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A Pterin-FAM-TAMRA Tri-color Fluorescence Biosensor to Detect
the Level of KRAS Point Mutation

Ni ZENG, Yaxin Guo, and Juan XIANG'

College of Chemistry and Chemical Engineering, Central South University, Changsha 410083, PR China

Monitoring the changes in the level of KRAS point mutation (the concentration fraction of the KRAS point mutated DNA
to the total DNA) in clinical treatment progress can guide and greatly improve the personalized therapy and therapeutic
evaluation of patients with cancer. In this work, based on FRET fluorescence quenching and apyrimidinic site-induced
guanine/pterin specific binding, we developed a pterin-FAM-TAMRA tri-color fluorescence sensing system to assess the
level of KRAS point mutation in one step. The responses from TAMRA displayed good and similar linear correlations in
the range from 60 nM to 2 uM for all four types of DNA, resulting in a common linear equation related to the T-DNA
concentration (Narramra = 2.908ctona + 0.364). Meanwhile, the responses from pterin showed excellent selectivity to
W-DNA and an excellent linear correlation to the W-DNA in the concentration range from 60 nM to 1 UM (Nagpeerin =
—0.364cepnac + 0.034).  This biosensor has an effective concentration range for detecting KRAS point mutations.
Especially, because the apyrimidinic site-induced guanine/pterin binding is selective for the detection of wild-type DNA,
the sensing system can be applied for clinical mutation level detection of all kinds of KRAS point mutations (G — A,
G — Cand G — T) in blood samples, which is crucial for the personalized therapy and therapeutic evaluation of patients

with most KRAS-related cancer types.
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Introduction

Kirsten rat sarcoma viral gene (KRAS) instructs the synthesis of
a 21 kDa Ras protein, which is a portion of the signal pathway
of the RAS/MAPK.! When mutated, the KRAS gene has the
potential to cause uncontrollable and cancerous cell proliferation.
Almost 25% of all kinds of cancers contain KRAS mutations.?
Particularly, KRAS mutations appear in 90% of pancreas
cancers,>* ~40% of metastatic cancers’ and 33% of non-small
cell lung cancers.” Therefore, KRAS point mutations have
been identified as one of the crucial biomarkers for tumor-
targeting diagnosis and therapy. In recent years, in order to
detect KRAS point mutations, numerous methods have been
developed, including Sanger sequencing,® pyrosequencing,’
digital polymerase chain reaction,'® and next-generation
sequencing.!! These methods can fulfill the quantification of
DNA and identification of the genotype. However, the majority
of these systems are time-consuming and costly with the
requirement for a larger volume of samples. In order to
accomplish more rapid and low-cost detection, a variety of
different studies were developed, including multi-target digital
droplet PCR,'? nest hybridization chain reaction,'* AuNP-based
colorimetric assay,'* peptide nucleic acid-PCR,"”> MASA-
PCR,'®!7 denaturing high performance liquid chromatography
system'® and anchor-like DNA electrochemical biosensor."”
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Although the majority of the above-mentioned systems enable
time-saving and low-cost detection of KRAS point mutations,
these systems have shortcomings in clinic applications.

KRAS point mutation occurs in codons 12, 13 or 61.2%2! The
most common mutation occurs in codon G12, including G12D,
G12A, GI12C, G12V, G12R and G12S.>? Methods in G12D
(GGT — GAT) and G12V (GGT — GTT) account for 58% of
all KRAS mutations in cancers.”® Recently, there have been
significant advancements in the identification of genetic
alteration sensitivity to cancer therapeutics. As clinical treatment
progresses, the contents of both wild and mutated DNA change
significantly. Monitoring these changes can guide and greatly
improve the personalized approach to patient treatment and
therapeutic efficacy evaluation. Meanwhile, compared with the
concentration of KRAS point mutation, the level of KRAS point
mutation, which is defined as the proportion of concentration of
the mutant DNA to the total DNA (T-DNA, including KRAS
mutant DNA and wild-type DNA), has been identified as a more
effective index. Due to the diverse types of KRAS mutations,
expensive multichannel techniques were usually employed in
the clinic to follow the mutation level changes.?” Although
some simple methods such as anchor-like DNA biosensors and
droplet digital PCR have been developed, they can only detect
one type of KRAS point mutation. Development of strategy
allowing for general, cost-effective and rapid KRAS mutation
level detection is still needed.

Herein, we constructed a pterin-FAM-TAMRA tri-color
fluorescence sensing system based on FRET fluorescence
quenching and apyrimidinic site-induced guanine/pterin specific
binding to deal with these challenges. By simultaneously
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detecting the wild-type and the total DNA, the mutation level
can be easily achieved in one step. This tri-color fluorescence
sensor is low-cost, selective and easy to assemble and operate.
Meanwhile, this biosensor has an effective concentration range
for detecting KRAS point mutations. Especially, because our
detection is selective to the wild-type DNA, the sensing system
can be applied for monitoring the mutation level in all kinds of
KRAS mutations, including G12D, G12S (G — A), GI12A
(G — C) and G12V, G12C (G — T). It means it is crucial for
personalized therapy and therapeutic evaluation of patients with
most types of KRAS-related cancers.

Experimental

Reagents

All oligonucleotides were HPLC-purified and purchased
from Shanghai Sangon Biotechnology Co., Ltd. (Shanghai,
China) and the sequences of all oligonucleotides are listed in
Table 1. 2-Amino-4-hydroxypteridine (CsH;NsO, pterin), tris-
(hydroxymethyl)aminomethane (tris), ethylenediaminetetraacetic
acid (EDTA), HCI, Na,HPO,, NaH,PO,, NaCl, KCI, MgCl, and
CaCl, were purchased from Aladdin Industrial Co., Ltd.
(Shanghai, China). Milli-Q water (18.2 MQ cm, Millipore M-Q
system Inc., Milford, MA, USA) was used in all experiments.

Instrumentation

All measurements of fluorescence were carried out on the
FL-4600 fluorescence spectrometer (Hitachi, Japan). The
excitation slits and emission slits were 10.0 nm. Also, the

Table 1 Names and sequences of the oligonucleotides in this
work
Names Sequence (5" — 37)

MB-DNA FAM-TTAATTTACGCCA/dSpacet/CAGCTCCAATTAA-
TAMRA

¢DNA-G GGAGCTGGTGGCGTA

gDNA-A GGAGCTGATGGCGTA

gDNA-C GGAGCTGCTGGCGTA

gDNA-T GGAGCTGTTGGCGTA

The underlined sequences of MB-DNA represent the matching
segments in the molecular beacon DNA (MB-DNA). The underlined
bold bases display the difference in four target gDNAs. Here, gDNA-G
corresponds to the wild-type DNA while the other three types are
mutations.

MB-DNA
»
37°C, zr{

AP site gDNA-G/A/C/T
N
37°C, 2h

pMB-DNA
F,

AN

Fig. 1
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voltage of the photomultiplier tube was 700 V. The scanning
wavelength in the pterin-FAM-TAMRA sensing system was
collected from 380 to 700 nm with an excitation wavelength at
360 nm. All fluorescence measurements were performed at
room temperature (25°C).

Preparation for fluorescence detection

All oligonucleotide (MB-DNA, gDNA-G, gDNA-A, gDNA-C
and gDNA-T) stock solutions were prepared with 34 mM
Tris-HCI buffer (pH 7.4).2* The MB-DNA solutions were put at
85°C for 5 min. Then the solutions cooled down to room
temperature to form a hairpin-structured molecular beacon DNA
probe (pMB-DNA). After that, pterin was added in the dark to
construct the tri-color fluorescence system with the final pterin
and pMB-DNA concentration of 0.5 and 2 UM, respectively.
Before fluorescence spectra measurement, gDNA was added
into the tri-color fluorescence system and incubated at 37°C for 2 h.

Preparation of human serum samples

The samples of healthy human blood were provided by
Xiangya Hospital Central South University (Changsha, China).
All the agreements were examined by The Joint Ethics
Committee of the Central South University Health Authority
and then performed in accordance with national guidelines.
All samples were centrifuged at 2000 rpm for 15 min. Then
100 kDa ultra-filtration membranes were used to reduce the
interference of co-existing proteins. After that, the obtained
samples of normal human blood were deposited at —20°C for
later use. Finally, the solution was diluted 10 times with
phosphate buffered saline (PBS, pH 7.4) before each test.

Results and Discussion

Sensing principle

In this work, a pterin-FAM-TAMRA tri-color fluorescence
sensing system was constructed to detect the amount of T-DNA
and W-DNA in the KRAS mutation in one step. As shown in
Fig. 1, the pterin-FAM-TAMRA tri-color sensing system
includes the mixture of hairpin-structure probe DNA (pMB-
DNA) and pterin. The pMB-DNA, prepared from the self-
hybridization of molecular-beacon DNA (MB-DNA), is labeled
with FAM and TAMRA fluorescent molecules at both ends of
the DNA strand. In the loop, an apyrimidinic (AP) site is
designed to be located opposite the variable base site in the
gDNAs. The entire detection process can be described as below.
In the absence of gDNA, FAM is close to TAMRA in the hairpin

*FAM

® TAMRA Pterin

Schematic representation of the detection of the level of KRAS point mutation with the

proposed pterin-FAM-TAMRA tri-color sensing system.
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structure. Since the emission spectrum of FAM overlaps with
the absorption spectrum of TAMRA, fluorescence resonance
energy transfer (FRET) occurs,? which has been used in many
works related to DNA detection.’*3! The fluorescence of FAM
is absorbed by TAMRA and appears as a fluorescence quenching
state, while the signal from TAMRA is also attenuated due to
the interaction. Then, the disappearance of FAM emission at
520 nm can be used to evaluate the formation of hairpin-
structured pMB-DNA. With the addition of pterin to the pMB-
DNA solution, the mixed sensing system will give a strong
pterin emission peak at 440 nm with a weak TAMRA peak
centered at 582 nm. Once the gDNA is added, the hairpin
structure will be broken to form a rigid duplex structure because
the T-DNA is hybridized with the loop of pMB-DNA. As a
result, the fluorescence intensity of FAM and TAMRA will
increase proportionally to the T-DNA concentration. Meanwhile,
pterin, acting as a hydrogen-bonding ligand, can selectively
recognize G base opposed to the AP site.’>* It means that only
the wild-type gDNA-G can be indicated by pterin. In this case,
pterin enters the hydrophobic cavity provided by the AP site in
the double-stranded oligonucleotides and binds to guanine via a
three-point hydrogen-bonding. Guanine, a compound with
multiple electron-giving groups, is liable to lose electrons,
which can be transferred to the electron orbital of pterin, leading
to fluorescence quenching.®*  Therefore, according to the
simultaneous fluorescence quenching of pterin and enhancing of
FAM/TAMRA, the W-DNA and T-DNA can be quantified,
respectively.  Then, the mutation level can be achieved as
1-cw.pNA/CT.DNA.

Compared with traditional fluorescent biosensors based on the
molecular beacon and FRET principle, our tri-color sensing
system has the following advantages. First, the sensor realizes
the detections of both W-DNA and T-DNAs in one step. It is
low-cost, time-saving, and more practical than the traditional
single output sensor. Second, the initial sensor structure can be
evaluated by the disappearance of the FAM signal, which
improves the reproducibility of the detection. Third, this sensor
evaluates the mutation level via quantifying the wild-type DNA,
which is available for monitoring all kinds of KRAS mutations
in codon G12 (G—> A, G—C, and G —» T). This general
method for mutation level detection can be widely applied for
personalized treatment and therapeutic efficacy evaluation for
most KRAS-related cancer patients.

Feasibility of the tri-color sensing system

To verify the feasibility of the designed tri-color sensing
system, the typical fluorescence responses of the sensor in the
presence of four gDNAs were performed. As shown in Fig. 2,
in the absence of gDNA, the fluorescence spectra displayed
obvious pterin (~440 nm) and TAMRA signals (~582 nm). The
disappearance of FAM emission at 520 nm confirms the
formation of the hairpin structure in the pMB-DNA. With the
addition of gDNA, the FAM emission appears at ~520 nm,
which is attributed to the formation of DNA duplexes, breaking
the hairpin structure of the pMB-DNA. Also, the emission of
TAMRA at ~582 nm is significantly enhanced. Compared with
FAM, TAMRA displays much more significant enhancement.
Therefore, in our strategy, the enhanced fluorescence intensity
from TAMRA, AFtamra, Was used to quantify the T-DNA.

Although four gDNAs induced similar changes on FAM and
TAMRA signals, their effects on pterin are quite different. The
wild-type gDNA-G significantly reduces the fluorescence
intensity of pterin, while the other three mutations (gDNA-A,
gDNA-A, and gDNA-T) induce no detectable changes on
pterin’s emission. The specific recognition is ascribed to the
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Fig. 2 Fluorescence spectra of the tri-color fluorescent sensor with
the presence of different gDNAs. The concentration of pterin and
MB-DNA is 0.5 and 2 uM, respectively. All the gDNA solutions are
2 uM.

entry of pterin into the hydrophobic cavity provided by the AP
site in the double-stranded DNA and subsequent formation of
non-fluorescent intermediate complex guanine/pterin. It
confirms the feasibility of pterin signal changes AFperin for the
quantitation of W-DNA.

Optimization of experimental conditions

According to our detection strategy, the enhanced TAMRA
fluorescence intensity AFrtamra is used to quantify the T-DNA.
To achieve good sensor performance, all four gDNAs are
expected to induce sensitive responses to AFramra. Meanwhile,
the quenched pterin fluorescence intensity AFjyern iS used to
selectively quantify the W-DNA. Only the wild-type gDNA-G
is anticipated to respond to AFyein. Based on this, we
systematically studied the effects of buffer solution, pH value
and hybridization time on the gDNA-induced fluorescence
changes AFperin and AFramra to reveal the optimal experimental
conditions. As shown in Fig. 3A, among three typical buffers
(PB, PBS and Tris-HCI), PBS provides the largest AFramra
value with the smallest relative standard deviation for all four
gDNAs. Meanwhile, gDNA-G induces a large AFpein value
without obvious disturbance from the other three gDNAs. It
indicates that PBS is a better choice over PB and Tris-HCI for
our sensor system. Based on this, the pH effect of PBS buffer
on the detection was further investigated. Since basic conditions
disfavor the DNA hybridization, we studied the effect under
weak acidic and neutral conditions. As shown in Fig. 3B, with
the increase of the solution pH from 6.8 to 7.4, both AFjerin and
AFramra are enhanced significantly. Therefore, pH 7.4 was used
as the optimal pH. The effect of DNA hybridization time was
also studied. As shown in Fig. 3C, with the increase of the
hybridization time from 30 to 120 min, the AFamra values from
four gDNAs are in a close range. Meanwhile, the AFjperin from
gDNA-G increases gradually, but the responses from the other
three gDNAs are not obvious. It indicates the long hybridization
time is better. Therefore, PBS buffer at pH 7.4 and hybridization
time of 120 min were confirmed as the optimal conditions for
the sensor system. One thing that should be mentioned is under
these optimal conditions, both AFyerin and AFramra display small
and close relative standard deviations for all four gDNAs. It
ensures the good reproducibility of the detection.

Quantification detection of T-DNA and W-DNA
Four gDNAs with different concentrations were detected with
our tri-color fluorescence biosensor. In order to reduce the
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Fig. 3 Effects of buffer solution’s composition (A), pH value (B)
and hybridization time (C) on gDNA-induced fluorescence changes
AFtamra (solid columns) and AFperin (sparse filled columns). The
corresponding error bars represent the standard deviation of three
parallel experiments.

systematic error, both fluorescence intensity changes (AFjperin
and AFramra) were compared with the corresponding initial
intensity in the blank solution and expressed as Napperin and
Nartamra, respectively. Figure 4A displays the dependence of
Narramra On the concentrations of four different gDNAs. As
expected, all four gDNAs display similar and good linear
responses with the dynamic range from 60 nM to 2 puM
(280 - 9378 ng/mL). The obtained linear equations are very
close (NAFTAMRA = 2.8680gDNA.G + 0.367 (R = 09996), Nartamra =
2.828CgDNA,A + 0.372 (R = 09992), NAFTAMRA = 2.86ICgDNA,C +
0.373 (R=0.9991), Narramra = 3.074ceonat + 0.344 (R =
0.9921)). On the basis of this, a common linear equation for
T-DNA concentration, Narramra = 2.908ct.pna + 0.364, can be
obtained and applied to the quantitative detection of T-DNA.
As for the gDNA-G, the concentration of wild-type was
quantified by the fluorescence quenching of pterin. As shown in
Fig. 4B, the value of Nagpein decreases gradually with the
increase of cgpna-c. A good linear correlation to the W-DNA in
the concentration range from 60 nM to 1 uM (280 - 4689 ng/mL)
was obtained. The linear equation of Napperin = —0.364cepna-c +
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Fig. 4 Detections of the T-DNA and W-DNA. (A) The linear
relationships between Nrramra and the corresponding concentrations
of four different gDNAs. (B) The relationship between Nappierin and
cepna-G- Error bars represent the standard deviation of three independent
determinations. Inserted is the linear calibration curve between Nagperin
and CgDNA-G-

Table 2 Recovery rates of the T-DNA in 10-fold-diluted blood
serum samples from healthy persons

T-DNA  Added/uM Found/uM Recovery, % RSD, %
1 0 0 — —
2 0.1 0.0975 £ 0.003 97.5 3.15
3 1.0 0.9748 £ 0.006 97.5 0.62
4 2.0 1.9202 +0.159 96.0 8.27

Table 3 Recovery rates of the W-DNA in 10-fold-diluted blood
serum samples from healthy persons

W-DNA  Added/uM Found/uM Recovery, % RSD, %
1 0 0 — —
2 0.1 0.096 + 0.004 96.0 4.20
3 0.5 0.527 £ 0.014 105.4 2.62
4 1.0 1.039 £0.048 103.9 4.67

0.034 (R = 0.9216) can be obtained for the quantitative detection
of W-DNA. It has been reported that the concentration of
T-DNA and W-DNA in peripheral blood of patients with
advanced cancer are 1000 - 2000 ng/mL,* but 100 - 200 ng/mL?’
in healthy individuals. Therefore, the dynamic range of our
method can meet the requirements for the detections of W-DNA
and T-DNA in clinical peripheral blood samples.

Finally, the applicability of the tri-color fluorescence sensor
was assessed in 10-fold diluted serum samples from healthy
persons added with W-DNA and T-DNA. As listed in Tables 2
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and 3, no KRAS gene can be detected in blank human serum
samples. It is accordant with the reported low abundance in
healthy individuals, which is out of the dynamic range of our
method. With the addition of T-DNA and W-DNA from nM to
UM, all the recoveries are above 95% and the RSD values are
within 8.5%. The good performance of the tri-color fluorescence
sensor strongly confirms its applicability for detection in real
samples.

Conclusions

In summary, to monitor the mutation level in diverse KRAS
point mutations, we developed a pterin-FAM-TAMRA tri-color
sensing system to detect the T-DNA and W-DNA in one-step.
In our system, the initial structure of the sensor is evaluated with
the disappearance of the fluorescence response of FAM. The
detection of T-DNA is based on the broken hairpin structure and
the fluorescence recovery of both FAM and TAMRA. The
detection of W-DNA is based on the AP site-induced guanine/
pterin specific binding. Compared with the expensive and
cumbersome clinical gene sequencing methods, our tri-color
fluorescence sensor is time saving (the entire construction and
detection period can be completed within 4 h), and is easy to
assemble and operate. Meanwhile, this biosensor has an
effective concentration range for detecting KRAS point
mutations. This system is available for the monitoring of
mutation levels in all kinds of KRAS point mutations in codon
G12(G > A,G - C,and G — T). It offers significant benefits
for monitoring the clinical treatment progress and greatly
improving the personalized therapy and therapeutic evaluation
of patients with most types of KRAS-related cancer.
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