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ABSTRACT: Human O6-alkylguanine-DNA-transferase (hAGT) is a repair protein that
provides protection from mutagenic events caused by O6-alkylguanine lesions. As this
stoichiometric activity is tissue-specific, indicative of tumor status, and correlated to
chemotherapeutic success, tracking the activity of hAGT could prove to be informative
for disease diagnosis and therapy. Herein, we explore two families of emissive O6-methyl-
and O6-benzylguanine analogs based on our previously described thGN and tzGN, thieno-
and isothiazolo-guanine surrogates, respectively, as potential reporters. We establish that
O6-BnthGN and O6-BntzGN provide a spectral window to optically monitor hAGT
activity, can be used as substrates for the widely used SNAP-Tag delivery system, and are
sufficiently bright to be visualized in mammalian cells using fluorescence microscopy.

■ INTRODUCTION
DNA alkylation can be caused by both endogenous and
exogenous agents.1,2 Cellular repair mechanisms exist to evade
the potentially mutagenic outcomes from such nucleobase
modifications, thus maintaining genome integrity.3,4 Human
O6-alkylguanine-DNA-transferase (hAGT) is a repair protein
that protects DNA from O6-alkylguanine lesions.5,6 Mechanis-
tically, hAGT acts by irreversibly transferring an alkyl group
from the O6 position of the alkylated guanine to a cysteine
residue to form a stable thioether and restore the native
purine.7 hAGT thus is a suicide protein, meaning that each
repair event tags the protein for degradation.8 Although the O6
alkylation of guanine is not the most common guanine
modification, hAGT’s stoichiometric reaction suggests a highly
important protective activity.8

The cellular activity of hAGT has been associated with
disease progression and therapeutic susceptibility of various
cancers.9,10 Classical chemotherapeutic agents alkylate DNA,
causing cytotoxicity, implying potential resistance if hAGT
activity is upregulated.11 Glioblastoma, for example, the most
common type of malignant brain tumor, is treated with
temozolomide, a methylating agent.12 Its efficacy is diminished,
however, with elevated hAGT activity.13 As hAGT activity is
tissue-dependent and varies with disease progression, having a
simple and real-time fluorescence-based detection to measure
its activity, including in live cells, could prove useful.14 While
some fluorescence-based methods have previously been
described (including one utilizing thGN),15 emphasizing the
significance and necessity of such assays,15,16 many of these
methods are multistep and complex.17−19

In addition to its native roles, hAGT was engineered to
function as a highly specific protein self-labeling tag, coined

SNAP-Tag.20 By adorning the benzyl moiety of O6-
benzylguanine with an emissive dye, for example, the SNAP-
Tag and a genetically fused protein can be labeled for diverse
biotechnological applications.20−22

Our lab has developed two fluorescent RNA alphabets based
on the thieno[3,4-d]pyrimidine (thN) and isothiazolo[4,3-
d]pyrimidine (tzN) heterocyclic cores (Figure 1a).23,24 Their
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Figure 1. (a) Structures of guanine (displaying the conventional
purine numbering system), as well as thGN and tzGN. (b) Potential
conversion of O6-alkylguanine analogs (O6-BnthGN and O6-MethGN or
O6-BntzGN and O6-MetzGN) to the respective guanine analogs (thGN
or tzGN) by hAGT.
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isomorphic character provides biochemically active nucleoside
surrogates, which are endowed with useful photophysical
features that are absent in their native counterparts. These
compounds have served as powerful biophysical tools for
exploring cellular processes involving nucleosides, nucleotide
cofactors, and secondary messengers.25,26 Specifically, the
emissive guanine analogs were previously utilized to monitor
the activity of human guanine deaminase.27 We therefore set to
investigate the substrate recognition of hAGT with the thieno,
O6-BnthGN and O6-MethGN, and isothiazolo, O6-BntzGN and
O6-MetzGN, O6-alkylguanine analogs (Figure 1b; note the
nomenclature and numbering comment in the caption).

Here, we describe the synthetic methods explored to activate
the previously published thGN

23 and tzGN
24 at their respective

O6 positions (Figure 1). The photophysical properties of the
alkylated guanine analogs were then characterized, and the
tolerance of hAGT to the alkyl guanine surrogates was
investigated. To further exemplify the value of these analogs,
their ability to monitor reactions by SNAP-Tag and their utility
for live-cell imaging in mammalian cells were studied. We
found that both benzylated nucleobases O6-BnthGN and O6-
BntzGN provide a spectral window to optically monitor hAGT
activity and can be used as substrates for the widely used
SNAP-Tag delivery system. Additionally, both benzylated
derivatives showed uptake by mammalian cells and were
sufficiently bright for cellular visualization by fluorescence
microscopy. These findings therefore present a simple and
direct method to fluorescently monitor hAGT in vitro and
potentially visualize its activity in live cells.

■ RESULTS AND DISCUSSION
Emissive guanine analogs containing either a thienopyrimidine
core, thGN, or an isothiazolopyrimidine core, tzGN, were
prepared according to previously reported procedures.23,24

Briefly, either the commercially available methyl 4-amino-
thiophene 3-carboxylate hydrochloride or in-house synthesized
4-aminoisothiazole-3-carboxamide hydrochloride28 was cy-
clized with chloroformamidine hydrochloride in DMSO2 at
125 °C to yield thGN or tzGN, respectively. These core
structures served as the starting materials for synthesizing the
O6-alkylated guanine analogs.

The alkylated guanine surrogates of interest were the O6-
benzyl derivatives, as O6-benzylguanine is the most favorable
substrate for hAGT and the specific substrate engineered for
the SNAP-Tag protein,20 and the O6-methyl derivatives, as
methylated G is the most biologically relevant alkylated
guanine.5,11 Classically, such derivatives have been prepared
via a Mitsunobu reaction.29 In the case of our thienopyrimidine
and isothiazolopyrimidine heterocycles, however, Mitsunobu
reactions yielded mixtures of N1-, exo N2-, and only traces of
O6-alkylated thienopyrimidine products or only N1- and exo
N2-alkylated isothiazolopyrimidine products, respectively
(note, for simplicity, that the conventional numbering of the
purine system is used as shown in Figure 1; see SI, Section S2
for crystal structures). Alternative reported methods15,30 were
thus employed, as summarized for the O6-benzyl derivatives in
Scheme 1 and O6-methyl derivatives in Schemes S1 and S2. To
activate thGN at its carbonyl, benzotriazole-1-yloxytris-
(dimethylamino)phosphonium hexafluorophosphate (BOP)
and DBU were used followed by the addition of 0.5 M
sodium benzyloxide in benzyl alcohol or 1 M sodium
methoxide in methanol to afford O6-BnthGN (see SI, Section
S2 for crystal structures) and O6-MethGN in 64 and 86% yields,

respectively. To produce the isothiazolopyrimidine derivatives,
tzGN was activated by producing a DMAP−tzGN salt using
DMAP, 2-mesitylenesulfonyl, and DBU and then exposing the
activated salt to 0.5 M sodium benzyloxide in benzyl alcohol or
1 M sodium methoxide in methanol, to yield O6-BntzGN and
O6-MetzGN in 65 and 75% yields, respectively (Scheme 1 and
S2).

To evaluate whether the alkylated nucleobases (i.e., the
enzyme’s substrate) and the corresponding parent heterocycles
(i.e., the product) are photophysically distinguishable, their
spectroscopic properties were evaluated in water (Figure 2a).

As seen in Figure 2b,c and summarized in Table 1, the
absorption and emission spectra of the two heterocyclic
families show substantial shifts when alkylated and offer a
means to distinguish substrates from reaction products. The
guanine analogs, thGN and tzGN, were previously shown to have
bathochromically shifted absorption and emission maxima
when compared to guanine in water (λmax of 315 and 320 nm,
λem,max of 439 and 446 nm, respectively).27 The O-alkylation
caused additional redshifting for both heterocyclic families,
showing absorption maxima at 337, 338, 350, and 349 nm for
O6-BnthGN, O6-MethGN, O6-BntzGN, and O6-MetzGN, respec-

Scheme 1. Synthesis of O6-Benzyl Thieno- and Isothiazolo-
guanine Analogs

Figure 2. (a) Structures of thGN-H1, thGN-H3, O6-BnthGN, O6-
MethGN, tzGN, O6-BntzGN, and O6-MetzGN nucleobase analogs. (b)
Absorption (dashed lines) and emission (solid lines) of thGN (blue),
O6-BnthGN (dark green), and O6-MethGN (lime). (c) Absorption
(dashed lines) and emission (solid lines) of tzGN (red), O6-BntzGN
(orange), and O6-MetzGN (yellow).
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tively. Similarly, fluorescence spectroscopy shows substantial
changes that provide different photophysical fingerprints for
each derivative, with emission maxima at 460, 465, 460, and
459 nm for O6-BnthGN, O6-MethGN, O6-BntzGN, and O6-
MetzGN, respectively (Figure 2).

All derivatives, excluding thGN, exhibit classically shaped
emission bands (Figure 2b,c). In contrast, the thiophenopyr-
imidine thGN analog populates two tautomeric forms in H-
bonding-capable solvents, such as water, and displays a
blueshifted shoulder.23 Spectral deconvolution of the absorp-
tion and emission spectra has previously shown that each
tautomer can be selectively excited.31 The long and short
emitting tautomers have been attributed to the thGN-1H and
thGN-3H keto-amino tautomers, respectively (Figure 2a).31

Once thGN is alkylated at the O6 position, the structure is
locked into one favorable tautomeric form, thus displaying only
a redshifted emission band. Additionally, all alkylated products
possess a higher emission quantum yield compared to their
parent nonalkylated heterocycles. O6-BnthGN displayed a small
increase to 0.42 from 0.40 of the nonalkylated precursor thGN,
while O6-MethGN showed a substantial increase to 0.85 (Figure
2b and Table 1). Both O6-BntzGN and O6-MetzGN showed
much higher emission quantum yields compared to the
nonalkylated precursor tzGN (ϕ = 0.83 and 0.07, respectively;
Figure 2c and Table 1). The alkylated derivatives portray
comparable molar absorptivity to the nonalkylated parent
molecule; however, the increase in emission quantum yield
observed for O6-MethGN, O6-BntzGN, and O6-MetzGN con-
sequently produces a substantial increase in apparent bright-
ness (Table 1). The brightness thus increases over 2-fold for
O6-MethGN compared to thGN and over 4-fold for O6-BntzGN
and O6-MetzGN compared to tzGN.

To test the alkylated derivatives as hAGT and SNAP-Tag
substrates and assess their utility in tracking dealkylation
reactions, they were subjected to the corresponding
commercially available recombinant proteins. The reactions
were run in a DPBS buffer at 37 °C and monitored by
fluorescence spectroscopy via excitation at the isosbestic point
of each pair of compounds under the same conditions. Given
the different spectroscopic characteristics of the alkylated vs
the nonalkylated parent heterocycles, tracking of the substrate
to product conversion should show a time-dependent change
in emission.

Rewardingly, O6-BnthGN and O6-BntzGN show a change in
the emission intensity at a single wavelength when exposed to
hAGT. An increase in the emission at 400 nm is seen for O6-
BnthGN (Figure 3a). This increase is consistent with its
transformation to thGN, and the emission signal associated with
the short emitting tautomer is unavailable to the locked
reaction substrate. A decrease in emission at 450 nm is seen for

O6-BntzGN, consistent with transformation to the less bright
tzGN (Figure 3a). No significant emission changes were
observed for O6-MethGN and O6-MetzGN within the tested
time windows (Figure S5). This can potentially be rationalized
by the innate preference of the hAGT protein for O6-BnGN
over O6-MeGN as reported.20 Reaction t1/2 values were
calculated assuming a pseudo-first-order reaction kinetics for
the dealkylation of both benzylated analogs to the correspond-
ing “repaired” thiophenopyrimidine or isothiazolepyrimidine
nucleobase (t1/2 = 173 and 77 s for O6-BnthGN and O6-BntzGN,
respectively; Table 2). These t1/2 values are 4 and 9 times

shorter than the t1/2 calculated for O6-BnGN from previously
reported values (SI, Section S5).20 This suggests that the
fluorescent alkylated guanine surrogates presented here are
more effective substrates for hAGT than native benzylated
guanine.

To preliminary demonstrate the utility of the alkylated
analogs in the context of real-time protein fluorescence labeling
or cargo delivery using the SNAP-Tag technology, the

Table 1. Photophysical Data of Nucleobase Analogs in
Water

λabs,max
a εb λem,max

a ϕ εϕ
thGN

c 315 3.0 ± 0.1 439 0.40 ± 0.04 1200
O6-BnthGN 337 3.2 ± 0.02 460 0.42 ± 0.01 1344
O6-MethGN 338 3.1 ± 0.03 465 0.85 ± 0.01 2635
tzGN

c 320 5.4 ± 0.1 446 0.07 ± 0.01 378
O6-BntzGN 350 5.8 ± 0.02 460 0.83 ± 0.01 4814
O6-MetzGN 349 5.6 ± 0.03 459 0.83 ± 0.01 4648

aλabs,max and λem,max are in nm. bε is in 103 M−1 cm−1. Measured in
triplicate in water. cPreviously reported values.27

Figure 3. Data and curve fits of normalized fluorescence changes
upon dealkylation of O6-BnthGN to thGN at 400 nm (blue) and O6-
BntzGN to tzGN at 450 nm (red) by (a) hAGT and (b) SNAP-Tag.
Data presented are the averages of three independent experiments.
For normalized data with error bars, see Figure S5. Insets: Before and
after emission spectra for O6-BnthGN (blue) and O6-BntzGN (red)
reactions. Arrows show the observed change at the monitored
wavelength.

Table 2. hAGT and SNAP-Tag Reaction Rates

hAGT SNAP-Tag

λexca/λmntra kapp
b t1/2

c kapp
b t1/2

c

O6-BnthGN
to thGN

321/400 0.004 ± 7
× 10−5

173 ± 3 0.010 ± 2
× 10−4

69 ± 1

O6-MethGN
to thGN

325/400 --d --d --d --d

O6-BntzGN
to tzGN

334/450 0.009 ± 4
× 10−4

77 ± 3 0.005 ± 4
× 10−4

139 ±
10

O6-MetzGN
to tzGN

334/450 --d --d --d --d

O6-R-BnGN
to GN

- 1 × 10−3e 7 × 102e - -

O6-BnGN-
Cy3 to GN

- - - 5 × 10−2f 13f

aλexc and λmntr are reported in nm and represent the wavelength for
excitation and wavelength monitored, respectively. bkapp pseudo-first-
order rate constant reported in s−1. cReaction half-life calculated
assuming pseudo-first-order kinetics, reported in s. Experiments done
in triplicate. dNo significant fluorescence changes were seen within
the time window tested (Figure S5). eValues calculated based on
reported values from ref 20. fValues calculated based on reported
values from ref 32. See SI, Section S5 for more details.
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emission intensity was monitored using the same protocol as
for hAGT but with the commercially available purified SNAP-
Tag protein. Similar to reactions with hAGT, the resulting
photophysical data showed that the reactions of O6-BnthGN
and O6-BntzGN are accompanied by a detectable change in
emission intensity (Figure 3b). Incubation with O6-MethGN
and O6-MetzGN did not show, again, a significant change in
emission (Figure S5). Reaction t1/2 values were calculated for
the reactions with the SNAP-Tag protein (t1/2 = 69 and 139 s
for O6-BnthGN and O6-BntzGN, respectively, see Table 2).
These values are about 5 and 10 times longer than the t1/2
calculated for O6-BnGN, which is consistent with the fact that
the SNAP-Tag was specifically “evolved” to dealkylate
O6BnGN.32 While these values nicely correlate with our
observations, we caution that they provide only an
approximation.

The changes in emission intensity observed with O6-BnthGN
and O6-BntzGN (Figure 3) are consistent with the dealkylation
reaction of these substrates with both hAGT and SNAP-Tag.

Notably, O6-BntzGN displays a faster reaction with hAGT than
O6-BnthGN, showcasing the increased functionality of the
isothiazolopyrimidine analogs, which possess a nitrogen atom
in a position equivalent to the N7 position in native
nucleobases and nucleosides. Previous explorations have
shown necessary interactions of the protein with the
nucleobase’s N7, O6, N3, and its heterocyclic amine, while
substitutions at the C8 and N9 positions are tolerated.33−36

Such enzyme−substrate interactions are not disrupted by the
isothiazolo analogs reported here.

Intriguingly, the relative reaction rates for O6-BnthGN and
O6-BntzGN with the SNAP-Tag protein were reversed,
compared to hAGT. This is likely resulting from the
engineering of the SNAP-Tag protein.20,21 From the library
of hAGT mutants tested for increased activity and selectivity
for benzylated guanosine derivatives, protein mutants contain-
ing S159E showed increased efficiency.20,21 In hAGT, Ser159
may act as a hydrogen bond donor to the basic N7 site.20,34 In
the SNAP-Tag protein, it is mutated to glutamic acid, which is

Figure 4. (a) Live-cell imaging of O6-BnthGN, O6-MethGN, O6-BntzGN, and O6-MetzGN in HEK293T cells after 1 h of incubation versus untreated
cells. (b) Fluorescence images of HEK293T cells and CHO-K1 cells incubated with 500 μM O6-MetzGN and (c) 100 μM O6-BnthGN at indicated
times. Cells’ nuclei were visualized using NucRed.
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deprotonated, and the reactive substrate is tautomerized to
N7−H instead of the N9−H.32,37 Such tautomerization is not
possible for the thiopheno and isothiazolo analogs. However,
the hydrogen at the thiophene’s C7 position can potentially be
better accommodated by the deprotonated glutamic acid
residue.33 Additionally, we note a higher reactivity for the
benzylated analogs, which react efficiently with both hAGT
and the SNAP-Tag, while the methyl alkylated analogs do not.
This is consistent with previously published data regarding
their substrate reactivity.33

To substantiate the fluorescently monitored enzymatic
conversion of O6-BnthGN and O6-BntzGN to thGN and tzGN,
their respective nucleobases, and to assess the reactions’
completion, the conversions were monitored by HPLC at t = 0
and 1500 s (Figures S2 and S3). Chromatographic analyses
and comparison to authentic samples demonstrated full
consumption of both O6-BnthGN and O6-BntzGN and the
formation of the corresponding nucleobases thGN and tzGN,
respectively, by both hAGT and SNAP-Tag (Figures S2 and
S3).

A preliminary HPLC-monitored competition reaction
containing 1 equiv each of O6-BntzGN, O6-BnthGN, and the
native O6-BnGN, set for 80 s (ca. t1/2 of O6-BntzGN), has
shown the consumption of O6-BntzGN and O6-BnthGN by
hAGT and no consumption of O6-BnGN. This is in agreement
with the t1/2 values listed in Table 2 and further suggests that
the emissive benzylated analogs are more effective substrates
for hAGT than O6-BnGN (Figure S4). A similar 60 s
competition reaction was executed for the SNAP-Tag as
well. HPLC illustrated partial consumption of all three
substrates (including O6-BnGN) aligned, again, with the kinetic
values obtained (Figure S4).

Following the HPLC and fluorescence-based kinetic
evaluation of substrate recognition by hAGT and SNAP-Tag,
we sought to evaluate whether the chromophoric features of
these emissive alkylated guanine surrogates could be utilized
for live-cell imaging in mammalian cells. O6-BnthGN, O6-
MethGN, O6-BntzGN, and O6-MetzGN were added to human
embryonic kidney (HEK293T) cells, which are known to
express substantial amounts of cytosolic hAGT.16 After a
calibration experiment to determine the working concentration
range on an EVOS widefield fluorescence microscope (Figures
S6 and S9), cells were incubated with the thiopheno analogs
(100 μM) and the isothiazolo analogs (500 μM) for 1 h. For
visualization purposes, cultures were also incubated with the
live-cell nuclear dye NucRed for the last 30 min of the
incubation time. Cells were then washed twice and directly
visualized using a laser scanning confocal microscope. A strong
fluorescence signal was observed in the cytosol for cells
incubated with the benzylated analogs, O6-BnthGN and O6-
BntzGN, confirming their cellular uptake. No fluorescence
signal was detected for the methylated analogs O6-MethGN and
O6-MetzGN (Figure 4a).

Finally, to preliminarily evaluate the potential to utilize the
benzylated surrogates for monitoring hAGT activity in real
time in live cells, HEK293T cell cultures were incubated with
either O6-BnthGN (100 μM) or O6-BntzGN (250 μM) for 10
min and washed twice, and live-cell images were taken every 30
or 20 s, respectively, for 17 min. The fluorescence intensity
decreased over time for both analogs (Figure 4b,c and Movies
S1 and S2). This could correspond to the dealkylation
reactions of O6-BnthGN and O6-BntzGN to their respective G-
surrogate nucleobases, which are much less emissive in the

observed wavelengths (420−551 nm).38 The change in
fluorescence was quantified by measuring the mean fluo-
rescence intensity in at least 10 different regions of interest
(ROIs) over time (Figure 5). Decreases of 40 and 50% in
fluorescence intensity of O6-BnthGN and O6-BntzGN, respec-
tively, were seen (Figure 5a,b).

The observed decrease in fluorescence could potentially
stem from other unrelated photophysical processes, such as
undesirable photobleaching, or cellular processes such as, but
not limited to, metabolic degradation of the surrogates or their
expulsion from the cells. To eliminate at least some of these
alternative explanations for the time-dependent diminishing
fluorescence, further experiments, within the scope of our
laboratory, were performed. To exclude photobleaching, other
areas of the wells that were not previously exposed to laser
excitation were visualized after the 17 min imaging window.
For both compounds, these later images displayed fluorescence
intensities similar to the intensities of the images at the end of
the imaging experiment (Figure S10), suggesting that the
decrease in fluorescence occurs due to cellular processes and
not photobleaching.

To further corroborate that hAGT is responsible for the
decrease in fluorescence, real-time imaging experiments were
repeated in CHO-K1 cells, which are known to be AGT-
deficient.16 Both O6-BnthGN and O6-BntzGN displayed a
fluorescent signal in the cytosol of CHO cells after a 10 min
incubation, and indeed, no visual decrease in fluorescence
intensities was observed for either of the tested analogs over
time (Figure 4b,c and Movies S3 and S4). No to very little
change (10%) in fluorescence was measured over time for O6-
BntzGN and O6-BnthGN, respectively (Figure 5a,b), supporting
that the change seen in the HEK293T cells occurs due to
consumption of the analogs by hAGT.

■ CONCLUSIONS
In this study, we set out to design emissive probes capable of
tracking the dealkylation reactions of hAGT. We synthesized
the O6 methylated and benzylated derivatives of both the
thiopheno- and isothiazolopyrimidine heterocyclic cores and
established that the photophysical properties of the parent and
alkylated nucleobases are distinct, allowing one to optically
track the dealkylating reactions. By exposing both derivatives of
each family to hAGT and the SNAP-Tag proteins, we
established that the benzylated derivatives, O6-BnthGN and
O6-BntzGN, provide a spectral window to monitor the reactions
of these proteins and facilitate real-time measurements. Finally,
our in vitro experiments in mammalian cells demonstrated that

Figure 5. Real-time fluorescence monitoring of O6-BntzGN (a) and
O6-BnthGN (b) in live HEK293T (black) and CHO-K1 (red) cells.
Data points are averages of fluorescence intensities measured over
time from at least 10 ROIs and normalized.
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O6-BnthGN and O6-BntzGN are suitable for live-cell imaging. A
continuous decrease in fluorescence intensity, observed in
HEK293T but not in CHO-K1 cells, during real-time live-cell
imaging monitoring experiments, suggested that the AGT
reaction could be cellularly tracked. This system could
potentially be further developed into a readily used assay in
which the activity of hAGT in patients’ specimens could be
evaluated after incubation with such emissive nucleobase
surrogates and provide a quantifiable measure of their cellular
enzymatic dealkylation potency.

■ EXPERIMENTAL SECTION
General Chemistry Methods. Reagents, buffers, and salts

were purchased from Sigma-Aldrich, Fluka, TCI, Acros, and
Synchem, Inc. (Elk Grove, IL) and were used without further
purification unless otherwise specified. Solvents were pur-
chased from Sigma-Aldrich and Fisher Scientific and dried by
standard techniques. NMR solvents were purchased from
Cambridge Isotope Laboratories (Andover, MA). All reactions
were monitored with analytical TLC (Merck Kieselgel 60
F254). All experiments involving air- and/or moisture-sensitive
compounds were carried out under an argon atmosphere.
Column chromatography was carried out with a silica gel
particle size of 40−63 μm. NMR spectra were obtained on a
Varian Mercury 400 MHz. HPLC was performed using a Sepax
Bio C-18 column (250 × 10 mm, 5 μm particle size) on an
Agilent 1200 series HPLC system (Agilent Technologies). ESI-
TOF mass spectra were obtained on an Agilent 6230 HR-ESI-
TOF MS instrument at the Molecular Mass Spectrometry
Facility at the UCSD Chemistry and Biochemistry Depart-
ment.

Synthetic Procedures. Nucleobase analogs thGN and tzGN
were synthesized based on previously reported proce-
dures.23,24,27

4-(Benzyloxy)thieno[3,4-d]pyrimidin-2-amine (O6-
BnthGN). To a flame-dried flask, purged with argon, solid
thGN (0.040 g, 0.24 mmol) was added and dissolved in
anhydrous DMF (3 mL). DBU (0.054 mL, 0.36 mmol) was
then added dropwise followed by BOP (0.138 g, 0.31 mmol).
The solution was allowed to stir at room temperature for 2.5 h,
and then, 1 M NaOBn in BnOH (0.72 mL) was introduced
dropwise. The reaction was allowed to stir overnight at room
temperature and was then partitioned between DCM and
water. The organic extract was washed twice with water and
once with brine, dried over sodium sulfate, and evaporated to
dryness. The resulting residue was subjected to column
chromatography with a gradient of 0−5% MeOH in DCM
to yield an off-white powder (0.040 g, 64%). 1H NMR (400
MHz, DMSO-d6): δ 8.28 (d, J = 3.2 Hz, 1H), 7.58−7.51 (m,
2H), 7.47−7.33 (m, 3H), 7.16 (d, J = 3.2 Hz, 1H), 6.95 (s,
2H), 5.55 (s, 2H). 13C NMR (100 MHz, DMSO-d6): δ 164.47,
159.37, 153.64, 148.73, 135.75, 128.29, 128.25, 128.11, 123.40,
117.63, 106.72, 66.53. ESI-HRMS calculated for
[C13H12N3OS]+, 258.0696; found, 258.0697.

4-Methoxythieno[3,4-d]pyrimidin-2-amine (O6-
MethGN). Solid thGN (0.040 g, 0.240 mmol) was placed in a
flame-dried flask and dissolved in anhydrous DMF (3 mL).
DBU (0.054 mL, 0.36 mmol) was then added dropwise
followed by solid BOP (0.138 g, 0.311 mmol). The solution
was stirred at room temperature for 2.5 h before 0.5 M
NaOMe in MeOH (1.44 mL) was added dropwise. The
reaction mixture was left to stir at room temperature overnight.
The solution was then evaporated to dryness and subjected to

column chromatography with a gradient of 0−10% MeOH in
DCM, yielding an off-white powder (0.037 g, 86%). 1H NMR
(400 MHz, DMSO-d6): δ 8.12 (s, 1H), 7.04 (s, 1H), 6.38 (s,
2H), 3.96 (s, 3H). 13C NMR (100 MHz, DMSO-d6): δ 164.31,
159.67, 153.71, 122,61, 107.66, 118.24, 54.01. ESI-HRMS
calculated for [C7H8N3OS]+, 182.0383; found, 182.0383.

5-Aminoisothiazolo[4,3-d]pyrimidin-7(6H)-one (tzGN).
Solid DMSO2 (6 g, 9.25 mmol) was added to a flame-dried
flask and heated to 125 °C. A homogeneous mixture of 4-
aminoisothiazole-3-carboxamide hydrochloride salt (0.300 g,
1.54 mmol) and chloroformamidine hydrochloride (0.266 g,
2.31 mmol) was added in 2 batches, 15 min apart, to the liquid
DMSO2. The reaction was left to stir for 1.5 h and then cooled
to room temperature. The solidified reaction mixture was then
resuspended in a minimal amount of water, basified with
concentrated ammonium hydroxide, and stirred vigorously for
1 h. The solution was then evaporated to dryness, resuspended
in a minimal amount of DCM, filtered, and was then
thoroughly washed with DCM. The remaining yellow solid
was then dissolved in MeOH and evaporated to afford a light-
yellow solid.

7-Methoxyisothiazolo[4,3-d]pyrimidin-5-amine (O6-
MetzGN). To a flame-dried flask purged with argon were
added solids tzGN (0.122 g, 0.725 mmol), DMAP (0.106 g,
0.870 mmol), and 2-mesitylenesulfonyl chloride (0.178 g, 1.09
mmol) and subsequently dissolved in anhydrous ACN (10
mL). DBU (0.16 mL, 1.09 mmol) was introduced dropwise,
and the reaction mixture was left to stir overnight at room
temperature. The suspension was filtered, and the solid was
washed with ACN and diethyl ether. The orange-red solid was
then dried under high vacuum for 2 h and then argon-purged.
The solid was dissolved in anhydrous DMF (10 mL), and 0.5
M NaOMe in MeOH (4.36 mL) was added dropwise. After 30
min, the solution was partitioned between EtOAc and water.
Brine was added to the aqueous phase, and the mixture was
extracted with EtOAc twice more. The organic phases were
combined, dried over sodium sulfate, and evaporated. The
remaining residue was subjected to column chromatography
with a gradient of 0−5% MeOH in DCM to afford a yellow
solid (0.099 g, 75% yield). 1H NMR (400 MHz, DMSO-d6): δ
8.80 (s, 1H), 6.72 (s, 2H), 4.04 (s, 3H). 13C NMR (100 MHz,
DMSO-d6): δ 162.11, 159.94, 153.39, 143.42, 136.49, 54.46.
ESI-HRMS calculated for [C6H7N4OS]+, 183.0335; found,
183.0338.

7-(Benzyloxy)isothiazolo[4,3-d]pyrimidin-5-amine
(O6-BntzGN). Solids tzGN (0.052 g, 0.201 mmol), DMAP
(0.030 g, 0.241 mmol), and 2-mesitylenesulfonyl chloride
(0.066 g, 0.30 mmol) were added to a flame-dried flask purged
with argon. The solids were then dissolved in anhydrous ACN
(5 mL), and DBU (0.05 mL, 0.302 mmol) was dropwise
introduced. The reaction mixture was stirred overnight at room
temperature. The resulting suspension was filtered, and the
filtrate was washed with acetonitrile and diethyl ether. The
solid was then dried under high vacuum for 2 h, purged with
argon, and dissolved in anhydrous DMF (5 mL). NaOBn (1
M) in BnOH (0.60 mL) was added dropwise to the solution.
After 4 h, the solution was partitioned between DCM and
water, and the aqueous layer was extracted with DCM twice
more. The organic phases were combined, dried over sodium
sulfate, and evaporated. The resulting residue was subjected to
column chromatography with a gradient of 0−5%MeOH in
DCM to afford a light-yellow solid (34 mg, 65%). 1H NMR
(400 MHz, DMSO-d6): δ 8.80 (s, 1H), 7.54−7.58 (m, 2H),
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7.35−7.45 (m, 3H), 6.76 (s, 2H), 5.54 (s, 2H). 13C NMR (100
MHz, DMSO-d6): δ 161.42, 159.86, 153.58, 143.32, 136.64,
136.28, 129.41, 129.05, 128.93, 68.39. ESI-HRMS calculated
for [C12H1N4OS]+, 259.0648; found, 259.0644.

General Photophysical Methods. Absorption spectra
were measured on a Shimadzu UV-2450 spectrometer setting
the slit at 1 nm and with a 0.5 nm resolution. Emission spectra
were measured on a Horiba Fluoromax-4, and measurements
were taken with a 1 nm resolution and setting the slits to 1 nm.
Emission intensities were corrected to reflect an optical density
of 0.1 at the excitation wavelength. All measurements were
carried out in a 3 mL 10 mm four-sided quartz cuvette
purchased from Helma. Both instruments were equipped with
a thermostat-controlled ethylene glycol-water bath, and all
measurements were taken at 37.0 ± 0.1 °C. Measurements
were recorded after a 3 min temperature equilibration period.
All spectra were corrected for the blank.

Highly concentrated stocks solutions of thGN, O6-BnthGN,
O6-MethGN, tzGN, O6-BntzGN, and O6-MetzGN were prepared in
DMSO. Samples were prepared from the stock nucleobase
solutions diluted to a total volume of 3 mL in deionized water
or a DPBS buffer, mixed with a pipet for 10 s, and placed in the
cuvette holder to equilibrate for 3 min. All samples contain 0.3
v/v % DMSO. All measurements were done in triplicate.

Quantum Yield Measurements. Fluorescence quantum
yields were measured on a Horiba Fluoromax-4 with a 1 nm
resolution, an excitation slit at 1 nm, and an emission slit at 3
nm. All sample concentrations were adjusted to have an optical
density lower than 0.1 at the excitation wavelength. All
measurements were done in triplicate. The fluorescence
quantum yields were measured relative to 2-aminopurine
(0.68 in water, λex of 320 nm) as an external standard by using
the following equation:

I
I

OD
ODSTD

STD

STD

STD

2

STD
2=

where ϕSTD is the fluorescence quantum yield of the standard, I
and ISTD are the integrated area of the emission band of the
sample and the standard, respectively, OD and ODSTD are the
optical density at the excitation wavelength for the sample and
the standard, respectively, and η and ηSTD are the solvent
refractive index of the sample and the standard solutions,
respectively.

Protein Reaction: Real-Time Fluorescence Monitor-
ing of hAGT and SNAP-Tag Reactions. Recombinant
hAGT protein with a His-Tag terminus (MGMT; O-6-
methylguanine-DNA methyltransferase) was purchased from
BPS Bioscience, and SNAP-Tag purified protein with a C-
terminal DDT moiety was purchased from New England
Biolabs.

Reaction conditions were the same for all hAGT and SNAP-
Tag reactions, as monitored by emission spectroscopy.
Concentrated stocks were prepared in DMSO. Samples were
prepared in a 125 μL of 10.00 mm four-sided quartz cuvette
from Helma. Reactions had a total volume of 125 μL with a
nucleobase concentration of 0.5 μM and a protein (either
hAGT or SNAP-Tag) concentration of 2.5 μM in a 1× DPBS
buffer. All measurements were taken at 37.0 ± 0.1 °C, and the
protein was introduced after a 3 min temperature equilibration
period. All samples contain 0.01 v/v% DMSO.

The protein-mediated conversion of emissive O6-alkylgua-
nine analogs was monitored by emission spectroscopy.

Emission measurements were performed on a Horiba
Fluoromax-4, collecting data every 150 s for at least 2550 s
for O6-MethGN, O6-BnthGN, and O6-MetzGN, every 30 s for
2010 s for O6-BntzGN for the hAGT enzyme, every 150 s for
5100 s for O6-MethGN, O6-BntzGN, and O6-MetzGN, and every
30 s for 1500 s for O6-BnthGN for the SNAP-Tag enzyme. Real-
time monitoring of the conversions was done upon excitation
at the isosbestic point for each pair of compounds in a DPBS
buffer. The conversions of O6-BnthGN and O6-MethGN to thGN
were followed at 400 nm, with excitation at 321 and 325 nm,
respectively, setting the excitation slit to 5 nm and the emission
slit at 10 nm. The conversions of O6-BntzGN and O6-MetzGN to
tzGN were followed at 450 nm, with excitation at 334 nm for
both compounds, setting the excitation slit at 1 nm and the
emission slit at 10 nm. Each experiment was performed in
triplicate. Note that there was a 6 s lag time after protein
addition after time 0 measurement.

HPLC Monitoring of hAGT and SNAP-Tag Reactions.
Reactions (total volume of 100 μL) with a nucleobase
concentration of 4.3 μM and a protein (either hAGT or
SNAP-Tag) concentration of 21.5 μM in a 1× DPBS buffer
were performed at 37.0 °C. The protein was introduced after a
3 min temperature equilibration period, and the reaction was
analyzed after 1500 s. For t = 0 s analysis, the reaction mixture
and the protein were separately heated to 95 °C for 3 min and
then mixed. The reaction mixtures were then centrifuged at
18,000g for 5 min and injected into an Agilent 1200 series
HPLC system (Agilent Technologies). HPLC was performed
using a Synergi 4 μm Fusion-RP 80 Å column (250 × 10 mm,
4 μm particle size) with a gradient of 0.5−60% ACN (0.1%
formic acid) in H2O (0.1% formic acid) for 30 min.

Mammalian Cell Culture. HEK293T cells were grown in
DMEM, CHO-K1 cells were grown in DMEM/F12, and both
media were supplemented with 10% FCS and 1% penicillin−
streptomycin. All cells were grown in a humidified chamber of
95% air and 5% CO2 at 37 °C.

Live-Cell Imaging. Microtiter plates (96-well) and
FluoroDish wells used were coated with PDL before use
according to the following procedure: Wells were covered with
PDL solution (0.1 mg/mL, 100 or 120 μL per well for 96-well
plates or FluoroDish wells, respectively) and incubated for 3 h
at RT. The PDL solution was then removed by aspiration, and
wells were resterilized under UV light for 20 min and further
dried for an additional 1.5 h. Finally, wells were washed with
PBS twice (100 or 120 μL per well).

Determination of Imaging Concentrations. HEK293T
cells were plated into PDL-coated 96-well microtiter plates (30
× 103 cells per well) and allowed to adhere for 24 h. The
medium was aspirated, and solutions of tested compounds in
growth media (100 μL) were added at final concentrations of
100, 50, and 1 μM for O6-MethGN and O6-BnthGN and 500,
100, 50, and 1 μM for O6-MetzGN and O6-BntzGN. Cultures
were then incubated for 1.5 h in a humidified chamber of 95%
air and 5% CO2 at 37 °C. Cells were then washed twice with a
PBS buffer containing Ca and Mg ions and were visualized in
this buffer using an EVOS widefield fluorescence microscope.

Confocal Microscopy. HEK293T cells were plated into
PDL-coated FluoroDish wells of 10 mm diameter with a cover
glass bottom (wpi), fit for live-cell imaging and compatible
with oil objectives (100 × 103 cells per well), and allowed to
adhere for 24 h. The medium was aspirated, and solutions of
tested compounds in growth media (100 μL) were added at
final concentrations of 500 μM of O6-MetzGN and O6-BntzGN
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and 100 μM of O6-MethGN and O6-BnthGN. Cultures were
incubated for 1 h. During this incubation time, the nuclear
stain NucRed Live 647 was added to 5−100 μL of culture and
incubated for 30 min. Wells were then washed with PBS
containing Ca, Mg, and 1 mM HEPES and were visualized in
this buffer using a Nikon AXR confocal microscope with a
four-line (405, 488, 561, and 640 nm) LUA-S4 laser engine
and a DUX-VB detector using band-pass and long-pass filters
for each channel (420−551 and 655−850 nm) mounted on a
Nikon Ti2 using an Apo 100× 1.45 NA objective and operated
using NIS-Elements 5.42.03 software. Image stacks were
acquired in galvano mode in unidirectional scanning with a
405 nm laser at a 3% power and a 61.5 μm pinhole size and a
640 nm laser at a 2% power and a 61.0 μm pinhole size, at a
frame size of 1024 × 1024 at a scan zoom of 1.7. Cells were
maintained at 37 °C and 5% CO2 with 80% humidity using an
Okolab bold line. All images were taken at the same
microscope settings.

Fluorescence Intensity Real-Time Monitoring of O6-
Bn-tzGN and O6-Bn-tzGN in Live Cells. HEK293T or CHO-
K1 cells were plated into PDL-coated FluoroDish wells (100 ×
103 or 40 × 103, respectively) and allowed to adhere for 24 h.
NucRed was added (5−100 μL) and incubated for 20 min.
The medium was then aspirated, and solutions containing
tested compounds and NucRed (5 μL) in media were added at
final concentrations of 250 μM O6-BntzGN and 100 μM O6-
BnthGN and were incubated for 10 min. Wells were then
aspirated and washed with FluoroBrite supplemented with 10%
FCS and were visualized in this buffer using the same confocal
microscope described above, in the same settings. Time lapse
images were taken every 20 and 30 s for O6-BntzGN and O6-
BnthGN, respectively, for 17 min. All images were taken at the
same microscope settings. Mean fluorescence intensities of at
least 10 different ROIs selected from the images as well as
mean fluorescence intensities of the whole images were
measured over time using ImageJ.
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