1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Angew Chem Int Ed Engl. Author manuscript; available in PMC 2019 September 24.

-, HHS Public Access
«

Published in final edited form as:
Angew Chem Int Ed Engl. 2018 September 24; 57(39): 12896-12900. doi:10.1002/anie.201807593.

Fluorescence Probes for ALKBH2 Allow the Measurement of
DNA Alkylation Repair and Drug Resistance Responses

David L. Wilson and
Department of Chemistry, Stanford University, Stanford, CA 94305 (USA)

Dr. Andrew A. Beharry
Department of Chemical and Physical Sciences, University of Toronto, Mississauga, ON L5L 1C6
(Canada)

Dr. Avinash Srivastava and Prof. Dr. Timothy R. O’Connor
Department of Cancer Biology, Beckman Research Institute, Duarte, CA 91010 (USA)

Prof. Dr. Eric T. Kool"
Department of Chemistry, Stanford University, Stanford, CA 94305 (USA)

Abstract

The DNA repair enzyme ALKBH2 is implicated in both tumorigenesis as well as resistance to
chemotherapy in certain cancers. It is currently under study as a potential diagnostic marker and
has been proposed as a therapeutic target. To date, however, there exist no direct methods for
measuring the repair activity of ALKBHZ2 in vitro or in biological samples. Herein, we report a
highly specific, fluorogenic probe design based on an oligonucleotide scaffold that reports directly
on ALKBH2 activity both in vitro and in cell lysates. Importantly, the probe enables the
monitoring of cellular regulation of ALKBH2 activity in response to treatment with the
chemotherapy drug temozolomide through a simple fluorescence assay, which has only previously
been observed through indirect means such as gqPCR and western blots. Furthermore, the probe
provides a viable high-throughput assay for drug discovery.
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Deficiencies in alkylative DNA damage repair may give rise to carcinogenic mutations but
may also be exploited for the treatment of cancer using alkylating drugs.[2:2] In response to
such drugs, cancers can develop resistance through overexpression of DNA repair enzymes.
[3] One of the repair enzymes implicated in both tumorigenesis and drug resistance is the
demethylase ALKBH2, a human homologue of the bacterial repair enzyme AlkB. ALKBH2
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is an Fe!l/2-oxoglutarate-dependent dioxygenase that repairs the positively charged DNA

lesions 1-methyladenine (MA) and 3-methylcytosine (M3C).[4] Of the eight known human
AIkB homologues, ALKBH2 and ALKBH3 are the only ones known to demethylate ™LA
and M3C in genomic DNA. While ALKBH3 prefers single-stranded substrates, ALKBH2

prefers double-stranded DNA.II

The importance of ALKBH2 in DNA repair has been demonstrated in mouse models, in
which the knockdown of ALKBH2 results in the accumulation of genomic ™A and M3C,[6]
giving rise to transcription stops and error-prone replication bypass.[”] Elevated ALKBH2
activity has also been associated with resistance to chemotherapy. Ina study of brain tumor
samples taken from patients treated with alkylating drugs such as temozolomide (TMZ), all
samples contained elevated levels of ALKBH2 mRNA over those from patients receiving
radiotherapy.[8] TMZ resistance in several glioblastoma cell lines as well as cisplatin
resistance in H1299 lung cancer cells was suppressed by siRNA-mediated knockdown of
ALKBH2,[9.10] and reduced ALKBH?2 activity improves sensitivity to alkylating drugs.
[11.12] These findings have stimulated recent efforts to find inhibitors of ALKBH2.[13.14]

In spite of its potential importance to cancer diagnosis, prognosis, and therapy, measuring
the repair activity of ALKBH demethylases remains challenging.[® Current methods for
measuring ALKBH2 activity in vitro such as high performance liquid chromatography (LC-
MS),[15] gel electrophoresis (PAGE),[11] and most recently melting temperature analysis[16]
are limited because they are discontinuous, multistep and often nonspecific for ALKBH2
over the related homologue ALKBH3. While in vitro methods are limited, the situation for
measurement of ALKBHZ2 activity in cells and tissues is even poorer. There is currently no
reported method to directly and specifically measure ALKBH2 activity in biological samples
such as tissue extracts, cell lysates, or live cells. The most commonly reported methods rely
on indirect measurements of ALKBH repair in £. coli expressing ALKBH2 using labeled
bacteriophages as reporters.[>:171 Such methods are not viable for human cells.

Recently, fluorescent DNA probes have been developed for the direct analysis of DNA
repair.[18] Herein, we describe the first fluorogenic probes for ALKBH2 activity, affording
rapid and real-time measurements of repair by ALKBH2 in vitro and in human cell extracts
using only a fluorescence microplate reader. The optimized probe 13 is highly specific for
ALKBH2 demethylation and is used to directly quantify elevated ALKBH2 activity in a
cancer cell line treated with the drug TMZ. Probe 13 is also well suited to conducting high-
throughput screens of potential ALKBH2 activators/inhibitors.

Our strategy for developing a light-up fluorescence response employs a 1-methyladenosine
quenching (MAQ) mechanism. In this design, the electron-poor ™LA base is situated
adjacent to the electron-rich fluorescent nucleoside-analogue pyrene, which is quenched by
photo-induced charge transfer to the damaged base (Figure 1).[19] Upon demethylation of
m1A the quenching interaction is lost and the probe emits a fluorescence signal. A
previously reported MAQ probe for the related enzyme ALKBH3 consisted of a single-
stranded 10-mer oligonucleotide with a central ™A lesion and two adjoining pyrene a-
nucleosides, which form an excimer[20] (Table 1). While this probe efficiently detected
ALKBHS3 activity, it was unable to detect ALKBH2 activity. The observed selectivity of the
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probe was surprising given that both enzymes are reported to have similar catalytic
efficiencies with single-stranded DNA substrates.[21] In light of this, we hypothesized that
the probe length, its single-stranded character, or the pyrene nucleoside reporter was
prohibiting probe repair by ALKBH2.

Given the structural differences between the ALKBH2 and ALKBHS3 active sites,[22] we
hypothesized that structural changes to the probe might influence activity. Specifically, we
considered that the use of the unnatural a-anomer of the pyrene reporter rather than the
naturally oriented p-anomer might influence enzymatic recognition of the probe. To test this,
probes 1-4 were synthesized, based on A-rich 10-mer oligodeoxynucleotides in which the
location and anomer of the pyrene nucleoside were varied. Probes were synthesized on an
automated DNA synthesizer using phosphoramidite chemistry. Both anomers of the pyrene
nucleoside phosphoramidite were accessed by Normant-cuprate-mediated C-glycosylation
of Hoffer’s chlorosugar followed by acidcatalyzed epimerization (see the Supporting
Information for full details). A-rich sequences were selected for the flanking regions of the
probe because adenine is known to exert little or no fluorescence quenching of pyrene.[23]
When tested against recombinant human ALKBH2, probe 1 was the only successfully
repaired probe, demonstrating a strong and surprising stereoselective requirement by
ALKBH?2 for the B-anomer of the pyrene nucleoside (gY) adjacent to mIA (Figure 2a).
Furthermore, the location was critical, with a strong preference for location of the
fluorescent nucleotide on the 3" side of ™A (Table 1; compare probes 1 and 3).

To explore the substrate-length preference of ALKBH2, we prepared probes 5-7, again
using a poly(dA) context with total lengths varied from 10-25 nt (Table 1). In probes with a
single pyrene, length did not appear to significantly affect the time of half-maximal repair
(42); however, the overall fold-change of the probe was affected, with a maximal increased
fluorescence of 25-fold at 385 nm achieved using 15-mer probe 5. Probes 8-11 were also
synthesized containing two adjacent pyrenes to redshift the probe emission from 385 nm to
480 nm through excimer formation,[24] giving a Stokes shift of 135 nm. A similar trend in
length versus fold-change was observed with probe 9 yielding an 18-fold change in
fluorescence at 480 nm (Figure 2b); however, the shorter probe 8 was not repaired. Testing
probes 8-11 for ALKBH2-versus-ALKBH3 selectivity, we found that all four were good
substrates for ALKBH3 (Supporting Information, Figure S1) suggesting that ALKBH3 is
indifferent to the identity of the pyrene anomer or length of the substrate over this range.

In order to improve the specificity of probe designs for ALKBH2, we incorporated a short
duplex hairpin structure to exploit ALKBH3’s low activity on double-stranded substrates
and ALKBH2’s reported preference for duplex DNA.[17:22] Probe 12 incorporates two
complementary 15-mer regions connected by a hexaethylene glycol linker. One strand of the
probe incorporates an ™LA base adjacent to two pyrenes. On the complementary strand, the
pyrene excimer is paired opposite two 1”,2”-deoxyribose spacers (Table 1). This pairing has
previously been shown to mimic the thermodynamic stability of an A:T base pair and
supports normal duplex structure.[2526] Experiments with purified enzyme revealed that
hairpin probe 12 showed a much higher specificity for ALKBH2 than its single-stranded
counterpart. Probe 12 yielded a 9-fold increase in fluorescence and a &, of 125 s, almost
twice as fast as the single-stranded probes (Figure 2b). Minimal repair of 12 by ALKBH3
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was observed, confirming high selectivity of the double-stranded probe for ALKBH2
(Figure 2c). Interestingly, in separate studies we observed non-competitive inhibition of
ALKBH2 by duplex DNA when repairing single-stranded probes but not double-stranded
probes (Supporting Information, Table S2 and Figures S3 and S4). This effect was not
observed with ALKBHS3.

Consistent with previous literature reports,[17] we found that the addition of 1.5 mm
magnesium to the reaction buffer increased the rate of ALKBH2 demethylation while further
suppressing ALKBH3, to yield over 100-fold selectivity for the former based on initial rate
measurements (Figure 2c, Table S1). The magnesium-dependent increase in selectivity was
not observed with single-stranded substrates, indicating the divalent cation interacts with the
duplex probe or its interface with the enzyme, rather than the enzyme alone (Table S1).

In an effort to improve the overall signal of probe 12, we synthesized probe 13, replacing the
complementary thymine bases neighboring the pyrene excimer with adenine. While thymine
is known to strongly quench pyrene fluorescence, adenine can effectively insulate pyrene
against the quenching of nearby pyrimidines.[23] We found that the design change improved
the brightness by two-fold while impacting the fold change only minimally (Figure S2).

We validated the ability of probe 13 to assay ALKBHZ2 inhibitors by measuring the 1Csq of
pyridine 2,4-dicarboxylic acid (PDCA), a broad-spectrum inhibitor of 2-OG-dependent
enzymesl8] (Figure 3). The assay was conducted in a 60 pL reaction volume on a 384-well
plate, yielding an 1Csq of 2.43 + 0.12 um, fully consistent with reported values.[18] To our
knowledge, probe 13 enables the first continuous real-time assay of ALKBH2 activity,
making it likely the most practical assay available for high-throughput screens.

To test the utility of probe 13 in differentiating activity levels of ALKBH2 in cells, we
synthesized a nuclease-protected version by substituting 2" - O-methyl protected nucleotides
atthe 3" and 5 termini of the probe (13p). Tests with purified enzyme confirmed
(Supporting Information, Figure S5) that the modified end residues had little or no effect on
response. We then tested the probe in lysates from engineered mouse embryonic fibroblasts
(MEFs) having varied murine ALKBH2 and ALKBHS3 activity.[27] The lysates were tested
in a 384-well plate format with 2 pm probe and the necessary cofactors (see the Supporting
Information for reaction details). The fluorescence response from each cell line was
monitored over an extended period at 37 °C (Figure 4).

The data show that the probe 13p responds to enzymatic activity from cells expressing
ALKBH2 (Figure 4). After 24 h, the signals generated from the wild-type and ALKBH3Z "/~
cells were high and equivalent, while AL KBH27~ cells showed only a small amount of
signal over background. The double ALKBH2 knockout and control experiments show
almost identically low fluorescence responses as expected. Taken together, these results
show that probe 13p is able to measure and differentiate activity levels of ALKBH2 in cell
lysates at biologically relevant protein concentrations. Furthermore, it is highly selective for
ALKBH2, with only a small amount of signal generated from the ALKBH2 knockout cells.
When the lysates were tested in buffer containing EDTA, we observed no signal, consistent

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2019 September 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilson et al.

Page 5

with the expectation that the Fe!!-dependent ALKBH enzymes are responsible for the
fluorescence signal (Supporting Information, Figure S6).

Finally, we employed probe 13p to compare ALKBH2 activity in human cell lines. Lysates
were generated from U87 and HEK293T cells and their fluorescence response with 13p was
compared after 24 h incubation (Figure 5a). The response from the HEK293T cell line,
derived from non-cancerous cells, was about twice that of the wild type MEF cells. The
human tumor cell line U87 showed significantly reduced ALKBH2 activity, consistent with
reports of epigenetic silencing of demethylases in that cell line.[28] We then treated the U87
cell line with the DNA methylating drug TMZ, which is known to induce elevated ALKBH2
expression in certain cancers as a drug resistance mechanism.[®] We found that incubation
with TMZ for 24 h resulted in a near doubling of ALKBH2 signal from the U87 lysates (p=
0.007), consistent with qPCR data (Figure 5b).[%] These experiments demonstrate that 13p
can be used to directly measure the development of a drug resistance response in cancer cell
lines without the need for gPCR or western blots, which are fundamentally indirect
measures.

Taken together, our data show that hairpin probe 13 and the nuclease-protected variant 13p
can be used to measure ALKBH2 activity in vitro and in cell lysates in real time.
Importantly, 13p is highly specific and is capable of discriminating between the closely-
related enzyme homologues ALKBH2 and ALKBH3, allowing it to quantify ALKBH2
activity levels in cells with minimal background signals. This represents the first probe for
the specific measurement of ALKBH2 activity from human cells in real time. The probes
reported in this study may also be readily adapted for high-throughput screening of potential
small-molecule modulators. While recent efforts have been made to develop both small-
molecule and aptamer-based inhibitors of ALKBH2, those efforts have relied on low-
throughput CE[X4] or DCMSI13] assays that put major constraints on the scope of the screen
and design of inhibitors. As a result, the only reported small-molecule inhibitors have
relatively low affinity and selectivity, acting as pan-2-OG-dependent dioxygenase inhibitors.
Given that assays of specific DNA repair markers are already used in the diagnosis of
malignancies,[2% it is possible that probes such as 13p may in the future find relevance in
the clinic as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The 1-methyladenosine quenching (MAQ) probe design used to detect demethylation by

ALKBH2. The pyrene excimer is quenched by photo-induced charge transfer to the
damaged base. Following repair of the positively charged lesion, the quenching is lost,
resulting in fluorescence emission.
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Figure 2.

Fold change in fluorescence intensity of a) probes 1-4 or b) probes 9 and 12 (1 um)
incubated with ALKBH2 (0.5 pm) measured at 385 nm (a) or 480 nm (b). c) Selectivity of
probe 12 with buffer alone or supplemented with 1.5 mm MgCl,. See Supporting
Information for full reaction conditions.
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Figure 3.

[PDCA] (uM)

Probe 13 used in high-throughput format for evaluating an inhibitor. Dose-response curve of
broad-spectrum demethylase inhibitor pyridine 2,4-dicarboxylic acid (PDCA) with
ALKBH2 generated using probe 13. The curve yielded an 1Csy measurement of 2.43 £ 0.12

UM,
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Nuclease-protected probe 13p yields ALKBH2-specific signals in mammaliancell lysates.
Shown are fluorescence responses of probe 13p (2 um)with MEF lysates (1 mgmL ™ total
protein). Data collected from 384-well plates over 27 hincubated at 378°C.
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Nuclease-protected probe 13p reports on ALKBH2 activity in lysates derived from human
cell lines. Experiments were performed in a384-well plate with 1mgmL~2 total cellular
protein, 100 um TMZ, and fluorescence was measured after 24 h incubation.
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