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a  b  s  t  r a  c t

L-Thymidine  (L-dThd) is the  enantiomer of D-thymidine  (dThd),  a naturally-occurring  pyrimidine  nucle-
oside  found within  DNA  nucleic  acids. L-dThd,  also known as  Telbivudine,  does  not  occur naturally,
but  in  the  last  decade has  found  successful  application  as  an antiviral medication for  hepatitis  B virus
infection.  In  this  work,  the  gas-phase  conformers  of the  protonated  and sodium  cationized forms
of L-dThd,  [L-dThd+H]+ and  [L-dThd +  Na]+,  are  investigated  using infrared  multiple  photon  dissocia-
tion  (IRMPD) action  spectroscopy  complemented  by  electronic structure calculations  performed  at  the
B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p)  level  of theory.  Comparisons  between the  experimental
IRMPD  spectra and  theoretical linear  IR spectra elucidate the  stable  low-energy  conformations  adopted
by  these  L-dThd  complexes  generated by  electrospray ionization.  Minor 2,4-dihydroxy  tautomers  (T)
and O2  protonated conformers  contribute  to the experimental  [L-dThd+H]+ population,  whereas  con-
formers  involving tridentate  binding of Na+ to the  O2, O4′, and  O5′ atoms  primarily  contribute to
the  experimental  [L-dThd  +  Na]+ population. Theory  predicts  a  tautomer as  the  protonated  ground
conformer  of [L-dThd+H]+ with  thymine in an anti orientation  and a  tridentate  (O2O4′O5′) sodium
cationized  ground  conformer  with  a syn thymine  orientation,  consistent  with  theoretical  predictions
for  [dThd+H]+ and  [dThd  +  Na]+,  respectively.  Both protonated and sodium  cationized  L-dThd  and  dThd
illustrate  highly parallel IRMPD  spectral  features as  expected.  Survival yield analyses  of data  from  energy-
resolved collision-induced  dissociation  experiments  elucidate the  relative  stabilities of [L-dThd+H]+ and
[L-dThd  +  Na]+ as  compared  to the  corresponding  enantiomeric  systems.  Identical results  are exhibited
in  the  survival  yield  analyses as  anticipated  for  enantiomeric  complexes to  simple  cations. This  work
employs  the  same robust  methodology  that  has  provided  structural  characterization  and  energetic  insight
for  similar  systems preceding  it to validate the parallel  theoretical and experimental  behaviors  expected
for  enantiomers.

© 2019 Elsevier  B.V.  All  rights  reserved.
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1. Introduction

Nucleosides are the fundamental components of nucleic acids,
both DNA and RNA, which define the cellular code of life. The var-
ious intracellular mechanisms employed upon this code allow for
its regular replication to occur in new cell growth and the trans-
fer of genetic information during reproduction to foster stable
continuation of life. When viral infection occurs, these intracel-
lular mechanisms are hijacked by the attacking virus and used
for the purpose of generating new copies of the virus to propa-
gate the infection process. There are many types of viruses that
replicate using different methods. Viruses with a  DNA genome use
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the  nucleus of the host cell and enzymes to replicate viral DNA
and  assemble new viruses with cellular mechanisms [1], whereas
retroviruses with an RNA genome use viral reverse transcriptase
to reverse transcribe its RNA into a  linear DNA duplex to integrate
within the host cell genome to make new viruses [2]. Hepatitis B
virus (HBV) is a DNA virus that exhibits unique characteristics simi-
lar to retroviruses by replicating through an RNA intermediate that
is reverse transcribed into viral DNA that subsequently becomes
incorporated into the host cell genome, causing the cellular mech-
anisms to produce new hepatitis B viruses [3–5]. These particular
attributes of the HBV replication cycle allow the virus to  remain elu-
sive from human immune responses and persist in  infected cells.
HBV infection is  known to  progress to  varying degrees of liver
disease including acute and chronic inflammation of liver tissue,
cirrhosis, and hepatocellular carcinoma [4–6]. In 2015 alone, nearly
260 million people worldwide were estimated to have chronic hep-
atitis B infection, and approximately one million people died from
associated cirrhosis and liver cancer caused by the virus, a  22%
increase in mortality since 2000 [7]. Without aggressive treatment
intervention, these global figures are expected to rise.

Naturally and synthetically-modified nucleosides have proven
to be effective antiviral and anticancer therapies for various dis-
eases [8–15]. However, drug resistance has developed with many
of these medications for the treatment of HBV, human immun-
odeficiency virus (HIV), and different types of cancer, prompting
increased use of combination drug therapies to achieve effective
patient outcomes [3,6,9,12,15]. While there are several antivi-
ral nucleoside drugs that remain effective when used alone in
targeted treatment with little resistance, cytotoxicity, or other
noted side effects [6,9,10], an urgency for future drug design to
combat these ever-evolving viruses still remains. Previously it
was believed that only the D-nucleoside analogues that exhib-
ited the same configuration as their natural counterparts would
be biologically active with stereospecific enzymes [16]. When this
rigid lock-and-key approach was discovered to  be more flexible
than originally theorized, the respective L-nucleoside enantiomers
(non-superimposable mirror images of the D-nucleosides) were
investigated for antiviral attributes with rewarding results. Thus
far, 13 antiviral drugs have been developed for antiviral treatment
modalities using D-nucleosides as the fundamental components
for drug design approaches [17]. One of those drugs, L-thymidine
(L-dThd), also known in the medical community by  the name Tel-
bivudine, is the L-enantiomer of naturally occurring D-thymidine
(dThd). L-dThd has illustrated successful HBV treatment outcomes
compared to similar drugs [17–23]. Further studies involving
L-nucleosides and their variants may  provide crucial insight into
future drug design approaches and targeted therapies involving
stereospecific natural mechanisms.

Previous studies involving dThd employed theoretical compu-
tational and tandem mass spectrometry approaches to investigate
various intrinsic properties of the protonated and sodium
cationized forms of the nucleoside [24–26]. These included rel-
ative nucleoside stability and N-glycosidic bond stability using
energy-resolved collision-induced dissociation (ER-CID), the stable
conformations adopted in the gas phase by  comparing measured
infrared multiple photon dissociation (IRMPD) spectra with lin-
ear IR spectra predicted for stable low-energy structures, the
ER-CID versus IRMPD fragmentation pathways, and the effects
of protonation versus sodium cationization upon the energetics
and gas-phase conformations adopted in  the experiments. These
approaches have proven effective for structural characterization
and energetic studies of other nucleosides [24–40]. This study
investigates L-dThd using parallel methodologies. Because enan-
tiomers exhibit the same physical properties and only differ in
their connectivity of atoms in  space and rotation of plane-polarized
light, their interactions with simple cations are expected to pro-

duce theoretical and experimental results that are identical. Thus,
the theoretical and experimental results for L-dThd are compared
to  those of dThd to assess the robustness of the methodologies
employed.

2. Experimental and theoretical methods

2.1. Instrumentation, materials, and sample preparation

ER-CID experiments were performed using a  Bruker amaZon
ETD quadrupole ion trap mass spectrometer (QIT MS,  Bruker
Daltonics, Bremen, Germany) at Wayne State University. L-dThd
(Carbosynth, San Diego, CA, USA) and dThd (Sigma-Aldrich, St.
Louis, MO,  USA) were dissolved to concentrations of ∼10 and
∼25 �M in 50/50 (v/v) HPLC grade methanol and water (Sigma-
Aldrich, St. Louis, MO,  USA) in 2 mL  plastic microcentrifuge tubes
(Light Labs, Dallas, TX, USA). [L-dThd+H]+ and [dThd+H]+ were
generated from ∼25 �M solutions of the nucleosides modified
with ∼1% (v/v) acetic acid (Mallinckrodt Chemicals, Phillipsburg,
NJ, USA). [L-dThd + Na]+ and [dThd +  Na]+ were generated from
∼10 �M solutions modified with 5 �M sodium acetate (EMD, Gibb-
stown, NJ, USA).

IRMPD action spectroscopy experiments were performed using
a  custom 4.7 T  Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR MS)  at the Free Electron Laser for Infrared
eXperiments (FELIX) Laboratory at Radboud University Nijmegen
in The Netherlands. L-dThd and dThd were dissolved to  a  con-
centration of ∼1 mM in  50/50 (v/v) HPLC grade methanol and
water (Sigma-Aldrich, Zwijndrecht, The Netherlands) in 2 mL
plastic microcentrifuge tubes (Fisher Scientific, Landsmeer, The
Netherlands). [L-dThd+H]+ and [dThd+H]+ were generated from
solutions of the nucleosides containing ∼1% (v/v) acetic acid
(Sigma-Aldrich, Zwijndrecht, The Netherlands). [L-dThd +  Na]+ and
[dThd + Na]+ were generated from solutions containing ∼0.5 mM
sodium acetate (Sigma-Aldrich, Zwijndrecht, The Netherlands).

2.2. QIT MS and ER-CID

ER-CID experiments of [L-dThd+H]+,  [L-dThd +  Na]+, [dThd+H]+,
and [dThd +  Na]+ were performed herein using a  QIT MS.  ER-CID
experiments of [dThd+H]+ and [dThd +  Na]+ were also previ-
ously performed and published relative to parallel forms of
5-methyluridine [Thd+H]+ and [Thd +  Na]+ [25]. L-dThd and dThd
sample solutions were introduced to the atmospheric pressure
Apollo II  ESI source at a  flow rate of 3 �L/min to generate the respec-
tive precursor ions. Helium, maintained near ∼1 mTorr stagnation
pressure in  the QIT chamber, served as the neutral collision gas
for the ER-CID experiments. The low-mass cutoff was set to 27% of
the precursor ion m/z. The rf  excitation amplitude (rfEA) is  applied
to  the end cap electrodes of the ion trap and gradually ramped in
0.01 V  increments from 0.00  V to beyond the rfEA necessary for com-
plete precursor ion dissociation. The rfEA was applied for 100 ms in
each mass analysis sequence. The total mass spectra collection time
per rfEA step was  30 s. Experiments were performed in triplicate
to  assess reproducibility. Data analysis of the ion chromatograms
and mass spectra were performed using Compass Data Analysis
Software 4.0 (Bruker Daltonics, Bremen, Germany).

2.3. Survival yield analysis

With judicial execution of ER-CID experiments, survival yield
analysis provides a robust method to elucidate relative precursor
ion stabilities [25,31–36,41–48]. Survival yields were calculated
using Eq.  (1) as a function of rfEA for [L-dThd+H]+, [dThd+H]+,
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[L-dThd + Na]+, and [dThd +  Na]+ using the mass spectral data
acquired in the ER-CID experiments.

Survival  Yield = Ip/(Ip + �iIfi
) (1)

where Ip is the precursor ion intensity, Ifi is  the ion intensity of
fragment ion i, such that (Ip + �iIfi ) is the total ion intensity. Sur-
vival yields were calculated using custom software developed in
our laboratory. Survival yields were plotted as a function of rfEA,
and each data set was least-squared fit with the four-parameter
logistic curve given in  Eq. (2).

Survival Yield = min +
max  − min

1+ (rfEA/CID50%)CIDslope
(2)

In this equation, min and max represent the minimum (0) and
maximum (1) values of the survival yield, and CIDslope is  the
slope of the decreasing region of the survival yield curve. The
rfEA required to produce 50% precursor ion dissociation (CID50%)
is extracted from the fit and used to compare the relative stabil-
ities of [L-dThd+H]+, [dThd+H]+, [L-dThd + Na]+, and [dThd + Na]+.
Construction of survival yield curves and fits to the data were per-
formed using SigmaPlot 10.0 (Systat Software, Inc., San Jose, CA,
USA).

2.4. FT-ICR MS and photodissociation

IRMPD action spectroscopy experiments were performed on
[L-dThd+H]+ and [L-dThd +  Na]+ using a FT-ICR MS  coupled to
either the FELIX [49]  beamline or an optical parametric oscil-
lator/amplifier (OPO/OPA) infrared laser light source [49–52].
[L-dThd+H]+ and [L-dThd +  Na]+ ions were generated by delivering
the respective sample solutions to a  Micromass “Z-spray” electro-
spray ionization (ESI) source at a  flow rate of 5.0 �L/min. The ions
were accumulated in an rf hexapole ion trap for several seconds
to promote ion cooling prior to being pulse extracted through a
quadrupole ion bender and subsequently introduced into the FT-
ICR cell through a 1 m long rf  octopole ion guide [50]. A pulsed
DC bias voltage switch is  applied along the octopole to allow
ion capturing with minimal collisional heating of the ions. After
introduction into the ICR cell, the ions were trapped for ∼300 ms
to promote radiative emission of any excess internal energy.
[L-dThd+H]+ and [L-dThd +  Na]+ precursor ions were mass isolated
using stored waveform inverse Fourier transform (SWIFT) tech-
niques. The mass isolated precursor ions were irradiated with
infrared laser light to promote photodissociation of the selected
ions. The ions were irradiated for 0.5–1 s by  the free electron
laser in the IR fingerprint region from ∼500–1850 cm−1,  and for
9 s by the OPO/OPA laser in the hydrogen-stretching region from
∼3300–3800 cm−1.  IRMPD yields were calculated as a  function of
wavelength (or vibrational frequency) using Eq. (3).

IRMPD Yield =

∑
i
Ifi /  (Ip +

∑
i
Ifi )  (3)

where Ip and Ifi are as described in Eq.  (1).  Experimental IRMPD
yields were linearly corrected with laser power calibration curves
(see Fig. S1) to partially account for the effects of variation in the
laser power across the frequency ranges investigated.

2.5. Computational details

The chemical structures and atom numbering of neutral dThd
and L-dThd are shown in Fig. 1. [L-dThd+H]+ and [L-dThd + Na]+

calculations were performed in  this work, whereas results for
[dThd+H]+ and [dThd +  Na]+ were previously reported and used for
comparisons here [24,25]. Parallel computational methods were
used here to ensure meaningful comparisons. The potentially favor-
able L-dThd protonation states that were constructed included O2

Fig. 1. Chemical structures of L-thymidine (L-dThd) and D-thymidine (dThd) illus-
trating non-superimposable characteristics of the enantiomers. Numbering of the
thymine nucleobase and sugar moieties is shown.

protonation, O4 protonation, and a  2,4-dihydroxy tautomer. The
sodium cationized L-dThd structures that were constructed initially
involved monodentate O2, O4, N3, O3′, O4′, and O5′ interactions
with Na+. Candidate structures were generated from each of  these
initial constructs by a  simulated annealing procedure using Hyper-
Chem software [53]  with the Amber 3 force field. The simulated
annealing process involved 300 cycles of annealing, with each cycle
beginning at 0 K,  heating to 1000 K over 0.3 ps, maintaining 1000 K
for 0.2 ps  to sample conformational space, and cooling back to  0 K
over 0.3 ps. The Amber 3 force field optimized the resulting struc-
ture to a local minimum, this candidate structure was captured as
a snapshot, and the structure was  used as the initial structure in
the subsequent annealing cycle. After simulated annealing, ∼10%
of the resulting candidate conformers were chosen, based primar-
ily upon their relative stabilities, for higher level optimization. Over
500 protonated and sodium cationized L-dThd snapshot structures
from the simulated annealing procedure were selected for density
functional theory (DFT) calculations using the Gaussian 09 suite
of programs [54]. Geometry optimizations and frequency analy-
ses were performed at the B3LYP/6-311+G(d,p) level  of theory at
298.15 K  and 1 bar with a  frequency scaling factor of 0.9887 [55].
Single point energies were calculated at the B3LYP/6-311+G(2d,2p)
level of theory. In the IR fingerprint region, the [L-dThd+H]+ and
[L-dThd +  Na]+ vibrational frequencies were scaled by factors of
0.9840 and 0.9785, respectively. In the hydrogen-stretching region,
the [L-dThd+H]+ and [L-dThd +  Na]+ vibrational frequencies were
scaled by factors of 0.9525 and 0.9545, respectively. Different scale
factors were used to better approximate experimental variations
encountered between systems and provide a  more accurate spec-
tral alignment between experimental and theoretical results in
both regions of the IR spectrum. All  vibrations are considered
when deciding appropriate scaling factors for alignment of the
predicted IR spectra with the experimental spectra, with partic-
ular emphasis given to  aligning with the most intense peaks in the
experimental spectra. In order to facilitate comparisons with the
experimental IRMPD spectra and partially account for the room
temperature distribution of the ions, the laser bandwidth, and the
effects of anharmonicity of the resonant vibrational modes, the cal-
culated vibrational frequencies were broadened using a 25 cm-1

full-width-at-half-maximum (FWHM) Gaussian line shape over
the fingerprint region for both [L-dThd+H]+ and [L-dThd +  Na]+,
and in the hydrogen-stretching region a  25 cm−1 FWHM Gaussian
line shape was used for [L-dThd+H]+,  whereas a  15 cm−1 FWHM
Gaussian line shape was used for [L-dThd + Na]+. Unique stable con-
formers of [L-dThd+H]+ and [L-dThd +  Na]+ were selected based
upon the relative Gibbs energies at 298 K and visual comparison
with other conformers.
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Fig. 2. CID mass spectra of [L-dThd+H]+ , [dThd+H]+ ,  [L-dThd +  Na]+ , and [dThd +  Na]+

at rf excitation amplitudes that produce ∼50% precursor ion dissociation. In each
mass spectrum the precursor ions are indicated with open circles. The  proto-
nated/sodium cationized Thy nucleobase ions are indicated with solid red circles,
and the protonated/sodium cationized 2′-deoxyribose sugar ions are indicated with
solid blue circles, both of which result from glycosidic bond cleavage of their respec-
tive precursor ions (For interpretation of the references to  colour in this  figure
legend, the reader is referred to  the web version of this  article).

3. Results

3.1. QIT MS ER-CID

CID mass spectra of [L-dThd+H]+,  [dThd+H]+,  [L-dThd + Na]+,  and
[dThd + Na]+ acquired at an rfEA that produces ∼50% precursor ion
dissociation are compared in  Fig. 2.  As expected for enantiomers,
the  CID behavior is highly parallel and rf excitation amplitudes
at CID50% are equal to  within experimental error for [L-dThd+H]+

and [dThd+H]+ (rfEA =  0.19 V) as well as for [L-dThd +  Na]+ and
[dThd + Na]+ (rfEA =  0.33 V and rfEA =  0.34 V, respectively). The par-
allel fragmentation behavior observed for the enantiomer pairs
is further illustrated in  Fig. 3 where the ER-CID survival yield
curves are shown. The mass spectra at CID50% for the protonated
and sodium cationized nucleosides illustrate nearly perfect agree-
ment with the fragment ions and their respective intensities. The
dominant fragmentation pathways for all four species involves
N-glycosidic bond cleavage as depicted in Reactions 4 and 5,

[L/D-dThd+Cation]+
n He
→ [Thy+Cation]++ (L/D-dThd–Thy) (4)

[L/D-dThd+Cation]+
n He
→ [L/D-dThd–Thy+Cation]++ Thy (5)

where L/D-dThd represent L-dThd and D-dThd, respectively, Cation
= H+ or Na+,  and Thy is the thymine nucleobase. Reactions 4

and 5 are the only CID fragmentation pathways observed for both
[L-dThd + Na]+ and [dThd + Na]+ in the QIT MS.  Previous combined
guided ion beam tandem mass spectrometry and theoretical stud-
ies of the glycosidic bond cleavage reactions of [dThd+H]+ as well
as other protonated nucleosides suggest that the protonated nucle-
obase (Reaction 4) is produced by lengthening/cleavage of the
glycosidic bond followed by transfer of the H2′ proton from the
sugar to the nucleobase, whereas the protonated sugar is  produced
by elimination of the neutral nucleobase (Reaction 5) via sim-
ple lengthening/cleavage of the glycosidic bond [56,57].  Somewhat

Fig. 3. Survival yield curves of [L-dThd+H]+ , [dThd+H]+ , [L-dThd +  Na]+ ,  and
[dThd  +  Na]+ . Data  for the protonated nucleosides are indicated with solid symbols,
whereas  results for the sodium cationized nucleosides are indicated with open sym-
bols. The  L-dThd species are shown in red, whereas the D-dThd species are shown
in blue. The CID50% values along with uncertainties (reported as  one standard devia-
tion)  extracted from least squares fitting to Eq. (2)  are also shown (For interpretation
of  the references to  colour in this figure legend, the reader is  referred to the web
version of this article).

parallel glycosidic bond cleavage mechanisms are anticipated for
the sodium cationized nucleosides, but have yet to  be explored.
As can be seen in all four mass spectra, Reaction 4  is more favor-
able than Reaction 5 as the [Thy +  Cation]+ ion intensities are
significantly greater than those of [L/D-dThd–Thy +  Cation]+. Both
protonated nucleosides exhibit additional fragmentation pathways
contributing to the greater variety of ions observed within the
mass spectra. This is likely due to  the relatively low stability of  the
protonated sugar moiety. Reactions 6  and 7  illustrate two  fragmen-
tation pathways competitive with glycosidic bond cleavage, where
ketene (K, H2C = C O) and water (W) losses are observed.

[L/D-dThd+H]+
n  He
→ [L/D-dThd–K+H]++  K  (6)

[L/D-dThd+H]+
n  He
→ [L/D-dThd–K–W+H]++ K +  W (7)

Several minor fragmentation pathways involving water and Thy
nucleobase elimination are observed with both  protonated nucle-
osides as well, described by Reactions 8–11.

[L/D-dThd+H]+
n  He
→ [L/D-dThd–W+H]++ W (8)

[L/D-dThd+H]+
n  He
→ [L/D-dThd–2W+H]++ 2W (9)

[L/D-dThd+H]+
n  He
→ [L/D-dThd–Thy–W+H]++ Thy + W (10)

[L/D-dThd+H]+
n  He
→ [L/D-dThd–Thy–2W+H]++ Thy + 2W (11)

The losses observed in Reactions 7 and 9–11 all involve sequential
processes. The results of Reaction 7 are achieved via sequential
loss of W  or  K  from the ionic products of Reaction 6 or Reaction 8,
respectively. The ionic product of Reaction 8  may undergo further
dissociation such as neutral loss of an additional W,  Reaction 9,  or
neutral loss of Thy, Reaction 10. The ionic product of Reaction 10

may  also be formed by neutral loss of W subsequent to Reaction

4.  The ionic product of Reaction 11 is  formed by additional neutral
loss of W following Reaction 10, but could also occur via glycosidic
bond cleavage of the ionic  product of Reaction 9. The proposed
CID reaction pathways for [L/D-dThd+H]+ are also schematically
summarized in  Fig.  S2.
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3.2. IRMPD action spectroscopy

IR  irradiation of [L-dThd+H]+ and [L-dThd +  Na]+ resulted in  sev-
eral photodissociation pathways being observed as described in
Reactions 12–14,

[L-dThd+Cation]+
n hv

→ [Thy+Cation]+ +  (L-dThd–Thy) (12)

[L-dThd+Cation]+
n  hv

→ [L-dThd–Thy+Cation]++ Thy (13)

[L-dThd+Cation]+
n  hv

→ [Cation]++ L-dThd (14)

as before, Cation =  H+ or  Na+ and Thy is the thymine nucleobase.
With both the FELIX and OPO/OPA excitation sources, the IR pho-
todissociation pathways remained unchanged for each system.
Only Reaction 12 was observed for [L-dThd+H]+, corresponding
to N-glycosidic bond cleavage with the excess proton retained by
the Thy nucleobase with concomitant neutral sugar loss. Reac-

tions 12–14 were all observed for [L-dThd +  Na]+. Reactions 12

and 13 involve N-glycosidic bond cleavage and are exact analogues
to Reactions 4 and 5 discussed earlier (Section 3.1). A neutral
sugar loss occurs with Na+ retention by the Thy nucleobase in
Reaction 12,  whereas the opposite occurs in Reaction 13 with
loss of neutral Thy and retention of Na+ by the sugar. Reaction

14 corresponds to simple noncovalent dissociation of Na+ from
L-dThd; the analogous reaction likely occurs under CID conditions,
but was not observed in the QIT MS  due to  the low-mass cutoff.
This conclusion that Reaction 14  occurs upon CID was confirmed
by examining the CID behavior of [L-dThd +  Na]+ in  the FT-ICR
MS where detectable Na+ was indeed observed. The experimen-
tal IRMPD spectra of [L-dThd+H]+ and [dThd+H]+ are compared
with [L-dThd + Na]+ and [dThd + Na]+ in Fig.  4.  As expected, highly
parallel results are observed between the dThd and L-dThd enan-
tiomers. The modest discrepancies observed between dThd and
L-dThd systems with the same cationization agent likely result
from slight differences in  the experiments and data processing
rather than from actual chemical differences between the enan-
tiomers. The vast differences observed in the IRMPD spectra when
the cationization agent is  varied between protonation and sodium
cationization clearly indicate distinct structural and chemical dif-
ferences between these forms.

3.3. Nomenclature for designating stable conformations

Stable structures of the protonated L-dThd and dThd nucleosides
are designated based on the site of protonation or tautomeric state
followed by an uppercase letter in alphabetical order depicting the
order of stability, from most stable to  least stable, ranked according
to the relative Gibbs energies at 298 K  of the theoretical structures
that exhibit the same protonation or  tautomeric state. O2 and O4
designations correspond to protonation at the O2 and O4  atoms,
respectively, whereas T  designations correspond to 2,4-dihydroxy
tautomers.

Sodium cationized theoretical stable structures are designated
with a capital letter representing the type of chelation interactions
between the Na+ cation and L-dThd and dThd nucleoside (T for
tridentate, B for bidentate, and M for monodentate). The number
following the letter designation indicates the order of stability, from
most stable to least stable, ranked according to the relative Gibbs
energies at 298 K of the theoretical structures that exhibit the same
type of cation binding modes. Fig. S3  illustrates the structural desig-
nation methodology employed in this study as previously described
[25,31–34,58]. This figure illustrates the two possible designations
for the Thy nucleobase as well as the major and minor sugar puck-
ering aspects.

Fig. 4. Infrared multiple photon dissociation (IRMPD) action spectra of [L-dThd+H]+ ,
[dThd+H]+ ,  [L-dThd + Na]+ , and [dThd + Na]+ in the IR  fingerprint (500–1900 cm−1)
and  hydrogen-stretching (3300–3800 cm−1) regions; data for [dThd+H]+ and
[dThd + Na]+ are taken from references [24] and [25].

3.4. Calculated conformations of [L-dThd+H]+ and [L-dThd +  Na]+

The ground conformers of [L-dThd+H]+ and [L-dThd +  Na]+ are
nonsuperimposable mirror images to  their ground enantiomer
counterparts, [dThd+H]+ and [dThd +  Na]+ [24,25]. (see  Fig. 5)  The
enantiomer pairs exhibit the same cation binding mode, Thy nucle-
obase orientation, major and minor sugar puckering features, and
relative Gibbs energies at 298 K.  The high level of agreement for
both the protonated and sodium cationized L-dThd and dThd
ground conformers is further illustrated in  Table 1,  which lists geo-
metric information for each optimized structure. Both [L-dThd+H]+

and [dThd+H]+ ground conformers exhibit T tautomeric protona-
tion states with anti Thy nucleobase orientations and C2′-endo
(2T3) sugar puckering. Both [L-dThd +  Na]+ and [dThd + Na]+ ground
conformers exhibit tridentate Na+ binding to  the O2, O4′, and O5′

atoms, forming a  5-membered chelation ring with the sugar moiety
and a  6-membered chelation ring with the Thy nucleobase, with
syn nucleobase orientations and O4′-endo (OT1)  sugar puckering.
As  enantiomeric pairs, the high degree of parallelism among these
systems was  expected, and provides additional confirmation of the
robustness of the theoretical methodology employed in  this and
our earlier related works [24,25,27–37].

Table 2 lists low-energy optimized conformers of [L-dThd+H]+

and [L-dThd +  Na]+ with relevant energetic and geometric details.
Figs. S4 and S5 show all unique stable structures calculated for
[L-dThd+H]+ and [L-dThd + Na]+. Additional discussion regarding
the stable conformations of [L-dThd+H]+ and [L-dThd +  Na]+ as
well as comparisons of low-energy conformers of protonated and
sodium cationized dThd vs L-dThd is available in the Supplemen-
tary materials.
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Fig. 5. Ground conformers of [L-dThd+H]+ and [L-dThd + Na]+ as predicted at the
B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) level of theory at 298 K  are shown
with  their respective cation binding mode, nucleobase orientation, and sugar puck-
ering. The ground conformers of [dThd+H]+ and [dThd +  Na]+ are presented for
comparison and taken from references [24] and [25].

Table 1

Geometric Details of the B3LYP/6-311+G(d,p) Ground Conformers of the Protonated
and  Sodium Cationized Forms of the L-  and D- Enantiomers of dThd.a

[L-dThd+H]+ [dThd+H]+

Conformer Designation TA TA

Bond Length H···O2 0.970 Å H···O2 0.970 Å
H···O4 0.971 Å H···O4 0.971 Å

Glycosidic Bond Length N1···C1′ 1.512 Å N1···C1′ 1.511 Å
Bond  Angle ∠HO2C2 109.2◦

∠HO2C2 109.2◦

∠HO4C4 110.3◦
∠HO4C4 110.3◦

Dihedral Angle ∠C2N1C1′O4′ 134.6◦
∠C2N1C1′O4′

−134.6◦

∠O5′C5′C4′O4′ 63.7◦
∠O5′C5′C4′O4′

−63.6◦

[L-dThd+Na]+ [dThd+Na]+

Conformer Designation T1(O2O4′O5′)  T1(O2O4′O5′)

Bond Length Na+
···O2 2.185 Å Na+

···O2 2.185 Å
Na+

···O4′ 2.416 Å Na+
···O4′ 2.416 Å

Na+
···O5′ 2.256 Å Na+

···O5′ 2.255 Å
Glycosidic Bond Length N1···C1′ 1.458 Å N1···C1′ 1.458 Å
Bond Angle ∠O2Na+O4′ 78.6◦

∠O2Na+O4′ 78.6◦

∠O2Na+O5′ 136.5◦
∠O2Na+O5′ 136.5◦

∠O4Na+O5′ 74.2◦
∠O4Na+O5′ 74.2◦

Dihedral Angle ∠C2N1C1′O4′
−61.6◦

∠C2N1C1′O4′ 61.6◦

∠O5′C5′C4′O4′ 56.8◦
∠O5′C5′C4′O4′

−56.8◦

a Data for the D-enantiomers is taken from  references [24] and [25].

4. Discussion

4.1. IRMPD and CID pathways

Energetic and structural characteristics of L-dThd precursor ions
in this study were investigated using two fragmentation meth-
ods: IRMPD and ER-CID. Both of these fragmentation methods
have proven to be reliable means for inducing dissociation among

naturally-occurring and modified nucleosides [24,25,27–37] as
well as other various biomolecules. Each of these techniques
employed involves gradual excitation of the precursor ions to
induce dissociation, but this is  achieved using different activation
mechanisms. The IRMPD mechanism employed in these experi-
ments achieves ion dissociation through the absorption of  multiple
(tens to hundreds) infrared photons within a  resonant vibra-
tional mode of the precursor ion. With each IR photon absorbed,
the precursor ion is promoted to an excited vibrational state
until the absorbed energy is  quickly dissipated to  the bath of
background vibrational states through intramolecular vibrational
redistribution (IVR). Each subsequent infrared photon absorbed
raises the internal energy of the ion until its dissociation thresh-
old is  exceeded, leading to precursor ion fragmentation [59]. When
performing CID in a QIT MS,  precursor ion dissociation is achieved
by gradually increasing their internal energies through multiple
energetic collisions with a  neutral He buffer gas. The radiofre-
quency excitation voltage that is applied to the endcap electrodes
of the ion trap accelerates the precursor ions to greater velocities
and leads to  greater kinetic-to-internal energy transfer per colli-
sion and thus the ion more rapidly achieves an internal energy
that exceeds its dissociation threshold and induces fragmenta-
tion.

The fragmentation pathways observed for [L-dThd+H]+,
[L-dThd +  Na]+, [dThd+H]+, and [dThd +  Na]+ with the IRMPD and
ER-CID activation techniques exhibit parallel characteristics as well
as distinct differences. As described earlier (Section 3.2), the IRMPD
spectra demonstrate three photodissociation pathways (Reactions

12–14). As  can be observed in Fig. 2, the CID mass spectra for both
protonated and sodium cationized systems demonstrate eight
different dissociation pathways (Reactions 4–11). Glycosidic
bond cleavage is the dominant dissociation pathway observed
for both IRMPD and CID excitation techniques (Reactions 12

and 13 and Reactions 4 and 5, respectively). However, contrary
to  that observed with the IRMPD method, the CID excitation
technique exhibits several dissociation pathways in  addition to
glycosidic bond cleavage and simple cation dissociation from
the nucleoside. Competitive fragmentation pathways involving
ketene and water losses (Reactions 6  and 7) are  observed for both
[L-dThd+H]+ and [dThd+H]+ systems along with minor dissociation
pathways that contribute to  the various ions observed in  the pro-
tonated mass spectra (Reactions 8–11). The observation of these
additional fragmentation pathways upon CID suggests more rapid
heating/activation enabling slightly more energetic pathways to
be  accessed prior to dissociation. Simple dissociation of  the Na+

cation from the nucleoside occurs for both IRMPD and CID, but
the m/z of Na+ is  below the low-mass cutoff of the QIT MS  and is
therefore not observed in  the CID mass spectra of [L-dThd + Na]+

and [dThd +  Na]+.

4.2. Experimental IRMPD enantiomer comparisons

After normalizing the raw IRMPD yields via the laser power cal-
ibration curves (see Fig. S1) to  account for variations in  the power
output over the wavelength range investigated and applying scal-
ing factors to account for different laser irradiation times in each of
the systems investigated, the agreement between the protonated
and sodium cationized spectra of L-dThd and dThd becomes more
evident. Although IRMPD is a multiple photon process, the lin-
ear power corrections applied accurately represent the nonlinear
experimental behavior and subsequent spectroscopic results that
were observed. The experimental IRMPD spectra of [L-dThd+H]+,
[dThd+H]+, [L-dThd +  Na]+, and [dThd +  Na]+ are compared in Fig. 4.
In both the protonated and sodium cationized spectral compar-
isons, highly parallel results are observed for the L-dThd and dThd
systems. These similarities are expected for enantiomers exhibit-
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Table  2

Relative 0 K and 298 K Enthalpies and 298 K Gibbs Energies in kJ/mol, Pseudorotation Angles, Thymine Orientations, and Sugar Puckerings of Select Stable Low-Energy
Conformers of [L-dThd+H]+ and [L-dThd +  Na]+ .a

Species Conformer Thymine Orientation Sugar Puckering �H0 �H298 �G298 P (◦)

[L-dThd+H]+ TA anti C2′-endo (2T3) 0.1 1.5 0.0 166.0
TB  anti C3′-exo (3T2)  0.5 2.2 0.7 194.9
TC  syn C2′-endo (2T1) 0.0 0.0 3.0 151.6
O4A  anti C3′-exo (3T2)  4.0 6.1 3.3 192.5
O4B anti C2′-endo (2T3) 5.6 7.7 3.8 166.9
O2A  syn C2′-endo (2T1) 1.4  1.6 4.2 153.2
TD  anti C2′-endo (2T3) 11.8 13.4 11.1 170.1
TE  anti C3′-exo (3T4)  12.9 14.5 13.0 198.1
TF anti C2′-endo (2T1) 16.4 18.6 13.4 157.7
TG  anti C3′-exo (3T2)  14.5 16.5 13.8 195.6
O4C anti C3′-exo (3T4)  15.7 17.7 15.3 201.1
O4D  anti C3′-exo (3T2) 16.2 18.6 15.3 166.9
O4E anti C2′-endo (2T3) 17.4 19.6 15.4 168.8
O4F anti C2′-endo (2T3) 18.3 20.6 16.2 213.3
TH anti C3′-exo (3T2)  16.7 18.5 16.8 194.4
TI anti C3′-exo (3T4)  23.4 26.1 18.0 208.0
O4G anti C3′-exo (3T4)  23.2 25.5 20.3 192.0
O4H  anti C3′-exo (3T4)  20.8 22.9 20.5 200.5
TJ  anti C3′-exo (3T4)  22.1 23.9 22.0 224.5
O2B syn C2′-endo (2T3) 23.4 24.2 23.2 169.8

[L-dThd + Na]+ T1(O2O4′O5′) syn O4′-endo (OT1) 0.0 0.0 0.0 100.5
T2(O2O4′O5′) syn C1′-exo (1TO) 5.0 5.3 4.6 108.3
T3(O2O4′O5′) syn C2′-exo (2T3)  7.5 7.7 7.8 166.3
T4(O2O4′O5′) syn C2′-endo (2T1) 9.4 9.9 8.4 148.5
T5(O2O4′O5′) syn O4′-endo (OT4) 9.6 9.9 9.7 266.2
T6(O2O4′O5′) syn C2′exo (2T3) 12.9 12.9 13.7 167.5
T7(O2O4′O5′) syn O4′-endo (OT1) 15.9 16.4 15.4 98.5
B1(O2O4′) syn C3′-exo (3T2)  32.1 32.8 30.1 192.5
B1(O2O5′) syn C4′-exo (4T3)  31.9 32.4 31.6 224.4
M1(O4) anti C2′-endo (2T3) 44.3 45.4 39.5 163.8
B1(O2N3) anti C3′-exo (3T2)  48.8 50.4 45.6 195.9
B1(O4′O5′) syn C3′-exo (3T2)  48.7 49.7 46.5 193.7
B1(O3′O5′) syn C3′-exo (3T2)  48.2 48.5 46.8 189.5
M1(O2) anti C2′-endo (2T3) 55.9 57.3 50.5 169.1
B1(O2O3′) anti C2′-endo (2T1) 51.1 51.4 51.4 144.1
B1(N3O4) syn C2′-endo (2T1) 53.2 52.9 53.8 147.4
M1(O5′) syn C2′-endo (2T3) 76.9 76.8 73.6 178.4
B1(O4O5′) anti C2′-endo (2T3) 75.9 75.3 78.3 167.3
M1(O3′) syn C4′-endo (4T3) 97.1 97.9 91.8 219.1
B1(O3′O4′) syn C3′-exo (3T4)  98.8 99.7 96.9 206.3

a Energetics based on single-point energy calculations performed at the B3LYP/6-311+G(2d,2p) level of theory, including ZPE and thermal corrections based on  the
B3LYP/6-311+G(d,p) optimized structures and vibrational frequencies.

ing simple cation binding. However, some variation is expected to
occur in the experimental IRMPD results of these systems due to
differences in the tuning parameters of the FT-ICR MS  for each sys-
tem, slight differences in  the precursor ion m/z  range selected in
the SWIFT isolation used for each system, variations in the day-
to-day tuning conditions of the FEL, other users simultaneously
performing infrared experiments on different user stations in the
FELIX facility (i.e., the operating frequency and beam intensity of
the free electron laser (FEL) are slightly affected by these changes),
and different users performing the experiments with a  considerable
span of time between the measurements for the L-dThd and dThd
systems. Indeed, the original experiments for the protonated dThd
systems were performed at the FOM Institute for Plasma Physics
Rijnhuizen in 2012 [24]. However, the FELIX FEL was  moved to
its current location (at the Radboud University Nijmegen in 2013)
where the measurements for the L-dThd systems were made last
summer 2017, and the sodium cationized form of dThd was mea-
sured in 2016. Further, the geometry of the FEL was altered to  fit
into a somewhat smaller space. Combined, all of these factors might
be expected to influence the measured IRMPD spectra.

IRMPD and theoretical studies of [dThd+H]+ were previously
reported by Wu and coworkers [24]. Fig. 4 illustrates the com-
parison between experimental IRMPD spectra of [L-dThd+H]+ and
[dThd+H]+,  where nearly all the features observed correspond pri-

marily with the TA 2,4-dihydroxy tautomeric ground conformers
with additional contributions from the O2A conformers in  both
L-dThd and dThd protonated systems, respectively. As expected
for enantiomers exhibiting simple cation binding, both protonated
spectra exhibit parallel behavior among major features observed.
However, differences can still be seen in Fig. 4. These noticeable
discrepancies observed in the peak positions and intensities in the
fingerprint region are  likely due to a  combination of the effects
discussed above.

The IRMPD and theoretical studies of [dThd +  Na]+ were
previously reported by Zhu and coworkers [25]. Fig.  4 also
shows the comparison between experimental IRMPD spectra
of [L-dThd +  Na]+ and [dThd + Na]+ where all major features
have significant contributions from the respective T1(O2O4′O5′)

ground conformers with some contributions from the respective
B1(O2O4′)  conformers. As can be  readily observed, the sodium
cationized spectra exhibit even more parallel features throughout
the fingerprint and hydrogen-stretching regions. The high level of
agreement between spectra may  be due in large part to  the simi-
lar experimental conditions employed between data collection and
the spectra being acquired using the same instrument at the same
facility compared to the protonated systems.

Table S1 compares the experimental IRMPD peak positions
and relative yields of the features observed for the protonated
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L-dThd and dThd systems. Table S2 provides the same comparison
for the sodium cationized L-dThd and dThd systems investigated.
The largest difference in the measured vibrational frequency of
the spectral features observed in  both the protonated and sodium
cationized spectra is 9 cm−1 with all analogous major peaks illus-
trating parallel characteristics. Eleven of the 13 spectral features
observed for [L-dThd+H]+ and 9 of the 13 features of [L-dThd +  Na]+

in  the fingerprint region are blueshifted by  1–9 cm−1 compared to
those observed for [dThd+H]+ and [dThd +  Na]+. This may  suggest a
slight difference between wavelength calibrations applied to each
system using the FEL excitation source because there is minimal
spectral shifting in the hydrogen-stretching region between the
protonated and sodium cationized systems where the OPO/OPA
excitation source was employed.

Table S3 provides the vibrational frequency assignments cor-
responding to the theoretical IR and experimental IRMPD spectral
features for [L-dThd+H]+ and [L-dThd +  Na]+ along with the com-
plementary dThd ions for comparison. The vibrational signatures
of [L-dThd+H]+ are primarily associated with the ground and dom-
inant 2,4-dihydroxy tautomer, TA, with additional contributions
from the low-energy O2A and O4A conformers. The vibrational
signatures of [dThd+H]+ also primarily arise from the ground
and dominant 2,4-dihydroxy tautomer. TA, with additional con-
tributions from the O2A conformer. The vibrational frequency
assignments for both [L-dThd + Na]+ and [dThd + Na]+ are based on
their respective ground T1(O2O4′O5′) conformers, and the exper-
imental spectra illustrate highly parallel behavior among major
bands observed as expected. Additional discussion of the vibra-
tional frequency assignments for [L-dThd+H]+ and [L-dThd +  Na]+

is  available in the Supplementary material.

4.3. Comparison of experimental IRMPD and calculated IR spectra

of [L-dThd+H]+

Fig. 6 compares the experimental IRMPD spectrum of
[L-dThd+H]+ with the calculated IR spectra of several low-energy
conformers (TA, TB,  TC,  O4A, and O2A). As can be seen in the fig-
ure, there is good agreement between each of the theoretical IR
spectra and the measured IRMPD spectrum with several features
unique to the 2,4-dihydroxy tautomers and others specific to the
O2 and O4 protonated conformers. The bands observed at 1786
cm−1 and 3386 cm−1 are only associated with the O2A conformer,
corresponding to  the C4 O4 carbonyl stretch and N3–H stretch,
whereas the band at 3582 cm−1 with its shoulder at 3567 cm−1 are
only present with the T  conformers, corresponding to  the O2–H and
O4–H combination stretches. The remaining features arise from
both the T and O2 conformers in the fingerprint and hydrogen-
stretching regions. The intense peak calculated at 1569 cm−1 of the
TC conformer may  contribute to the nonzero signal between the
measured bands at 1598 cm−1 and 1529 cm−1. However, clear dis-
agreement is observed between the O4A calculated IR spectrum
and the measured IRMPD spectrum. The strong feature calculated
at  1569 cm−1 for O4A would likely broaden the immediately adja-
cent peaks at 1598 cm−1 and 1529 cm−1 or  possibly contribute a
redshifted shoulder feature to the observable 1598 cm−1 feature,
but neither of these findings is observed indicating minimal O4A

conformer population in the experiments. The predicted bands
at 3600 cm−1 and 1293 cm−1 for O4A are also not observed in
the measured IRMPD spectrum. However, the predicted feature
at 1799 cm−1, corresponding to  the C2 O2 stretch, may  slightly
contribute to the blue shoulder of the carbonyl peak observed in
the IRMPD spectrum. As a result, it can be reasonably concluded
that O4A does not significantly contribute to the experimental ESI
population.

In  summary, the TA, TB,  and TC 2,4-dihydroxy tautomers are
populated in the ESI experiments with TA and TB theoretical spec-

Fig. 6.  Comparison of the experimental IRMPD action spectrum of [L-dThd+H]+ with
select low-energy B3LYP/6-311+G(d,p) optimized structures and their correspond-
ing theoretical linear IR  spectra. The site of protonation, tautomeric conformation,
thymine orientation, sugar puckering, and B3LYP/6-311+G(2d,2p) relative Gibbs
energies at 298 K  are presented for each conformer. The IRMPD spectrum is overlaid
in  grey and scaled separately in the fingerprint and hydrogen-stretching regions to
match  the most intense peaks within the predicted IR spectra to facilitate compar-
isons of the observed features. The predicted IR spectrum for a 3:3:1 of the  TA,  TB,
and  O2A conformers, respectively, is overlaid in blue in the top panel (For interpre-
tation of the references to  colour in this figure legend, the  reader is  referred to the
web version of this article).

tra illustrating the closest agreement with the measured IRMPD
spectrum and TC likely contributing to a  lesser extent due to
misalignment among major features with the IRMPD spectrum.
O2A contributes to  the experimental population and minor fea-
tures observed in the experimental spectrum, but O4 protonated
conformers of [L-dThd+H]+ are likely minimally populated in  the
experiments. The predicted IR spectrum for a  3:3:1 mixture of
the TA, TB, and O2A conformers, respectively, exhibits reasonable
agreement with the measured IRMPD spectrum (see blue overlay
in the top panel of Fig. 6)  suggesting that  the experimental popula-
tion is  comprised of ∼86% 2,4-dihydroxy tautomers and ∼14%  O2
protonated conformers. These findings parallel results previously
reported for [dThd+H]+ [24].

4.4. Comparison of experimental IRMPD and calculated IR spectra

of [L-dThd + Na]+

Fig. 7 compares the experimental IRMPD spectrum of
[L-dThd +  Na]+ with the calculated IR spectra of several low-energy
conformers (T1(O2O4′O5′), T2(O2O4′O5′), B1(O2O4′), B1(O2O5′),
and M1(O4)). The calculated IR spectra of the T1(O2O4′O5′),
T2(O2O4′O5′), and B1(O2O4′)  conformers exhibit the closest agree-
ment with the experimental IRMPD spectrum. The tridentate
conformers both have syn Thy nucleobase orientations but  with
different sugar puckerings, and their close agreement with the
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Fig. 7. Comparison of the experimental IRMPD action spectrum of [L-dThd +  Na]+

with select low-energy B3LYP/6-311+G(d,p) optimized structures and their corre-
sponding theoretical linear IR spectra. The sodium cation binding mode, thymine
orientation, sugar puckering, and B3LYP/6-311+G(2d,2p) relative Gibbs energies at
298 K are presented for each conformer. The IRMPD spectrum is  overlaid in grey and
scaled separately in the fingerprint and hydrogen-stretching regions to  match the
most intense peaks within the predicted IR spectra to  facilitate comparisons of the
observed features.

measured IMRPD spectrum indicates they are likely the domi-
nant structures populated in  the ESI experiments. Minor shifts
in several computed bands are observed for the B1(O2O4′) con-
former, including the shoulder at 1643 cm−1 shifted to the red
compared to the experimental feature, and the band predicted at
1429 cm−1 is blueshifted compared to the measured IRMPD peak.
The minor calculated features at 821 cm−1 and 919 cm−1 are also
not easily discernible within the experimental IRMPD spectrum.
Despite these minor discrepancies, the major computed bands for
the B1(O2O4′) conformer align very well with the measured IRMPD
spectrum, suggesting it may  be populated in minor abundance in
the experiments. However, its computed Gibbs energy, 30.1 kJ/mol
relative to the ground T1(O2O4′O5′) conformer, suggest that its
population is indeed expected to  be quite small. The B1(O2O5′)

conformer does not significantly contribute to the experimental
population largely as the intense feature predicted at 3633 cm−1

is redshifted by 30 cm−1 compared to  the experimental feature,
and its high Gibbs energy, 31.6 kJ/mol versus the ground conformer
reinforces its lack of importance. The M1(O4) conformer is  not
expected to be populated in the ESI experiments based on its high
Gibbs energy, 39.5 kJ/mol; significant spectral mismatches are also
observed including splitting of the feature at ∼3663 cm−1 associ-
ated with the anti Thy nucleobase orientation and misalignments
of the features predicted at 1632 cm-1 and 1480 cm−1 that do  not
align with the experimental spectrum.

In summary, the T1(O2O4′O5′) and T2(O2O4′O5′) conformers
are dominantly populated in the ESI experiments. Spectral similar-
ities suggest that the B1(O2O4′)  conformer also makes very minor

contributions. These findings parallel results previously reported
for [dThd +  Na]+ [25].

4.5. Relative N-glycosidic bond stabilities

The survival yield curves of [L-dThd+H]+, [L-dThd +  Na]+,
[dThd+H]+ and [dThd + Na]+ are compared in  Fig. 3. As can be
seen in the figure, the L-dThd curves lie virtually on top of
the dThd curves, an expected finding for enantiomers sharing
the same physical properties. The ER-CID behavior of these sys-
tems were evaluated using the same method and experimental
conditions to  ensure meaningful comparisons among systems.
The CID50% values reported here for [dThd+H]+ and [dThd +  Na]+

slightly differ from those previously reported due to minor dif-
ferences in the ER-CID procedures employed [25];  however, the
CID50% values are the same within the reported margin of error.
Multiple fragmentation pathways are  observed for the proto-
nated Thy nucleosides as described earlier (Section 3.1) involving
a  combination of neutral water and ketene losses, competing
with the dominant glycosidic bond cleavage fragmentation path-
way. Consequently, the CID50% values reported for [L-dThd+H]+

and [dThd+H]+ do not directly correlate with glycosidic bond
strength but rather the overall nucleoside stability. Compared to [L-
dThd + Na]+ and [dThd + Na]+, protonation activates the glycosidic
bond and sugar moiety more effectively at a  lower rfEA value, induc-
ing a greater variety of fragmentation pathways beyond glycosidic
bond cleavage. Among the sodium cationized Thy nucleosides,
the dominant fragmentation pathway observed is  glycosidic bond
cleavage. As a  result, the CID50% values for [L-dThd + Na]+ and
[dThd +  Na]+ directly correlate with the relative glycosidic bond
strengths.

The average N-glycosidic bond length predicted for [L-dThd+H]+

is 1.522 Å; the O2 and O4 protonated structures exhibit slightly
shorter average glycosidic bond lengths of 1.521 Å  and 1.520 Å,
respectively, whereas the T conformers have a slightly longer
average glycosidic bond length of 1.525 Å. These results suggest
that protonation induced tautomerization activates the glycosidic
bond of L-dThd slightly more effectively than O2 and O4 proto-
nation. The  average N-glycosidic bond length predicted for the
[L-dThd +  Na]+ complexes is  1.486 Å, indicating that sodium cation-
ization is less effective at activating the glycosidic bond than
protonation, consistent with the trends in the CID50% values. The
glycosidic bond lengths of each system are compared in Table

S4.  This behavior extends to the overall stabilities of the L-dThd
nucleosides as well based upon the rf  excitation amplitudes at
CID50% discussed earlier (Section 3.1). The rfEA at CID50% for [L-
dThd + Na]+ is nearly double the value of the rfEA at CID50% for
[L-dThd+H]+.

4.6. Robustness of the simulated annealing methodology

As  described in Section 2.5,  this study employed molecular
dynamics simulated annealing procedures to  generate candidate
structures for higher level optimization for both the [L-dThd+H]+

and [L-dThd +  Na]+ systems. This method samples energy acces-
sible conformations for each of the systems in a random fashion
while the structure is subjected to increasing and decreasing
internal energy, allowing local and ideally global extrema to be
accessed. Due to the limited number of possible protonation states,
initial rounds of simulated annealing involving several manually-
constructed structures did not sample the conformational space
comprehensively enough to  locate every low-energy conformer
previously reported for [dThd+H]+ [24]. To ensure comprehensive
results, the mirror images of the dThd structures were generated
for all 15 structures reported and were also subjected to  the simu-
lated annealing process. This procedure enabled all 15 conformers
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to  be found as their L-dThd enantiomers. This additional sampling
also found more structures with a  broader range of relative Gibbs
energies, extending from the ground conformer to 76.0 kJ/mol. For
the initial [L-dThd + Na]+ structures, six different sites of Na+ bind-
ing were examined in  the first rounds of simulated annealing.
These initial simulations produced 54 of the 80 previously reported
[dThd + Na]+ [25]  structures. Thus again, enantiomeric conformers
of [dThd + Na]+ not found for [L-dThd +  Na]+ in the initial simulated
annealing were subjected to  stereochemical inversion, simulated
annealing and higher level optimization such that the remaining
26 structures were also found. These results suggest that more
comprehensive sampling is  needed to  avoid the need for manual
intervention, but that  combined very comprehensive sampling is
achieved.

5. Conclusions

The IRMPD spectra of [L-dThd+H]+ and [L-dThd +  Na]+ were
acquired and compared with their respective theoretical linear IR
spectra calculated at B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p)
level of theory to identify favorable states of protonation and
sodium cationization among predicted low-energy conformers
populated in the experiments and compared to previously reported
findings involving their respective enantiomer [dThd+H]+ [24] and
[dThd + Na]+ [25]  ions. Gaussian 09 quantum chemical calcula-
tions identify the ground conformer of [L-dThd+H]+ demonstrating
a  2,4-dihydroxy tautomeric protonation state with an anti Thy
nucleobase orientation and C2′-endo (2T3) sugar puckering, the
exact enantiomer of the ground conformer reported for [dThd+H]+

[24]. Theory predicts low-energy 2,4-dihydroxy tautomers with
an anti nucleobase orientation as the dominant species in  the
experimental ESI population with minor contributions from O2
protonated conformers and possible trace contributions from O4
protonated conformers. DFT calculations predicted that the ground
conformer of [L-dThd +  Na]+ exhibits tridentate coordination of
the sodium cation by the nucleobase O2 and sugar O4′ and O5′

atoms with a syn nucleobase orientation and O4′-endo (OT1) sugar
puckering. This is, again, the exact enantiomer of the ground con-
former reported for [dThd + Na]+ [25]. Theory predicts low-energy
tridentate conformers involving Na+ binding with O2, O4′, and
O5′ atoms adopting a syn nucleobase orientation as the domi-
nant species populated in the ESI experiments with additional
minor contributions from O2O4′ bidentate species and no con-
tribution from monodentate species. The high level of agreement
between the calculated linear IR spectra and experimental IRMPD
spectra among the low-energy conformers illustrates the valid-
ity of these predictions as well as the enantiomeric species, for
both [L-dThd+H]+ and [L-dThd + Na]+ as well as [dThd+H]+ and
[dThd + Na]+ [24,25]. The overall stability and N-glycosidic bond
stability of [L-dThd +  Na]+ exceeds that of [L-dThd+H]+ as also
observed for [dThd +  Na]+ and [dThd+H]+, indicating that sodium
cationization activates the glycosidic bond less effectively than
protonation for both L-dThd and dThd. The theoretical and exper-
imental results for [L-dThd+H]+ and [L-dThd +  Na]+ exhibit nearly
identical behavior to  that  found previously for [dThd+H]+ [24] and
[dThd + Na]+ [25], indicating a clear parallel as expected among
enantiomers using the robust methodology employed in this
study.

The highly parallel results of this L-dThd study observed with
the  previously reported findings for dThd [24,25]  further validate
the theoretical and experimental techniques utilized in  this work.
Despite different laser setups being employed for the protonated
and sodium cationized D-thymidine and L-thymidine systems
located at different facilities over an approximate five year time
span, this study substantiates the same theoretical and exper-

imental results as expected for respective enantiomer systems
exhibiting simple cation binding.
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