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ABSTRACT

Methylation of the 2′-hydroxyl-group of ribonu-
cleotides is found in all major classes of RNA in eu-
karyotes and is one of the most abundant posttran-
scriptional modifications of stable RNAs. In spite of
intense studies, the multiple functions of RNA 2′-O-
methylation are still not understood. One major ob-
stacle in the field are the technical demanding detec-
tion methods, which are typically laborious and do
not always deliver unambiguous results. We present
a thermostable KlenTaq DNA polymerase variant with
significant reverse transcription activity that is able
to discriminate 2′-O-methylated from unmethylated
RNAs. The engineered enzyme catalyzes DNA syn-
thesis from DNA as well as RNA templates and en-
ables expeditious quantification of 2′-O-methylation
of individual nucleotides directly from total RNA ex-
tracts by a simple qRT-PCR.

INTRODUCTION

Modified nucleotides are a ubiquitous feature of life and
provide an increased diversity of cellular DNA and RNA.
In particular, cellular RNAs contain a large variety of mod-
ifications, which are usually introduced by posttranscrip-
tional modification (1,2). To date, more than 100 chemically
distinct RNA modifications have been identified in Bacte-
ria, Archaea and Eukarya (3,4). One of the most abundant
modifications of RNA is methylation of the 2′-hydroxyl
group of the ribose moiety. 2′-O-methylated nucleotides are
present in all major classes of eukaryotic RNA, but are best-
studied in rRNA. In the human ribosome more than 100 2′-
O-methylation sites have been mapped (5,6). Site specific 2′-
O-methylation of eukaryotic rRNA is mainly guided by nu-
merous small nucleolar RNAs (snoRNAs), which direct the
enzymatic machinery required for methylation toward com-
plementary target regions in the ribosome (7). Those mod-
ification sites are highly conserved among vertebrates and

mainly occur clustered in functionally important regions,
where they are very likely to modulate biogenesis and ac-
tivity of the ribosome (8). However, the detailed function of
2′-O-methylation in rRNA is not yet well understood. Mod-
ifications may fine-tune rRNA folding and a wide range
of RNA–RNA and RNA–protein interactions by enhanc-
ing hydrophobic surfaces and stabilizing helical stem struc-
tures (7). Differential methylation patterns of ribosomes
are proposed to be a potential source of heterogeneity that
may confer regulatory control of translation through ‘spe-
cialized ribosomes’ (9). The fact that alterations or defects
in ribosomal methylation are associated with heritable dis-
eases and cancer leaves little doubt about its functional
significance (10–12). The relevance of RNA-guided 2′-O-
methylation of RNAs was further emphasized by the detec-
tion of snoRNAs that target other cellular RNAs, includ-
ing snRNA, tRNAs and possibly even mRNAs for methy-
lation (1,7,13,14). These findings revealed functional roles
of 2′-O-methylation in splicing control (15) and further fun-
damental cellular processes. Evidently, many aspects of ri-
bose methylation in RNAs still remain to be discovered.
Methods to detect 2′-O-methylation in RNA utilize TLC,
HPLC or LC-MS to analyze appropriately labeled RNAs
after digestion with suitable endonucleases (16–18). These
methods require large amounts of highly pure RNA and
are very laborious and not suited to detect modifications
in low-abundance RNAs. Different approaches exploit en-
hanced resistance toward alkaline hydrolysis (19) or dif-
ferential enzymatic turn-over (20,21) of 2′-O-methylated
RNA. For instance, the propensity of some reverse tran-
scriptases to pause primer elongation at low dNTP con-
centrations when encountering 2′-O-methylation in the tem-
plate has been used to find these modifications (22). Those
methods do not require purification of RNA species and
can be directly applied to total RNA extracts. However, the
high labor intensity and, in some cases, the ambiguity of re-
sults still hamper RNA methylation analysis (23). We here-
with present a conceptually new approach for a significantly
simplified RNA methylation analysis. Our studies reveal a
thermostable DNA polymerase which is able to utilize RNA
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as well as DNA as template for DNA synthesis (24) and
is able to discriminate 2′-O-methylated from unmethylated
RNA. Based on these findings, we generated a DNA poly-
merase with improved discrimination properties and em-
ployed it in a methylation specific direct qRT-PCR assay.
Along these lines, we were able to quantify the methylation
status of five known methylation sites in human 18s rRNA
from a variety of different human cancer cell lines by a sim-
ple one-step assay directly applied on total RNA extracts.
These findings significantly reduce the complexity of 2′-O-
methylation analysis. Our data also provide evidence for the
occurrence of some ribosomal heterogeneity within human
cell lines.

MATERIALS AND METHODS

Oligonucleotides and human total RNA

DNA Oligonucleotides were purchased from Biomers and
were used directly for RT-PCR experiments, or purified
by preparative denaturating PAGE for primer extension
experiments. Radioactive labeling of primer strands was
performed using [� -32P]-ATP and T4 polynucleotide ki-
nase according to the vendor’s protocol. RNA oligonu-
cleotides were purchased from Purimex. The sequences of
all used oligonucleotides are listed in Supplementary Ta-
ble S1. Extraction of total RNA from human cell lines
was achieved using the Direct-zolTM RNA MiniPrep Kit
(Zymo Research) according to the vendor’s protocol. In-
column DNase treatment was performed by the addition
of 20u DNase I per column and incubation at room tem-
perature for 15 min. RNA concentration was determined
using NanoDropTM 1000 Spectrophotometer (PEQLAB).
Determined A260/A280 values were ≥2.0. RNA integrity
was analyzed by agarose gel electrophoresis and the 28s/18s
rRNA ratio ranged from 1.7 to 2.1 (Supplementary Figure
S1).

In vitro transcribed RNA

cDNA of the human 18s rRNA was obtained by reverse
transcription from human RNA extracts using a suitable
primer and M-MuLV Reverse Transcriptase (NEB) ac-
cording to the vendor’s protocol, and amplified by PCR
employing Phusion R© DNA polymerase (NEB). Ampli-
fied cDNA was purified via agarose gel electrophoresis.
cDNA was cloned into a pJET 1.2 vector (Thermo), trans-
formed into E.coli T7 express Iq (NEB) and checked for
correct sequence by Sanger sequencing (GATC Biotech).
Subsequently, correctly sequenced plasmid was isolated us-
ing QIAprep R© Spin Miniprep Kit (Qiagen) and linearized
by endonuclease digestion with ClaI (NEB). Linearized
plasmid was purified by phenol-chloroform extraction and
ethanol precipitation. In vitro transcription of the linearized
plasmid was achieved using the HiScribeTM T7 High Yield
RNA Synthesis Kit (NEB) according to the vendor’s pro-
tocol. After digestion of the DNA template by addition of
4u DNase I (NEB) and incubation at 37◦C for 15 min, in
vitro transcribed RNA was purified by phenol-chloroform
extraction and ethanol precipitation. Subsequently, RNA
was dissolved in RNase-free water and RNA concentration

was determined using NanoDropTM 1000 Spectrophotome-
ter (PEQLAB). A260/A280 was 2.4. Purity of the in vitro
transcribed RNA was additionally analyzed by agarose gel
electrophoresis (Supplementary Figure S1). For later usage,
RNA was stored at −80◦C.

Protein expression and purification

Protein expression was performed in E.coli BL21 DE3
(Novagen) as described (24). Purification of 6x His-tagged
KlenTaq variants was achieved via heat denaturation of
lysates at 75◦C for 45 min, followed by ultracentrifugation at
20.000 rpm for 45 min and FPLC purification using a His-
Trap FF crude column (GE HEALTHCARE) and a linear
gradient from 5 to 500 mM imidazole (binding buffer: 100
mM Trizma R© base (pH 9.2), 5 mM MgCl2, 300 mM NaCl,
5 mM Imidazol; elution buffer: 100 mM Trizma R© base (pH
9.2), 5 mM MgCl2, 300 mM NaCl, 500 mM Imidazol). En-
zymes were then concentrated by Vivaspin (Sartorius) and
stored in storage buffer (50 mM Trizma base (pH 9.2), 2.5
mM MgCl2, 16 mM (NH4)2SO4, 0.1% (v/v) Tween, 50%
(v/v) Glycerol) at −20◦C. Purity of enzymes was validated
by SDS-PAGE (Supplementary Figure S2).

RT-KTQ-LSIM library construction

All possible RT-KTQ-LSIM single mutants at the positions
G668, V669, G672, R746, K747 and N750 were created
by site directed mutagenesis of the respective codon. To
obtain all 19 mutants at one site, 19 separate PCR reac-
tions were performed respectively, each with the same 5′-
phosphorylated reverse primer, but with an individual for-
ward primer carrying the triplet coding for the destined
amino acid. After PCR amplification employing Phusion R©
DNA polymerase and DpnI digestion of the template plas-
mid, reactions were purified using a NucleoSpin R© Gel and
PCR Clean-up (Macherey-Nagel). PCR products were lig-
ated using T4 DNA ligase (NEB) and transformed into
E.coli BL21 DE3 (Novagen). Plasmids were sequenced by
Sanger sequencing (GATC Biotech) and clones carrying
plasmids with correct RT-KTQ-LSIM mutants were cul-
tured overnight in 700 �l LB-medium containing 100 �g/ml
carbenicillin in 96 well deep-well plates at 37◦C. Subse-
quently, 700 �l of 60% (v/v) glycerol in LB-medium was
added and plates were stored at −80◦C.

Screening for improved RT-KTQ mutants

RT-KTQ-LSIM variants were expressed in duplicates in 96
well plates. Harvested cells were resuspended in 1x KlenTaq
reaction buffer (50 mM Trizma R© base (pH 9.2), 16 mM
(NH4)2SO4, 2.5 mM MgCl2, 0.1% (v/v) Tween) contain-
ing 0.5 mg/ml lysozyme, and lyzed by incubation at 37◦C
for 20 min. After denaturation of E.coli host proteins by
incubation at 75◦C for 45 min, plates were centrifuged at
4400 rpm and 4◦C for 30 min and lysates were directly de-
ployed in qRT-PCR (25). For this purpose, 10 �l lysate was
mixed with 10 �l 2x Mastermix (400 �M dNTPs, 200 nM
forward primer, 200 nM reverse primer, 100 mM betaine,
2x SYBR R© green I (sigma), 100 nM Taq DNA polymerase
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aptamer (26) and 200 pM RNA template in 1x KlenTaq re-
action buffer) and analyzed by qRT-PCR, using a Roche
Lightcycler R© 96 instrument with the following protocol:
60s at 95◦C; then 50 cycles of 15s at 95◦C and 30s at 62◦C.
RT-KTQ-LSIM variants with improved discrimination of
2′-O-methylated and unmethylated template were expressed
in a larger scale and purified before further characterization.

Primer extension assay with RNA oligonucleotides as tem-
plate

The reaction mixture contained 150 nM of [� -32P]-labeled
primer, 225 nM of the respective RNA template and 200
�M dNTPs (each) in 1x KlenTaq reaction buffer. Reaction
mixtures (20 �l, respectively) were heated to 95◦C for 2 min
and subsequently cooled to 55◦C. After starting the primer
extension by addition of either 250 pM RT-KTQ-LSIM or
2.5 nM RT-KTQ-LSIM V669L, reactions were allowed to
proceed at 55◦C for 10 min. Reactions were stopped by ad-
dition of 40 �l stop solution (80% (v/v) formamide, 20 mM
EDTA, 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene
cyanol) and analyzed by 12% denaturating PAGE. Visual-
ization was performed by phosphorimaging.

Specific Activity of RT-KTQ variants

Extension of primer in complex with the respective RNA
template was performed as described above, analyzed by
12% denaturating PAGE and visualized via phosphorimag-
ing. Reactions were performed with various amounts of
DNA polymerase (RT-KTQ-LSIM: 0.25–100 fmol; RT-
KTQ-LSIM V669L: 5–300 fmol) in 20 �l reaction mixture.
The observed intensities of each band in the autoradiogram
yielded the conversion of dNTPs in each reaction. dNTP
conversion per min was plotted against the amount of ap-
plied enzyme. The linear range was analyzed and slopes
were obtained by linear regression (Supplementary Figure
S3), yielding the specific activity of the respective enzyme
and the respective sequence context (27).

Primer extension assay with human RNA extracts/in vitro
transcribed 18s rRNA as template

The reaction mixture contained 30 nM of [� -32P]-labeled
primer, 200 �M dNTPs (each) and 200 ng/�l total RNA ex-
tracts or 80 ng/�l in vitro transcribed 18s rRNA in 1x Klen-
Taq reaction buffer. Reaction mixtures (20 �l, respectively)
were heated to 95◦C for 2 min and subsequently cooled to
55◦C. After starting the primer extension by addition of 20
nM RT-KTQ-LSIM V669L, reactions were allowed to pro-
ceed at 55◦C for 10 min. Reactions were stopped by addi-
tion of 40 �l stop solution (80% (v/v) formamide, 20 mM
EDTA, 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene
cyanol) and analyzed by 12% denaturating PAGE. Visual-
ization was performed by phosphorimaging.

qRT-PCR using RNA oligonucleotides as template

qRT-PCRs were conducted in a total volume of 20 �l re-
action mixture containing 100 pM RNA oligonucleotide,
100 nM forward primer, 100 nM reverse primer, 200 �M

dNTPs (each), 0.5 M betaine, 1x SYBR R© green I (sigma),
100 nM Taq Aptamer (26) and 100 nM of either RT-
KTQ-LSIM or RT-KTQ-LSIM V669L in KlenTaq reac-
tion buffer. qRT-PCR was conducted in triplicates using a
Roche Lightcycler R© 96 instrument with the following pro-
tocol: 60 s at 95◦C; then 40 cycles of 15 s at 95◦C and 30
s at 62◦C. For Analysis of the RT-PCR by Agarose Gel
electrophoresis, qRT-PCR was stopped after 25 (RNA tem-
plate A and 2′OmeA) or 30 cycles (RNA template C and
2′OmeC), respectively. �CT-values were used to calculate
2′-O-methylation fractions. Efficiency of the PCR was de-
termined by template dilution series using the unmodified
templates.

qRT-PCR with human RNA extracts and in vitro transcribed
18s rRNA

qRT-PCRs were conducted in a total volume of 20 �l re-
action mixture containing 100 nM forward primer, 100
nM reverse primer, 200 �M dNTPs (each), 0.5 M be-
taine, 1x SYBR R© green I (sigma), 100 nM Taq DNA poly-
merase aptamer (26) and 100 nM of either RT-KTQ-LSIM
or RT-KTQ-LSIM V669L in KlenTaq reaction buffer.
The concentrations of the different RNAs were adjusted
for each site individually deploying the respective con-
trol primer sets, and ranged from 2.5 to 10 ng/�l for hu-
man RNA extracts and 0.5 to 2 ng/�l for in vitro tran-
scribed RNA. qRT-PCR was conducted in triplicates us-
ing a Roche Lightcycler R© 96 instrument. For the sites A27,
U428, G1490 and C1703, the following protocol was ap-
plied: 60s at 95◦C; then 40 cycles of 15 s at 95◦C and 45 s at
60◦C. For the site A99, the following protocol was applied:
60 s at 95◦C, then 40 cycles of 15 s at 95◦C, 30 s at 60◦C and 5
s at 72◦C (the additional extension step at 72◦C was neces-
sary to achieve specific amplification). To validate specific
amplification, melting points of PCR products were mea-
sured (Supplementary Table S2). ��CT-values were used
to calculate 2′-O-methylation fractions (Supplementary Ta-
ble S3). Efficiencies of the PCRs were determined by tem-
plate dilution series of the in vitro transcribed 18s rRNA
(Supplementary Figure S4). To exclude DNA contamina-
tion of the total RNA samples, a minus-reverse transcrip-
tion control was conducted by PCR with a commercially
available KlenTaq DNA Polymerase Mastermix (myPOLS
Biotec), 0.5 M betaine, 1x SYBR R© green I (sigma) and 5
ng/�l RNA sample. For all used primer sets, minus-reverse
transcription PCRs harbored either only primer dimers or
no product at all.

RESULTS

A KlenTaq variant with reverse transcriptase activity discrim-
inates 2′-O-methylated from unmethylated RNA

First, we investigated a thermostable variant of KlenTaq
(Klenow fragment of the Thermus aquaticus DNA poly-
merase) with reverse transcriptase activity (24) in its behav-
ior when encountering 2′-O-methylation in an RNA tem-
plate during primer elongation. The previously described
KlenTaq L459M S515R I638F M747K mutant (24) (hence-
forth called RT-KTQ-LSIM) was employed to catalyze the
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extension of a primer hybridized to different RNA oligonu-
cleotides with identical sequence but carrying either a 2′-O-
methylated nucleotide at the position of first incorporation
or the respective unmodified one (Figure 1). We found that
2′-O-methylation is a major obstacle for reverse transcrip-
tion catalyzed by RT-KTQ-LSIM even at dNTP concen-
trations of 200 �M and irrespective of the methylated nu-
cleotide carrying a pyrimidine (C) or a purine (A) as nucle-
obase (Figure 1B). Since RT-KTQ-LSIM is a thermostable
enzyme, we envisioned to exploit this discrimination in or-
der to develop a methylation specific qRT-PCR system.
Therefore, we applied the aforementioned primer/template
combination and designed an appropriate forward primer
which results in a PCR amplicon of 53 nt. As CT-values of
qRT-PCR experiments also depend on the concentration of
the target RNA, we designed an additional reverse primer,
which terminates several nucleotides downstream of the an-
alyzed nucleobase, as a control (Figure 1C). Using this con-
trol reverse primer in combination with the same forward
primer, should result in a qRT-PCR that is not impeded
by methylation of the respective nucleotide. When using the
methylation-specific primers, qRT-PCR did indeed result in
a delayed amplification of methylated RNAs in compari-
son to the respective unmethylated ones, while amplification
curves coincided when using the control primer sets. The
discrimination was higher for a methylated cytidine in the
template (average �CT = 4.6) than for a methylated adeno-
sine (average �CT = 1.9).

Generation of an improved RT-KTQ variant

We aimed to generate RT-KTQ-LSIM variants with
improved discrimination of 2′-O-methylated nucleotides.
Therefore, we created libraries with single mutants of RT-
KTQ-LSIM by site-directed mutagenesis. Mutation sites
were selected by inspection of the crystal structure of RT-
KTQ-LSIM in complex with DNA/RNA hybrid and a
bound triphosphate (24) (Figure 2). Amino acids with close
proximity to the 2′-O-hydroxyl of the ribonucleotide paired
to the incoming dNTP (namely G668, V669, G672, R746,
K747 and N750) were chosen for saturation mutagene-
sis. Libraries were screened for improved discrimination
of 2′OmeA from unmethylated A directly from cell lysate
(25), using the above-named qRT-PCR system. Mutants
which exhibited increased �CT-values between the respec-
tive templates were Ni-NTA purified and further analyzed
by primer extension and qRT-PCR experiments. Best re-
sults were obtained with an RT-KTQ-LSIM V669L mu-
tant featuring enhanced discrimination of 2′-O-methylated
RNA in both, primer extension and qRT-PCR (Figure 3A–
C). The �CT-value did not only increase for the screened
2′OmeA/A discrimination (average �CT = 7.7), but also
when comparing the methylated C template to the unmethy-
lated one (average �CT = 6.3). By looking at the spe-
cific activity (27) of RT-KTQ-LSIM V669L and RT-KTQ-
LSIM on unmethylated and methylated RNA templates,
the improved properties of the mutant become evident. Al-
beit both enzymes exhibit differences between activities on
methylated and unmethylated templates, these differences
raise from ∼3.5-fold for RT-KTQ-LSIM to ∼7-fold for
RT-KTQ-LSIM V669L (Table 1 and Supplementary Fig-

ure S3). Moreover, the ability of RT-KTQ-LSIM V669L to
utilize these catalytic differences in qRT-PCR is enhanced
due to its decreased activity on RNA, resulting in an in-
creased limitation of the actual discriminating step, namely
first strand synthesis by reverse transcription.

Direct quantification of RNA 2′-O-methylation by qRT-PCR

We hypothesized that qRT-PCR, catalyzed by RT-KTQ-
LSIM V669L, could be evaluated in a quantitative man-
ner to determine the fraction of 2′-O-methylation at a target
site. Therefore, we mixed known ratios of a 2′-O-methylated
RNA template with its unmethylated equivalent and mea-
sured �CT values in reference to the fully unmethylated
template. By approximation, we postulated that any amplifi-
cation of the target derives from the unmethylated template
only, enabling the calculation of the methylation fraction by
the comparative CT method (28):

methylation f raction =
1 − E−(�CT methylation speci f ic primers−�CT control primers)

wi th E = PCR ef f iciency

This seems to be a valid assumption as a �CT value of ∼7
cycles, as caused by RNA methylation, corresponds to a de-
crease of RNA concentration by two orders of magnitude,
resulting in an error of only ∼1%. Our data confirm that this
approach actually allows a very accurate estimation of the
methylation fraction (Figure 3D). Next, we used this direct
qRT-PCR assay to analyze the methylation fraction of five
known methylation sites (namely A27, A99, U428, G1490
and C1703) in human 18s rRNA directly from total RNA
extracts deriving from various immortalized and/or cancer
cell lines. As unmodified reference RNA, we employed in
vitro transcribed 18s rRNA. For each site, RNA concentra-
tions were adjusted by qRT-PCR with a control primer ter-
minating 5 or 6 nucleotides downstream of the methylation
site. To analyze the methylation site, reverse primers were
designed which directly terminate one nucleotide upstream
of the analyzed nucleotide. Both reverse primers were com-
bined with the same forward primer, delivering amplicons
of ∼40–60 nt, which contain only one site of methylation (cf.
Figure 1C). Our results show that most of the analyzed sites
are methylated uniformly throughout different cell lines and
methylation fractions range from 80% upward (Figure 4A,
Supplementary Table S3). The methylation of A99, how-
ever, drops below 50% in colorectal cancer cells (Caco2)
(Figure 4B). Inhomogeneity of A99 methylation was fur-
ther verified by radioactive primer extension experiments
catalyzed by RT-KTQ-LSIM V669L (Supplementary Fig-
ure S5).

DISCUSSION

In summary, we found that DNA synthesis by a KlenTaq
DNA polymerase variant with reverse transcriptase activ-
ity is stalled by the presence of 2′-O-methylation in the RNA
template and employed this effect in a methylation-sensitive
qRT-PCR. These findings pave the way for a significantly
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Figure 1. DNA synthesis catalyzed by RT-KTQ-LSIM is hampered by 2′-O-methylation of RNA templates. (A) Structures of relevant nucleotides. (B)
Primer extension in presence of methylated or unmethylated RNA templates catalyzed by RT-KTQ-LSIM. (C) qRT-PCR amplification of methylated and
unmethylated RNA oligonucleotides catalyzed by RT-KTQ-LSIM.

Table 1. Specific activity of RT-KTQ-LSIM variants on methylated and unmethylated templates

DNA polymerase template specific activity [min−1]

RT-KTQ-LSIM A 94.9 ± 1.8
RT-KTQ-LSIM 2′OmeA 30.5 ± 1.6
RT-KTQ-LSIM C 120.9 ± 7.9
RT-KTQ-LSIM 2′OmeC 25.6 ± 1.4
RT-KTQ-LSIM V669L A 22.1 ± 1.3
RT-KTQ-LSIM V669L 2′OmeA 3.17 ± 0.07
RT-KTQ-LSIM V669L C 25.6 ± 1.1
RT-KTQ-LSIM V669L 2′OmeC 3.83 ± 0.08

Data points derive from triplicates. ± describes SD.
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Figure 2. Rational design of RT-KTQ-LSIM libraries. Amino acids in immediate proximity to the 2′-oxygen of the nucleotide paired to the incoming dNTP
were selected for saturation mutagenesis (namely G668, V669, G672, R746, K747 and N750). Adapted from PDB 4BWM (24) using PyMOL (Schrödinger,
LLC, New York, NY, USA).

Figure 3. RT-KTQ-LSIM V669L features increased discrimination between 2′-O-methylated and unmethlyated RNA templates and enables quantification
of 2′-O-methylation by qRT-PCR. (A) Primer extension in the presence of methylated or unmethlyated RNA templates catalyzed by RT-KTQ-LSIM
V669L. (B) qRT-PCR amplification of methylated and unmethylated RNA oligonucleotides catalyzed by RT-KTQ-LSIM V669L. (C) RT-PCR reactions
were stopped after 25 cycles (top) or 30 cycles (bottom) and analyzed by agarose gel electrophoresis. (D) The �CT-method was used to calculate methylation
ratio of RNA template at 100 pM concentration with varied fractions of 2′OmeA/A at the target position. Error bars describe SD (n = 3).
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Figure 4. Quantification of ribosomal methylation directly from total
RNA by qRT-PCR. (A) Analysis of the methylation status of A27, A99,
U428, G1490 and C1703 in 18s rRNA from total RNA extracts of various
human cell lines. Error bars describe SD. (B) qRT-PCR data of methy-
lation site A99 in HEK-293 and Caco2 cells. �CT values indicate higher
degree of methylation in HEK-293 cells than in Caco2 cells.

simplified analysis of RNA modification with high sensi-
tivity. The developed approach is capable of assessing the
2′-O-methylation fraction of individual nucleotides within
1 h in a high-throughput fashion and is sensitive for tar-
get RNAs at picomolar concentrations. Since both reac-
tion steps of the assay––first strand synthesis by reverse
transcription and amplification by PCR––are catalyzed by
the same enzyme, qRT-PCR can be performed directly
on total RNA extracts by simply adding a ‘PCR master-
mix’ and running a conventional PCR protocol. The de-
veloped PCR-assay was successfully used to quantify the
2′-O-methylation-fraction of five known methylation sites
in human 18s rRNA throughout different cell types. Our
data display that the methylation fractions of the analyzed
sites are mainly homogeneous. However, 2′-O-methylation
of A99 was found to be significantly decreased in colon
cancer cells, suggesting that this methylation site might
serve as potential biomarker for some cancer cells. Inter-
estingly, the homologous A100 in yeast 18s rRNA was also
found to be only partially methylated using an LC-MS/MS
based method (29). To improve the deployed RT-KTQ-
LSIM DNA polymerase, we introduced an additional mu-
tation. The mutation of V669 to the sterically slightly more
demanding leucine is located in the O-helix (30) of the DNA
polymerase and might influence the transition of the en-
zyme to a ternary complex closed conformation in which
the reactive groups are aligned for catalysis in a way that
is more favorable for unmodified RNA templates in com-
parison to 2′-O-methylated RNA. It has been reported that
some DNA polymerases are able to also sense base modifi-
cations in their template (31,32). Hence, further enzyme en-

gineering and screening of new DNA polymerase variants
may open up this qRT-PCR-based approach for analysis of
other biologically significant RNA modifications (33) in the
future.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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snoRNA world. Biochimie, 84, 775–790.

8. Decatur,W.A. and Fournier,M.J. (2002) rRNA modifications and
ribosome function. Trends Biochem. Sci., 27, 344–351.

9. Xue,S. and Barna,M. (2012) Specialized ribosomes: a new frontier in
gene regulation and organismal biology. Nat. Rev. Mol Cell Biol., 13,
355–369.

10. Marcel,V., Ghayad,S.E., Belin,S., Therizols,G., Morel,A.P.,
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