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Fluorescence properties of an emissive guanine surrogate,
thienoguanine (thGN, 2-aminothieno[3,4-d]pyrimidin-4(3H)-one),
were exploited to design two real-time chemosensors of o°-
methylguanine-DNA-methyltransferase (MGMT), key DNA repair
enzyme involved in the resistance to DNA-alkylating anti-cancer
drugs though direct reversal of Os-alkylated guanine adducts.

Temozolomide and Carmustine, two DNA-alkylating drugs
approved for glioblastoma treatment, exert their cytotoxic
effect chiefly by alkylating O6 atoms of guanine bases in DNA,
producing adducts that trigger a futile mismatch repair process
leading to replication fork stalling and cell death. Nonetheless,
OG-methnguanine-DNA-methyItransferase (MGMT, also
known as AGT) removes alkyl residues from Os-alkylated
guanines through an irreversible Sy2 reaction with the cysteine
residue of the enzyme, leading to deactivation of the enzyme
and direct repair of the alkylated DNA, thereby alleviating the
effect of anti-tumour treatment and leading to
chemoresistance.’ MGMT status of the tumour is crucial for
assessing the prognosis and the choice of optimal treatment
regime, since low MGMT expression is significantly associated
with better treatment response and patient survival;
conversely, administration of TMZ to patients with MGMT-
positive glioblastoma leads to adverse drug effects reducing
their quality of life without a therapeutic benefit.*® Since
promoter methylation is a major mechanism of gene silencing,
methylation of the MGMT promoter, easily accessible through
molecular biology techniques such as (quantitative)
methylation-specific PCR (MSP and gMSP), bisulfite sequencing
(BiSEQ), or pyrosequencing, emerged as a clinically used
biomarker of the MGMT of tumours.® However, discordances
between the MGMT promoter methylation status, actual
MGMT expression levels and activity, and treatment outcomes
have been highlighted in the literature.>””® Possible sources of
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these discrepancies include the strongly variable CpG
methylation pattern of the promoter, methylation of the gene
body and exons that equally affect MGMT expression, post-
transcriptional regulation by miRNAs, and others.>*™ In
addition, both MGMT expression and activity were observed
to increase in response to TMZ treatment independently of the
promoter methylation status that remains stable during
disease progression.S In this context, the development of
robust, easy-to-implement methods to directly assess MGMT
activity in tumour samples or cell cultures represents an
urgent task.

Fluorescence-based diagnostic tools often represent a
method of choice due to the high sensitivity and specificity of
fluorogenic probes. Along these lines, profluorescent MGMT
substrate analogues, namely oligonucleotides harboring o°-
substituted guanine derivatives endowed with a fluorophore®?
or a quencher13 in the side chain, along with a FRET partner,
have been exploited to construct fluorogenic chemosensors of
MGMT activity. In this design, the reaction of the probe with
MGMT leads to a transfer of the O°-substituent from the sub-
strate to the protein, leading to disruption of the FRET pair and
an increase of fluorescence signal.lz’13 Alternatively, MGMT-
promoted dealkylation of Oe-alkylated oligonucleotide substra-
tes can be exploited to trigger a conformation switch, leading
to a change of a fluorescence signal””15 or activation of a
DNAzyme cleaving a fluorogenic RNA substrate.'® However, a
common drawback of oligonucleotide-based probes is their
poor cellular permeability, making their use in live cells
problematic. Finally, probes based on an MGMT
pseudosubstrate Oe-benzylguanine (BG) conjugated to an
external fluorophore”_20 or a fluorophore—quencher pair,21'22
that were originally designed for SNAP-tag protein labelling,
can be exploited for labelling and detection of cellular MGMT.
However, as the reaction of native MGMT with BG is slow,
these probes require long reaction time for fluorophore
transfer.”®

While natural nucleosides are essentially non-fluorescent,
the last decade witnessed a rise of fluorescent nucleoside
analogues that found numerous applications in probing the
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structure and dynamics of nucleic acids. Among these,

thienoguanosine (thG), developed by Y. Tor et al.,” represents
an easily accessible, highly emissive surrogate of guanosine
that almost perfectly mimics the latter in nucleic acids, making
it an outstanding fluorescent DNA probe.ze’ 7 In this work, we
harnessed fluorescence properties of the corresponding nuc-
leobase surrogate, thienoguanine ('hGN, Scheme 1),28
design the smallest fluorescent chemosensors of MGMT
activity.

The synthesis of O°-substituted thienoguanine derivatives
is shown on Scheme 1. Initial attempts to alkylate thG,\, using
benzyl alcohol in Mitsunobu conditions (PPhs;, DIAD, THF or
dioxane) gave the desired compound thGB in low yield (ca. 5%)
along with undesired products of N1 and N3 alkylation;
therefore, an alternative strategy was developed using the
activated 4-(dimethylamino)pyridinium salt 1 that was
obtained through a reaction of thG,\, with a slight excess of
DMAP in the presence of 2-mesitylenesulfonyl chloride and
DBU in a good yield (75%). A similar strategy was previously
employed for the synthesis of 0°%-substituted guanine
derivatives.”® Salt 1 was made to react with benzyl, 3-iodo-
benzyl, or 4-bromothenyl alcohols in pyridine in the presence
of a base (t-BuOK), to give Os—alkylated derivatives ('hGB, thG.,
and 'thh, respectively) in moderate yields (about 30%); in
addition, refluxing the salt 1 in EtOH gave the OG—ethyI
derivative "G, in a 58% vield.

The basic photophysical properties of the probes are
summarized in Table 1. The absorption spectra of all 0°%-substi-
tuted derivatives were red-shifted by about 20 nm, and
emission spectra by 10—-13 nm, comparing with thG,,, (Fig. 1).
Importantly, the 400-nm shoulder in the emission spectrum of
t"G,\,, that was previously assigned to the H3 keto-amino
tautomer,ao was totally absent in the emission spectra of the
derivatives (Fig. 1b), demonstrating that 0° substitution blocks
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Table 1 Photophysical data for 0°-substituted "Gy, derivatives in water.”

Compound  Aupsmax / NM e/em™M* Aemmax / M’ o°
"Gy 315 3100 436 0.59°
"Gy 337 3140 448 0.47
"G, 339 3240 449 0.28
"Gy, 338 2720 446 0.11
"G 332 3540 448 0.13

9 ¢ =50 uM for absorbance, 5 uM for fluorescence measurements. )\ex 325 nm.

¢ Fluorescence quantum yield, reference: quinine sulphate in 0.5 M H,S0, (® =
0.546). “This value is higher than the one reported in the literature (0.46),
presumably due to the use of another quantum yield standard.
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Fig. 1 a) Absorption (¢ = 50 uM) and b) emission (c = 5 puM, Aex = 325 nm) spectra of

"'GN and its O°-substituted derivatives in water.

the formation of this tautomer. The fluorescence quantum
yield of "'GEt was only slightly lower, and that of thGB was about
two times lower than the one of thG,\,. However, the
fluorescence of both thG. and 'thh was decreased about 5-fold
comparing with thG,\,, giving evidence of the quenching
effect of heavy-atom substituents in the Os-arylmethyl group
(I and Br, respectively) on the fluorescence of the
thienoguanine core. These two “dark” derivatives could be
considered as promising MGMT chemosensors, as their
reaction with the enzyme would lead to a transfer of the
arylmethyl group to the enzyme and a release of the highly
emissive "Gy, (Fig. 2a).

The reaction of "Gy, and ™G, with MGMT was assessed by
monitoring real-time changes of fluorescence intensity of the
probes (100 nM) in the presence of varied concentrations of
the enzyme. While the fluorescence of both probes, monitored
at 400 nm, remained low in the absence of the enzyme,
addition of MGMT led to a rapid increase of fluorescence

This journal is © The Royal Society of Chemistry 20xx
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reaching a plateau whose level was dependent on the amount
of added MGMT, giving evidence of a stoichiometric reaction
(Fig. 2b, c). In the presence of slight excess of the enzyme (1.4
molar equiv.), the level of the plateau almost matched the
fluorescence intensity of the equimolar thG,\, solution,
indicating complete conversion of the probe in both cases. To
assess the kinetics of enzymatic dealkylation, the reaction was
performed in the conditions of an excess of the probe with
respect to the enzyme (5 molar equiv.). In these conditions,
the reaction follows a pseudo-first-order kinetics with
apparent rate constants k,,, = 0.00172 and 0.00534 st for ™
and tth,., (ty, = 400 and 130 s, respectively), indicating that 'thh
is a 3.1-fold faster MGMT probe than thGI (Fig. S1, ESIT). This is
in agreement
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Fig. 2 a) Scheme of MGMT-promoted dealkylation of chemosensors leading to

formation of the emissive t"GN. b—c) Real-time fluorescence changes of b) 'hG. and c)
"'Gﬂ, in the absence (i) and in the presence (ii~vi) of increasing amounts of MGMT (final
concentration, ii: 23 nM, jii: 48 nM, iv: 68 nM, v: 95 nM, vi: 144 nM) added at t = 0.
Conditions: c(probe) = 100 nM in the reaction buffer (10 mM Tris-HCl, 100 mM NacCl,
1 mM DTT, 5% v/v DMSO, pH 8.5), Aex = 314 nm, Aery = 400 nm, T = 37 °C. The signal of
the equimolar solution of ! GN is shown for reference.
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with the known activity of 06—(4—bromothenyl)guanine (Lome-
guatrib, also known as PaTrin-2; cf. inset in Fig. 4b) to
deactivate MGMT at a much higher rate than 0°-
benzylguanine and its derivatives substituted in the phenyl
ring.3* Altogether, these data indicate that "Gy, and ™'G, can
be used as probes for real-time monitoring of the MGMT
activity.

Considering the fact that final fluorescence intensity
linearly depends on the amount of formed thGN and is thus
equivalent to the amount of added MGMT, our system may be
useful for quantifying the amount of the active enzyme. In fact,
precise quantification of MGMT activity is arduous since it
requires [3H]-

This journal is © The Royal Society of Chemistry 20xx
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Fig.3 Fluorescence intensity of "'Gu. solutions (initial probe concentration: 100 nM
in 10 mM Tris-HCI, 100 mM NaCl, 1 mM DTT, 5% v/v DMSO, pH 8.5; V = 400 uL)
recorded at t = 1800 s following the addition of indicated amounts of MGMT (final
concentration). Data (mean * s.d., N = 4) were fitted to a linear model (solid red line)
with 95% confidence intervals shown as red dotted lines. Fluorescence intensity (mean
+s.d., N = 4) of the equimolar "Gy solution (blue line and shaded area) and the buffer
(grey line and shaded area) are shown for comparison.

substrates that are
33,34

radiolabelled not (or no longer)
commercially available, and the methods employing
oligonucleotide substrates are biased due to multimerization
of the enzyme in the presence of DNA, requiring excess of
the protein for a complete conversion of the substrate.>>*®
Towards this end, we plotted fluorescence intensity of 'thh
solutions observed at t = 30 min after the addition of various
amounts of MGMT. Linear response was observed in almost
whole range of sub-stoichiometric MGMT concentration (Fig.
3), indicating that this stoichiometric reaction can be used for
quantification of MGMT activity with a detection limit of
7.4 nM (corresponding to 3 pmol MGMT in our setup), which is
comparable with other fluorescence-based methods for
MGMT detection.">?*%’

Fluorimetric monitoring of MGMT activity may also be
exploited for assessing the efficiency of MGMT inhibitors that
represent potentially useful chemotherapeutic drugs.38’39 As a
proof-of-principle, we studied the fluorimetric response of
"'G,h incubated in the presence of MGMT (110 nM, 1.1 molar
equiv.) and various concentrations of Lomeguatrib, a reference
MGMT inhibitor. In the presence of inhibitor, the final level of
t"G,\, fluorescence was clearly decreased, demonstrating the
competition between Lomeguatrib and the probe for reaction
with the enzyme (Fig. 4a). A sigmoidal dependence of the
fluorescence intensity at t = 1000 s (or longer time points),
converted into relative enzymatic activity, on the inhibitor
concentration was observed, allowing to determine an ICsq
value of 76 nM through fitting the experimental data to a
logistic function (Fig. 4b).
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Fig. 4 a) Real-time fluorescence changes upon reaction of "'G,h (100 nM) incubated

in the absence (c) or in the presence (i-vii) of MGMT (110 nM) and increasing amounts
of Lomeguatrib (final concentration, i: 0, ii: 10 nM, iii: 50 nM, iv: 100 nM, v: 250 nM, vi:
500 nM, vii: 1 uM). Buffer composition and experimental conditions as in Fig. 2 caption.
b) Dose-response curve constructed by plotting relative MGMT activity (= [FI(x)—FI(c)]/
[FI(i)=Fl(c)] x 100% at t = 1000 s; c and i as in panel (a), x = ii~vii) vs. Lomeguatrib
concentration and fitted to a logistic function with ICso = 76 nM. Data are means % s.d.
from three independent experiments. Inset: structure of Lomeguatrib (a.k.a. PaTrin-2).

In summary, we designed first small-molecule chemo-
sensors of MGMT, whose enzymatic dealkylation can be
monitored in real time due to formation of the highly emissive
thienoguanine. Interestingly, the fact that 'thh and thG. are
excellent MGMT pseudosubstrates is in line with the notion
that the imidazole ring, and in particular the N7 atom of 0°-
methylguanine and its analogues, do not form contacts with
the active site and are not required for the reaction with the
enzyme.40 Due to the high fluorescence quantum vyield of thG,\,,
the chemosensors can be employed at concentrations as low
as 100 nM (or lower with a more sensitive equipment) for
monitoring MGMT activity, e.g., in cell extracts or tumour
biopsies. It can also be applied for high-throughput screening
of MGMT inhibitors and quantitative evaluation of their
activity, as illustrated with an example of a previously reported
inhibitor. Moreover, small molecular size (< 400 Da) and
lipophilicity of thGI and tthh render these probes potentially
live cell-permeant; unfortunately, poor brightness (1800 cm™
M'l) and UV absorption of thG,\, reporter preclude their use in
cell cultures at the current stage. These issues may be tacked
in the future by the use of brighter, red-shifted fluorescent
guanine anangues.B’41
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