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Table S1. Sequences of DNAs used in this study 

DNA Sequence (5’3’) 

Forward primer TCATAATGCTTGCTCTGATAGGA 

Reverse primer GGCCAAAAATTTAATCAGTGGA 

224-bp amplicon a 

(sense strand) 

 

 

(antisense strand) 

TCATAATGCTTGCTCTGATAGGAAAATGAGATCTACTGTTTTCCTT
TACTTACTACACCTCAG(ATATATTTCTTCATGAAGACCTCACAGT
AAAAATAGGTGATTTTGGTCTAGCTACAGNGAAATCTCGATGGAGT
GGGTCCCATCAGTTTGAACAGTTGTCTGGATCCATTTTGTGGATGG
)TAAGAATTGAGGCTATTTTTCCACTGATTAAATTTTTGGCC 

GGCCAAAAATTTAATCAGTGGAAAAATAGCCTCAATTCTTA(CCAT
CCACAAAATGGATCCAGACAACTGTTCAAACTGATGGGACCCACTC
CATCGAGATTTCNCTGTAGCTAGACCAAAATCACCTATTTTTACTG
TGAGGTCTTCATGAAGAAATATAT)CTGAGGTGTAGTAAGTAAAGG
AAAACAGTAGATCTCATTTTCCTATCAGAGCAAGCATTATGA 

 

Twt (target, antisense) CGAGATTTCACTGTAGC 

TV600E (target, antisense) CGAGATTTCTCTGTAGC 

P (probe) GCTACAGTGAAATCTCG 

P’ (probe) b GCTACAGAGAAATCTCG 

a: The fragment enclosed in the brackets is Exon 15 of the BRAF gene. Bolded code N at the 

position 1799 is the V600E mutation site, which is a T in the sense strand and A in the antisense 

strand for the wild-type allele, and A in the sense strand and T in the antisense strand for the 

V600E mutant allele. The underlined and double-underlined codes are the cleavage sites for BfaI 

and TaqI, respectively. The digestion products are the targets Twt and TV600E. 

b: P’ is the fully complementary strand of TV600E, cannot form the nanolock. 
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Table S2. Case information of thyroid cancer patients a 

Sample# Diagnosis Tumor cell % on slide  

13-043 Papillary Carcinoma 10  

13-117 Papillary Carcinoma 30  

13-119 Papillary Carcinoma 90  

a: DNA extraction from tumor tissues is described in Methods 
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Figure S1. Histograms of block duration recorded for various DNA duplexes without and with 

interaction with Hg2+. a-d, Histograms produced by TWT•P (a) and TV600E•P (b) duplex in the 

absence of Hg2+, and TWT•P (c) and TV600E•P (d) duplex in the absence of Hg2+. Note that the x-

axis log t is the duration in the log scale. The unit labels, 0, 1, 2, 3 and 4, represent 1, 10, 100, 

1,000, and 10,000 ms; y-axis N is the count number of single-molecule events. The exponential 

distribution of block duration was fitted using N=P·exp(lnt−lnτ−exp(lnt−lnτ)). The block 

duration was obtained from current traces recorded at +180 mV in 1 M KCl and 10 mM Tris 

(pH7.2).  
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Figure S2. Nanopore current blocks by the TV600E•P’duplex in the absence (top) and in the 

presence of Hg2+ (bottom). As P’ (Table S1) does not form T-T base pair with TV600E, the 

TV600E•P’duplex does not form the T-Hg-T nanolock. Experimentally, the characteristic stepwise 

e-marker blocks were not observed in the presence of Hg2+, supporting that the TV600E•P’ duplex 

does not form the nanolock. 

  

TV600E•P’, with Hg2+

1000 ms

10
0 

pA

TV600E•P’, without Hg2+

a

b



S-6 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Histograms of the Level B duration in the stepwise block produced by the TV600E•P 

duplex with a nanolock (Fig. 2f) at various voltages. The x-axis log t is the duration in the log 

scale, so the unit labels, 0, 1, 2, 3 and 4, represent 1, 10, 100, 1,000, and 10,000 ms; y-axis N is 

the count number of single-molecule events. The distribution was fitted using a function as 

described in Fig. S1.  
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Figure S4. Voltage dependence of the Level B duration for the TV600E•P duplex carrying a 

nanolock. Histograms of durations were analyzed in Fig. S2. The Level B duration was 

shortened as the voltage increased, supporting the dissociation of the nanolock in the TV600E•P 

duplex.  
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Figure S5. Electrophoretic illustration of PCR/digestion products of tumor DNAs. Tumor DNA 

was extracted from a Papillary Carcinoma tissue sample with 50% tumor percentage. The gel 

image shows the bands for the 224-bp amplicon after PCR, the digestion fragments after 

treatment of the amplicon with BfaI, TaqI, and both enzymes. The target fragment after digestion 

with both enzymes is identified in the gel. The electrophoresis was run on a 12% polyacrylamide 

gel. The electrophoresis is to reveal the PCR and digestion efficiency, but is not included in the 

mutation detection protocol. 
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S1. Oncogenic driver mutation, BRAF V600E mutation, and current detection 

methods. Oncogenic gene alterations, or driver mutations, are hallmarks of genetic determinants 

in cancer. Most of these genetic changes are single-nucleotide substitution (point mutations)1, 

and contribute to tumor initiation and progression through conferring growth advantage on the 

cancer cells2. As such, driver mutations are cancer diagnostic biomarkers and therapeutic targets. 

The serine/threonine-protein kinase BRAF has a series of oncogenic variants. BRAF V600E 

(1799T>A) is a clinically significant driver mutation that has been detected with high prevalence 

in many types of cancers3, including 50% of melanomas4-10, 45% of papillary thyroid 

carcinomas11-14, and 100% of hairy cell leukemias15, as well as many other cancers16-18 such as 

colorectal carcinoma15 and pleomorphic xanthoastrocytoma19, 20. The mutated BRAF protein is 

“locked” in an activated state, resulting in persistent oncogenic signaling through the MEK/ERK 

pathway21. This oncogenic mechanism makes BRAF an attractive therapeutic target. Various 

tyrosine kinase inhibitors, such as vemurafenib and dabrafenib, have been successfully used to 

target BRAF V600E positive cancers with remarkable efficacy. Therefore, BRAF V600E is a 

biomarker with significant diagnostic, therapeutic and prognostic implications. Accurate 

detection and quantification of driver mutations is important to precision oncology, allowing 

cancer patients to receive individually tailored treatments22. 

A popular method for point mutation detection is real-time PCR (RT-PCR). A few 

companion tests have been approved by FDA for clinical use to detect BRAF V600E mutation in 

DNA samples extracted from formalin-fixed paraffin-embedded (FFPE) human melanoma 

tissue23-25. These approved tests are qualitative assays, and are intrinsically prone to 

contamination to generate a false-positive result even for a mutation-free sample, or a poor PCR 

reaction due to DNA fragmentation from FFPE tissue produces a false-negative result26, 27. 
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Moreover, the expensive instrumentation and reagents increase the cost in clinical laboratories. 

Emerging new methods for BRAF mutant detection include quantum dots28, ligase and 

luminescence resonance energy transfer29, silicon30 and gold nanowires31, atomic force cantilever 

arrays32, and cycling temperature capillary electrophoresis33. Most of these methods, which have 

been tested for synthetic nucleic acids and cell lines, have yet to be validated in clinical samples.  

S2. Quantification of the BRAF V600E mutation percentage in tumor DNAs. The e-

marker and non-marker blocks for DNA unzipping are at the time scale of 10-100 ms. 

Meanwhile the short block for rapid translocation of single-stranded DNA was at the 100 μs 

level, and were excluded from the counting of e-markers and non-marker blocks by using 1 ms 

cut-off duration.  

The e-marker for the TV600E•P duplex carrying a nanopore undergoes stepwise unzipping 

in the nanopore. The frequency of e-marker can be determined by 

𝑓𝑓+ = 𝑘𝑘𝑜𝑜𝑜𝑜𝐴𝐴𝑃𝑃1�TV600E�          (S1) 

where [TV600E] is the concentration of the V600E target fragment; P1 is the fraction of TV600E that 

is hybridized with the probe, thus P1[TV600E] is the concentration of the TV600E•P hybrid; A is 

yield of the interstrand lock, i.e. the fraction of the BV600E•P hybrid that forms a nanolock with 

Hg2+, thus AP1[TV600E] gives the concentration of the TV600E•P•Hg complex; kon is the capture 

rate of the DNA duplex in the nanopore, thus konAP1[BV600E] is the frequency of signature blocks 

generated by the BV600E•P•Hg complex.  

The non-marker blocks are contributed by the TWT•P duplex and free TV600E•P hybrid 

without nanlock. Its frequency can be expressed as 

𝑓𝑓− = 𝑘𝑘𝑜𝑜𝑜𝑜(1 − 𝐴𝐴1)𝑃𝑃1�TV600E� + 𝑘𝑘𝑜𝑜𝑜𝑜𝑃𝑃2�TWT�          (S2) 
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Where [TV600E] and [TWT] are the concentrations of the V600E and wild-type target; P1 and P2 

are the fractions of TV600E and TWT that are hybridized with the probe, thus P1[TV600E] and 

P2[TWT] represent the concentrations of the TV600E•P and TWT•P duplexes, (1−A)P1[TV600E] gives 

the concentration of the free TV600E•P duplex without nanolock, and kon(1−A)P1[TV600E] gives the 

frequency of non-marker blocks generated by the TV600E•P complex, and konP2[TWT] is the non-

marker frequency generated by the TWT•P hybrid.  

The number of signature blocks N+ and non-signature blocks N− are proportional to the 

frequency of the two types of blocks,  

𝑁𝑁+
𝑁𝑁−

=
𝑓𝑓+
𝑓𝑓−

          (S3) 

By combining Eq. S1 with S3, we obtain  

𝑁𝑁+
𝑁𝑁−

=
𝐴𝐴�TV600E�

(1 − 𝐴𝐴)[TV600E] + (𝑃𝑃2/𝑃𝑃1)�TWT�
          (S4) 

When the probe concentration is much higher than the target DNA concentration, most of the 

target will be hybridized with the probe, thus P2/P1≈1. If the V600E target percentage TV600E% is 

used to replace DNA concentrations [TV600E] and [TWT], we have  

𝑁𝑁+
𝑁𝑁−

=
𝐴𝐴 ∙ TV600E%

(1 − 𝐴𝐴)TV600E% + (1 − TV600E%)
          (S5) 

The simplified form of Eq. S5 is  

𝑁𝑁+
𝑁𝑁−

=
𝐴𝐴 ∙ TV600E%

1 − 𝐴𝐴 ∙ TV600E%
          (S6) 
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As PCR amplifies both wild-type and mutant DNAs with equal opportunity, we assume 

measured TV600E% can be used to represent the BRAF V600E mutation percentage (MT%). 

Therefore, the correlation of N+/N− and MT% can be expressed as  

𝑁𝑁+
𝑁𝑁−

=
𝐴𝐴 ∙ MT%

1 − 𝐴𝐴 ∙ MT%
          (S7) 

Eq. S7 was used to determine the N+/N−-MT% correlation in Fig. 4b. N+/N− increases from 0 

to A/(1-A) as MT% varies from 0% to 100%.  

S3. BRAF V600E mutation detection by allele-discrimination PCR (AD-PCR). AD-

PCR34, 35 was performed by a validated laboratory developed test on 7900HT fast real-time PCR 

system (Life Technologies, Carlsbad, CA). The assay is sensitive to detect about 6% of mutant 

allele and linear from 6% to 100%. Briefly, extracted DNA was amplified with specific forward 

primer BRAF-51F 5’–CTACTGTTTTCCTTTACTTACTACACCTCAGA–3’ and reverse 

primer BRAF-176R 5’–ATCCAGACAACTGTTCAAACTGATG–3’, as well as MGB mutant 

(MT) probe 5’–FAM–TAGCTACAGaGAAATC–3’ and wild-type (WT) probe 5’–VIC–

CTAGCTACAGtGAAATC–3’. Primer and probes are cited from literature34. The primer set 

produced a 125 basepairs PCR amplicon.  

The PCR reaction contains 900 nM of each primer, 250 nM of each probe, 2× TaqMan 

Genotyping Master Mix (Life Technologies, Carlsbad, CA), and 40 ng of DNA in a total volume 

of 20 µl reaction. The PCR program consisted of 45 cycles of denaturation at 95°C for 15 

seconds, followed by annealing and elongation at 60°C for 1 minute. Both allele discrimination 

and real-time amplification data were collected by SDS software version 2.4 (Life Technologies, 

Carlsbad, CA).  
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The allelic status (mutant versus wild type) was determined by either WT or MT probe in 

allelic discrimination plot, and quantity of mutation allele percentage was evaluated by 

comparing unknown patient sample results to the 100% mutation control – a V600E 

homozygous melanoma cell line SK-MEL-28 (ATCC# HTB-72D) using the comparative C(t) 

method35. 

S4. Low detection limit (LDL) of commonly used methods for detection of the BRAF 

V600E mutation. LDL is 5% for the FDA-approved COBAS BRAF V600E mutation test 

(Roche Molecular System Inc, http://molecular.roche.com/assays/Pages/ 

cobas4800BRAFV600MutationTest.aspx), 1% for the B-Raf Codon 600 Mutation Analysis Kit 

(EntroGen, Inc, http://entrogen.com/web3/b-raf-codon-600-mutation-analysis-kit/), 1-2% for the 

BRAF RGQ PCR Kit (Qiagen Inc, https://www.qiagen.com/us/shop/assay-

technologies/complete-assay-kits/personalized-healthcare/braf-rgq-pcr-kit/), 1-5% for pyro-

sequencing, and 20% for Sanger sequencing. 
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