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Molecular logic gates made of DNA have attracted
significant attention because of their biocompati-
bility, simple design, and ability to analyze and
control biological systems.[1] To fuel further devel-
opment of the field, applications of DNA-based
gates to solve significant biological problems are
required. Recently, we characterized a set of DNA
logic gates (YES, NOT, AND, and OR) and
demonstrated their connectivity by designing
ANDNOT and XOR operations.[1g,h] The gates
used hybridization of DNA strands with a molec-
ular beacon (MB) probe to produce a fluorescent
output. Herein we demonstrate how DNA logic
gates can be applied to solve an important bio-
medical task of analysis of multiple DNA sequen-
ces containing a complex set of mutations.

Mycobacterium tuberculosis (Mtb) infects
approximately 2 billion people all over the world
and is responsible for about 2 million deaths each
year.[2] Approximately 10 % of all patients are
infected by strains of Mtb that are drug-resistant;
these strains are primarily resistant to antibiotics
rifampin (Rif) and isoniazid.[3] Currently, there is
an urgent need for cost-effective diagnostic meth-
ods that can detect Mtb in clinical samples and
differentiate between drug-susceptible and drug-
resistant Mtb strains.[2–4] Several assays exist to
detect mutations responsible for antibiotic resist-
ance.[5] One of the most advanced commercial assays, Cep-
heid�s Expert MTB/RIF,[5i–n] takes advantage of real-time
PCR (rtPCR) and MB probes.[6] MB probes, first introduced
by Tyagi and Kramer,[6a] are stem–loop-folded oligonucleo-
tides with fluorophore and quencher dyes attached at
opposite ends (Figure 1). Hybridization of an MB probe to

a complementary DNA or RNA switches the probe to an
elongated form, thus separating the fluorophore from the
quencher. The resultant fluorescence increase can be quanti-
tatively measured, which is the basis for the widespread
application of MB probes in real-time detection of nucleic
acids.[6] In the Expert MTB/RIF assay, five MB probes were
designed to span the highly variable 81-nt core of the bacterial
amplicon where about 96% of all Rif-resistant mutations are
located (Figure 1A). The probes were complementary to the
drug-susceptible wild-type (wt) sequence.[5g] A signal from all
five MB probes indicated the presence of the wt (no mutation
in the core region). Absence of a signal from all five probes
indicated that a sample was Mtb negative. Failure of at least
one MB probe to produce a signal indicated the presence of
a Rif-resistant Mtb (Figure 1A, right).

Formal logic suggests that the Expert MTB/RIF process is
redundant: it uses five outputs to answer “yes” or “no” to the
two following questions: 1) Is there Mtb DNA present in
a sample? 2) Does the Mtb DNA contain a mutation that
confers rifampin resistance? Additionally, five expensive
hard-to-optimize MB probes along with a five-channel

Figure 1. Two molecular beacon (MB) probe-based strategies for the analysis of Rif-
resistant Mtb. A) Currently used Expert MTB/RIF five MB probe approach.[5i–n] Absence
of a signal from at least one MB probe (for example, MB5) indicates the presence of
Rif-resistant Mtb DNA. B) Combination of YES and OR logic gates for the detection of
Mtb and its resistance to Rif. The three DNA strands (C, D, and E) form a complex
with UMB1 and the analyte to report the presence of Mtb DNA. A pair of M and F
strands of the OR gate forms fluorescent complex with UMB2 and the analyte only if
a mutation responsible for Rif-resistance is present in the sequence. SNP= single
nucleotide polymorphism.
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fluorescent reader are needed for the assay. Formally, the task
can be executed by using only two outputs. Herein we propose
to use a DNA-based YES logic gate to answer the first
question and an OR logic gate to answer the second question.
Each gate uses a separate fluorescent output, thus the
detection process requires only two MB probes.

The sequences of all strands of the proposed oligonucleo-
tide sensor as well as analytes are given in the Supporting
Information, Table S1. Analyte WT represents wt Mtb
sequence with no resistance-causing mutations. All five
mutant sequences (named here M1–M5; see Table S1) were
from the highly variable 81-nt core, each with a separate
known mutation which confers Rif resistance. They were
previously used for characterization of Rif resistance Mtb
strains by conventional methods.[5]

The YES logic gate consisted of the three DNA stands (C,
D, and E in Figure 1B) and a universal MB probe (UMB1). In
the presence of any Mtb DNA (either WT or Rif-resistant
M1–M5) the three strands formed a complex with the target
DNA and UMB1. The fluorescent complex that contained
UMB1 had an arrangement of DNA strands similar to a DX
tile,[7] which we recently studied.[8] Importantly, the DX
complex was tolerant to mutations since it formed a long 36
base pair hybrid with the analyte (Figure S1). The OR gate
was designed to report the presence of any of the five
different drug resistance-conferring mutations across all three
separate regions within the hypervariable 81-nt region of the
Mtb genome. The OR gate consisted of F and M strands. Each
M strand was designed to recognize a specific mutant strain of
Mtb that is known to cause Rif resistance. Together, the five
M and the three F strands formed five fluorescent complexes
with UMB2 and the five Mtb mutants, M1, M2, M3, M4, and
M5 (Supporting Information, Figures S2,S3). Each fluores-
cent complex was formed only in the presence of the cognate
mutant analyte, but not WT. Therefore, overall performance
of the complete set of all M and F strands corresponded to
OR logic, which produced a high fluorescent output in the
presence of any antibiotic resistant Mtb DNA, but low in the
presence of WT. Pairs of M and F strands were optimized to
produce high signals only in the presence of cognate mutant
sequence (Supporting Information, Figure S3). Two different
F strands, M1_4-F and M2_M3-F were utilized as uniform
components for recognition of M1, M4 or M2, M3, respec-
tively. Importantly, no signal above the background was
produced by the wt Rif-susceptible sequence (Supporting
Information, Figure S2 and S3). This was achieved by design-
ing relatively short analyte-binding arms of all M strands (7
nucleotides), which increased sensitivity for a mutation.

To create a functional assay, all DNA strands of both the
YES and OR gates were combined with UMB1 and UMB2 in
one reaction mixture and the outputs of the UMBs were
measured at two different wavelengths (517 nm and 580 nm).
It was found that both OR and YES gates functioned
according to the design: the YES gate produced high output
at 580 nm in the presence of both WT and the mutant
sequences (Figure 2, gray bars); the OR gate generated high
signal at 517 nm in the presence of any of the mutants but
a low signal for the WT analyte (Figure 2, black bars).
Therefore, the combination of the YES and OR gates

produced a high signal at 580 nm if any Mtb sequence is
present, whereas a signal at 517 nm was observed only if a Rif-
resistant mutant sequence was present. This signal pattern can
be unambiguously used for diagnostic purposes to answer the
questions of the presence of an Mtb sequence and its Rif
susceptibility.

PCR-based Mtb analysis is considered to be a new method
to replace time consuming culturing or error-prone sputum
smear microscopy techniques.[5] The Expert MTB/RIF assay
can detect Mtb resistance in 2 h with high specificity.[5i–n]

However, the approach is limited to interrogation of the 81-
nt hypervariable fragment of the Mtb genome. Detection of
other mutations (for example, mutations responsible for
isoniazid resistance) would require introduction of additional
MB probes, while current rtPCR instruments register fluo-
rescence from only a few (5 or 6) channels. Importantly, if
a sample is contaminated with the wt sequence, the assay
would produce a false negative for antibiotic resistance, as all
five MB probes would preferably bind the wt analyte,
producing high fluorescent signal.

Herein we propose the combination of YES and OR
DNA logic gates to achieve accurate detection of both wt and
Rif-resistant DNA. The approach minimizes the number of
MB probes required for both the detection of Mtb and Rif
resistance. Therefore, a qPCR instrument with five detection
channels can be replaced with a more affordable two-channel
thermal cycler. Alternatively, additional OR gates can be
employed to detect other antibiotic-resistant Mtb strains if
a multichannel qPCR instrument is available. Thus, the study
presented herein can serve as the framework for the develop-
ment of a multiplex assay to determine Mtb presence as well
as drug resistance for all major first-line antibiotics. A
multiplex assay of this nature would be a valuable tool for
health care providers. In either case, the presented approach
is cost-efficient as the logic gates use unmodified DNA as
adaptor strands, which are inexpensive synthetic oligonucle-
otides.

Earlier, we reported the design of DNA logic gates that
take advantage of MB probes as fluorescent reporters.[9]

Figure 2. Combination of YES and OR gates for the detection and
mutation analysis of Mtb DNA. All OR gate, YES gate, UMB1, and
UMB2 oligonucleotides were mixed together in the absence or
presence of each separate mutant or wild-type analytes. Fluorescence
at 580 nm for UMB1 (gray) or 517 nm for UMB2 (black) was recorded
after a 15 min incubation at room temperature. The data is an average
of three independent experiments, presented as the ratio of signal to
background (S/B). S/B was calculated as a ratio of fluorescence in the
presence of analyte to that in the absence of analyte.
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However, the constructs used expensive non-nucleotide
modifications, which added to the cost of custom-made
oligonucleotides. The combination of adaptor strands M and
F reported herein is a new cost-efficient OR gate that
demonstrates robust performance. Impressively, the 13 oligo-
nucleotides working together in solution clearly demon-
strated predictable digital response with no detectable cross-
talk. We anticipate that the use of additional strands for
detection of other mutations, including those responsible for
resistance to isoniazid and other antibiotics, will not com-
promise the performance of the assay. Indeed, it has been
recently shown by DNA nanotechnology that complex pre-
designed DNA associates of hundreds of self-assembling
DNA strands can be produced at a yield of more than 90%.[10]

Among numerous DNA logic gates reported to date, there
are few applications to solve challenging practical problems.
We have demonstrated that the combination of DNA logic
gates can be used to perform a complex diagnostic task
efficiently, affordably, and reliably. This work is a step towards
employing logic gates as versatile tools for diagnosis of
tuberculosis and other infectious diseases, which opens a new
venue in application of DNA nanotechnology and DNA
computation in biology and medicine.

Experimental Section
All of the oligonucleotides were custom-made by Integrated DNA
Technologies, Inc (Coralville, IA). For the fluorescence assay with
both YES and OR logic functions combined, all five M strands
(50 nm), three F strands (200 nm), strands C, D (200 nm each), and E
(100 nm), UMB1 (25 nm), and UMB2 (25 nm) were mixed in a buffer
containing 50 nm MgCl2, 50 mm Tris-HCl, pH 7.4, in the presence or
absence of 250 nm wild-type (WT) or mutant analyte (M1–M5). Final
sample volumes were 120 mL. Fluorescence spectra were recorded on
a PerkinElmer (San Jose, CA) LS-55 luminescence spectrometer with
a Hamamatsu xenon lamp (excitation at 550 nm; emission at 580 for
UMB1 and excitation at 485 nm; emission 517 nm for UMB2) after
15 min incubation at room temperature (22 8C). The data was
analyzed using Microsoft Excel. The means of three independent
experiments were calculated and converted to signal-to-background
Figure 2. The background was considered the sample with all
oligonucleotides except analyte. All signals above a threshold set at
S/B = 1.5 were considered true outputs for either the YES or the OR
logic gates.
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