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Abstract

Structural diversification of canonical nucleic acid bases and nucleotide analogues by tautomerism
has been proposed to be a powerful on/off switching mechanism allowing regulation of many
biological processes mediated by RNA enzymes and aptamers. Despite the suspected biological
importance of tautomerism, attempts to observe minor tautomeric forms in nucleic acid or hybrid
nucleic acid-ligand complexes have met with challenges due to the lack of sensitive methods.
Here, a combination of spectroscopic, biochemical and computational tools probed tautomerism in
the context of an RNA aptamer-ligand complex; studies involved a model ligand, oxythiamine
pyrophosphate (OxyTPP), bound to the thiamine pyrophosphate (TPP) riboswitch (an RNA
aptamer) as well as its unbound non-phosphorylated form, oxythiamine (OxyT). OxyTPP, like
canonical heteroaromatic nucleic acid bases, has a pyrimidine ring that forms hydrogen bonding
interactions with the riboswitch. Tautomerism was established using two-dimensional infrared (2D
IR) spectroscopy, variable temperature FTIR and NMR spectroscopies, binding isotope effects
(BIEs) and computational methods. All three possible tautomers of OxyT, including the minor
enol tautomer, were directly identified and their distributions were quantitated. In the bound form,
BIE data suggested that OxyTPP existed as a 4'-keto tautomer that was likely protonated at the
N1'-position. These results also provide a mechanistic framework for understanding the activation
of riboswitch in response to deamination of the active form of vitamin B1 (or TPP). The
combination of methods reported here revealing the fine details of tautomerism can be applied to
other systems where the importance of tautomerism is suspected.

The heterocyclic bases of RNA and DNA can exist in optional tautomeric states, which has
significant implications for nucleic acid biochemistry.(1-13) In RNA, formation of optional
tautomeric forms is speculated to play a role in catalysis and binding by RNA enzymes and
aptamers.(1-5, 14) Small self-cleaving RNA enzymes such as Hammerhead, Varkud
Satellite, Hairpin and GImShave been proposed to utilize either the ionized forms or the
minor enol or imino tautomeric forms or both of conserved guanines, in which the N1
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position is deprotonated, to perform their catalytic functions.(2—4, 15-19) Tautomeric
preference has also been proposed in the recognition of ligands and inhibitors by certain
RNA aptamers, the purine and the thiamine pyrophosphate (TPP) riboswitches. The purine
riboswitch, which regulates genes involved in guanine metabolism, has been suggested to
bind to the enol tautomer of xanthine(1) whereas the TPP riboswitch has been proposed to
recognize oxythiamine pyrophosphate (OxyTPP), a model ) ligand, in its enol form instead
of the more standard keto tautomer.(14 The importance of tautomerism has also been
proposed in DNA replication where the occurrence of minor tautomeric forms during
replication could lead to mutations.(6—12, 20) Indeed Watson and Crick suggested that
correct base pairing in DNA requires nucleic acid bases occurring in their predominant
tautomeric states.(21, 22) There is a growing appreciation of the significant potential
biological implications of tautomer formation in nucleic acid biochemistry.(13)

Despite the biological importance of tautomerism, it has been challenging to observe minor
tautomeric forms owing to the lack of sensitive methods. For example, using x-ray
crystallography, at typical resolutions, it is often difficult to unambiguously assign the
position of protons to distinguish various tautomeric forms.(1, 14, 23) Tautomerism is also
difficult to study using electronic spectroscopy because the spectra associated with multiple
tautomers are usually broad and featureless.(24-26) NMR spectroscopy, although sensitive
to tautomerization, is challenging for observing tautomers in aqueous solution at room
temperature because under these conditions the exchange rates between tautomers can be
faster than the NMR time scale.(27) Vibrational spectroscopy, such as FTIR and Raman,
have been used for studying tautomerism under non-physiological gas phase conditions;
however, these conditions do not replicate tautomeric distribution present under biologically
relevant aqueous conditions.(28-30) In the gas phase, tautomer distribution often favors
minor tautomers, even for canonical nucleic acid base pairs.(28, 30) Systematic studies of
tautomerism are not only lacking in the context of nucleic acid or nucleic acid-ligand
complexes, but there is also little direct evidence to demonstrate that such isomerizations
occur within the context of these complex systems. Although, the chemical features such as
ionized states or altered pK, of nucleic acid bases in ribozymes have been extensively
studied,(17-19, 31-34) a survey of the literature suggests that progress in studying
tautomerism is limited by the lack of suitable methods to detect tautomeric species under
aqueous conditions.

The present study undertook the application of solution-based methods to reveal the
presence of minor tautomeric forms in molecules, overcoming the obstacles of their fast
interconversion rates, very similar chemical properties and complexity of the nucleic acids
systems. In this study, the tautomeric form of OxyTPP (Figure 1A) was characterized in the
context of TPP riboswitch (Figure 1B) using methods based on binding isotope effects
(BIESs) and density functional theory (DFT) calculations. BIEs, which report on changes in
the vibrational properties of a bond between the bound and unbound states, together with
DFT calculations allowed us to determine the tautomeric form of OxyTPP bound to the TPP
riboswitch. We also determined all possible tautomers of the unbound non-phosphorylated
form of its ligand, OxyT (Figure 1A), including its minor tautomeric forms using variable
temperature conditions. 2D IR spectroscopy is an emerging new method to characterize
tautomeric equilibria under agueous conditions.(35) It has a picosecond time resolution,
which allows direct observation of the tautomerization process using a fast triggering
method such as temperature-jump.(36) In the present work, the combination of methods
based on 2D IR, FTIR, variable temperature NMR, BIEs and DFT calculations allowed us to
fully characterize tautomeric forms of the ligand in-solution and bound to the TPP
riboswitch under biologically relevant aqueous equilibrium conditions. We also provide an
estimate of the exchange rates for interconversion of tautomers via performing low
temperature NMR experiments.
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Results and Discussion

The thiamine pyrophosphate riboswitch bound to OxyTPP (Figure 1B) provides a good
model system for comprehensively studying tautomerism in nucleic acid complexes because
structural studies have predicted that the riboswitch binds to the minor tautomeric form of
OxyTPP. OxyTPP, like the nucleic acid bases, has a heteroaromatic ring system that forms
hydrogen bonding interactions with the riboswitch (14) and, in the unbound form the OxyT
part of OxyTPP can theoretically exist in three tautomeric forms depending on the position
of the active proton (Figure 2): two 4'-keto forms that are protonated either at the N1'-
postion (4'-keto-N1'H-OxyT) or at the N3'-position (4'-keto-N3'H-OxyT) and a 4'-enol (4'-
enol-Oxy T) form. Below we determine the tautomeric forms of OxyT in the absence of
RNA and its diphosphorylated form, OxyTPP, bound to the TPP riboswitch.

Tautomers of OxyT in the unbound form

Traditional NMR approaches could not resolve tautomeric forms of OxyT under
physiological aqueous conditions because tautomerization of this type of heterocycle occurs
on nanosecond time scales (36) (Supplementary material; Note 1); therefore, 2D IR
spectroscopy, an optical analogue of 2D NMR with picosecond time resolution, was used to
characterize all possible tautomeric forms of OxyT.

Experimentally, tautomerism of OxyT was investigated by variable temperature FTIR and
2D IR experiments in TPP buffer (1M HEPES buffer pH 7.5, 100 mM KClI and 15 mM
MgCly; Supplementary Table S1). The variable temperature FTIR spectra of OxyT in the
region of in-plane double bond vibrations for aromatic heterocycles are shown in Figure 3A.
Vibrational bands in this region, which we number from high to low frequency, are expected
to have a distinct pattern for each tautomer, in particular when the C=0 character is altered
significantly.(9, 35, 37) The X1 mode is composed of X1a at 1658 cm™1 with a shoulder
(X1b) at 1646 cm™1. The X1 mode was assigned to the carbonyl stretch in the keto form of
OxyT based on the characteristic vibrational frequency, high IR intensity, and the broad
line-shape.

The 2D IR spectrum of OxyT in TPP buffer at 10 °C is shown in Figure 3B. Analogous to
2D NMR, sequences of ultrafast IR pulses are employed in 2D IR experiments to excite
molecular vibrations and detect energy flow to other vibrations. Each peak ina 2D IR
spectrum contains a doublet with a positive feature (red) originating from the ground state
absorption and stimulated emission, and a negative contribution (blue) due to the excited
state absorption. A typical 2D IR spectrum consists of diagonal peaks that correspond to the
FTIR peaks, and off-diagonal cross-peaks, if the vibrations are coupled. As a consequence,
the correlation of excitation (»1) and detection (w3) frequencies in a 2D IR spectrum allows
mixtures of chemical species such as structural isomers or tautomers to be resolved through
the cross-peaks that encode their intramolecular vibrational couplings.(35, 38, 39) The 2D
IR study on nucleic acid bases in the fingerprint region has shown that intense cross-peaks
exist between all of the diagonal peaks due to the delocalized nature of these carbonyl and
ring vibrations in the aromatic system.(40) Therefore, the contrast between the pronounced
X1a/X4 cross-peaks at (o1, mg) = (1658 cm™1, 1525 cm™1) and the absence of X1b/X4
cross-peaks clearly indicate that X1a and X1b originate from two different species.

The DFT frequency calculations predicted that the C=0 frequency of the 4'-keto-N3'H-
OxyT tautomer is slightly lower than that of the 4'-keto-N1'H-OxyT, suggesting that the X1b
shoulder is from the C=0 stretch of the 4'-keto-N3'H-OxyT (Figure 3C and Supplementary
Figure S1 and S2). The calculations also show that both keto tautomers have a peak at ~
1545 cm™1 corresponding to the pyrimidine ring vibrations with strong C=N character. This
peak matches well with the experimental peak at 1558 cm™1 (X3), which has cross-peaks to
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both C=0 peaks. Furthermore, the calculations showed that the 4'-keto-N1'H-OxyT tautomer
has noticeable methyl group vibrations that contribute to the 1450 cm™1 band, whereas the
4'-keto-N3'H-Oxy T tautomer has a much weaker peak at 1450 cm~2. The intensity
difference in the methyl vibration manifested itself in the 2D IR spectrum where cross-peaks
were observed between X1a/X4 but not between X1b/X4. Finally, an unusually broad peak
(X2) was seen at 1598 cm™1, which also has cross-peaks to X4. Again comparing it to the
DFT calculations, X2 was assigned to be the collective ring vibration of the enol tautomer
that involves the C=N stretches as well as the O-D stretch coupled to the water vibrations
(Supplementary Figure S3). The 4'-enol-OxyT tautomer had an even more intense methyl
vibration than the 4'-keto-N1'H-OxyT tautomer, which resulted in the cross-peaks between
X2/X4. The distinct cross-peak patterns in the 2D IR spectrum enabled us to identify and
distinguish among all three tautomers of OxyT under relatively physiological conditions.

Since the three tautomers have distinct peaks at 1658 cm™1, 1646 cm™2, and 1598 cm™1 for
the 4'-keto-N1'H-OxyT, 4'-keto-N3'H-OxyT, and 4'-enol-OxyT, respectively, their relative
populations can be extracted out by simultaneously fitting the FTIR and 2D IR spectra in the
1580 — 1700 cm™1 frequency range (Supplementary Method M1).(37, 41) A self-consistent
fitting of the FTIR and 2D IR spectra at room temperature resulted in 8% + 1% 4'-enol-
OxyT tautomer, 55% + 5% 4'-keto-N1'H-OxyT and 37% + 7% 4'-keto-N3'H-OxyT
tautomers (Figure 3D and Supplementary Table S2). The variable temperature FTIR spectra
show that X1a intensifies at the expense of the X1b shoulder as the temperature is raised,
whereas X2 has weak temperature dependence. Fitting the variable temperature FT IR
spectra using the spectroscopic parameters from the room temperature spectra showed that
the 4'-keto-N1'H-OxyT population increased to ~ 70% at 90 °C, the 4'-keto-N3'H-OxyT
population decreased to ~ 20%, whereas the 4'-enol-OxyT tautomer was relatively constant
within the error bars (Figure 3D and Supplementary Figure S5).

As indicated above, the IR methods allowed us to observe all possible tautomeric forms of
OxyT under physiologically relevant aqueous conditions. The presence of different
tautomeric forms of OxyT was also established by 1D and 2D and variable-temperature
NMR experiments. NMR experiments were performed in DMF to prevent fast exchange of
the active proton on the ligand and water, and at low temperature such that the tautomeric
interconversion rate is slow enough to resolve all three tautomers. Initially, by correlating
the data generated from 2D NMR techniques such as COSY, HSQC, and HMBC, all non-
active proton and carbon signals were assigned to the corresponding positions on OxyT
(Supplementary Table S3). The active proton on the pyrimidine ring of OxyT, which is
expected to have different chemical shifts in various tautomers of OxyT, was studied by the
NMR spectra in DMF from 20 °C to -60 °C (Figure 4A). At -60 °C three distinct proton
resonances between 12.5 to 17.0ppm were observed that were attributable to protons bound
either to N1' or N3' or to the 4'-oxygen on the pyrimidine ring. Considering that each
tautomer can only have the proton at one of these three positions, the presence of three
proton resonances indicated the presence of three tautomeric forms of OxyT in DMF solvent
at -60 °C.

Based upon a comparison to the literature, the proton resonance at 16.6ppm was assigned to
the N3' amide proton in the 4'-keto-N3'H-OxyT tautomer (Figure 4A), 15.5ppm to the 4'-
enol-OxyT proton, and 13.3ppm to the N1' amino proton in the 4'-keto-N1'H-OxyT tautomer
(Supplementary material; Note 1). Integration and normalization of these peaks permitted
determination of the relative ratios of the three tautomeric species that exist in DMF at low
temperature (4'-keto-N3'H-OxyT: 4'-enol-OxyT: 4'-keto-N1'H-OxyT = 0.34 : 0.38 : 0.28).
The difference in the ratios between 2D IR and NMR was attributed more to the solvent
conditions than to temperature, since H,O is required for the tautomer exchange process.
The separation of chemical shifts for three tautomers also allowed us to estimate the
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timescale of exchange among tautomers, which was between 0.27 to 0.82 milliseconds at
=50 °C, which is the coalescence temperature for the exchange among different tautomers
(Supplementary material; Note 2). In contrast to OxyT, variable temperature NMR data for
thiamine indicated that it was present in solution as a single 4'-amino tautomer (Figure 4B).

Tautomeric form of OxyTPP bound to the TPP riboswitch

The spectroscopic approaches described above allowed us to characterize the tautomeric
forms of OxyT in the unbound form. Given the complexity of the TPP aptamer, these
approaches could not be directly applied to determine the tautomeric form of OxyTPP bound
to the riboswitch. To establish the tautomeric form of the bound OxyTPP we used
experimental binding isotope effects (BIEs), which characterize the increase or decrease in
binding upon substitution of an atom with its heavier isotope.(42) BIEs are useful as they are
sensitive to change in bond order between two equilibrium states and are influenced by
alterations in vibrational frequencies between the bound and the unbound states of a ligand,
such as those described for the tautomers above. In general, if a bond order to an atom with
the substitution decreases upon binding, it is the lighter isotope that binds better and a BIE
of greater than 1.0 is observed. An inverse BIE or a BIE of less than 1.0 is indicative of an
increase in bond order upon binding or tighter binding of the heavier isotope. The magnitude
of the effect is correlated with the change in bond order. BIEs have been used to study
enzyme-substrate interactions in enzymes such as dehydrogenases and to detect subtle
changes in bonding in glucose when bound to the hexokinase enzyme.(43-46)

The 180 BIE at the 4'-position of OxyTPP, 4'-180 BIE, along with DFT calculations were
used to establish the tautomeric form of OxyTPP bound to the TPP riboswitch. Given the
small magnitude of 180 isotope effects, to achieve the necessary precision BIEs were
measured in the competitive condition. The light and heavy ligands were mixed in the same
reaction and the ratios were quantitated for the bound and the unbound forms. To distinguish
OxyTPPs labeled with the light 180 and the heavy 180 oxygen isotopes, they were double
labeled with 32P and 33p radioisotopes, respectively, at the terminal pyrophosphate position
and were quantitated by scintillation counting. An isotope effect of 0.987 + 0.002 (mean £
std. error) was measured for OxyTPP that was double labeled with 180 and 33P and 160

and 32P at the 4'-oxygen and terminal phosphate positions. BIE values were corrected for

an 180 enrichment factor of 0.725 measured using quadrupole time-of-flight (QTOF) mass
spectrometry for the synthesized OxyT (Supplementary Figure S6). The BIE measured
using 180 and 33P double labeled OxyTPP was also corrected for a small BIE of 1.004 +
0.0035 for the 33P substitution, measured in a separate experiment using 33P and 32P labeled
OxyTPP molecules. The final 4'-180 BIE of 0.982 + 0.004 was obtained after the correction
(Figure 5). A systematic isotope effect of close to unity (1.001 £ 0.002) was obtained from
the experiment in the absence of riboswitch. The double labeling procedure also allowed the
flexibility of measuring the 4'-180 BIE by switching the labels of OxyTPP, by

combining 180 with 32P and 180 with 33P. The BIE of 0.985 + 0.004 was measured using
these labeling combinations, within the error of the value obtained with the opposite pairing
(Figure 5). The approximate average of the two 4'-180 BIE values, from opposite pairings,
of 0.984 was used in subsequent analysis. The experiment was repeated multiple times; the
inverse values were obtained only when the 180 isotope were incorporated into the labeling
scheme. A titration experiment using TPP further confirmed that the small inverse O-18 BIE
comes from specific binding of OxyTPP to the binding pocket of the TPP riboswitch
(Supplementary Table S4). Errors were propagated using the product rule.(47)

The inverse 4'-180 BIE value of 0.984 suggested that the binding of OxyTPP to the TPP
riboswitch resulted in increased bonding to the 4'-oxygen of OxyTPP, which is inconsistent
with the presence of an enol tautomer in the bound form in its neutral form. The 4'-carbonyl
group of the OxyTPP has a double bond character in the keto isomeric form compared to a
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single bond in the enol isomer. However, in the enol form reduction in bond order to the 4'-
carbonyl oxygen is partially compensated by formation of an additional bond to a hydrogen
atom, which contributes inversely to the measured 180 isotope effects. In order to dissect the
relative contributions of these two effects, we analyzed the 4'-180 BIE computationally.

The expected magnitude of the 4'-180 BIE for the conversion of 4'-keto tautomer to 4'-enol
tautomer was estimated using 4'-keto-N1'H-OxyT, the dominant unbound form and 4'-enol-
OxyT. Although, OxyT can exist in three tautomeric forms, as shown above, the
spectroscopic and thermodynamic analyses show that the 4'-keto-N1'H-OxyT form is lower
in energy and more populated compared to the enol form (Figures 2 and 3D). A small
normal 4'-180 BIE of 1.001 was calculated for the conversion of 4'-keto to 4'-enol tautomer
(Supplementary Table S4), suggesting only a small decrease in bond order to the 4'-oxygen.
The calculated BIE value however was significantly different than the experimentally
observed value. The inverse BIE of 0.984 is indicative of increased bond order to the 4'-
oxygen upon binding to the riboswitch. An inverse 4'-180 BIE is inconsistent not only with
the existence of enol tautomer in the bound form but also with the observation that the 4'-
enol group is hydrogen bonded to the neighboring guanine. Polarization of the 4'-enol group
of OxyT due to hydrogen bonding would further increase the magnitude of normal 4'-180
BIE (Table 1).

The NMR data show that tautomers of OxyT interconvert on less than a millisecond time
scale; it is therefore anticipated that any isotope effect arising from the conversion of one
tautomer into another would contribute to the observed isotope effect. Binding of OxyTPP
to the TPP riboswitch also involves a desolvation step and any isotope effect arising from
this step would also be a part of the measured BIE. Calculations suggest that these factors
contribute minimally to the observed BIE and do not account for the experimentally
measured inverse BIE (Table 2 and Supplementary Table S5).

The inverse 4'-180 BIE, which is indicative of increase in bond order to the 4'-oxygen, can
potentially arise from additional bonding, possibly a hydrogen bond with a functional group
in the binding pocket of the TPP riboswitch. The Badger rule,(43) which relates the change
in bond length with the alteration in stretching frequencies, suggests that hydrogen bonding
to the 4'-oxygen of OxyTPP would contribute inversely to the observed 4'-180 BIE. This
effect was mimicked by the bringing in of a water molecule close to the 4'-oxygen of
OxyTPP. Formation of the hydrogen bond reduces the 4'-180 BIE and a full correlation
between the calculated and experimental BIEs is observed at distances where a strong
hydrogen bonding is predicted (Table 3).

The crystal structure of the TPP riboswitch with its ligand predicts that the pyrimidine ring
of TPP forms two hydrogen bonds with G28, between the exocyclic 4'-NH, group of TPP
and N3 of G28 and N3 of TPP and 2-NH, of G28 (Supplementary Figure S7).(48) The TPP-
responsive riboswitch from Arabidosis thialana displays an apparent dissociation constant
of ~ 50 nM for its natural ligand TPP,(48-50) with the binding of TPP to the riboswitch
dependent on the concentration of Mg2*ions.(51-53) The 4'-OxyTPP in the keto form is
expected to bind unfavorably compared to TPP due to the potential loss of hydrogen
bonding with N3 of G28. In addition, OxyTPP binding relative to TPP is expected to be
entropically unfavorable as, in the unbound form, OxyT is present in multiple tautomeric
forms compared to single tautomeric form for thiamine, as predicted above from the NMR
experiments. Consistent with this observation OxyTPP, our model compound and
presumably a natural metabolite of TPP, specifically binds to the TPP riboswitch with a Ky
of 1.67 pM (Figure 6 and Supplementary Figure S8), an approximately 33-fold increase in
dissociation constant over the natural ligand. Furthermore, in order to retain the hydrogen
bond between the OxyTPP and G28 of the TPP riboswitch, the N3' atom of OxyTPP needs
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to be in an unprotonated form, suggesting that the proton is present on the N1' atom,
consistent with its crystal structure with the TPP riboswitch. It is therefore argued that the
keto tautomer of OxyTPP that is protonated at the N1' position, 4'-keto-N1'H-OxyTPP, is the
bound form of OxyTPP.

Taken together, the spectroscopic data show that 4'-keto-N1'H-OxyT is the predominant
tautomeric state in the unbound form followed by 4'-keto-N3'H-OxyT and then 4'-enol-
OxyT. In the bound form, the BIE data are consistent with the presence of 4'-keto-OxyTPP
tautomer, which is also the predominant tautomer in the unbound state. Considering OxyT
tautomers interconvert on the sub millisecond time scale, it is likely that the TPP riboswitch
directly binds the 4'-keto-N1'H-OxyTPP tautomer and other tautomeric forms convert to 4'-
keto-N1'H-OxyTPP in solution to restore the equilibrium distribution. Tautomerization is
less likely to happen in the binding pocket, as it would require significant repositioning of
functional groups and close matching of their pK; values to facilitate proton transfer;
however our data do not rule out that possibility.

The higher Ky for OxyTPP compared to TPP also provides a mechanistic framework for the
riboswitch activation in response to natural deamination of TPP. Cellular biomolecules
including nucleic acid bases undergo deamination-mediated damage constantly by variety of
cellular processes to cause formation of oxidized products such as xanthine from guanine,
hypoxanthine from adenine and uracil from cytosine.(54) Formation of these deaminated
molecules is not only mutagenic to cells, but also results in the reduction of cellular
concentrations of the undamaged biomolecules. Deamination of thiamine pyrophosphate
(TPP) produces OxyTPP. The cellular concentration TPP is tightly regulated at low
nanomolar levels.(55) The Arabidosis thialana TPP riboswitch, which is negatively
regulated in response to TPP concentration, has a Ky of about 50 nM for TPP. Therefore,
even a small decrease in TPP concentration would lead to activation of the riboswitch to
restore the undamaged form of the biomolecule. Having a higher K4 for OxyTPP therefore
provides a mechanistic advantage, as even a small deamination of TPP would reduce the
concentration below its K4 to generate an unbound active form of the riboswitch.

Proposed model for binding of OxyTPP to the TPP riboswitch

Crystal structures of the TPP riboswitch in complex with various ligands reveal that guanine
at the 28 position (G28) is critical for determining ligand specificity.(14, 48, 56) The X-ray
structure of the riboswitch with the TPP ligand shows that the amino group at the 4'-position
of TPP acts as a hydrogen bond donor to the N3 atom of G28.(48, 56) Structural studies of
OxyTPP with the riboswitch shows that its hydrogen bonding interactions to G28 are almost
identical to those of TPP.(14) OxyTPP has a carbonyl group at the 4'-position. Therefore,
similar hydrogen bonding interactions for OxyTPP and G28 can be achieved by having
either the OxyTPP in its enol form with a neutral G28 (Figure 7A) or the OxyTPP in its keto
form and the N3 of the G28 is in the protonated form as shown in figure 7B. The BIE data
predicted that OxyTPP was present in its keto tautomeric form, suggesting that it is likely
that the N3 of G28 was protonated to form a hydrogen bond with the 4'-carbonyl oxygen of
OxyTPP, as shown in figure 7B. Hydrogen bonding to OxyTPP is also consistent with the
inverse BIE measured experimentally. Presence of altered guanine charge states or minor
tautomeric forms has also been predicted in other RNA systems such as small self-cleaving
ribozyme and riboswitches such as Hammerhead, Varkud Satellite, Hairpin and GImS
ribozymes.(1-5)

Conclusions and Perspective

This work utilized complementary tools to address the question of tautomerism in the
context of a biologically important nucleic acid aptamer. It identifies each of the tautomers,
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including the minor enol tautomer, of a model ligand in the unbound and the bound forms.
The study also provides a biochemical basis of OxyTPP recognition by the TPP riboswitch
and gives a glimpse of the mechanism by which activation of the riboswitch might occur in
response to oxidative damage to vitamin B1. Spectroscopic methods based on 2D IR and
variable temperature NMR along with BIE based approaches described here can be applied
more generally to allow characterization of the tautomeric forms of ligands or substrates in
other proteins and nucleic acid systems. Understanding tautomerism of the nucleic acid
bases within these nucleic acid systems will aid our understanding of the importance of
these processes in the regulation of riboswitches, RNA catalysis and in the areas of nucleic
acid biochemistry where preference for a specific tautomer is proposed. These methods
would also be directly applicable in understanding tautomeric preferences of DNA and RNA
polymerases and their role in causing spontaneous mutations during DNA replication.
Recently, it has been shown that tautomeric pyrimidine analogues can accelerate the
mutation rate of RNA viruses to the extent that those viruses go extinct within a defined
biological system.(57) The methods described here could also find direct application to
support rational design of similar antiviral agents (Supplementary Figure S9).(57, 58)

NMR Analysis of OxyT

1D, 2D, and variable temperature NMR experiments were performed on Varian 500 MHz
NMR spectrometers. The NMR sample is prepared by dissolving 10 mg OxyT in 1.0 ml
DMF-d;. The 1H NMR spectra are reported in parts per million (ppm) and were referenced
to the signals for DMF-d; (2.73 ppm). The 13C NMR spectra were referenced to the signals
for DMF-d7 (30.1ppm).

Infrared Spectroscopy of OxyT

For both FTIR and 2D IR measurements, the H/D exchanged oxythiamine was dissolved at a
concentration of 20 mg/ml in a buffer containing 1.0 M HEPES, 100 mM KCI and 15 mM
MgCl, in D2O. The high concentration of HEPES was required in the IR experiments to
maintain the pH near neutral for the high concentration of OxyT. About 25 WI of sample
solution was sandwiched between two CaF, windows that are separated by a 50 Wm Teflon
spacer. Variable-temperature FTIR spectra were collected using Nicolet 380 FT IR
spectrometer at 1.0 cm~1 resolution with 16 scans per spectrum. Spectra were acquired from
5.2 °C t0 91.2 °C with an increment of 0.66 °C. Spectra for both the sample and the TPP
buffer were collected with the same procedure and the solvent spectra were subtracted from
the sample spectra.

Absorptive 2D IR spectra were collected using a 2D IR spectrometer as describe in detail
previously.(59) The relative polarizations of the pulses were set to be perpendicular
(ZZYY). The waiting time (z,) between the first two pulses and the third pulse was fixed at
150 fs. The coherence time between the first and the second pulse was scanned in 4 fs steps
from -60 fs to 2.8 ps and 2.0 ps for rephasing and non-rephasing spectra, respectively. The
coherence time (7;) was Fourier-transformed to obtain the first frequency axis @y. The
heterodyned signal was dispersed in a monochrometer to obtain the w3 frequency dimension
and collected using a 64 x 2 pixel mercury-cadmium-telluride (MCT) array detector. Linear
absorption from the solvent and solute was divided out along both the @, and w3 axes to
remove spectral distortions.(60)

Synthesis and purification of double labeled OxyTPP

Details are described in the supplementary material (Supplementary Method M2). Briefly,
the 4'-180 labeled OxyT was synthesized by deamination of thiamine by heating it at 80-90
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°C for 12-14 hours in the presence of 10 N sulphuric acid. The 4'-180 OxyT was double
labeled with 32P or 33P using thiamine pyrophosphate kinase (TPK). The double labeled
OxyTPP was purified first using a 20% denaturing PAGE gel, followed by a 20% native
PAGE gel and again with two more rounds of reverse-phase HPLC using C-18 and C-16
columns. The final purified labeled OxyTPP was dissolved in water for binding isotope
effects experiments.

Experimental Measurement of Binding Isotope Effects

BIEs were measured for 180 substitution at the 4'-position of OxyTPP. To monitor OxyTPP
substituted with 180, it was double labeled with 33P at terminal phosphate of the
pyrophosphate moiety. The OxyTPP with the lighter 160 isotope was labeled with 32P. This
allowed monitoring of 180 versus 160 OxyTPP in the reaction mixture by quantitating 33P
and 32P radioactivity by scintillation counting. The double labeling scheme provided
additional flexibility by switching the labeling pairs, i.e., by combining 180 with 32p

and 160 with 33p. The 4'-180 BIE was measured as a quotient of the ratio of light to heavy
isotope of the bound and free forms of labeled OxyTPP. The riboswitch sequence used in
the study is shown in Figure 1B. It was obtained by in vitro transcription using T7
Polymerase using double stranded DNA containing the riboswitch sequence and the
polymerase binding site cloned into the pUC19 vector (Supplementary Method M3). The
[4'-180, 33P] and [4'-180, 33P] double labeled OxyTPPs were synthesized from 180 and 160
OxyT using TPK enzyme with 33P and 32P ATP labeled at the gamma position, respectively.
Reverse pairs were obtained by using 33P and 32P labeled ATP with 160 and 180 OxyT,
respectively, in the TPK reaction.

The protocol used for measuring BIE described elsewhere was modified.(61) BIE reactions
were performed in 500 WI reaction volumes containing 100 mM HEPES pH 7.5, 100 mM
KCI, 10 mM MgCls, 0.1-0.5 pM of OxyTPP and 2.0-5.0 uM of the TPP riboswitch.

The 32P and 33P labeled OxyTPP were mixed in a 1:3.5 to 1:4.5 ratio for easy deconvolution
of the scintillation spectrum to obtain 32P and 33P counts. The reaction mixtures were
allowed to equilibrate for about 2 hours at 25 °C. The reaction mixtures were applied to
Microcon columns with 3000 KDa cutoff filters and centrifuged for about 30 minutes to
allow half of the reaction to pass through the filter. Isovolumetric samples (usually about
200 WI) were taken from either side of the filter and transferred into scintillation vials
containing 0.8 ml of H,O and 10 ml Optima Gold scintillation fluid. The contents of the
vials were mixed by vigorous shaking. The vials were counted for three cycles of 20 min per
sample to obtain 32P and 33P counts. The isotope effect was calculated as the quotient of the
ratio (light/heavy or 32P/33P) of the bound OxyTPP and the ratio of free OxyTPP,
quantitated using the following equation:(61)

_ (((P32/P33)—1))Ao
 (((P32/P33)—1))Pelv

The 32p to 33p ratio quantitated above and below the filter were used to measure BIEs. The
BIEs measured using double labeled OxyTPP contained contributions from both 180

and 33P substitutions. It was corrected for the 33P BIE measured using singly substituted 33P
and 32P OxyTPPs. To account for the systematic error in the experiment, controls were run
using doubly labeled OxyTPP in the absence of the riboswitch. The BIE values were also
corrected for 180 enrichment, measured using a quadrupole time-of-flight (QTOF) mass
spectrometer equipped with an electrospray ionization (ESI) source (Supplementary Figure
S6), using the following
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BIE(‘()T”"CC ,(i(y:]‘
’ ped +1_B[Eobserved(1_e)

where e is the isotopic enrichment of the heavy sample. The equation assumes a negligible
amount of heavy isotope in the light sample.

Computation of IR spectra and 4'-180 BIEs for tautomers of OxyT

To help assign the experimental IR spectra, ab initio density functional theory (DFT)
calculations were performed using QChem.(63) The B3LYP hybrid functional was
implemented with the 6-31G (d, p) basis set to optimize the geometry and determine the
vibrational normal modes. A harmonic scaling factor of 0.9614 was applied to help match
the calculated frequencies with the experiment.(64) The calculations were performed in the
gas phase with two explicit D,O molecules in close proximity of a strong hydrogen bond
donor/acceptor such as the carbonyl and amino groups. All labile protons were deuterated to
mimic the experimental condition. The same procedure was applied to all three tautomers of
oxythiamine: the 4'-keto-N1'H-OxyTPP, 4'-keto-N3'H-OxyTPP, and the 4'-enol-OxyTPP.

The calculations for 180 BIEs for OxyT were also performed using B3LYP functional and
6-31G (d, p) basis set implemented in Gaussian09.(65) Structures were optimized and the
frequencies were calculated using the optimized structures, which were then used to
calculate BIEs using ISOEFF98 software(66) at 25 °C using the above mentioned scaling
factor.

Solvation effects were examined by the self-consistent reaction field (SCRF) method in
Gaussian09. The homogenous dielectric environment was simulated by a virtual solvent
characterized by their effective dielectric constants. The calculations were performed in
argon, acetonitrile and water, by using the dielectric constants recommended in Gaussian09.
The radii used in the SCRF calculations were obtained by running calculations using the
volume keyword.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A. Structures of thiamine (T) (top), oxythiamine (OxyT) (middle) and oxythiamine
pyrophosphate (OxyTPP) (bottom) B. Secondary structure and sequence of the TPP
riboswitch from Arabidosis thialana (adapted from reference (48)) used in the study.
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Tautomers of OxyT and their relative Gibbs energies calculated in Gaussian09 using B3LYP
functional and 6-31G (d, p) basis set in the presence of explicit water molecules and various
implicit environments (vacuum, argon, acetonitrile and water).
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A. FTIR spectra of OxyT in TPP buffer taken at various temperatures (5 °C — 90 °C); B. 2D
IR spectrum of OxyT under the same solvent condition at 10 °C; C. DFT calculated IR
spectra for the three OxyT tautomers using QChem. The frequencies have been scaled by
0.9614; D. Temperature dependence of populations of tautomers of OxyT. The populations
were obtained from fitting the variable temperature FTIR spectra (Figure S6).
Representative error bars are shown at 90 °C and are roughly independent of temperature.
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Figure 4.

A. Variable temperature TH NMR spectra of oxythiamine in DMF-d; (20 °C to -60 °C); B.
Variable temperature 1H NMR spectra of thiamine in DMF-d; (20 °C to -60 °C). The
thiamine spectra were assigned according to SDBS database (Supplementary material; Note

3).
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Figure 5.

Structures of OxyTPP showing the numbering and the labeling schemes for different
isotopes used for measuring BIEs and the values of 4'-180 BIEs measured using double
labeled OxyTPP and the TPP riboswitch (as shown in Figure 1B).

ACS Chem Biol. Author manuscript; available in PMC 2015 January 17.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Singh et al.

Page 19

1.00

0.754

0.50 Kq=1.67 £0.27 uM

Fraction Bound

0.25

0.00

T T T 1

0 10 20 30 40 50 60
Riboswitch Concentration [pM]

Figure 6.

Binding of the TPP riboswitch to 33P labeled OxyTPP. The K4 value was measured after 2
hr incubation of binding reactions containing TPP buffer (methods section), 100 nM 33p
labeled OxyTPP and various concentrations of the TPP riboswitch (0.1, 0.5, 1, 5, 10, 30, 50

uM).
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Figure 7.

Proposed models showing interactions for both enol and keto tautomers of OxyTPP (4'-
Enol-OxyTPP and 4'-keto-N1'H-OxyTPP) with the G28 of the TPP riboswitch, that are
consistent with the crystal structure of the riboswitch with OxyTPP.(14)
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Table 1

The 4'-180 BIEs due to polarization of the 4'-hydroxyl group of 4'-enol-OxyT. BIEs are calculated relative to
4'-keto-N1'H-OxyT, as shown on the top. BIEs were calculated using ISOEFF98 from frequencies obtained by
using the B3LYP functional and 6-31G (d, p) basis set implemented in Gaussian 09.

R
N N+/\\\/\/ N Jj/\ NN OH
H3C)|\:]/\ [ = Hac)“‘N | \‘:2/\/
4'-keto-N1'H-Oxy T 4-enol-OxyT
(Unbound form) (Bound form)
4'-OH bond length in angstroms (A) [4-18 O] BIE
0971 A 1.001
1.0A 1.001
11A 1.006
1.2A 1.013
13A 1.022
1.4 A 1.023
15A 1.025
1.6 A 1.028
17A 1.030
18A 1.030
19A 1.032
20A 1.032
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Table 2

The calculated 4'-180 BIEs from interconversion of tautomers of OxyT. BIEs were calculated using
ISOEFF98 and Gaussian09.

Interconversion of Tautomers 4'-180 BIEs
4'-keto-N3'H-OxyT to 4'-keto-N1'H-OxyT 0.998
4'-enol-OxyT to 4'-keto-N3'H-OxyT 0.999
4'-enol-OxyT to 4'-keto-N1'H-OxyT 1.002
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Table 3

The calculated 4'-180 BIEs due to hydrogen bonding to the 4'-keto-N1'H-OxyT tautomer. BIEs were
calculated relative to the 4'-keto-N1'H-OxyT, as shown on the top, using ISOEFF98 and Gaussian09.

o R
i OH " }} OH
N NES N’ujf‘w N
H3c)l\:]/\ ‘t‘:?/\/ D ch)l\ﬁ l \\;?/\/
4-Keto-N1'H-OxyT 4-Keto-N1'H-OxyT
(Unbound fixed state) (Bound states)
OWat.QOXyT Distance (R) [4'-180] BIEs
2.00 A 0.9714
2.10A 0.9788
2.12A 0.9801
214 A 0.9813
2.16 A 0.9824
218 A 0.9835
2.20A 0.9844
2.22 A 0.9854
2.24 A 0.9863
2.26 A 0.9871
2.28 A 0.9880
230A 0.9917
240 A 0.9931
2.50 A 0.9934
2.60 A 0.9939
270 A 0.9951
2.80 A 0.9959
290 A 0.9966
3.00A 0.9971
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