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The detection of point mutations is required in the diagnosis of many human diseases. The conformal
specificity of DNA ligases was elegantly used to distinguish single-nucleotide mismatches. However, to
detect point mutations in RNA retroviruses, conventional ligase-mediated approaches require the reverse
transcription of viral genomes before separate ligation and amplification steps. We developed one-step
ligation on RNA amplification (LRA) for the direct detection of RNA point mutations. The process combines
the ligase-mediated joining of two oligonucleotides and subsequent hot start amplification into a single-
tube reaction. We report that modifications to the structure of the oligonucleotide ligation probes improve
the rate of ligation and the specificity of mutation detection on RNA. We applied LRA to the detection of a
common, clinically relevant HIV-1 reverse transcriptase drug-resistant point mutation, K103N, and
compared it with allele-specific PCR and pyrosequencing. LRA achieved a limit of specific quantitation of
1:100 (1%), and a limit of specific detection for mutant K103N RNA transcripts among excess wild-type
strands of 1:10,000 (0.01%). LRA also exhibited good detection threshold of 5 x 10? copies/uL K103N RNA
transcripts. LRA is a novel point mutation detection method, with potential utilization in HIV drug resis-
tance detection and early diagnostics of genetic disorders associated with other infectious diseases and

cancer. (J Mol Diagn 2015, 17: 679—688; http://dx.doi.org/10.1016/].jmoldx.2015.07.001)

Rapid and sensitive diagnosis of infectious diseases and
detection of drug resistance that causes point mutations can
transform global health.' ® Specifically, personalized medi-
cine such as the detection of point mutations in HIV-1 genes
that are associated with drug resistance, has become essential
in prescribing the optimal antiretroviral regimens in resource-
rich settings.”” Consequently, many methods have been
developed over the years for the detection of HIV single-point
mutations.'”'" The availability of drug-resistance testing for
individual patient care in global, resource-limited settings,
where HIV predominates and multiple subtypes circulate,
would be invaluable.'”

In their pioneering work, Landegren et al'* found that two
oligonucleotides, annealed immediately adjacent to each
other on a complementary target DNA molecule, can be
joined covalently by the action of a DNA ligase and can
distinguish single-nucleotide substitutions, provided that the
nucleotides at the junction are correctly base-paired. Various
ligation-mediated methods were consequently developed to
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detect point mutations in infectious and noninfectious cir-
cumstances, including Oligonucleotide Ligation Assay'*'”
and Ligation Amplification assay.'®'” Other quantitative
PCR-based detection techniques, such as allele-specific PCR
(ASPCR)'® and variations of multiplexing PCR assays,'’
depend on the retarded activity of DNA polymerase to
extend on templates when there is a primer mismatch at the 3’
end. However, all ligation-mediated methods and ASPCR are
DNA based, requiring initial reverse transcription of RNA to
cDNA. The low-intrinsic fidelity of reverse transcription
enzymes increases the likelihood of mis-incorporation of
nucleotides, as occurs with the commercially available
reverse transcriptase derived from Moloney Murine
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Figure 1 A schematic overview of the three stages of ligation on RNA
amplification. The temperature cycling during the ligation stage 1 allows
for a linear increase of ligated products and off sets the lower hybridization
rate of low copies of mutant in high wild-type concentration mixtures. The
ligase is heat inactivated, whereas the polymerase becomes activated
during stage 2. The polymerase initiates quantitative PCR amplification of
the ligated products during stage 3.

Leukemia Virus, which has an error rate that ranges from
4.0 x 107 to 0.7 x 10~ per incorporated nucleotide for
different mispairs.”’ Therefore, the fidelity of the reverse
transcription step limits the required specificity (ie, the ability
to distinguish a target mutation from wild types, as deter-
mined by the rate of reaction on the mutant sequences
compared with that on the wild types) of point mutation as-
says performed on synthesized cDNA.'® Ligase-mediated
detection was previously applied to miRNA”'** in a two-
step process initiated by a ligation reaction and followed by
a cyclic amplification reaction. Although the use of ligase
chain reaction in those previous studies enabled an expo-
nential amplification detection scheme,” the two-buffer
process increases the complexity and overall assay time.
We developed LRA, a one-step, single-buffer method for
the detection of point mutations from RNA templates. LRA
contains three stages: ligation, polymerase activation, and
quantitative PCR (Figure 1). This single-tube assay is ach-
ieved by combining a ligase, hot start DNA polymerase, and
oligonucleotide probes in an optimized buffer. In the first
ligation stage, a common probe (CP) fully complementary
to the RNA target and a detector probe (DP) with the 3’ end
nucleotide complementary only to the variant to be detected
are hybridized adjacently to the RNA template. If both CP
and DP are fully complementary to the RNA, they will be
joined by the T4 DNA ligase. The rate of ligation will be
retarded if the DP has a single-nucleotide mismatch on the
3’ end with the target RNA. The DNA polymerase remains
in this stage in its chemically inactivated state, which pre-
vents it from extending the forward primer along the CP and
cleaving the RNA template during ligation cycling. In the
second polymerase activation stage, the T4 DNA ligase
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becomes heat inactivated, and DNA polymerase extension
and endonuclease activities are restored. In the third quan-
titative PCR stage, the ligated probes are amplified with a
sequence-specific dual-labeled probe for detection.

We report here that the ligation probe length affects the
ligation specificity and its efficiency on RNA and investigate
the effects of probe chemical structure modification on LRA
specificity and reaction rate. We applied this new method to
the detection of K103N (lysine to asparagine change at the
103rd position of the HIV-1 reverse transcriptase), a common
mutation that confers high-level resistance to first-generation
nonnucleoside reverse transcriptase inhibitors® and found
that it outperforms ASPCR and pyrosequencing in K103N
detection specificity.

Materials and Methods

Design of Ligation Probes, PCR Primers, and
Dual-Labeled PCR Probes

All custom-designed probes and primers were purchased
from Integrated DNA Technologies (Coralville, TA) and
Eurofins Operon (Huntsville, AL). PAGE purification was
performed on the oligonucleotides when possible, otherwise
high-performance liquid chromatography purification was
used. The sequences of the probes and primers used are
summarized in Table 1.

Pre-Adenylation of the CP

The common ligation probe was chemically phosphorylated
by Integrated DNA Technologies at the 5" end and has a 3’ six-
carbon glycol spacer to prevent circularization. For ligation
reactions performed with pre-adenylated probes, the 5’ phos-
phorylated ends of the probes were enzymatically adenylated
with a 5 DNA Adenylation Kit from New England Biolabs
(Ipswich, MA). Two ATP analogs, 1-Thio-ATP and 2-O-
Methyl-ATP, purchased from Trilink Biotechnologies (San
Diego, CA), were also used with the pre-adenylation kit. The
reaction was performed according to the manufacturer’s
guidelines with the use of equimolar concentrations of Mth
RNA Ligase and probe for 1, 2, or 8 hours at 65°C. After 10
minutes of heat inactivation at 85°C, the pre-adenylated probes
were purified with a QIAquick Nucleotide Removal Kit from
Qiagen (Germantown, MD) to remove all salts, enzymes, and
residual ATP from the reaction. The concentration of the
eluted probes was measured with Nanodrop ND-1000 Spec-
trophotometer from Thermo Scientific (Waltham, MA). The
adenylation efficiency (Supplemental Figure S1) was deter-
mined with Bioanalyzer Gel Electrophoresis (Agilent Tech-
nologies, Santa Clara, CA).

LRA Reactions

T4 DNA ligase was purchased from New England Biolabs.
AmpliTaq Gold 360 DNA Polymerase was purchased from
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Table 1

List of Sequences of Oligonucleotide Probes Used for LRA, Pyrosequencing, and ASPCR Reactions

Name Sequence

K103 wild type
K103N mutant
K103N DP

5'-ACAUCCUGCAGGGUUAAAACAGAAAAAAUCAGUAACAGUACUGGAUGU-3’
5'-ACAUCCUGCAGGGUUAAAACAGAACAAAUCAGUAACAGUACUGGAUGU-3’
5'-CACGAGTAGACACCTGCCATCCAAGCACAAGCTCTCCTGCTGAGTTACTGATC (fluoro-U) G-3’

cP 5'-/5phos/TTCTGTTTTAACCAATCGTCTTCTAGCACCACTGC/ 6Spacer/-3'

LRA reverse primer

LRA forward primer
Dual-labeled probe
Pyrosequencing primer
Pyrosequencing amplicon

5'-CCATCACCTACATCC-3’

5'-CACGAGTAGACACCTGCCA-3'
5'-GCAGTGGTGCTAGAAGACGA-3’
5'-CCAAGCACAAGCTCTCCTGCTG-3’

5'-TCCTGCAGGGTTAAAACAGAAAAAATCAGTAACAGTACTGGATGTAGGTGATGGAAGTACGG-3'

Pyrosequencing PCR forward primer 5'-/biotin/TCCTGCAGGGTTAAAACAGAA-3'
Pyrosequencing PCR reverse primer 5'-CCGTACTTCCATCACCTACATC-3'

ASPCR forward primer
ASPCR reverse primer

5'-CCTACATCCAGTACTGTTACTGA-3'
5'-CCTGCAGGGTTAAAACAGAAC-3'

ASPCR, allele-specific PCR; CP, common probe; DP, detector probe; LRA, ligation on RNA amplification.

Life Technologies (Grand Island, NY), and dNTPs were
purchased from TriLink Biotechnologies (San Diego, CA).
EvaGreen was purchased from Biotium (Hayward, CA). Re-
actions were performed on PikoReal quantitative PCR cycler
from Thermo Scientific (Waltham, MA) for 10-uL volume and
a custom droplet-based real-time PCR platform for 5-uL
reactions.”* Reactions were performed in buffer with
pH of 8.3, containing 20 mmol/L. Tris-HCl, 50 mmol/L
KCl, 10 mmol/L dithiothreitol, and 2.5 mmol/L MgCl,
(Supplemental Figure S2). CP (0.05 pmol) and DP (0.03
pmol) were used with 1 unit of polymerase and 5 units of
ligase. Five units of SUPERaseeln RNase Inhibitor from
Life Technologies were used in each reaction. In reactions that
contained ATP, it was present at 20 umol/L. The normalized
specificity is determined by the ratio of specific reaction (mutant
DP on mutant K103N RNA) to unspecific reaction (mutant DP
on wild-type RNA) for each set of modifications normalized to
the no modification control. LRA reactions were performed
with 10 rounds of ligation at 25°C for 120 seconds and 43°C for
5 seconds, then 10 minutes of heat activation at 95°C, and
followed by 50 cycles of PCR at 95°C for 5 seconds, 63°C for 5
seconds, and 72°C for 10 seconds. LRA reactions were run in
triplicates. For reaction determining the effects of modifications,
10° copies of both wild-type and mutant RNA were used. For
reaction determining the effects of probe length and mismatch at
the n and n—1 sites, 10°® copies of both wild-type and mutant
RNA were used. For reactions determining the specificity of
mutant in an excess of wild types, 10° copies of RNA were used.
For reactions determining the detection threshold, 1 pL of each
different concentration of mutant RNA was used. The relative
specificity and efficiency were calculated from quantitative
PCR results by running different sets of conditions for both
mutant and wild-type RNA against a control. Sample calcula-
tions are shown in Supplemental Tables S1—S3.

Pyrosequencing

Pyrosequencing primers were designed in house (Table 1).
Samples were prepared in house according to the manufacturer’s
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guidelines. Sequencing runs were performed on a PyroMark
Q24 machine from Qiagen at the Protein and Nucleic Acids
facility, Stanford University.

ASPCR

Reactions were performed in 50-pL volumes with the use of
SuperScript III Platinum SYBR Green One-Step gqRT-PCR
Kit from Invitrogen (Grand Island, NY). ASPCR primers
are included in Table 1. Reactions were performed on
PikoReal quantitative PCR cycler from Thermo Scientific.
ASPCRs were performed with a reverse transcription step of
3 minutes at 50°C, then a heat activation step of 95°C for 5
minutes, followed by 60 cycles of 95°C for 15 seconds and
60°C for 30 seconds.

Preparation of RNA Transcripts

The K103N mutation was introduced into the polymerase gene
of the HIV-1 genome with the use of site-directed mutagenesis
(Agilent Technologies, Palo Alto, CA). Wild-type (K103, aaa
codon) and mutant (K103N, aac codon) fragments were in vitro
transcribed into RNA with the use of T7 RNA Polymerase
(Promega, Madison, WI) and DNase treated per the manufac-
turer’s instructions. RNA fragments were purified with RNeasy
MinElute Cleanup Kit from Qiagen, and concentration was
determined with the Qubit RNA Assay Kit from Life
Technologies.

Results
Optimization of LRA Buffer Conditions

To investigate the effects of ATP concentration on the rate of
ligation, we performed enzymatic pre-adenylation of the CP.
During pre-adenylation, an AMP group is transferred onto the
5’ phosphate of the CP before the LRA reaction. Supplemental
Figure S1 shows the efficiency of enzymatic pre-adenylation of
CPs with the use of unmodified ATP and two ATP analogs.
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Figure 2  The effects of length of ligation probes on the rate and the

specificity of ligation on RNA. The right y axis indicates the specificity
expressed as rate of reaction on mutant templates divided by the rate of
reaction on wild-type templates. The left y axis indicates the efficiency
expressed as rate of reaction with the use of different detector probe
lengths divided by the optimum rate. Data are expressed as means + SD.
nt, nucleotide.

After 2 hours of pre-adenylation with unmodified ATP, 87% of
CPs is charged with an AMP group. After 8 hours of incubation
with 1-Thio-ATP, 99% of CPs is charged with AMP. The
percentage of CPs charged with AMP group remains <15%
after 8 hours of incubation with 2-O-Methyl-ATP, indicating
low pre-adenylation efficiency. When pre-adenylated CPs are
used, no ATP is required for the ligation step of the assay.
Supplemental Figure S2 shows that pre-adenylation increased
LRA efficiency more than six times compared with when
uncharged CPs were used. When ATP is present and pre-
adenylated CPs are used, the rate of the reactions slows down
by almost 10-fold compared with reactions without ATP
(Supplemental Figure S2).

Ligation reactions that used T4 DNA ligase require a buffer
with pH of 7.5, whereas PCR is usually performed in a buffer
with pH >8. To determine the optimum pH for one-step LRA,
different buffers with pH 7.5, 8, and 8.3 were tested. The most
efficient reaction, as determined by the normalized threshold
value from the quantitative PCR amplification, resulted from
using a buffer with pH 8.3 (Supplemental Figure S2). The
efficiency increased 50-fold as the pH increased from 7.5 to
8.3, implying that the ligase is more tolerant of pH changes
than the polymerase.

Although ligation reactions have an optimal magne-
sium concentration of 10 mmol/L, PCR requires a much
lower concentration of Mg”>". LRA reactions performed
with 2.5 mmol/L Mg>" resulted in the most efficient re-
action (Supplemental Figure S2).

Effect of Ligation Probe Length on RNA Ligation
Efficiency and Specificity

To understand the effect of the length of ligation probes on LRA
efficiency and specificity, we performed experiments with the
use of DP with different hybridization region length while
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keeping that of the CP constant at 12 nucleotides (nt) (Figure 2).
The specificity of LRA is measured by how much faster its rate
is on the target mutant templates compared with the nontarget
wild-type templates. The efficiency is determined by the rate of
reaction of different lengths of DP on mutant templates
normalized to the optimal (fastest) rate. Both the specificity and
the efficiency are obtained with the relative threshold
values from the quantitative PCR amplification (1/2%").
As the length of DP increases, the normalized rate of the
LRA reaction increases, and the specificity of LRA de-
creases. The efficiency of ligation on RNA approaches its
maximum as the length of DP is increased to 12 nt, sug-
gesting that a minimum probe length of 12 nt is required for
efficient ligation on RNA molecules (Figure 2). At that DP
length, the reaction on mutant templates is 117-fold more
efficient than on wild-type templates.

Effect of a Single Mismatch on the DP on RNA Ligation
Efficiency and Specificity

When a mismatch is introduced at the n—2 or n—3 posi-
tions on the DP, the specificity decreases and the efficiency
increases as the probe length is increased, and the required
probe length for maximum ligation efficiency increases to
14 nt (Figure 3). Within the same DP length, a mismatch at
the n—3 position has less of an effect on reducing the
ligation efficiency than a mismatch at the n—2 position.
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Figure 3  The effect of a single DP nucleotide mismatch on RNA ligation
efficiency and specificity. The right y axis indicates the specificity
expressed as rate of reaction on mutant templates divided by the rate of
reaction on wild-type templates. The left y axis indicates the efficiency
expressed as rate of reaction using different DP lengths divided by the
optimum rate. Shown above the graph are the target sequence (top) with
wild-type/mutant nucleic acids; the CP sequence (bottom left); and the DP
sequence (bottom right) with mismatches (Cs instead of Ts) at positions 2
and 3. Data are expressed as means & SD. CP, common probe; DP, detector
probe; nt, nucleotide.
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Chemical Modifications to Ligation Probes

To improve LRA performance we evaluated the effects of
chemical modifications to the structure of the ligation probes
on LRA specificity and efficiency (rate of reaction). We per-
formed LRA with the use of 12-nucleotide CPs with modified
AMP groups and 12-nucleotide DPs with modified nitroge-
nous base and deoxyribose sugar groups (Figure 4). Nitroge-
nous base modifications tested include inosine and cytosine.
Deoxyribose sugar modifications include the substitution of
the 2'-OH group for a fluoride ion on various nucleotides near
the 3’ end of the DP.

As shown in Supplemental Figure S3, when a cytosine
modification is introduced to the structure of the DP at the
n—1 nucleotide, the difference in Ct values between LRA
reactions on mutant and wild type was 4.6 cycles. This shows
that, when this cytosine modification is used, the mutant re-
action is 24.6 (2*°) times more efficient than the wild-type
reaction. This is the relative specificity for the substitution of
cytosine at the n—1 position on the DP. For mutant template
reactions, the difference in Ct of when nonmodified probes are
used and that of when the cytosine-modified probes are used,
is 2.9 cycles. The relative efficiency of using this modification
is 0.117 27%7).

When the three categories of modifications were tested
individually, only reactions that used 1-Thio-AMP CP and
(n—1) 2-Fluoro DP found an increase in specificity
(Figure 5). Although 1-Thio-AMP CP found an improve-
ment in specificity, the slowdown in reaction rate needed to
be compensated by a longer reaction time. A combination of
the 1-Thio-AMP CP with nitrogenous base and deoxyribose
modifications were also evaluated. The combination of
1-Thio-AMP CP and (n—1) 2-Fluoro DP found the highest
(190-fold) specificity increase compared with a control of
no modifications. In combination, they increased the rate of
specific ligation and ligation efficiency.

Application of LRA to K103N Detection

In vitro-transcribed K103N (aac codon) mutant RNA tran-
scripts were serially diluted into the wild-type K103 (aaa codon)
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RNA transcripts. Reactions were performed with the optimum
combination of ligation probes, 12 nt CP pre-adenylated with
1-Thio-AMP and 12 nt DP with a 2-Fluoro modification on the
n—1 nucleotide and a cytosine substitution on the n—2 nucle-
otide. Figure 6A shows LRA signal as a function of cycle
number, with a threshold line for calculations of Ct. The Ct
values are plotted against the concentration of mutant in wild
type. Ideally, a separation of 3.32 cycles should be observed
between 10-fold dilutions of the target template, assuming
perfect efficiency. The separation between the dilutions reduces
from the canonical 3.32 as the concentration of mutant RNA
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Figure 5 The effects of chemical modifications of CP and DP on the

specificity of LRA. The right y axis indicates the specificity expressed as rate of
the reaction on mutant templates divided by the rate of reaction on wild-type
templates. The left y axis indicates the efficiency expressed as rate of the re-
action using different lengths of the DP divided by the optimum rate. For each
modification, the rates of specific and unspecific reactions are determined by
their difference in the Cts with that of no modification control. Shown above the
graph are the target sequence (top) with wild-type/mutant nucleic acids being
differentiated by the A/C nucleotide; the CP sequence (bottom left) with AMP
modification (yellow); and the DP sequence (blue) with modifications (bottom
right) with various modifications. Data are expressed as means + SD. CP,
common probe; DP, detector probe; LRA, ligation on RNA amplification.
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Figure 6 Detection of K103N-containing RNA transcripts in wild-type
mixtures by ligation on RNA amplification. A: Quantitative PCR amplifica-
tion curves of the RNA mixtures. B: Ratios of mutant to wild-type RNA
mixtures plotted against their cycle number. The slope of the plot is —3.2.
Error bars represent 1 SD. NTC, no template control.

decreases (Figure 6, A and B). This indicates the reactions
become less specific toward lower concentrations of mutant
RNA. However, we identified the 1:10,000 ratio of mutant to
wild-type RNA as our limit of (specific) detection (LoSD).
Here, we define LoSD as the lowest concentration in which we
are able to identify and distinguish between two different di-
lutions. We defined limit of specific quantitation (LoSQ) as the
lowest concentration in which we are able to identify and
distinguish between two different dilutions that have an accu-
rate separation of 3.32 Cts between them. We achieved the
LoSQ of 1:100 (Figure 6, A and B).

Formation of DP Dimer through PCR Amplification

When no-template control (NTC) reactions were performed
with no ligase and no CP, a false-positive PCR signal was
observed (not shown). Two potential mechanisms for this
signal were considered: undesired annealing and extension

684

during the quantitative PCR amplification stage
(Supplemental Figure S4, A—D) and the formation of DP
dimers during amplification (Supplemental Figure S4E).
Because the extension on RNA sequences by thermostable
DNA polymerases (Taq) is intrinsically limited, preventing
the formation of the RNA reverse complement, it is unlikely
that the false-positive signal arose from the first proposed
mechanism. During the heat activation step between the
ligation and the amplification stages, the RNA is susceptible
to degradation. This further limits the possibility of the
formation of unspecific product because of the first mech-
anism. In the second mechanism considered, the formed DP
dimers are amplifiable by the reverse primers and also
contain whole or parts of the dual-labeled probe-binding
sequence. However, because of the effectively halved
primer concentration, the amount of PCR-amplified DP
dimer should be less than one-half of that of a positive
reaction. Because the 3’ end of the DPs depends on the
template sequence, the degree of DP dimer formation
depends on the particular point mutation and the sequence
of target genome. The presence of DP dimers will affect the
sensitivity of LRA. However, as with any dimer formation,
through adjustments to the DP concentration and reaction
conditions during the amplification stage, such as annealing
temperature and time, the formation of DP dimers can be
minimized.

Melting curve analysis was also performed on NTC and
positive control reactions with 10® copies/uL mutant K103N
RNA. EvaGreen intercalating dye was used instead of dual-
labeled probes in these reactions. For the NTC reaction, the
melting curve shows a peak that is 1.3°C higher than the
specific product peak (Supplemental Figure S5). Because
the DP is longer than the CP, the produced DP dimer could
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Figure 7 Quantitative PCR amplification curves of the detection of
K103N mutant and wild-type RNA with the use of reverse transcription
ASPCR. The rate of ASPCR on mutant RNA is 208 times faster than that on
wild-type RNA (as determined by the difference in threshold values during
quantitative PCR, 27%%). ASPCR, allele-specific PCR; NTC, no template
control.
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be longer than the specific ligated product. Therefore, a higher
melting point is observed with the NTC reaction. In addition to
DP dimers, primer dimers were also observed when low
concentrations of mutant RNA samples were used.

Comparison of LRA Specificity with ASPCR and
Pyrosequencing

To evaluate the performance of LRA, we compared it with
two currently used assays for the detection of HIV drug
resistance mutations. First, we performed one-step reverse
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transcription ASPCR on K103N mutant and K103 wild-type
in vitro-transcribed RNA fragments with the use of the same
concentrations as for LRA reactions. We found the rate of
reaction on mutant RNA to be 208 times faster than the rate
on wild-type RNA, as determined by their relative Ct values
(Figure 7).

We subsequently performed pyrosequencing on different
concentrations of mutant K103N (aac) DNA spiked into
wild-type K103 (aaa). Figure 8 A shows the sequencing peak
reads of the three dispensed nucleotides next to the target
mutation site. Because the mutant template has a cytosine at
the mutation site, the signal strength corresponding to the
dispensed guanosine nucleotide will determine the relative
concentrations of the mutant. As the concentration of mutant
K103N in the sample mixture decreases, the sequencing
peak height corresponding to the dispensed guanosine
nucleotide decreases. Figure 8B compares percentages of
K103N mutant present, as detected by pyrosequencing, with
the actual percentages of mutant templates spiked into wild-
type templates. Because the ratio for the 0% mutant K103N
sample is lower than the ratio for the 1% mutant sample, we
infer that pyrosequencing could not resolve between 0%
mutant concentration and 1% mutant concentration. The
extent at which pyrosequencing was able to detect the
presence of a target point mutation in an excess of wild type
(and therefore its specificity) is determined to be 2.5% (1:40
ratio of mutant to wild-type template).

Sensitivity of LRA

To determine assay sensitivity, defined as the minimal con-
centration in which mutations can be detected, mutant DPs
and CPs were used, and 5 x 10® copies/uL. mutant RNA
were detected (Figure 9). Sequence-specific dual-labeled
probes were used for the quantitative PCR amplification stage
of LRA.

Discussion

The work presented here proposes and demonstrates a novel
method for the rapid and specific detection of point muta-
tions directly on RNA. LRA uses the heat activation prop-
erties of hot start thermostable polymerases to cleanly
separate a RNA-templated ligation process and a subsequent
quantitative PCR reaction. Much akin to the now staple one-
step reverse transcription-PCR reaction, LRA combines its
constituent stages in a simple one-step and single-buffer
system. During the low-temperature ligation phase, the
ligase is the only active enzyme, whereas the DNA poly-
merase remains inactivated. After 10 minutes of incubation
at 95°C, the ligase enzyme is inactivated, the DNA poly-
merase becomes activated, and the amplification phase of
the assay begins. This single-buffer, two-phase reaction
system is only possible because the ligation oligonucleotide
probes do not interfere with the primers for amplification.
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Figure 9  Detection of HIV-1 K103N RNA transcripts with the use of
ligation on RNA amplification. The sensitivity of the assay is evaluated by
quantitative PCR amplification. A: Amplification curves of different con-
centrations of the K103N-containing RNA and NTC. The samples were pre-
pared by 10-fold serial dilutions into nuclease-free water, and water is used
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B: The concentrations of K103N mutant RNA, in log (copy number), plotted
against their cycle number. The slope is —3.2. Error bars represent 1 SD. NTC,
no template control.

Because only one reaction is active at a time, maximum
sensitivity for each phase of LRA can be achieved.
Although there are advantages to incorporating a cyclic
exponential amplification method such as ligase chain re-
action to the mutation detection assays, it comes at the cost
of relying on a two-buffer system, which increases the
complexity and time required for the assays. Because T4
DNA ligase is capable of blunt-end ligation, if the probes
required to initiate ligase chain reaction are present at the
same time as the RNA ligation probes, a false-positive result
will occur even when no target RNA template is present.
This renders ligase chain reaction unsuitable as a detection
method in a single-buffer reaction.

Ligases are sequence-independent enzymes that derivate
their specificity from the structural complementarities of
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double-stranded duplexes. There is some degree of non-
specificity in ligation reactions, which leads to ligation typi-
cally occurring on a small number of wild-type RNA. As the
ratio of mutant RNA in this mixture decreases, the overall
effects of the wild-type RNA template nonspecific reaction
will become more prominent. This effect is observed in our
data. In point-of-care diagnostics, LoSD is often a sufficient
measurement of specificity. We have shown that LRA can be
used to detect K103N mutant RNA in an excess of wild-type
RNA with a LoSQ of up to 1:100 (1%) and a LoSD of up to
1:10,000 (0.01%). Compared with ASPCR and pyrose-
quencing, which resulted in LoSDs of 1:208 (0.5%) and 1:40
(2.5%), respectively, LRA exhibited good specificity to
distinguish single-nucleotide mismatches on synthetic HIV-1
RNA that contained the K103N mutation.

We found that increasing the length of the ligation probes has
opposite effects on the efficiency and specificity of the ligation
on RNA. As DP length is increased, the specificity of the re-
action decreases, whereas the rate of the reaction increases. The
minimum length of the DP required for an efficient ligation rate
is 12 nt. This could be an intrinsic property of the T4 ligase on
RNA. As previously shown,'” a mismatch on the DP at the n—2
position from the 3’ end of the probe increases the ligation
specificity on DNA. We also found that introducing a mismatch
on the n—2 or n—3 positions on the DP increased the specificity
of the ligation reaction at the cost of reduced ligation efficiency
on RNA. The reduced efficiency can be compensated by
increasing the DP length. The rate of the reaction on target
mutant RNA is 117 times faster than the rate on wild-type RNA
when both unmodified DP and CP (at 12 nt) are used. This
corresponds to the limit that the T4 DNA ligase is able to
natively distinguish between single-nucleotide mismatches. As
the DP length is decreased, the specificity increases because the
rate of ligation on mismatched RNA templates decreases at a
faster rate than the rate of ligation on the target RNA template.
Previously,” the use of [y-thio]-triphosphate as a substrate for
T4 DNA ligase in DNA array profiling found a delayed rate of
ligation reactions. We show that CPs with pre-adenylated
1-Thio-AMP groups improve the specificity of ligation re-
actions on RNA when mismatches are present. By incorpo-
rating a number of chemical modifications to the design of the
oligonucleotide probes, we found that the combination of
1-Thio-AMP CP and (n—1) 2-Fluoro DP produced the highest
increase in reaction specificity compared with LRA performed
with nonmodified ligation probes.

In all NTC reactions a late-positive signal was detected.
In traditional DNA-based ligation assays the dimerization of
the complement of the CP and the extended DP could
produce an amplifiable product during the quantitative PCR
cycling phase (Supplemental Figures S4 and S5). For liga-
tion on RNA, this method of forming a NTC signal is not
possible. However, we determined that the DP could by
itself dimerize and become amplified. Because of the design
of ligation-mediated molecular point mutation assays
(in which the sequences to be amplified are always present
even if they are not ligated together) and the nature of
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quantitative PCR amplification, random dimerization and
amplification are difficult to avoid. In most cases, however,
this does not affect the interpretation of the results because
of the lateness of the signal.

The RNA transcripts used in this study are shorter than
the full-length HIV-1 viral genome; therefore, they have
limited secondary structures. The presence of additional
secondary structures on full-length HIV-1 RNA could pose
problems to ligation probe hybridization. Although the
RNA transcripts used in this study are heated to 70°C for 2
minutes to open up any secondary structures, further opti-
mization on clinical samples from HIV-infected patients will
be required. Recombinant RNase inhibitors were included in
all reaction mixtures to limit RNA degradation which could
decrease the detection threshold and specificity of LRA.

Although we have successfully explored the feasibility of
the LRA concept, it still needs further optimization in cases
when accurate determination of concentration of the target is
required, rather than just being able to detect the presence of
targets at a certain concentration. The LoSD and LoSQ
observed in our study need further evaluation for real-
patient samples.

Conclusions

In summary, this work represents proof of principle of a novel
assay for direct ligation and amplification on RNA, which may
have a revolutionary impact in diagnosing point mutations.
Particularly, the potential of LRA to quickly and efficiently
detect the presence of minority variant mutations make it highly
appropriate for inclusion in a point-of-care device for HIV drug
resistance detection in resource-limited settings. Apart from
HIV, it can have other relevant applications such as in other
infectious diseases and cancer diagnostics.”
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