/ATP system is used here since

unique physical characteristics of these systems. For examplelt Provides an ideathemicalsystem for exploring how the

the ground-state potential energy surfaces of MCAs are genera”ystability of an MCA evolves across a series of closely related
dominated by novel repulsive Coulomb barriers (RCBs) that molécularions.) In general, a gas-phase MCA such as [ATP-
2H]?~ can be unstable with respect to decay via either electron

arise from the combination of the long-range Coulomb repulsion e - -
between the excess negative charges and the short-rangd€t@chment (eq 1a) or ionic fragmentation (eq 1b); i.e.

attractive interaction. These RCBs can impart electronic or [ATP-2H]*” — [ATP-2H] + e~ (1a)
thermodynamic metastability to an MCA, and a detailed
understanding of the nature and effects of RCBs on the physical [ATP-2H]2—> [ADP-H]™ + PO;” (1b)

properties of MCAs is a focus of much current rese@ré¥. 12 .
MCAs are common species in condensed phase environments' 1€ "elevant potential energy surfaces for (1a) and (1b) are

since the local electric field provided by solvent molecules or |Ilustr§1ted in F?gure 2'. To Qate, the majority Of. fundamentgl
counterions stabilizes the MCA with respect to Coulombic chemical physics studies aimed at understanding the detailed

explosion. In contrast, the stabilizing local field is absent for Potential energy surfaces of multiply charged anions (e.g. the

an isolated gas-phase MCA and the Coulomb repulsion betweenVOrK of Wang, Simons, Compton, and Cederbaum) have

the excess charges can therefore only be reduced via electrorﬁOcusecj very strongly on electron detachment decay. In a recent
loss or ionic fragmentation. There have now been a number of study? we investigated the collisional excitation of a series of
gas-phase studies exploring the stabilization of MCAs by transition metal complex metal dianions, MX, where M=

microsolvation (e.g. S&+nH,0, n = 1-40, and dicarboxylate- Ir, Os, Rej and Pt and X C.l and Br, .and demons'Frated that
nH.0, n = 1-10)1317 and counterion complexation (e.g. the repulsive Coulomb barrier for ionic fragmentation (RELB

Na*-SO2~ and Cg-Ce?).18-20 However, little attention has lies below the RCB for electron detachment (RgBor each

been paid tantramolecularstabilization of multiple charges ~ ©f these ions. Furthermore, we developed a simple model to

via noncovalent interaction with a covalently attached dielectric rgnonallze the rztilat!ve .he|ghts of the RQBS for lonic fr.agm.enta-
group. tion of the MXs?~ dianions, thus providing a new insight into

the factors controlling the potential energy surfaces for ionic
* Corresponding author. Fax: 44-1904-432516. E-mail: ced5@york.ac.uk. fragmentation of MCAs.
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NH, ATP is a ubiquitous biological molecule that is found in all
groups of organisms. It plays an essential biochemical role as
(a) N XN the primary molecule through which energy is transmitted in

.

)

N

living cells2?2 ATP carries multiple negative charges in the
physiological pH range, and the Coulombic repulsion that exists
between these excess charges contributes to the energy rich
character of its phosphate borfdsAlthough the study of
biologically relevant molecules in the gas phase has represented
a rapidly growing area of research in the past few yé&%,it

is surprising that relatively little work has been conducted on
the ATP systeni®36 The ATP and ADP anions are of interest
as model gas-phase biological molecules since their excess
charges are expected to lead to cyclization due to intramolecular
hydrogen-bond formation. This situation mirrors the much more
widely recognized and studied cyclization of protonated pep-
tides3” We present ab initio results to support previous hydration
free energy measurements which indicated the presence of
intramolecular hydrogen bonds in gas-phase [ADP22Hli-
anions?®

2. Experimental Section

A Finnigan LCQ electrospray quadrupole ion trap mass

Ho TH o TH o TH oH spectrometer was employed for all experiments, run in negative
g NN ion mode. The signal was generally optimized using the
||V ||'3 || a automatic tuning capabilities of the LCQ, although additional

0 o} o} spectra were recorded by manually varying the cone voltage

Figure 1. Chemical structures of the fully protonated forms of (a)
ATP, (b) ADP, and (c) BPsO10. Thea, 3, andy labels are used to
define the tautomeric structures of the related anions.
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Figure 2. Potential energy surfaces (schematic) for dissociation of
the [ATP-2HF~ dianion via ionic fragmentation and electron detach-
ment. The RCBs(inner) for electron detachment (REBNd ionic
fragmentation (RCPB are illustrated.

(CV) from —2.2 to—4.2 kV and the capillary temperature (CT)
from 70 to 250°C to optimize the anion signals. Sample solution
concentrations werel x 10~ M (80:20 methanol/water), prior

to electrospraying in pure methanol at a flow rate eflL3min.
Compounds were purchased from Aldrich and used without
further purification.

The mass spectra were obtained over a mass windowzof
50—600 (lowernvz features are very poorly detected by the
LCQ). Collision-induced dissociation (CID) (oresonance
excitation) was performed on isolated ions by applying an
excitation voltage to the trap end caps to induce collisions of
the isolated anions with the helium buffer gasl(x 107*
Torr).21 The application of a resonance excitation signal to the
ion trap endcap electrodes matched to the secular frequency of
the isolated ions induces an increase in the amplitude of axial
motion of the ions and, therefore, an increase in the kinetic
energy of the ion8138In contrast to CID experiments in triple
quadrupole instrumen#the kinetic energy imparted to the ions
is not well defined and is not the same for all masses. This
fact, coupled with uncertainties as to the internal energies of
the isolated ions, makes quantitative measurements of activation
barrier extremely difficult. However, Brodb&thas demon-
strated that the threshold to dissociation using resonance
excitation in a quadrupole ion trap is directly proportional to

Our aim here is to extend our earlier work to investigate the decomposition activation barrier for ions of up~&00 amu
whether a similar model can be used to understand the relativein difference. We are therefore confident that we will be able
RCBs for ionic fragmentation in a series of structurally related, to extract information concerning the relative decomposition
covalently bonded MCAs. We employ a combination of activation barriers between ions of interest. The LCQ uses a
electrospray ionization and quadrupole ion-trap mass spectrom-Mathieu parametergg) of 0.25 for resonance excitation, and
etry to establish whether the [ATP-2H] [ADP-2H]?-, and ions are subject to a 30 ms excitation time. The excitation
HsPs01¢2~ MCAs are indeed prone to decay via ionic fragmen- voltage amplitude was varied between 0 and 2.5 V zero-to-
tation and to explore the relative stability of these MCAs. While peak resonant excitation potential. CID energies are quoted as
laser spectroscopic measurements are desirable for detailech percentage of 2.5 V in line with standard nomenclatifé.
explorations of the MCA potential energy surfaces, quadrupole Precursor ion excitation within the ion trap involves multiple
ion-trap mass spectroscopy can provide a straightforward andlow energy collisions with helium at a frequency-el0* s~1 21
economical means to establish the relative activation energiesand is therefore similar to thermal excitation in a hot, low-
for suitable groups of io#%and is, therefore, an ideal precursor pressure gas. When the high-energy tail of the ion energy
to future laser spectroscopy studies. envelope reaches the activation energy for the lowest energy
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Figure 3. Negative ion ESI-MS of the sodium salt of ATP (tuning on
m/z = 252.5), sprayed at a capillary temperature of 20Gand a cone
voltage of—2.2 kV.
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decomposition pathway (i.e. the lower energy RCB), decom-
position begins to occur and fragment ions are observed. Typical
experimental errors for the fragment ion decay curves (obtained
from repeat runs) were-3%.
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Initial conformational searches for the 100 lowest energy 100
conformers of each of the anions studied in this work were (C)
carried out using the Merk Molecular Force Field (MMFF94) _
as implemented in SPARTAR.Conformational searches were [ADP-H]
conducted on a varying number of tautomers for each of the
systems studied, as detailed in the results section. Single point 50
energies were calculated for each of the resulting conformers PO. ,
at the B3LYP/6-3%+G* level, and the lowest energy conformer 3 [ATP-2H]™
obtained for each tautomer was then fully optimized (using ‘

default convergence criteria) in GAUSSIAN &38To test the
reliability of this approach, four conformers were chosen at
random from three sets of the tautomers and subjected to
geometry optimization. The tests revealed that the relative m/z
energies of conformers remain unchanged upon full optimiza- Figure 4. (a) Isolation of [ATP-2H}~ in the quadrupole trap at 0%
tion, except where the single point energies varied by less thancollision energy, (b) CID mass spectrum of [ATP-2Hgt 5% collision
0.1 eV. In such cases, optimization of all structures with similar %’;Sr?p{'bgr_ﬂ](,c)ar;tpa(g?% collision energy, illustrating fragmentation
relative energies was therefore essential. (This situation only '
occurred for thex,3-tautomer of ATP-.)

Frequencies were calculated for all optimized species to as [ATP-3HF-2Na" within the ESI microdroplets. A list of
confirm the geometries were minima on the potential energy the main peaks present under the various ESI-MS conditions

T | | .
100 150 200 250 300 350 400 450 500 550 600 650 700

surface. employed is displayed in Table 1S, available in the Supporting
_ Information.
4. Experimental Results The doubly charged [ATP-2R7 dianion was isolated in the

4.1. [ATP-nH]"™ (n = 1, 2).Figure 3 displays the negative  quadrupole ion trap (Figure 4a) and subjected to resonance
ion ESI-MS of the sodium salt of ATP (CT of 20). The excitation to investigate its decay pathways. Even at 0% collision
singly charged species, [ATP-2H}Na", [ATP-3H]*~-2Na", energy (Figure 4a), [ATP-2RT can be seen to decay with
[ATP-H]~, and [ATP-4H}-3Na", are the main species ob- production of [ADP-HJ. A similar effect has been observed
served, with the doubly charged [ATP-ZH]ion appearing at in previous CID studies of multiply charged idrf$and can be
m/z= 252.5 with slightly lower intensity than the singly charged attributed to the dissociation of metastable parent dianions that
ions. The presence of the [ADRH]~ peak indicates that ionic  are thermally or collisionally activated as they travel through
fragmentation of ATP can occur either in the bulk solution or the mass spectrometer. Figure 4b,c displays the resulting
within the mass spectrometer’s source region. Decreasing thefragment ion mass spectra obtained at 5% and 25% collision
CT further increased the relative abundance of impurity peaks energy, illustrating that [ATP-2H} decays into [ADP-H] and
(i.e. ion—solvent clusters), while increasing the CT reduced the PO;~ upon resonance excitation. (The lowafz PO;~ ion is
impurity peaks but also reduced the intensity of [ATP-2H] not detected as efficiently as the higher mass fragments in the
Neither [ATP-3HF~ nor [ATP-4H}*~ was present in the ESI-  LCQ, and therefore, the product ions do not appear with identical
MS, despite the fact that these ions are known to exist in bulk intensities.) Figure 5 displays the [ATP-ZH]CID fragmenta-
solution at the experimental pH. The absence of these ions couldtion results as a function of collision energy, illustrating that
be attributed to a number of causes including their intrinsic the dianion is almost entirely fragmented at 25% collision
instability with respect to ionic fragmentation, rapid protonation energy.
within solvent microdroplets during the final stages of the ESI  The fragment ions observed upon resonance excitation of
desolvation, or preferential formation of ion-pair complexes such [ATP-2H]2~ are consistent with ionic fragmentation of the
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Figure 5. % fragmentation curves for (a) decay of the [ATP-2H]
parent dianion into (b) the [ADP-H]and PQ~ product fragment ions

and (c) decay of the [ATP-H]parent anion. Typical experimental errors
(obtained from repeat runs) wese3%.

“high-energy” phosphate bond (eq 1b). [ATP-2Hjs not
produced upon excitation of the dianion, a notable result given
the widespread view that gas-phase dianions are primarily
unstable with respect to electron detachment. These observation
indicate that RCB(inner) lies below RCR{inner) for [ATP-
2H]?", as illustrated schematically in Figure 2.

To investigate the effect of charge state on the fragmentation
pathway of the molecular ion, the [AFfH]~ monoanion was

Burke et al.
100 .
- [ADP-H] | (aADP-2H]> .Na"
= . .
= o
9 [AMP-2H]" .Na
2 )
£ [AMP-H] [ADP-3H]".(Na"),
@ 50
=
— 2.
@ [ADP-2H]
()
o

100 150 200 250 300 350 400 450 500
m/z

Figure 6. Negative ion ESI-MS of the sodium salt of ADP (tuning on
m/z= 212.5), sprayed at a capillary temperature of 20Gand a cone
voltage of—4.2 kV.

Our main purpose in using the fragment onset curves
displayed in Figure 5 is that it provides a fuller picture of the
fragmentation characteristics than single CID-MS. CID fragment
ion intensities are influenced by the mass and degrees of freedom
of the parent ion and by kinetic shifts, but in general the
maximum collision energy converted to internal energy is
proportional to the relative collision energy and inversely
proportional to the parent ion ma&st (In using this approach
to compare ions of similar/z values but with different charges,
we are following the previous work of ref 41.) Since [ATP-
2H]?~ and [ATP-HJ differ by only a single mass unit, the CID
curves provide a good indication of the relative barrier heights
for fragmentation. In evaluating the fragmentation energetics
of different ions, it is useful to compare the collision energy
required to deplete the parent ion concentration by Hal{.

For [ATP-2HE~ Enar requires 8% collision energy, whereas
[ATP-H]~ requires 15% collision (Table 1), reflecting the
intrinsic instability of the multiply charged ion compared to the
monoanion due to the presence of uncompensated coulomb
repulsion. Finally, we note the distinctive, sharp fragmentation
onset of the [ATP-H] monoanion compared to the [ATP-2H]

gianion studied above; this appears to reflect differences in the

potential energy surfaces of the singly and multiply charged
anions across the dissociation thresholds.

4.2 ADP"™ (n = 1, 2). Figure 6 displays the negative ion
ESI-MS of the sodium salt of ADP (CT of 200C). The

isolated in the quadrupole ion trap and subjected to resonanceSpectrum has an appearance similar to that of the ATP ESI-MS

excitation. Figure 5c displays the [ATP-H]fragmentation

presented above (Figure 3), with the main species corresponding

results as a function of collision energy. The dominant to the singly charged moieties, [ADP-H][ADP-3H]*"-2Na",

fragmentation channel at lower collision energies corresponds
to loss of HPQ, with production of the associatedd81:NsP>Og~
anionic fragment. At higher collision energies, a number of
additional minor fragmentation channels appear. The % frag-
mentation curves for the product ion changes are included as
Supporting Information (Figure 1S).

and [ADP-2HF+Na', while the doubly charged [ADP-2H]

ion is present at lower intensity a¥z = 212.5. The presence
of the [AMP-H] ion again indicates that ADP fragmentation
has occurred in the bulk solution or within the mass spectrom-
eter’s source region. At higher CT (27&), the spectrum is
again much cleaner, although the [ADP-2HHianion is now

TABLE 1: ESI-MS and CID Results for the [ATP- nH]"~ and [ADP-nH]"~ (n = 1 and 2), HsP301¢*~, and H4P3015~ Anions

parent ion MV Zobs BPIma? (%) fragment: 0% CID fragment(s): 5% CID Enar® Egun®
[ATP-2H]> 252.5 29 [ADP-HY [ADP-H]~, POs~ 8 46
[ADP-2H]?>~ 2125 15 [AMP-HT [AMP-H]~, PO~ 6 31
H3P3010%~ 128 10 HP.O7~ H3iP,O;, PG~ — 14
[ATP-H]~ 506 95 - - 15 17
[ADP-H]- 426 100 - - 14 16
H4P30107 257 36 - - - 20

aMaximum achievable base peak intensity of parent ion in ESI-MSllision energy necessary to deplete the parent ion intensity by half.

¢ Collision energy necessary to induce total fragmentation of parent io

n.
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Figure 7. (a) Isolation of [ADP-2H}~ in the quadrupole trap at 0%
collision energy, (b) CID mass spectrum of [ADP-2Hjt 5% collision
energy, and (c) that at 25% collision energy, illustrating fragmentation
of [ADP-2H]?~ into [AMP-H]~ and PQ~. At 25% collision energy, a
new fragmentation channel is evident corresponding to fragmentation
of [ADP-2H]?~ into adenine and GHgP,O10.
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entirely absent, indicating its lower intrinsic stability compared
to the larger [ATP-2H]~ analogue.
[ADP-2H]?~ was isolated in the quadrupole ion trap (Figure
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Figure 8. % fragmentation curves for (a) decay of the [ADP-2H]
parent dianion into (b) the [AMPH]~ and PQ~ product fragment
ions, (c) minor product fragment ions, and (d) % fragmentation curve
for decay of the [ADP-H} anion.

fragment intensity decreases sharply and new fragment ions
appear (GH10Ns037, i.e. adenosineH,0, and GoH1:NsPGs—,

i.e. [cyclic AMP-H]"). Enqi for the parent [ADP-2H}™ dianion

is 6% collision energy, compared to 8% collision energy for
[ATP-2H]?". This reflects the lower intrinsic stability of the
smaller [ADP-2H¥~ dianion.

To investigate the effect of charge state on the fragmentation
pathway of the molecular ion, the [ADP-Hmonoanion was
isolated in the quadrupole ion trap and subjected to resonance
excitation. Figure 8d displays the [ADP-H]fragmentation
results as a function of collision energy. As for the [ATP-H]
anion, the dominant fragmentation channel at lower collision
energies corresponds to loss oAy, with a number of
additional minor fragmentation channels appearing at higher
collision energies. The % fragmentation curves for the product
ion channels are included as Supporting Information (Figure
2S). Enarr for the [ADP-2HE~ dianion is 6% collision energy,
compared to 14% collision energy for [ADP-H]As in the ATP
system, this result reflects the intrinsic instability of the multiply
charged [ADP-2H~ compared to the [ADP-H] monoanion.

4.3. HeP301¢*~ and H4P3010~ Anions. The RO;¢>~ moiety
represents the phosphate chain, i.e. the primary charge carrier
in ATP, and the fragmentation ofd:0;2~ and HP;O19~ was
therefore investigated as a comparison to the [AFY, n =

7a) and subjected to resonance excitation to investigate its decayl and 2, ions. The required phosphate species proved challenging

pathways. Figure 7b,c displays the resulting CID spectra
obtained at 5% and 25% collision energy. [ADP-2Hpehaves
like [ATP-2H]?~ at 0% and 5% collision energy, as it fragments
across the phosphate bond with production of the [AMP-H]
and PQ™ anions. At 25% collision energy, a new fragmentation
channel is evident with rupture of the adenttédose bond
occurring to produce adenine] and GHgP,O10, i.e. [ADP-
2H—adenine] anions. Figure 8 displays the [ADP-2H]CID
fragmentation results as a function of collision energy and
illustrates that the dianion is almost entirely fragmented at 20%
collision energy. Above 30% collision energy, the [AMP-H]

to detect under all the ESI-MS conditions employed, with the
H3Ps01¢°~ dianion appearing weakly at low CT (i.e. 7C).

At high CT (275°C), the intensities of the #,0; and PQ~

ions increased, indicating that thef4O,¢>~ dianion is prone

to ionic fragmentation within the ESI source. N@R4O,o™ is
evident in the ESI-MS, indicating that P01~ does not
spontaneously decay via electron detachment. We emphasize
that the greater abundance of [ATP-2H]in the ESI-MS
presented in section 4.1 compared to the4d1,?~ dianion (cf.
Table S2) suggests that the adenosine group provides effective
stabilization of the excess negative charges. This point will be
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(a) and [ADP-2HF~ (31%) is consistent with kP;010?~ being
intrinsically less stable than the ATP/ADP analogues.
The CID fragment mass spectrum of thgPsD;0~ monoanion
OH obtained at a collision energy of 20% is displayed in Figure 9b
for comparison with the correspondingmPO;¢*~ dianion. By
analogy with the [ATP-H} and [ADP-H}" monanions studied
above, HP;0,¢~ fragments predominantly with loss of;PIOy
100 - producing the HROs~ ion. Figure 9b illustrates a possible
H,P.O, fragmentation mechanism. A second, very minor fragmentation
channel is also evident on the CID-MS consistent with loss of
H,O from the parent anion.
It is notable that resonance excitation o§Ps0.0?~ and
H4P3010 leads to decay with the production of the same product
fragments as the respective larger ions; i.eRP#.2~ decays
in the same way as [ATP-2H], etc. The fragmentation
energetics therefore appear to be dominated by the phosphate
chain, and the ATP and ADP anions should display fragmenta-
60 100 140 180 220 260 300 tion mechanisms similar to the ones illustrated faP¥D;?~
m/z and HP;0,0™ in Figure 9.
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(b) 5. Computational Results

/H
TH C)\ /P - o OH 5.1. HeP30:2 and H4P3:01¢-. Figure 1c illustrates the
P P OP/ —» F P +°\F|,/°” labeling scheme used to describe the tautomerszB§®i % ;
| for example,ao refers to the tautomer where both excess
charges are centered on thg@hosphate group. Only tautomers
100 of and ay of H3Ps010> were subjected to conformational

- searches in SPARTAN, since tautoneex should lie higher in
HP,O, energy due to the substantial Coulombic repulsion that would

exist between adjacent negative charges.

Figure 10 displays the optimized structures and relative
energies of tautomerss and oy, obtained following the
procedure described in section 3. Key geometric parameters are

H2P3Og_ displayed in Table 2. Each of the optimized structures displays
three intramolecular hydrogen bonds, which we classify as either
typical (<3 A, 180+ 25°) or loose 3.5 A, 180+ 65°).45 For
conformers +V, the three hydrogen bonds are all involved in
stabilizing the excess charges, whereas conformer VI lies at

m/z higher energy as only two of the hydrogen bonds involve the

Figure 9. CID mass spectra of (a) R:0.0"" illustrating complete negative charges. ConformersY all adopt cyclic structures,
gggmgm‘;‘“g? T;&e gg:’l?sr;f)gIa;%%nrégtoatr:]ﬁg)j:&;ﬁ’P(iﬁzjgt:’c;?i?‘lg with the conformers only differing in the positions of the
complete fragmentation of the parent anion into,8§ via loss of hy(_jrogen bonds Wh”e.the positions of the atoms are similar.
HsPQy at 20% collision energy. Possible fragmentation mechanisms 1hiS means that the distances between the oxygen atoms are
are illustrated. comparable, so that the Coulombic repulsion indifeand oy

tautomers is similar. In fact, the lowest energy conformer is an
discussed further in section 6. A list of the main peaks present a3-tautomer, presumably due to the fact that the primary
under the various ESI-MS conditions employed is displayed in hydrogen bond (4,5) is able to adopt a more optimum geometry
Table 2S, available in the Supporting Information. than in the ay-tautomer conformer 1. We note that the

To investigate whether RGBor RCBegis the lowest energy  identification of anaS-tautomer as the lowest energy tautomer

decay pathway, the 4#:0,0?>~ parent dianion was isolated in is consistent with the proposed fragmentation mechanism
the quadrupole ion trap and activated using resonance excitationdisplayed in Figure 9a. The results obtained are in good
As expected from the ESI-MS, thesPkO1¢>~ dianion decays agreement with previous B3LYP/TZVMRmodified) results!’

with production of HP,O;~ and PQ~ upon resonance excitation Figure 11 illustrates the optimized conformers and energies
(Figure 9a). A possible fragmentation mechanism is illustrated. of H4P;010~ obtained at the B3LYP/6-31G* level of theory,

The production of HP,O;~ and PQ~ unambiguously demon-  with key geometric parameters again listed in Table 2. As in
strates that 5P;010°~ decays via ionic fragmentation (analogous HzP;O10?", the preferred conformation corresponds to a cyclical
to pathway (1b)). We therefore conclude that R@Ener) again head-to-tail arrangement (conformerslY). We note that the
lies below RCRB{inner) for the HP;O12~ dianion. The CID two lowest energy conformers differ only in the position of a
spectrum presented in Figure 9a was recorded at 14% collisionsingle hydrogen atom and could readily interconvert at ambient
energy, the resonance excitation energy at which the parenttemperatures, hence facilitating fragmentation in line with the
dianion had completely decayed into products. Due to the mechanism displayed in Figure 9b. The highest energy noncyclic
difficulty in electrospraying HP;O1¢*~ in our mass spectrometer, conformer, V, closely resembles the highest energy conformer,
it was not possible to obtain % fragmentation curves for this VI, of H3P;010*~ (Figure 10). The preference for cyclic
dianion. However, the relatively low collision energy for total structures and the geometry of the global minimum again agree
breakdown of HP;O;2~ (14%) compared to [ATP-2HT (46%) well with the previous B3LYP/TZVPR results?’

Relative Intensity

1l
100 150 200 250 300 350 400 450 500
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Conformer | Conformer |l Conformer Il
E=00eV E=013¢eV E=0.17 eV

Conformer IV Conformer V Conformer VI

E=022eV E=030eV E=0.48¢eV
Figure 10. Minimum energy structures of ##;0,¢>~ calculated at the B3LYP/6-31G* level. The atom-labeling scheme and relative energies are
illustrated. Typical hydrogen bonds are indicated as red dashed lines, with loose “hydrogen-bond-like” interactions as blue détted lines.

TABLE 2: Key Geometric Parameters for the Minimum Energy Structures of H3P301¢2~ and H4P30:0~ Calculated at the
B3LYP/6-31+G* Level?

conformer
| 1 1 \Y \% VI
H3P301¢2~
bond 1,2 2,3 4,5 1,2 2,3 4,5 1,2 3,4 5,6 1,2 3,4 4,5 1,2 3,4 5,6 1,2 3,4 4.5
angle (deg) 146 151 170 144 152 163 156 153 157 149 147 150 149 145 150 146 116 123
length (A) 1.732 1536 1.392 1.665 1.520 1.446 1.753 1.623 1.492 1.616 1.569 1.519 1.536 1.500 1.790 1.627 2.383 2.299
H4P3010~
bond 1,2 34 56 1,2 34 56 1,2 23 45 1,2 34 35 1,2 23 45 56

angle (deg) 147 152 132 147 133 151 139 151 164 148 147 143 149 149 149 149
length (&) 1.634 1.631 2.030 1.673 2.166 1.497 1.723 1.552 1.625 1.671 1.581 1.695 1.748 1.746 1.746 1.746

a Atom labels follow Figures 10 and 11, with bond angles ofi@--O labeled by thex andy atom labels.

5.2. [ATP-nH]"™ (n = 1, 2).For the ATP and ADP systems, hydrogen bonds, in a structural motif that resembles the lowest
we present only the lowest energy conformer of the lowest energy conformer of EP;Oi0*~ (Figure 10). The primary
energy tautomer for simplicity. The orthophosphate results hydrogen bonds connect the H1 of theohosphate to the O2
presented above illustrate some of the types of conformational of the a-phosphate and the O8 of tffephosphate to the H7 of
flexibility and relative conformer energies that also occur for the ribose sugar. Three additional weak, hydrogen-bonding type
the [ATPnH]"™ and [ADPH1H]"", n =1 and 2, ions. While a  interactions are also present, connecting H9 oft{posphate
variety of conformational structures will clearly be populated to the O8 of the3-phosphate, the two OH groups of the ribose
under the experimental conditions employed, the lowest energy(i.e. H5 and O6), and the O3 of the phosphate chain to the H4
structures are generally representative of a range of the populatedf adenine.
lower energy conformers, which display only modest structural  For the singly charged [ATP-H] the lowest energy tautomer
differences. The lowest energy conformers presented are morg(Figure 12b) corresponds to a structure where the negative
than adequate for providing a basis for a discussion of the charge resides on tleephosphate (O2 and O8) adjacent to the
structural factors that influence the relative stability of the ions adenosine. This situation contrasts with the relatgB:8;0~
(section 6). anion where the lowest energy tautomer accommodates the

The lowest energy tautomer of [ATP-2H]was found to negative charge on thg&phosphate (Figure 11). In the lowest
correspond to a structure where the negative charges reside oenergy [ATP-H} conformer, the primary hydrogen bonds exist
the phosphate groups nearest the adenosine, i.eStteutomer. between the H1 of they-phosphate and the O2 of the
Figure 12a displays the lowest energy conformer of dife o-phosphate group and the O8 of thephosphate and the H7
tautomer obtained at the B3LYP/6-8G* level, with key of the ribose. These dominant interactions mirror those of the
geometric parameters being displayed in Table 3. In the lowestlowest energy conformer of [ATP-2R] (Figure 12a). In
energy structure, the phosphate chain adopts a cyclic structureaddition, weaker hydrogen-bonding-like interactions exist be-
where the excess charges are stabilized by intramoleculartween the H9 of thg-phosphate and the O8 of thephosphate,
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Conformer | Conformer |l Conformer Il
E=00eV E= 0.01eV E=0.05eV

Conformer |V Conformer V

E=0.06 eV E=0.13eV

Figure 11. Minimum energy structures of #;0,0~ calculated at the B3LYP/6-31G* level. The atom-labeling scheme and relative energies are
illustrated. Typical hydrogen bonds are indicated as red dashed lines, with loose “hydrogen-bond-like” interactions as blue détted lines.
(a) TABLE 3: Key Geometric Parameters for the Minimum
J Energy Structures of the [ATP-nH]"~ and [ADP-nH]"~ (n =
1, 2) lons Calculated at the B3LYP/6-3%G* Level?

[ATP-2H]2
bond 1,2 3,4 5,6 7,8 8,9
angle (deg) 170 151 122 167 152
length (A) 1.396 3.036 1914 1563 1.529

v

2 [ATP-H]~
g bond 1,2 3,4 5,6 7,8 8,9 10,11
s angle (deg) 168 151 118 156 145 148
: length (A)  1.496 3.036 2.039 1.623 1735 2216

5@ [ADP-2HJ>

bond 12 3,4 4,5

angle (deg) 151 159 171

length (A) 1.630 1535 1.703
[ADP-H]~

bond 1,2 2,3 4,5 6,7

angle (deg) 153 162 120 152

length (A) 1.870 1.694 1.963 1.879

a Atom labels follow Figures 12 and 13, with bond angles of
O—H*-O¥ labeled by thex andy atom labels.

tautomer. Figure 13a displays the lowest energy conformer of
the a-tautomer obtained at the B3LYP/6-8G* level, with

key geometric parameters presented in Table 3. For this ion,
] o the primary hydrogen bonds exist between the O4 of the
Figure 12. Global minimum energy structures of (a) [ATP-ZHhand B-phosphate and the H3 and H5 atoms of the sugar; a unique

(b) [ATP-H]™ calculated at the B3LYP/6-31G* level. The atom- . . . 7
labeling scheme and relative energies are illustrated. Typical hydrogenStrUCturaI motif that is not observed in the minimum energy

bonds are indicated as red dashed lines, with loose “hydrogen-bond-Structures of [ADP-H] or the [ATPnH]™", n= 1 and 2, ions.
like” interactions as blue dotted liné%. An additional, loose hydrogen bond is also present between the

H2 of the g-phosphate and the O1 of the-phosphate, an

the H11 of they-phosphate and the O10 of tlfiephosphate, interaction that is present in all of the [AT#H]"™ and [ADP-
the two OH groups (i.e. H5 and O6) of the ribose, and the O3 nH]"~ conformers shown in Figures 12 and 13.
of the phosphate chain to the H4 of adenine. The previous two For the singly charged [ADP-H]anion, the lowest energy
interactions again resemble ones found in the lowest energytautomer corresponds to amtautomer where the negative
[ATP-2H]?~ conformer. Key geometric parameters are displayed charge resides on the phosphate adjacent to the adenosine. Figure
in Table 3. 13b displays the lowest energy conformer obtained at the

5.3. [ADP-nH]"~ (n = 1, 2). The lowest energy tautomer of B3LYP/6-31+G* level, with key geometric parameters being
[ADP-2H]?~ corresponds to a structure where one negative included in Table 3. The primary hydrogen bonding interaction
charge resides on each of the two phosphate groups, iog8-an  in this structure occurs between the O2 of thephosphate and
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s &
Figure 13. Global minimum energy structures of (a) [ADP-ZHhnd

(b) [ADP-H]~ calculated at the B3LYP/6-31G* level. The atom-
labeling scheme and relative energies are illustrated. Typical hydrogen

bonds are indicated as red dashed lines, with loose “hydrogen-bond-

like” interactions as blue dotted liné3.

the H3 of the ribose. Additional, loose hydrogen-bonding type
interactions exist between the H1 and H7 groups on the
pB-phosphate to the O2 and O6 oxygens ofdhghosphate group
(an arrangement similar to that for the [ATP-2H]structure
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6. Further Discussion

Upon isolation and resonance excitation in a quadrupole trap,
the [ATP-2HF~, [ADP-2H]?~, and HP;0;¢?~ dianions all decay
via ionic fragmentation of the orthophosphate bond to produce
PG;~ and the respective residual anion. No electron detachment
products were observed, even at relatively high collision
energies. This observation reflects the fact that R{Bner) is
substantially higher than RGBnner) for these dianions,
mirroring results obtained in our group for transition metal
complex dianion8.Although gas-phase molecular dianions are
commonly thought to be primarily unstable with respect to
electron detachment, our results illustrate that ionic fragmenta-
tion will generally represent the preferred lowest energy decay
pathway for dianions that can dissociate to form stable anions.
While larger multiply charged biomolecular ions such as
peptides and oligonucleotides have also been observed to
dissociate via ionic fragmentation, these situations are somewhat
different from the systems studied here where the excess charges
occupy adjacent molecular grouffs>°

Comparing the ESI-MS and % collision energies necessary
to achieve total fragmentatiorEdy) of [ATP-2H]?~, [ADP-
2H]?~, and HPs0,¢* illustrates theéntramolecularstabilization
of multiple charges via noncovalent interaction with a covalently
attached group. We noted in section 4.2 that the resonance
excitation experiments reveal that [ATP-2H]is intrinsically
more stable than [ADP-2Kj, i.e. RCB(inner)[ATP-2HE >
RCB¢(inner)[ADP-2HF~. This result is intriguing since although
the charge-carrying phosphate chain is smaller in ADP than
ATP, our calculations indicate that the excess charges will be
accommodated on adjacent phosphate groups in both dianions,
producing very similar quantities of intramolecular Coulombic
repulsion.

In a recent paper, we proposed a model to illustrate the

displayed in Figure 12a) and between the adjacent OH groupsPhysical origin of the RCBfor a MXe*~ dianion, where M=

of the ribose (i.e. H5 and O4).

5.4. Comparison of the DFT and MMFF94 ResultsWhile
it is beyond the scope of this manuscript to provide an in depth
analysis of the differences between the fully optimized structures
of the [ATPnH]/[ADP-nH]"", n = 1 and 2, anions presented

above and the MMFF94 molecular mechanics results, several

points are of note. In general, a geometric structure that is
obtained from the MMFF94 procedure will not change signifi-
cantly when subjected to full optimization at the B3LYP/6-
31+G* level. The overall molecular conformation remains the
same, with the same number and type of hydrogen-bonding
interactions. However, this does not imply that the molecular

Ir, Re, and Rh and %= Cl and Br8 The inner RCB was found
to be associated with the purely attractive binding energy of
the monoanions; i.e.

RCBg(inner)= AE(MX; + X7) —

intramolecular Coulomb repulsion (2)
With extension of this model to the dianions studied here,
RCBg(inner)= AE(PO, + monanion)+

AE(intramolecular noncovalent interactions)
intramolecular Coulomb repulsion (3)

mechanics results are equivalent to the DFT results since the

energetic ordering of the conformers obtained from the molec-
ular mechanics method changes when the B3LYP/HGL
energies are calculated. This has significant consequences fo

where, AE(PO;~ + monoanion) is the covalent bond energy of
the orthophosphate bond, which will be very similar for [ATP-
PH]?~, [ADP-2HJ?, and HP;0;¢%~, and the second term gives

the experiments conducted here and would be even morethe energy associated with noncovalent interactions in the

important if the calculations were being used to support

dianion.

spectroscopic measurements. For example, using MMFF94, the The origin of the relative stability of [ATP-2HK] compared

lowest energy [ATP-2H]" conformer displays two typical and

to [ADP-2HJ?~ can therefore be traced to differences in the

two loose intramolecular hydrogen bonds but the lowest energy intramolecular noncovalent interactions present in the minimum
[ADP-2H]?~ conformer also displays two typical and two loose energy conformers. In a comparison of the structures displayed
intramolecular hydrogen bonds. Therefore, the molecular me- in Figures 12a and 13a, the intramolecular interactions within

chanics results would provide no explanation for the difference
in stability of the [ATP-2H}~ and [ADP-2H?f~ multiply charged
anions. This contrasts with the B3LYP results, which indicate
that the lowest energy [ATP-2H] conformer displays two
additional loose hydrogen bonds compared to [ADPZ2HThe

[ATP-2H]?~ and [ADP-2HF~ will be dominated by hydrogen
bonds, and while [ATP-2HT possesses two typical and three
loose hydrogen bonds, [ADP-2#]possesses only two typical
and one loose hydrogen bonds. The presence of two additional
hydrogen-bonding type interactions in [ATP-2H]increases

B3LYP results therefore support the experiment observation thatthe magnitude of RCRinner), making this dianion intrinsically

[ADP-2H]?" is intrinsically less stable than [ATP-2H]

more stable than [ADP-2Hj. Similarly, the minimum energy
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H3Ps0:¢%~ structure (Figure 10) possesses a single typical charge available to an external solvent molecule is reduced
hydrogen bond, along with two loose hydrogen bonds, consistentcompared to KHP,07%.

with its reduced stability compared to both [ATP-2H]and While the stabilization of excess charge via cyclization due
[ADP-2H]%". to intramolecular hydrogen bonding is a well-known effect in

The relative stabilities of the phosphate dianions can therefore Protonated and polyprotonated peptidést is much less
be rationalized with reference to the extent and strength of stablished for negatively charged systéffS.This is despite
intramolecular hydrogen bonding within the ions. This mirrors the likely importance of such interactions in many important
the known stabilization of multiply charged anions with respect Piomolecular anions such as nucleic acitis} where the
to both ionic fragmentation and electron detachment via Presence of intramolecular hydrogen bonds is likely to affect
sequential solvation with water molecufe¥:17:5152Nonethe- '_the colllspn induced dissociation results of b|o_analyt|c sequenc-
ing experiment§® The B3LYP/6-31-G* calculations presented
in section 5 should therefore provide a useful reference point
for discussing the conformational and tautomeric structures of
related bioanions and, hence, interpreting their mass spectro-
metric data.

less, the intrinsic stability of the dianions studied will also be
affected by the extent of dielectric screening that exists between
the excess charges. This effect is implicitly included within the
third term of eq 3, where any dielectric screening acts to reduce
the overall intramolecular Coulomb repulsion.
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