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EXPERIMENTAL SECTION

Chemicals and Materials

All HPLC-purified oligonucleotides (Table 1) were purchased from Accurate Biotechnology (Hunan) Co.
Ltd. (Changsha, China). Human O°®-methylguanine-DNA Methyltransferase (MGMT) was obtained from
Cayman Chemical (Ann Arbor, M1, USA). Pvull, Exonuclease III (Exo III), Lambda Exonuclease (A Exo),
10 x NEBuffer™ r3.1 (1 M NacCl, 500 mM Tris-HCI, 100 mM MgCl,, 1 mg/mL recombinant albumin, pH
7.9), 10 x NEBuffer™ 1 (100 mM Bis-Tris-Propane-HCI, 100 mM MgCl,, 10 mM DTT, pH 7) and 10 X
Lambda Exonuclease Reaction Buffer (670 mM Glycine-KOH, 25 mM MgCl,, 500 pg/ml BSA, pH 9.4)
were purchased from New England Biolabs Inc. (Beverly, MA, U.S.A.). O%benzylguanine (O%-BG) was
obtained from Sigma-Aldrich (MO, USA). Human MGMT enzyme-linked immunosorbent assay (ELISA)
kit was purchased from Meimian Biotechnology (Yancheng, Jiangsu, China). All ultrapure water is

prepared by a Millipore Milli-Q Water Purification System (Billerica, MA, USA).

Table S1. Sequences of the Oligonucleotides *

Oligonucleotide Sequence (5'—3")

TTC CTC GAT CTT GAT AGG GAG AAA AAA CAA GAT CGA

Dumbbell probe GGA AGT CGC GCA GCT GCG AAA GAA GAA AGA CAG

AAATTT CGCAGC TGC GCG AC

Signal probe BHQ3-AAG ATC GAG GAA GTC GC-Cy5

“The underlined “G” is O%-methylguanine (O%-MeG).

Detection of MGMT activity
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The reaction was performed in a 30 pL of solution containing 150 nM dumbbell probe, 500 nM signal
probe, 18 U of Pvull, 9 U of Exo III, 1x NEBuffer™ r3.1 (100 mM NaCl, 50 mM Tris-HCI, 10 mM MgCl,,
100 pg/ml recombinant albumin, pH 7.9), 1x NEBuffer™ 1 (10 mM Bis-Tris-Propane-HCI, 10 mM MgCl,
and 1 mM DTT, pH 7), and different concentrations of MGMT. The reaction mixture was incubated at
37 °C for 60 min. The amplification product was diluted to a final volume of 70 puL for fluorescence
measurements. The fluorescence emission spectrum of Cy5 was recorded by using a FLS1000
spectrophotometer (Edinburgh, UK) with an excitation wavelength of 620 nm. The fluorescence intensity at
662 nm was used for data analysis.

Gel electrophoresis

Non-denaturing polyacrylamide gel electrophoresis (PAGE) was used to analyze the Pvull-mediated
cleavage products and Exo IlI-mediated digestion products. The Pvull-mediated cleavage products were
stained with fluorescent dyes SYBR Gold and analyzed by 8 % PAGE in 1x TBE buffer (9 Mm Tris-HCI, 9
Mm boric acid, 0.2 mM EDTA, pH 7.9) at 110V for 35 min. The Exo I1I-mediated digestion products were
analyzed by 8 % PAGE in 1x TBE buffer at 110V for 30 min. Gel imaging was obtained by using a
Bio-Rad ChemiDoc MP Imaging System (Hercules, CA).

Inhibition assay

Different concentrations of inhibitors were added to 30 pL of solution containing 0.01 ng/pL MGMT, 150
nM hairpin probe, 500 nM signal probe, 18 U of Pvull, 9 U of Exo III, 1XNEBuffer™ r3.1 (100 mM NaCl,
50 mM Tris-HCI, 10 mM MgCl,, 100 pg/ml recombinant albumin, pH 7.9), 1x NEBuffer™ 1 (10 mM
Bis-Tris-Propane-HCl, 10 mM MgCl, and 1 mM DTT, pH 7), and the solution was incubated at 37°C for 60
min. The relative activity (RA) of MGMT was calculated according to equation 1.

RA = g— x 100% = 10Fi—F)/5445 % 100% (1)
t
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where F; is the Cy5 fluorescence intensity in the presence of MGMT, and Fi is the Cy5 fluorescence
intensity in the presence of MGMT + inhibitors. C; and C; are calculated from the linear correlation
equation (Fig. 2), respectively.

Fy=49558+5445 1gC; 2)

F;=49558+5445 1gC; 3)
The half maximal inhibitory concentration (ICso) was calculated by fitting the curve of RA versus the
inhibitor concentration.
Cell culture and cell extraction
Human epidermoid carcinoma cells (A431 cells), human cervical cancer cell line (HeLa cells) and human
breast adenocarcinoma cell line (MCF-7 cells) were purchased from Cell Bank of Chinese Academy of
Sciences (Shanghai, China). A431 cells, HeLa cells and MCF-7 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, USA) containing 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin (PS) at 37 °C under a humidified atmosphere with 5% CO,. The cells growing in
exponential growth phase were harvested by using trypsinization, PBS (pH 7.4) washing, and
centrifugation at 800 rpm for 5 min at 4°C. Subsequently, the nuclear and cytoplasmic extracts were
prepared using the nuclear extract kit (ActiveMotif, Carlsbad, CA, U.S.A.). The obtained extracts were

stored at -80°C.

SUPPLEMENTARY RESULTS
Mechanism of O%-MeG demethylation by MGMT
The MGMT-initiated demethylation process of O®MeG is shown in Fig. S1. MGMT is a suicide DNA

repair enzyme that specifically removes alkyl adducts from O°-alkylated guanines to the cysteine residue
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(Cys145) of MGMT by an irreversible bimolecular nucleophilic substitution reaction, leading to direct

repair of G and inactivation of MGMT.":?
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Fig. S1 Mechanism of MGMT-initiated O®-MeG demethylation.

Measurement of Cy5 fluorescence signal under different experimental conditions

Previous studies demonstrated that Exo III may slowly digest ssDNA.** Therefore, we investigated the
digestion activity of Exo III toward the single-stranded signal probe (SP). As shown in Fig. S2, we
investigated the digestion of signal probes by Exo III under four experimental conditions including
experimental group with MGMT (MGMT + dumbbell Probe + Pvull + Exo III + signal probe, red line),
control group without MGMT (dumbbell Probe + Pvull + Exolll + signal probe black line), Exo III
experimental group (Exo III+ signal probe, blue line), and signal probe group (signal probe only, green
line). A high Cy5 signal is detected in the presence of MGMT (red line), but an extremely low Cy5 signal is
detected in the absence of MGMT (black line), which is consistent with Fig. 1 C. In addition, the Cy5
fluorescence intensity in Exo III experimental group (blue line) is identical to that in the control group
(black line), indicating that the presence of dumbbell Probes and Pvull does not affect the digestion of
signal probe by Exo III. Moreover, the Cy5 fluorescence signal in Exo III experimental group (blue line) is
identical to that in signal probe group (green line), suggesting that Exo III can hardly digest single-stranded

signal probe. Therefore, the CyS5 signal is generated only by MGMT.
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Fig. S2 Measurement of Cy5 fluorescence signal under different experimental conditions. Red line,
experimental group (MGMT + dumbbell Probe + Pvull + Exo III + signal probe); Black line, control group
(dumbbell Probe + Pvull + Exo III + signal probe); Blue line, Exo III experimental group (Exo III+ signal

probe); Green line, signal probe group (signal probe only). The 10 ng/uL MGMT, 150 nM dumbbell Probe,

0.6 U/uL Pvull, 0.3 U/uL Exolll and 500 nM signal probe were used in this research.

Comparison of the assay performance between using A Exo and using Exo III

Similar to Exo III, Lambda exonuclease (A Exo) is a DNA exonuclease and has been widely used in nucleic
acid signal amplification strategies.> ® A Exo uses double-stranded DNA as the substrate and selectively
digest the 5-phosphorylated strand of dsDNA along 5°—3" direction. Since the product of the dumbbell
probe cleaved by Pvull contains the 5-PO4 end, A Exo can cleave the Pvull product to achieve a one-step
signal amplification (Fig. S3B). Thus, we compared the assay performance between using Exo III (Fig.
S2A) and using A Exo (Fig. S3B) under the identical experimental condition. The signal probe sequence for
A Exo is BHQ3-GCG AC TTC CTC GAT CTT -Cy5. The Cy5 fluorescence signal generated using Exo 111
(Fig. S3C) is much higher than that generated using A Exo (Fig. S3D). In addition, the background signal
generated using A Exo (Fig. S3D, black line) is much higher than that generated using Exo III (Fig. S3C,

black line). Thus, Exo III is used in the subsequent research.
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Fig. S3 (A) Schematic illustration of Exo III -mediated signal amplification strategy. (B) Schematic
illustration of A Exo -mediated signal amplification strategy. (C) Fluorescence emission spectra produced
by Exo Ill-mediated signal amplification strategy in the absence (black line) and presence (red line) of
MGMT. (D) Fluorescence emission spectra produced by A Exo-mediated signal amplification strategy in

the absence (black line) and presence (blue line) of MGMT. The MGMT concentration is 10 ng/pL.

Assessment of amplification efficiency

We evaluated the amplification efficiency of the proposed method. Since the signal amplification process of
the proposed method is achieved by the digestion of signal probes catalyzed by Exo III, we calculated the
concentration of the digested signal probes in the presence and absence of MGMT to assess the signal
amplification efficiency. We first measured the Cy5 fluorescence signals generated by different
concentrations of Cy5-abeled DNA probes (The sequence of Cy5 labeled DNA probes is AAG ATC GAG
GAA GTC GC-Cy5) (Fig. S5 A) and signal probes (Fig. S5 B). The linear equation between CyS5

fluorescence intensity and the Cy5-labeled DNA probes concentration is Feys = 450.94 Ceys+ 28.71 (R’ =
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0.996), where Ccys is the concentration of Cy5-labeled DNA probes and Fgys is the measured Cy5
fluorescence intensity. The linear equation between Cy5 fluorescence intensity and the Cy5-labeled DNA
probes concentration is Fapo-cys = 14.61 Cppo-cys + 26.35 (R*= 0.995), where Cgo-cys is the concentration
of signal probe and Fprp-cys is the Cy5 fluorescence intensity produced by signal probes. Since the
concentration of signal probe is fixed (500 nM), i.e., Ccys + Cguo-cys = 500 nM, we can calculate the
concentration of Cy5 generated by Exo Ill-assisted signal amplification according to the following
equations:

F=Fcys+ Fpro-cys=450.94 Ccys+ 28.71+ 14.61 x (500 — Cgys5) +26.35 4

F=436.33 Ccys+7360.06 5)
By bringing the fluorescence intensity in the presence (109457.04) and absence (7545.77) of MGMT (Fig.
S2) into equation 5, the concentration of produced Cy5 in the presence of MGMT is calculated to be
233.99 nM, and the concentration of Cy5 in the absence of MGMT is measured to be 0.42 nM.

To quantitatively evaluate the amplification reaction, the fold amplification is estimated based on
equation 6.
Fold amplification = 2— (6)

where C; is the measured concentration of Cy5 (nM) in the presence of 10 ng/uL MGMT and Cp is the

measured concentration of Cy5 (nM) in the absence of MGMT. When the MGMT concentration is 10

ng/uL, the amplification efficiency of the proposed method is 557-fold.
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Fig. S4 (A) Fluorescence intensity produced by different concentrations of Cy5. (B) Fluorescence intensity

produced by different concentrations of BHQ-CyS5. Error bars represent the standard deviation of three

experiments.

Optimization of experimental conditions

To obtain the best assay performance, we evaluated the effect of Exo III concentration, Pvull concentration,

dumbbell probe substrate concentration and reaction time upon the assay performance by monitoring the

variation of F/Fy (F and Fy are the Cy5 fluorescence intensity in the presence of MGMT and absence of

MGMT, respectively). As shown in Fig. S5A, the value of F/F, improves with the increasing concentration

of Exo III from 0.1 to 0.3 U/uL, followed by decrease beyond the concentration of 0.3 U/uL due to the

background signal induced by the digestion of single-stranded signal probes by high-concentration Exo III.

Thus, the optimal concentration of Exo III is 0.3 U/uL. As shown in Fig. S5B, the value of F/F, enhances

with the increasing concentration of Pvull from 0.2 to 0.6 U/uL, and reaches a plateau at 0.6 U/uL due to

the exhaustion of the demethylated dumbbell probes. Thus, 0.6 U/uL Pvull is used in the subsequent

experiments. As shown in Fig. S5C, the value of F/Fy improves with the increasing concentration of

dumbbell probe from 50 to 150 nM, and reaches a plateau at 150 nM. Thus, 150 nM dumbbell probe is

used in the subsequent experiments. We further optimized the reaction time. As shown in Fig. S5D, the

value of F/F, improves with the reaction time from 30 to 60 min, followed by the decrease beyond 60 min.
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Thus, the optimal reaction time is 60 min.
A B
151 Z}- 151 2%7
y 3 h 7
10+ 77

FIFQ

FiFo

02 04 06 08 10
Concentration of Pvull (U/uL)

01 02 03 04 05
Concentration of Exo Il (U/uL)

C ¢ i b
154 o 151
%7
10-;%’ ;?7 10- ZP

FIFQ

FIFQ

0+ . : 1 1
30 60 90 120 150
Reaction time (min)

50 100 150 200 250
Concentration of substrate (nM)
Fig. S5 (A) Variance of F/Fy value with different concentrations of Exo III. (B) Variance of F/F, value with

different concentrations of Pvull. (C) Variance of F/F, value with different concentrations of dumbbell

probe substrate. (D) Variance of F/Fy value with reaction time. The MGMT concentration is 10 ng/pL.

Error bars represent the standard deviation of three experiments.

The fluorescence dynamic curves of different MGMT concentrations

We determine the dynamic curve of the reaction system by measuring the variance of Cy5 signal with
reaction time (Fig. S6). In the presence of varying concentration of MGMT, the Cy5 signal increases with

reaction time from 0 to 120 min (Fig. S6), while no obvious signal enhancement is observed without

MGMT (Fig. S6, black line). The results clearly suggest that MGMT can trigger Exolll-assisted signal

amplification for the generation of Cy5 fluorescence.
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Fig. S6 Dynamic curve of the reaction system by measuring the variance of Cy5 signal with reaction time.

Error bars represent the standard deviation of three experiments.
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Fig. S7 Structural formula of O%-BG (left) and 5-FU (right).

Linear equation of ELISA

To determine the expression level of MGMT in cell samples, we measured different concentrations of
MGMT using the enzyme-linked immunosorbent assay (ELISA). As shown in Fig. S8, the optical density
(OD) at 450 nm shows a linear correlation with the amount of MGMT over a range from 2.5x10 to 8.0
%1073 ng. The regression equation is ¥ = 0.16X + 165.37 (R*>= 0.997), where Y is the measured OD and X is

the amount of MGMT.



I=0.16 X + 165.37
R2 =0.997

-
(4]
1

OD (450 nm)
°

=
(5]
rt

0.0 2.0E-3 4.0E-3 6.0E-3 8.0E-3
Amount of MGMT (ng)

Fig. S8. Linear relationship between the optical density (OD) and the amount of MGMT. Error bars

represents the standard deviation of three experiments.

Fluorescence intensity in response to MGMT in different cell lines

We measured the fluorescence intensity generated by MGMT in the nucleus of various cancer cell lines,
including human epidermoid carcinoma cells (A431 cells), human cervical cancer cell line (HeLa cells) and
human breast cancer cell line (MCF-7 cells). As shown in Fig. S9, a weak fluorescent signal is detected in
the control group with the deactivated nucleus extracts (Fig. S9, black column). In contrast, high Cy5
fluorescence signals are generated by HeLa cells ((Fig. S9, green column), MCF-7 cells ((Fig. S9, orange
column), and A431 cells (Fig. S9, purple column), suggesting that this method can accurately quantify

MGMT activity in different cancer cells.
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Fig. S9. Measurement of Cy5 fluorescence intensity produced by the control group (black column), A431
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cells (purple column), MCF-7 cells (orange column), and HeLa cells (green column). The number of each

kind of cells is 1000. * indicates that the fluorescence signals of A431, MCF-7, and HeLa cells nucleus

extract are significantly higher than that of control group (**P < 0.01). Error bars represent the standard

deviation of three experiments.

Correlation of the proposed method with ELISA

We calculated the correlation between the amount of MGMT measured by the proposed method and by

ELISA. As shown in Fig. S10, a correlation equation of ¥ =0.991 X + 0.001 (R*= 0.997) is obtained, where

X is the measured MGMT amount by the proposed method and Y is the measured MGMT amount by

ELISA assay. This result clearly demonstrates that the proposed method is in good agreement with ELISA.
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Fig. S10. Correlation of the proposed method with ELISA. Analysis of the amount of MGMT from cell

samples using ELISA and the proposed method, respectively. Error bars represent the standard deviation of

three experiments.



Table S2. Recovery studies by spiking MGMT into the diluted human serum (10%).

Sample Added (U/uL) Determined (U/uL) Recovery (%) RSD (%)
1 1.0 x 102 1.039 x 102 103.9 3.34
2 1.0 x 10 1.047 x 102 104.7 2.97
3 1.0 x 107 0.967 x 107 96.7 3.81

Table S3. Comparison of this method with the reported methods for MGMT assay “

Real
Strategy Time (min) Linear Range LOD Ref.
samples
Fluorescence switching
Overnight 0-2.5 uM 5nM living cells 7

probes-based assay
DNAzyme-based fluorescence

180 0-360 nM 2nM living cells 8
sensor
CRISPR/Cas12a-based cascade

Overnight 10-1000 nM 0.054 nM living cells o

signal amplification method
Graphene oxide-coupled

120 0.5-35 ng/mL 0.15 ng/mL 10% FBS 10
fluorescence assay
Hairpin probe-based

180 1-25 ng/mL 0.5 ng/mL 10% FBS I
fluorescence assay
Exonuclease II-based 3.6 x 108 ng/uL living cells

60 1x107-0.1 ng/uL This method
fluorescence assay (1.34 tM) 10% HS

“LOD, limit of detection; FBS, fetal bovine serum; HS, human serum.
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