ISSN 1990-7508, Biochemistry (Moscow) Supplement Series B: Biomedical Chemistry, 2011, Vol. 5, No. 2, pp. 144—151. © Pleiades Publishing, Ltd., 2011.
Original Russian Text © O.Yu. Limanskaya, T.N. Fesenko, V.A. Pokrovskiy, T.N. Mukhina, V.N. Stepanshina, 1.G. Shemyakin, A.P. Limanskii, 2011, published in Biomeditsin-

skaya Khimiya.

Characterization of Oligonucleotides with LNA-Monomers
for PCR Detection of Point Mutations in Mycobacterium
Tuberculosis Genome

O. Yu. Limanskaya® **, T. N. Fesenko¢, V. A. Pokrovskiy¢, T. N. Mukhina“, V. N. Stepanshina“,

I. G. Shemyakin’, and A. P. Limanskii*

Mechnikov Institute for Microbiology and Immunology, National Academy of Medical Sciences of Ukraine,
Pushkinskaya ul. 14, Kharkov, 61057 Ukraine; e-mail: olga.limanskaya @mail.ru
b National Scientific Center “Institute of Experimental and Clinical Veterinary Medicine”,
Pushkinskaya ul. 83, Kharkov, 61023 Ukraine.

“Chuyko Institute for Surface Chemistry of National Academy of Sciences of Ukraine,
ul. Generala Naumova 17, Kiev, 03164 Ukraine.

4State Research Center for Applied Microbiology and Biotechnology, Obolensk, Moscow Region, 142279 Russia.
Received April 15, 2010

Abstract—Point mutations associated with isoniazid resistance inMycobacterium tuberculosis (MTB) have
been analyzed in codon 315 of the katG gene by conventional polymerase chain reaction (PCR) using prim-
ers containing locked nucleic acid (LNA) modified nucleotides. Purity and structure of primers containing
5 LNA monomers of 17 nucleotides in length were characterized by matrix assisted laser desorption ioniza-
tion time of flight mass spectrometry (MALDI-TOF MS) and a 17-mer duplex formed by two complemen-
tary oligonucleotides was characterized by the method of thermal denaturation. The duplex containing five
LNA monomers per each strand was characterized by a higher melting temperature than it was expected using
extrapolation of theoretical calculation for nucleotide modification of one strand of the duplex. Detection of
any of six possible mutations in katG codon 315 (i.e. discrimination between sensitive and resistant MTB)
requires just one PCR employing a set of two primers with one LNA-modified primer; this is an important
advantage of oligonucleotides containing LNA over unmodified nucleotides: employment of multiplex PCR
would require up to 12 primers. Problems of control of oligonucleotide modification by LNA monomers are
discussed.
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INTRODUCTION

The main solution of the problem of control of the
spread of drug-resistance tuberculosis consists in its
early diagnostics; this will allow to control the spread
of particular strain of Mycobacterium tuberculosis
(MTRB) and correct schemes of chemotherapy in each
case. Several traditional classic methods for detection
of MTB resistance to anti-tuberculosis drugs have
been approved by WHO. Determination of a spectrum
of MTB drug resistance usually takes from 1 to
3 months; during this period primary patients are
treated with standard first-line anti-tuberculosis
drugs. Since resistance of clinical isolates of MTB to
the prescribed drugs remains unknown certain evi-
dence exists that such therapy will be ineffective.
Rapid detection of resistance and especially multiple
drug resistance of MTB represents a very important

* To whom correspondence should be addressed.

problem for selection of effective tools for anti-tuber-
culosis (anti-TB) therapy. This problem could be
solved at the genotype level and this would shorten
duration of corresponding analysis to 1—3 days.

Allele-specific PCR is a widely used technology for
detection of point mutations: this approach requires
construction of such primers that could be annealed at
sites with point mutations. Ideally, use of a primer
complementary to a specific sequence would amplify
only one variant but in reality significant amplification
of variants with primer annealing with targets contain-
ing non-complementary nucleotides occurs.

Allele-specific PCR with LNA-modified primers is
based on the fact that melting temperature (and con-
sequently, annealing temperature) of the complex
primer-single stranded DNA is lower for the mutant
type than for a perfect matched duplex. This means
that in the presence of a mutation at the site contain-
ing LNA (locked nucleic acid) nucleotide the mis-
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matched complex primer-single stranded DNA tem-
plate will have lower melting temperature (7,,) than
the perfect duplex. Insertion of LNA nucleotides
increases discrimination power of the primer. In LNA-
modified primers some nucleotides are substituted by
LNA monomers, nucleotide analogues containing the
methylene bridge between 2'-O, 4'-C (Fig. 1), which
limits conformational flexibility of the deoxyribose
moiety and transforms the monomer into a rigid struc-
ture. This results in increased hybridization of the
strand containing LNA monomers with the comple-
mentary strand of the duplex. Insertion of LNA nucle-
otides significantly increases thermal stability of the
duplex compared with unmodified DNA (Fig. 1c).
For example, in the case of a 13-mer oligonucleotide
duplex insertion of 9 and 10 substituted LNA mono-
mers increased 7, by 25°C and 28°C, respectively.
Thus, for the 13-mer duplex contribution of one LNA
monomer to the increase in 7,, (AT,,) is about 3°C.
This means that in the presence of point mutation at
the site containing LNA nucleotide the complex
primer-single stranded template will have lower melt-
ing temperature compared with the perfect matched
duplex.

Streptomycin and isoniazid resistance make major
contribution to anti-TB drug resistance; isoniazid
resistance is mainly associated with mutations located
in codon 315 of the katG gene encoding MTB cata-
lase-peroxidase. Probability isoniazid resistance asso-
ciated with mutations in codon 315 of the katG varies
from 50 to more than 90% (in various geographic
regions) [1, 2].

MTB DNA molecules from wild type isolates rep-
resent perfect duplexes, while DNAs from isoniazid
resistant isolates are characterized by the presence of
mutations in the katG codone 315 and therefore by
lower melting temperature. These mutations are
mainly found at the second and third (but not the first)
positions of codon 315 and so six mutation variants
have been detected in codon 315 [3—5]. It should be
mentioned that in the presence of single nucleotide
polymorphism changes in 7,, of the complex LNA
primer— DNA template depend on both the number
of LNA monomers and length of the primer. In the
case of a 20-mer duplex insertion of an additional
LNA monomer results in the 7,, increase by about
1°C. Consequently, discriminating power of primer
may be increased by high relative content of LNA
monomers. On the other hand, the increase in primer
length (required for increased specificity) results in a
decrease of relative contribution of the LNA monomer
(at their preserved quantity) and therefore to
decreased discriminating potency of such primer.

In this study, using modern achievement in chemi-
cal synthesis of oligonucleotide primers containing
LNA-modified nucleotides we have developed molec-
ular genetic test systems for PCR detection of muta-
tions in codon 315 of the katG MTB gene. The primers
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Fig. 1. Locked nucleic acid (LNA), a new analogue of a
DNA monomer (a), which can replace nucleotides in
DNA and RNA sequences (b). LNA follows Watson-Crick
base pairing but is characterized by increased specificity
and affinity during hybridization. Constructed mixed
LNA/DNA oligonucleotides (c) facilitate control of melt-
ing of samples and primers and also optimize sequence dis-
crimination at a current temperature. Insertion of an addi-
tional LNA-modified monomer for a 13-mer oligonucle-
otide containing 9 LNA-modified nucleotides (c) resulted
in the increase of temperature of oligonucleotide melting
by 3°C.

with LNA-modified monomers were characterized by
matrix assisted laser desorption ionization time of
flight mass spectrometry (MALDI-TOF MS) and
their duplexes were characterized by the method of
thermal denaturation. Using the developed Kkits con-
taining LNA-modified primers it is possible to detect
any of six possible mutations in codon 315 by means of
just one reaction. Consequently, proposed test is appli-
cable for discrimination of wild type and mutant MTB
(carrying mutation in katG codon 315), i.e. MTB
strains sensitive and resistant to the first-line anti-TB
drug, isoniazid, respectively.

MATERIALS AND METHODS

UV Spectroscopy of Oligonucleotide Duplexes

Thermal denaturation with registration of optical
density at 260 nm was used for characterization of oli-
gonucleotide duplexes (each of which contained
5 complementary LNA-modified nucleotides). It
should be noted that analysis of duplex melting at
270 nm is more correct because at this wavelength
contribution of extinction coefficients of AT and GC
pairs is the same. The UV studies were performed
using a Specord M40 spectrophotometer (Carl Zeiss
Jena, Germany) equipped with a temperature-con-
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trolled cell holder. Optical density was registered at the
temperature interval of 0.05°C and the heating rate of
0.5°C/min. Experiments on thermal denaturation
were performed in microcuvettes with an optical path-
length of 1 cm. Duplex melting was performed in 1,
10, and 50 mM sodium cacodylate buffer, pH 7.0,
using DNA concentrations of 20—20 pmol/ul. Differ-
ential melting profiles were obtained by differentiation
of the integral melting profile using the Origin 7.0 soft-
ware (USA).

Polymerase Chain Reaction

The developed sets of primers for detection of wild
type (WT) and isoniazid-resistant MTB isolates were
tested using a DNA collection extracted from WT
MTRB isolates and also isoniazid-resistant MTB clini-
cal isolates with mutations (MT) in katG codon 315.
Testing of the sets of primers was performed using
MTB DNA with the point mutations AGC — ACC,
AGC — ACG, and AGC — AGA in codon 315;
these samples were obtained from isolates character-
ized by the level of isoniazid resistance of 1-25 pg/LL.

PCR was performed using a dry amplification kit
(Isogen, Russia) in 20—50 pl of the reaction mixture
containing 4 mM NaCl, 50 mM KCI, 12 mM Tris
HCI, pH 8.0,2.5 mM MgCI2,200 uM dNTP, 0.1—
0.5 uM each primer and 1 U of antibody-inhibited
Tag DNA polymerase for hot-start PCR. Electro-
phoretically pure primers were purchased from Syntol
(Russia). LNA-modified primers contained five LNA
monomers each which were purchased from Exiqon
(Denmark, http://www.exiqon.com/Ina-technology).

Conventional PCR was performed using a ther-
mocycler manufactured by the Scientific company
Tochnost’ (Tula, Russia) under the following reaction
conditions: pre-denaturation at 95°C for 2 min fol-
lowed by 38—45 cycles including denaturation at 95°C
for 1 min, annealing at 58—71°C for 1 min, and elon-
gation at 70—74°C for 1 min. The two-step PCR was
performed under the following reaction conditions:
pre-denaturation at 95°C for 2 min followed by
45 cycles including denaturation at 95°C for 1 min,
annealing and elongation at 71°C for 1 min. The
annealing temperatures 7,, were optimized in a series
of reactions with stepwise increase of 7, (2—0.5°C per
step) until the complete elimination of the nonspecific
amplicon. The template contained 0.05 pg of genomic
MTB DNA. For amplifon visualization PCR reaction
products (10—20 pl) were resolved by electrophoresis
in 1.5% agarose gel containing ethidium bromide at a
field strength of 10 V/cm. Annealing temperature of
the complex LNA-modified oligonucleotide—single
stranded DNA was calculated by a free program avail-
able at http://Ina-tm.com [6], thermodynamic analy-
sis of primers and amplicons was performed using the
MeltCalc program [7, 8].
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Mass Spectrometry of Oligonucleotides

The structures of LNA-modified oligonucleotides
were characterized by matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry
(MALDI-TOF). Aliquots of the oligonucleotides
purified by PAAG electrophoresis (0.5 pl) were
applied to matrix crystals obtained by drying of aque-
ous matrix template solution containing 3-hydroxypi-
colinic acid (50 mg/ml) and dibasic ammonium cit-
rate (2 mg/ml) on a stainless steel target.

The target was dried at room temperature until
complete evaporation of the solvents and placed in the
source of an Autoflex II mass spectrometer (Bruker
Daltonics Inc., Germany) equipped with a nitrogen
laser (A = 337 nm), which allowed pulsed ion extrac-
tion. Mass spectra of oligonucleotides were obtained
in the positive ion mode. The samples were ionized
with a UV laser of 337 nm wavelength in the pulse
mode: pulse length 3 ns, frequency 20 Hz, maximum
energy 65 pJ; ion extraction delay was 30 ns. Positive
ions were detected in the reflectron mode. The accel-
erating voltage was 20 kV. The resulting mass
spectra were obtained from no less than 100 individual
spectra.

RESULTS AND DISCUSSION

Studies of molecular mechanisms of drug resis-
tance have shown that MTB resistance to particular
drugs is determined by single mutations in certain
genes. Earlier, for detection of point mutations in
genomes of pathogens we used PCR with a primer
containing non-complementary nucleotide at 3'-end
to a DNA template of one of investigated species (in
the case of gene typing) [9].

In this study for detection of point mutations or
single nucleotide polymorphisms in the MTB katG
gene codon 315 we have developed two sets of 17-mer
primers, each of which contained one LNA-modified
primer (Mykat25"™A and L8"NA). Each LNA-modi-
fied primer contain 5 LNA-monomers: three LNA
monomers of each primer were complementary to
katG codon 315 and two others flank this codon. The
principal difference between these two sets of primers
consists in localization of the LNA-modified primer:
in one set (L7—L8"4) the LNA primer is comple-
mentary to the “+” strand of DNA (Fig. 2a), whereas
in the other primer (Mykat24—Mykat25"™N4) the LNA
primer is complementary to the “—* strand of DNA
(Fig. 2b).

Analysis of amplification products at low T, shows
that both primer sets amplified corresponding katG
fragments of expected length: 214 bp for the primer set
L7—L8"NA (Fig. 3, tracks 3, 4) and 110 bp (Fig. 3,
tracks 5, 6) for the primer set Mykat24—Mykat25NA,
Since band intensity for the 110 bp amplicon (Fig. 3,
tracks 5, 6) was extremely low at T,,, = 58°C, all subse-
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Fig. 2. Localization of primers on the katG gene of Mycobacterium tuberculosis DNA versus codon 315; mutations in this codon

are linked with resistance to the antituberculosis drug isoniazid. Using sets of primers L7—L8
is possible to amplify the fragments of 214 and 110 base pairs of the katG gene containing codon 315. Each primer, L8k
, contains five LNA-modified nucleotides, two of which flank and three of which are complementary to the

Mykat25-NA

NA and Mykat24—Mykat25-NA i
A and

“+”strand (a) and the “—” strand (b) of the codon 315 region of the katG gene. The set of primers Mykat10—Mykat11 was used
for amplification of the fragment of 151 bp in length containing codon 315 as a molecular mass marker.

quent experiments were performed using the primer
set L7—L8LNA,

Analysis of PCR amplification products showed
that the primer L7—L8™™A primer sets amplified the
katG fragment of expected length of 214 bp at both
annealing temperatures 66°C (Fig. 4a, track 3) and
71°C (Fig. 4b, tracks 3, 4). Using PCR with the primer
set L7—L8MNA it is possible to discriminate mutant
(MT) and wild type (WT) variants of MTB katG gene
(Fig. 4b, tracks 3, 4). In the case of WT katG a gene
fragment of 214 bp was amplified, while in the case of
a MT MTB isolate such amplicon was not detected
despite the presence of a band of nonspecific amplicon
suggesting that amplification occurred (appearance of
this nonspecific band can be attributed to rather short
length of the L8"NA primer). The intensity of the non-
specific band decreased with the 7, increase from 66
to 71°C (in this case, two-step PCR was performed for
reliable discrimination of MT and WT MTB isolates).

The L8"™NAand Mykat25"™NA primers from two dif-
ferent primer sets were designed so that they
were complementary to each other and able to form a
17-mer double-stranded oligonucleotide. Theoreti-
cally calculated melting temperature (7,) for the
unmodified L8 —Mykat25 duplex was 45°C at the ionic
strength (I) of 1 mM Na*. Modification of each strand
with five LNA monomers sharply increased 7, of the
L8INA_Mykat25"™NA duplex to 88°C (Fig. 5). One can
see, that the contribution of one pair of LNA mono-
mers to the 7,, increase of the 17-mer duplex was
8.6°C and that of a single LNA monomer was 4.3°C.
At the same time, for the 17-mer oligonucleotide
duplex L8"NA_Mykat25 (containing modified nucle-
otides only in one strand), the theoretically calculated
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AT,, value was just 2.8°C. Thus, LNA-modification of
five nucleotides in each strand results in higher duplex
stabilization, than it was predicted by theoretical cal-
culations based on extrapolation of data on single
stranded LNA modification to the case of LNA mod-
ification of both strands of the duplex. (It should be
mentioned that theoretical calculation of 7,, using the

T,,=58°C

L7 — L8NA Mykat24 — Mykat251NA
1

2223 bp

Fig. 3. Detection of amplification products of the katG
gene fragment of wild type (WT) and isoniazid-resistant
(carrying mutation in katG codon 315; MT) Mycobacte-
rium tuberculosis strains after PCR with a set of primers
L7—L8"NA and electrophoresis in 1.5% agarose gel. The
annealing temperature (7,,) was 58°C. /—amplification of
full length katG (2223 bp); 2—a fragment of 151 bp con-
taining condon 315; 3, 4—a fragment of 214 bp after DNA
amplification of isoniazid-resistant g:?) and wild type (4)
MTB with the set of primers L7—L8 NA; 5, 6—a fragment
of 110 bp after DNA amplification of isoniazid-resistant (5
) and wild type (6) MTB with the set of }l)\lrimers
Mykat24—Mykat25"NA L8INA and Mykat25™A are
modified primers containing LNA nucleotides.
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(a)
T,, = 66°C

Fig. 4. Detection of amplification products of the karG gene fragment of wild type (WT) and isoniazid-resistant (carrying muta-
tion in katG codon 315'LMT) Mpycobacterium tuberculosis strains after PCR with a set of primers L7—L8 LNA and electrophoresis
in 1.5% agarose gel. L8 NA is a modified primer containing LNA nucleotides. (a) The annealing temperature (7,,,) was 66°C.
I—molecular mass marker: the fragment of 151 bp containing codon 315 after amplification using the set of primers
Mykat10—Mykatl1 1 ]'{12, 3—amplification of MTB DNA mutant by the kafG codon 315 (2) and wild type MTB (3) using the set
of primers L7—L8LNA; 4—negative amplification control. The presence of mutation in codon 315 results in the absence of the
amplicon band of 214 bp (2), which is typical for wild type isolates (3).

(b) Annealing temperature 7,, was 71°C. Amplification of a fragment of 214 bp using the set of primers L7—-L8"NA for DNA of
isoniazid-resistant (7, 2) MTB and DNA of wild type isolates (3, 4).

program [7, 8] is only possible for the case of LNA
modification of one strand).

Experiments on melting of the L8*NA—Mykat25-NA
duplex at different ionic strength (I = 5 mM Na* and
I =50 mM Na") revealed only an initial melting inter-
val due to high 7, of the duplex (data not shown). This
may be explained by the fact that the increase in melt-
ing temperature of the duplex is proportional to the
logarithm of cation concentration [10].

MALDI-TOF mass spectrometry is one of the
most effective methods of analysis of macromolecules.
For nucleic acids MALDI mass spectra ranged from
600 Da to 90 kDa (about 300 nucleotides in length)
were obtained; interpretation of results below 600 kDa
is complicated due to the absence of matrix ions.
Methods used for preparation of nucleic acid sample
are very important for registration of high quality mass
spectra. The latter is influenced by many factors:
purity of samples, solvent composition, matrix com-
position and surface properties of a substrate.

Table 1. Theoretically calculated melting temperature 7,, (°C)
of the unmodified duplex (L8—Mykat25) and the duplex with
5 LNA monomers in one strand (L8"NA—Mykat25) at various
ionic strength (I) and total concentration of primers 0.5 pM

Ionic strength
Primer I=ImM |[I=10mM | I=50mM
Nat Na™* Nat
L8—Mykat25 41 51 58
L8LNA _Mykat25 55 65 72
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In this study MALDI-TOF mass spectrometry was
used for control of quality of chemical synthesized sin-
gle stranded oligonucleotides containing LNA mono-
mers. Registered MALDI mass spectra of L8NA and
Mykat25"NA (Figs. 6, 7) were used for control of
removal of protecting groups from nucleotide bases (i)
and also for detection of contaminant oligonucle-
otides lacking some monomers (ii). Mass spectra of
LNA-modified oligonucleotides (Fig. 6) were charac-
terized by the presence of peaks with the mass/charge
ratio (m/7) of 5373.8 (L8"™NA) and 5347.3
(Mykat25™A): these peaks confirm the presence of
LNA monomers in these primers (Table 2). The peaks
with these masses were assigned to the cluster ions
[L8NA + Na]* and [Mykat25, s + Na]*.

MALDI mass spectra of higher resolution (Fig. 7)
revealed the presence of nucleotides with protecting
groups. (It is known that for prevention of oligonucle-
otide strand branching amino groups of nitrogenous
bases are blocked in dG, dA, and dC phosphoramid-
ites [11]). In the case of deblocked protecting groups,
besides main (expected) band the oligonucleotide
mass spectrum is characterized by the presence of an
additional peak of higher mass. For example, isobu-
tyryl (for dG) and benzoyl (dA and dC) used for amino
group protection increased oligonucleotide mass by 70
and 104 Da, respectively [12].

In addition to the main peak (Fig. 5a) with pre-
dicted m/z of 5373.8, the mass spectrum of L8NA also
contained a peak of lower m/z (4755.7), which may
correspond to a shorter oligonucleotide of 15 nucle-
otides in length. Detection of such sorter oligonucle-
otide in the MALDI mass spectrum explains high
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Fig. 5. Integral (a) and differential (b) melting profiles for a duplex formed by 17-mer oligonucleotides (L8LNA—Mykat25 LNA),
each of which contains 5 LNA-modified nucleotides. Melting was performed in 1 mM sodium cacodylate (pH 7.0).

intensity of the nonspecific amplicon formed during
PCR with the L7—L8"NA primers (Fig. 4a, tracks 2, 3;
Fig. 4b, tracks 1, 2). The ratio of areas under the peaks
with predicted (m/z) 5373.8) and lower (m/z) 4755.7)
masses shows that the 15-mer nucleotide represents
about 25% of the total amount of L8™4; this values is
sufficient for PCR (concentration of the L8"NA primer
used for PCR was 0.5—1 uM).

Existence of several peaks (Figs. 6, 7) instead of one
peak with predicted mass (Table 2) expected in the
case of correct synthesis [13] is an essential drawback

of the synthesized oligonucleotides with LNA mono-
mers. It is possible that most these additional peaks
originate from incomplete desalination of the sample
containing this oligonucleotide.

CONCLUSIONS

Using LNA-modified primers it is possible to
detect point mutations in genomes of drug-resistant
MTRB by allele-specific PCR; this does not require
additional amplicon sequencing needed for differenti-

Table 2. Parameters of oligonucleotides containing LNA-modified monomers, which were characterized by MALDI-TOF
mass spectrometry. LNA-modified nucleotides are shown in capital letters. Formulas and molecular masses of expected

compounds are shown in bold

Formula/molecular mass
Oligonucleotide Sequence . . ]
Unmodified oligonucleotide Oligonucleotide with LNA

monomers

Mykat25LNA 5'—gatcaCCAGCchath-3' C164H207N67O98P16 C169H207N670103P16
5180.4 5320.4
LSLNA 5'-CgathCGCTthgatC-3' C165H209N630102P16 C170H209N630107P16
5202 5342
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Fig. 6. Mass spectrometry analysis of the 17-mer oligonucleotides LgtNA (a) and Mykat25LNA (b) containing 5 LNA monomers.

ation of WI and MT MTB (in katG codon 315), sen-
sitive and resistant to the first-line antitubercular drug
isoniazid, respectively. This suggests reasonable purity
of primers used for PCR. However, use of primers
purified by HPLC will definitely increase effectiveness
of the PCR analysis.

Using the method of thermal denaturation we have
demonstrated that 7,, of the oligonucleotide 17-mer
duplex containing 5 complementary LNA monomers
in each strand sharply increased (by about 47°C) com-
pared with the unmodified duplex; this is significantly
higher than it has been expected. Analysis of MALDI
mass spectra of single stranded oligonucleotides form-
ing the duplex has shown that despite electrophoretic
purification in PAAG, the oligonucleotide containing
LNA monomers were contaminated with oligonucle-
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otides lacking some monomers and also with oligonu-
cleotides with deblocked protecting groups.

The developed molecular genetic test systems for
detection of WT and isoniazid-resistant MTB isolates
may be used in diagnostic laboratories equipped stan-
dard PCR instruments. Their use can significantly
decrease time required for determination of MTB
drug resistance from 1—3 months needed for such
analysis by traditional bacteriological methods
employed in many anti-tubercular dispensaries to just
1—3 days using the PCR method.
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