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ABSTRACT

Small regulatory RNA repertoires in biological samples are heterogeneous mixtures that may include species arising from varied
biosynthetic pathways and modification events. Small RNA profiling and discovery approaches ought to capture molecules in a
way that is representative of expression level. It follows that the effects of RNA modifications on representation should be
minimized. The collection of high-quality, representative data, therefore, will be highly dependent on bias-free sample manipulation
in advance of quantification. We examined the impact of 2’-O-methylation of the 3’-terminal nucleotide of small RNA on key
enzymatic reactions of standard front-end manipulation schemes. Here we report that this common modification negatively
influences the representation of these small RNA species. Deficits occurred at multiple steps as determined by gel analysis of
synthetic input RNA and by quantification and sequencing of derived cDNA pools. We describe methods to minimize the effects of
2'-O-methyl modification of small RNA 3’-termini using T4 RNA ligase 2 truncated, and other optimized reaction conditions,
demonstrating their use by quantifying representation of miRNAs and piRNAs in cDNA pools prepared from biological samples.
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INTRODUCTION

Small RNAs mediate the regulation of gene expression at
multiple levels that include modulation of RNA stability,
translational regulation, genomic rearrangement, chromatin
modification, and changes in promoter activity. Gene regu-
lation by small, non-coding RNAs is a widely conserved
phenomenon that has been described in plants, animals,
and fungi and most often results in silencing. Bacterial and
Archaeal species possess systems that bear striking structural
or functional similarity to pathways found in the other
domains of life. For instance, the CRISPR/CAS system uses
small RNA guides in protein effector complexes to suppress
foreign DNA (van der Oost et al. 2009; Waters and Storz
2009), and the structural homologs from prokaryotes have
guided our current understanding of eukaryotic Argonaute
function (Songetal. 2004; Yuan et al. 2005; Wang et al. 2009).

It is now recognized that small RNAs are the crucial
targeting moieties in larger, multi-component regulatory
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complexes whose protein components dictate the final bio-
logical activity and consequences of targeting. Targeting is
dependent on complete or partial hybridization between
protein-bound guide RNAs and target molecules (for review,
see Carthew and Sontheimer 2009; Malone and Hannon
2009).

Small regulatory RNAs are more diverse than originally
thought. They are heterogeneous with respect to biosynthe-
sis, size, and chemical modification. Diversity in chemical
modification of regulatory small RNA classes is observed
in many organisms, including Tetrahymena, Caenorhabditis
elegans, Drosophila, Xenopus, and mouse (for review, see Farazi
et al. 2008; Ghildiyal and Zamore 2009). 2’-O-methylation of
the 3’-termini of small RNAs is a hallmark of piRNAs and
endogenous siRNAs in animals, and of plant microRNAs.
Differential association of 3'-end 2'-O-methylated small
RNAs with distinct effector protein complexes is reported in
numerous organisms (Farazi et al. 2008; Couvillion et al.
2009). Mutations in the enzymes responsible for modifica-
tion have marked phenotypic consequences (Li et al. 2005),
and demonstrate that 3'-end 2'-O-methylation is function-
ally important for small RNA stability and function (Li et al.
2005; Horwich et al. 2007; Kurth and Mochizuki 2009;
Ameres et al. 2010).
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5’-end modification of small RNAs is also observed. For
instance, secondary siRNAsin C. elegans bear 5'-triphosphates
that make them refractory to standard ligation schemes (Pak
and Fire 2007; Sijen et al. 2007). Recently, the existence of a
highly complex set of small 5'-7mGppp-capped RNAs was
reported in the human transcriptome (Affymetrix/Cold
Spring Harbor Laboratory ENCODE Transcriptome Project
2009). Capped small regulatory RNAs have also been ob-
served that correspond to the 5'-terminus of the hepatitis
delta virus (Haussecker et al. 2008). Like 5’-triphosphates,
m7Gppp-cap structures are unclonable by standard methods
unless converted to 5'-monophosphorylated species. It is clear
that small RNAs may be present in heterogeneous mixtures
having modifications that are refractory to enzymatic manip-
ulation, and could escape standard cDNA library preparation
approaches.

Substantial research effort has been directed toward un-
derstanding the role of small regulatory RNAs in disease
and development (for recent review, see Urbich et al. 2008;
Sotiropoulou et al. 2009). Several studies have correlated
small RNA expression patterns with disease prognosis,
origin, and differentiation, providing an impetus for the
development of specific small RNA biomarker panels
(Sotiropoulou et al. 2009). The adaptation of small RNA-
based biomarker panels to clinical use will require that
accurate and reproducible methods be developed for their
quantification.

Quantification of small RNA expression has closely
followed the development of nucleic acid detection technol-
ogies. Northern blot hybridization is a robust, yet relatively
low-throughput and insensitive approach that depends on
prior knowledge of target sequence and labeled nucleic acid
probes. Extending the throughput of hybridization tech-
niques, microarray-based approaches allow for the simulta-
neous detection of thousands of potential targets. Microarrays
rely on either the direct labeling or reverse-transcription/
labeling of input RNA followed by hybridization and de-
tection. Direct labeling for microarrays is commonly achieved
by modification of RNA 3’-ends, often using T4 RNA ligase
1 (T4 Rnll). Quantitative PCR greatly increases the dynamic
range of array-based detection techniques, but does so at the
expense of throughput. This technique relies on reverse tran-
scription of small RNAs, and often 3’-end modification with
the ligation of an adapter containing a priming site, or the ad-
dition of homoribopolymer tails.

The application of high-throughput sequencing ap-
proaches to the discovery and quantification of small RNAs
has vastly increased the volume of data accrued and ex-
panded our understanding of small RNA regulatory path-
ways. New small RNAs can be discovered, and digital
counting techniques can be used to quantify levels of small
RNAs (Ghildiyal and Zamore 2009). All schemes to prepare
small RNA for high-throughput sequencing currently re-
quire the enzymatic modification of small RNAs to add
priming sites to 5'- and 3'-ends. The adapter-ligated small
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RNAs are reverse-transcribed, amplified, and used as starting
material for sequencing reactions.

This study aims to examine the potential impact of known
small RNA modifications on the representation of modified
RNAs in discovery, detection, and quantification experiments.
Comparing commercially available enzymes, we analyze the
effect of 2'-O-methylation at the 3'-terminus of small RNA
tailing using poly(A) and poly(U) polymerases, and adapter
ligations using T4 Rnll and T4 RNA ligase 2 truncated [T4
Rnl2tr; also known as T4 Rnl2 (1-249)]. Furthermore, we
examined the effects of 2'-O-methylation on reverse tran-
scription across 3’'-RNA ligation junctions. To circumvent
RNA 5’-modifications, we take the 5’-ligation independent
approach of Pak and Fire (2007) as a starting point from which
we examine the efficiency of commercial DNA and RNA
ligases to promote the attachment of DNA adapters to reverse
transcripts.

We present data illustrating shortcomings of conventional
enzymatic methodology for manipulation of small RNAs
that are modified. Specifically, we show that the common
2'-O-methyl modification of small RNA 3'-ends can result in
their under-representation in discovery and quantification
experiments. Through optimization of reaction parameters,
we demonstrate that this 3'-end bias can be minimized, and
present reaction conditions optimized for unbiased repre-
sentation of 5'-modified small RNAs in cDNA pools.

RESULTS

Poly(A) tailing is sensitive to 2'-O-methylation
of the terminal nucleotide

A common approach to adding a known sequence to the
3’-ends of unknown RNAs uses Poly(A) Polymerase (PAP)
to add homoribopolymer tails—usually poly(A), but some-
times poly(C). After homopolymer tailing, hybridization
with the complement to the tail is often used for reverse
transcription. We compared the efficiency with which
Escherichia coli PAP adds A-tails to unmodified small RNAs
or to 2’'-O-methyl-modified RNAs. Measuring the propor-
tion of input RNA converted to higher-molecular-weight
species in polyadenylation assays (Fig. 1), we observed a
marked decrease in the conversion of 2’-O-methylated small
RNAs as compared to unmodified. Overall, 2'-O-methylated
small RNAs were converted to poly(A)" <20% as efficiently
as 2'-OH small RNAs.

Exploring further, we examined the 3'-terminal base pref-
erence of PAP. Oligonucleotides were of identical sequence
except the 3'-terminal nucleotide, which was varied to in-
clude 2'-O-methylated and unmethylated versions of all four
ribonucleotides. When these synthetic RNAs were polyade-
nylated, we observed a general preference of A=G>C>U
with all four unmodified nucleotides being adenylated within
twofold efficiency of each other. The 2’-O-methyl 3'-termini
were adenylated nearly 10-fold less efficiently than their
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FIGURE 1. Poly(A) polymerase and poly(U) polymerase tailing bias
against 2'-O-methylated small RNA 3’-ends. (A) Gel analysis of small
RNA polyadenylation. Products of poly(A) polymerase (PAP), or poly(U)
polymerase (PUP) polyadenylation reactions were resolved by dena-
turing PAGE and visualized by SYBR Gold staining. Tailing reactions
contained 21-nt RNAs that were unmodified (2'-OH) or 2'-O-methylated
(2'-O-Me) as indicated. (B) Quantification of 2’'-O-methyl 3'-end
nucleotide bias. Small RNA polyadenylation reactions using PAP or
PUP were performed on unmodified or 2’-O-methylated small RNAs
that terminated with A, C, G, or U. The extent of polyadenylation was
determined by densitometry. Plotted points represent the mean *
standard error of the mean (SEM); n = 3 experimental replicates.

unmodified counterparts with meG > meA = meU > meC
(Fig. 1 B).

Poly(U) polymerase (PUP) from Schizosaccharomyces
pombe is an essential gene that functions in regulated RNA
stability (for review, see Rissland and Norbury 2008). We tested
the relative efficiency with which PUP adenylated unmodified
or 2'-O-Me small RNAs. We observed a similar overall bias
against the extension of 2'-O-Me small RNAs, albeit to a smaller
magnitude than we observed with PAP. Examining the
3’-terminal base preference, we observed the general prefer-
ence A = G > C> U with less than twofold differences between
the unmodified nucleotides. For 2'-O-methylated termini,
meA was adenylated ~1.5-fold to fourfold less efficiently than
A, while meG = meU > meC; each being adenylated fourfold
to 10-fold less efficiently than unmethylated termini.

We noted that for the oligonucleotides we tested, those
terminating with U (Fig. 1A) were never 100% converted to

adenylated species. This was in contrast to similar oligonu-
cleotides that terminated with A, C, or G, for which we
observed complete polyadenylation (Fig. 1B). This might be
explained by minor differences in template utilization, and it
is possible that the addition of more enzyme might improve
the conversion of these oligonucleotides to adenylated
species (Sano and Feix 1976).

T4 RNA ligase 1 exhibits decreased ligation efficiency
using 2’'-O-methylated acceptor substrates
with pre-adenylated donors

An alternate approach to homopolymer addition is the
attachment of known sequence to the 3"-ends of small RNAs
of unknown sequence by ligation of adapter oligonucleotides
using RNA ligase. Enterobacteriophage T4 encodes two
distinct RNA ligases—T4 Rnll and T4 Rnl2. Both ligases
are members of the DNA ligase/mRNA capping, catalytic
domain superfamily of enzymes. T4 Rnll and T4 Rnl2 join
RNA 5'-PO, ends to 3'-OH ends using the same three-step
mechanism. In the first step, the ligase reacts with ATP to
form a covalent enzyme—AMP intermediate and pyrophos-
phate. In the second step, the AMP is transferred to the
5'-PO, to form an adenylated RNA intermediate (AppRNA).
In the final reaction, attack by an RNA 3’-OH on the AppRNA
promotes phosphodiester bond formation, releasing AMP
(for review, see Shuman and Lima 2004).

T4 Rnll and T4 Rnl2 are capable of using DNA ligation
donors (5'-PO, ends). T4 Rnll, but not T4 Rnl2, can use
a DNA acceptor (3'-OH) (Sugino et al. 1977; Hinton et al.
1978; McCoy and Gumport 1980), while T4 Rnl2 requires
2 ribonucleotide residues on the acceptor side of the ligation
junction (Nandakumar and Shuman 2004; Nandakumar
et al. 2004). The rates at which ligation is catalyzed for all
of the possible combinations of DNA and RNA acceptor
donor pairs have not been exhaustively compared, but those
that have been measured appear to vary greatly, and for both
ligases, the preferred substrates are RNAs (Bullard and
Bowater 2006).

T4 Rnll and T4 Rnl2 are divergent in primary amino acid
sequence outside of their core nucleotidyl transferase do-
mains. While the C-terminal domain of T4 Rnll functions
in its biological role of tRNA repair, the biological role of
T4 Rnl2 is unknown (for review, see Pascal 2008). The
C-terminal domain of T4 Rnl2 is implicated in step 2 of the
ligation reaction, and its deletion creates the requirement for
pre-adenylated donor molecules (Ho et al. 2004). Impor-
tantly, ligation reactions can be performed with full-length
T4 Rnll and with T4 Rnl2 in the absence of ATP if the donor
molecule (RNA or DNA) is pre-adenylated. Lau and col-
leagues, in some of the earliest small RNA cloning work, used
T4 Rnll and pre-adenylated DNA adapters to reduce self-
ligated RNA circles and concatemer ligation side products
in library creation since input RNA 5’-ends could not serve as
ligation donors (Lau et al. 2001). Because it is deficient in step
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2 of the ligation reaction (Ho et al. 2004), T4 Rnl2tr also has
the advantage of producing fewer circular RNA ligation
products, and its use has been reported for this purpose
(Aravin and Tuschl 2005).

The 2'-OH group on the 3'-terminus of the ligation
acceptor plays an important role in the ligation reaction
(Nandakumar and Shuman 2004). We were interested in the
efficiency with which T4 Rnll attaches a pre-adenylated
adapter to single-stranded small RNAs that were unmodi-
fied, or 2'-O-Me at the 3'-end. We tested conditions corre-
sponding to published protocols (Gu et al. 2009) and condi-
tions similar to those recommended by a commercial supplier.
We compared these to the relative efficiency of ligation of
identical oligonucleotides using an optimized protocol (see
below) that uses T4 Rnl2tr. We ligated a pre-adenylated 17-nt
DNA oligo (AppLinker in Fig. 2) to the 3'-end of chemically
synthesized 21-nt RNAs. The RNAs terminated with a uridine
residue that was either unmodified or 2’-O-methylated. In all
cases, we used a twofold molar excess of adenylated DNA
adapter and monitored conversion of the small RNA input to
ligated form.

We found that using a commercial supplier’s recommen-
ded conditions, with either 25% (w/v) PEG 8000 (condition
1) or 10% (v/v) DMSO (condition 2) as ligation enhancer,
61.3% * 4.94% and 37.0% * 12.0% of 2'-OH RNA was
converted to ligated species, respectively. Ligation efficiency
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FIGURE 2. RNA 3’-end attachment. (A) Comparison of optimized
T4 Rnl2tr ligation to published ligation conditions. Synthetic ssRNA
oligonucleotides with either 2'-hydroxyl (OH) or 2’-O-methyl (O-Me)
3’-ends were ligated to pre-adenylated DNA adapter (AppLinker) using
T4 Rnl2tr or T4 Rnll under different ligation conditions (conditions
1, 2, 3; detailed in Materials and Methods). Ligation products were
resolved and visualized by SYBR Gold staining. (B) Quantification of
ligation efficiency. Percent ligation refers to the amount of input RNA
converted to ligated species as measured by densitometry. Data points
represent the mean * SEM; n = 3 experimental replicates.
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decreased when the 3’-nucleotide of the input RNA was 2'-
O-methylated; decreasing to 37.7% = 1.66% and 10.2% =
3.91%. Using ligation conditions reported by the Mello lab
(condition 3), we observed 86.7% * 9.44% ligation of
unmodified RNAs. Ligation of 2’-O-methyl RNAs under
the same conditions was 29.5% * 2.67%. In contrast, under
our conditions using T4 Rnl2tr and 25% (w/v) PEG 8000
(detailed in Materials and Methods), we achieved 94.2% =+
2.67% ligation of unmodified RNA and 96.3% = 0.17% of
the 2'-O-methyl modified RNA. We routinely noted a faster
migrating species on SYBR Gold-stained gels of separated
ligation reactions that coincided with long incubation times
and higher concentrations of ligase. High concentrations of
T4 Rnl2tr produced less of the faster migrating band than
high concentrations of T4 Rnll. We attributed these species
to deadenylated DNA adapters (pLinker) since they co-
migrated with 5'-phosphorylated, 3"-amine-blocked oligo-
nucleotides of identical sequence to our pre-adenylated
adapter, and their formation is inhibited by including ATP in
the reaction buffer (Supplemental Fig. S1).

Considered together, we interpreted these data to indicate
that buffer conditions, ligation enhancers, time, and temper-
ature of ligation can have a marked effect on overall ligation
efficiency of small RNAs with adenylated DNA adapters
using T4 Rnll. Modulating these conditions has differential
effects on the efficiency with which 2’-O-Me small RNAs are
ligated.

We extended our analysis to examine the effect of 3'-end
nucleotide identity on the joining of adenylated DNA
adapters to small RNA. Using input small RNAs identical
to those used in our polyadenylation experiments (Fig. 1), we
ligated adenylated DNA adapters with either T4 Rnll using
condition 3 above or T4 Rnl2tr, and compared the efficiency
of ligation of small RNAs terminating in unmodified or
2'-O-methyl-modified A, C, G, or U. Using optimized con-
ditions with T4 Rnl2tr, we obtained 100% ligation regardless
of 3’-nucleotide identity or methylation at the 2'-position
(Fig. 3). We did not observe joining adenylated DNA
adapters to unmodified RNA 3'-ends using T4 Rnll to be
disfavored for any base under these conditions. However,
we consistently observed decreased ligation efficiency when
RNA 3'-ends were 2'-O-methylated. Furthermore, we ob-
served a nucleotide-specific bias against ligation to an RNA
acceptor with a 2’'-O-methylated 3'-end with C=G > A > U.
Compared to the ~100% ligation efficiency of unmethylated
RNAs, ligation of 2’'-O-methyl RNAs terminating with A,
C, G, or U was reduced to 63.0% = 3.9%, 78.8% = 3.2%,
72.0% = 2.6%, and 36.0% * 1.3%, respectively.

We take these results to indicate that T4 Rnll joining a pre-
adenylated DNA adapter to an RNA displays a nucleotide
bias for RNA 3'-end acceptors that is evident when the
2'-position is methylated. The bias is not apparent when
RNA 3'-ends are unmodified. T4 Rnl2, under optimized con-
ditions, does not exhibit bias based on 3’-end 2’-methylation
or base identity.
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FIGURE 3. RNA 3’-end adapter ligation bias against 2’-O-methylated
small RNA 3’-ends. Synthetic ssRNA oligonucleotides with either
2'-hydroxyl (OH) or 2'-O-methyl (O-Me) 3’-ends and different
3'-terminal nucleotides (A, C, G, or U) were ligated to a pre-adenylated
DNA adapter (AppLinker) using either T4 Rnl2tr or T4 Rnll. Ligation
products were resolved and visualized by SYBR Gold staining. Percent
ligation refers to the relative amount of input RNA converted to ligated
species as measured by densitometry. Data points represent the mean *
SEM; n = 3 experimental replicates.

Optimized conditions for 3’-ligation using T4 RNA
ligase 2 truncated

Since we observed that ligation of pre-adenylated DNA
adapters to small RNAs with T4 Rnl2tr had significant ad-
vantages over the same ligations using T4 Rnl1, we optimized
the conditions for small RNA 3’-ligation using T4 Rnl2tr.

We first analyzed the efficiency of small RNA ligation
to adenylated DNA adapters at various temperatures using
buffer conditions as described in Materials and Methods with
12.5% (w/v) PEG 8000 in 2 h and overnight reactions. We
monitored the conversion to higher-molecular-weight spe-
cies of input RNA in ligation reactions containing twofold
molar excess of adenylated DNA adapter. In 2-h reactions we
observed that a decreasing proportion of small RNA was
ligated as temperatures were increased from 4°C to 37°C
(Fig. 4A). We noted a striking decrease in the ligation effi-
ciency of 2’-O-methyl RNA as compared to unmodified
RNAs after 2 h, even at lower temperatures. Extending the
incubation to 18 h lessened this marked discrepancy.
Efficiency of 2'-OH or 2'-O-Me RNA ligation to adenylated
DNA adapters was approximately equivalent when incu-
bated overnight below 16°C.

PEG is a well-known enhancer of intermolecular ligation
and is thought to effectively increase the concentration
of donor and acceptor ends by macromolecular crowding
(Harrison and Zimmerman 1984). We examined the impact

of increasing the concentration of PEG 8000 in ligation
reactions containing unmodified or 2'-O-methylated RNA
and adenylated DNA adapter. Reactions contained 200 units
of enzyme and proceeded for either 2 h or 18 h at 22°C or
16°C (Fig. 4B). In general, increasing the concentration of
PEG increased the efficiency of ligation of both modified
and unmodified RNAs. Ligation efficiency approached 100%
with 25% (w/v) PEG 8000 for all times, temperatures, and
regardless of 2’ -modification. Differences in ligation efficiency
between unmodified and 2'-O-methyl-modified small RNAs
became apparent when ligation reactions contained decreased
concentrations of PEG 8000 or were incubated for reduced
time (less than overnight) or at elevated temperature.

We then examined the effect of ligase concentration on
ligation of unmodified of 2’-O-methylated small RNA to
adenylated DNA adapters. Reactions were incubated for 2 h
at room temperature as described in Materials and Methods.
By monitoring the conversion of input RNA to ligated species
under conditions of excess adapter, we observed, in general,
that increasing the concentration of T4 Rnl2tr increased the
efficiency of small RNA ligation. As shown in Figure 4C,
ligation was maximal for unmodified small RNAs using 100
units of enzyme. For 2’-O-methyl-modified RNAs, extent of
ligation was maximal at 200 units of enzyme.

Considered together with results guiding RNA ligase choice
in the previous section, these data guide the following rec-
ommendation for efficient and unbiased 3’ -adapter ligation of
small RNAs in ¢cDNA library construction. Ligations should
use T4 Rnl2tr in reactions containing a two- to fivefold molar
excess of adenylated DNA adapter with 25% (w/v) PEG 8000
and be incubated overnight at 16°C.

Reverse transcription through 2’-O-methyl ligation
junctions is impaired

Reverse transcriptase (RT) is known to be sensitive to 2'-O-
methyl residues in RNA templates. In fact, this sensitivity can
be used to map methylation sites on RNAs. 2’-O-methyla-
tion mapping uses AMV or M-MuLV RT under conditions
of low dNTP concentration to detect methylation sites by
truncation of primer extension products (Maden et al. 1995).
We asked whether, under standard RT conditions, reverse
transcription over ligation junctions such as those produced
in small RNA 3’-ligation reactions would be impaired for
3’-terminal 2'-O-methyl small RNAs.

We hybridized a chimeric RNA/DNA similar to a small
RNA ligation product to a 5'-fluorescently labeled DNA RT
primer as shown schematically in Figure 5A, and reverse-
transcribed the chimera using 50 U of wild-type M-MuLV
under standard conditions. Extension products were resolved
and quantified to examine the effect of a single 2’-O-methyl
residue at the ligation junction. Comparing primer extension
on templates that did not contain a 2'-O-methyl residue to
templates that did, we observed that primer extension by
M-MuLV was impaired to a small degree (Fig. 5B,C). We
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FIGURE 4. Optimization of RNA 3’-end adapter ligation. (A) Temperature optimization. Synthetic ssRNA oligonucleotides with either 2’-
hydroxyl (OH) or 2'-O-methyl (O-Me) 3'-ends were ligated to pre-adenylated DNA adapters (Linker) at different temperatures for either 2 or 18
h with 200 units of T4 Rnl2tr or without enzyme (—; input control). Ligation products were resolved and visualized by SYBR Gold staining.
Ligation efficiency at varying temperatures is graphically represented as the mean * SEM of four independent experiments. (B) Polyethylene
glycol (PEG) as a ligation enhancer. Ligations were performed in the presence of varying concentrations of polyethylene glycol 8000 (PEG). Final
concentrations in the reaction were 6.25%, 12.5%, and 25% (w/v). Ligation reactions were incubated for either 2 h or 18 h at 22°C or 16°C as
indicated using 200 units of T4 Rnl2tr. (—) Indicates the absence of ligase. Ligation efficiency at varying concentrations of PEG 8000 is graphically
represented as the mean * SEM of three independent experiments. (C) Enzyme concentration. Ligations were performed using increasing
amounts truncated T4 Rnl2tr (0, 10, 50, 100, 200, 500, 1000 units) in a reaction buffer containing 25% PEG 8000 (w/v) for 2 h at room temperature.
Ligation efficiency using increasing amounts of enzyme are graphically represented as the mean *= SEM of three independent experiments.

examined the impairment in greater detail, titrating the
concentration of the enzyme in primer extension reactions
on unmodified templates or templates that contained a 2’-
O-methyl residue at the ligation junction. We observed
that impairment of reverse transcription through the 2'-
O-methyl junction was more pronounced under condit-
ions of low enzyme concentration (Fig. 5B) and that increas-
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ing the enzyme concentration to 200 U of M-MuLV reduced
the difference in primer extension over the two junctions
(Fig. 5C). Increasing the concentration of dNTPs or MgCl,
did not improve the efficiency of reverse transcription
over 2'-O-methyl junctions (Supplemental Figs. S2, S3).
Moving the 3'-terminus of the RT primer 3 nt 3’ of the
ligation junction with respect to the template strand had no
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FIGURE 5. Impairment of reverse transcription across 2'-O-methyl
residues in small RNA ligation products. (A) Schematic representation
of reverse transcription reactions. 5'-End IRDye 700 labeled reverse
transcription primers were hybridized to a chimeric single-stranded
RNA/DNA oligo that mimics 3’-ligated small RNAs. The RNA residue
adjacent to the 5'-most DNA residue was either 2’'-O-methyl, or
2'-hydroxyl as indicated. (Gray) The RNA part of the oligo; (black)
the DNA; (star) IRDye 700; (dashed line) cDNA. (B) M-MulLV
Reverse transcriptase titration. Reverse transcription was performed
using increasing amounts of M-MuLV-RT (0, 10, 20, 50, 100, and
200 units). Primer extension products were resolved by denaturing
PAGE and visualized by IR fluorescence imaging. (—) No enzyme.
(C) Reverse transcription efficiency. Reverse transcription efficiency
of 2’-OH and 2'-O-Me templates was quantified by densitometry
of scanned gels. Percent maximum yield refers to the proportion of
extension products normalized for the molar excess of primer over
template. The data shown represent the mean = SEM of two independent
experiments.

appreciable effect on the production of full-length tran-
scripts. Instead, we observed an accumulation of RT primers
that were extended 3 nt, which coincided with the position of
the methylated nucleotide in the reverse transcription
template (Supplemental Figs. S2-S4).

Comparing wild-type M-MuLV to AMV and RNase H™
variants of M-MuLV RT showed no appreciable advantage
to any of the enzymes with regard to the production of
full-length reverse transcripts from templates containing
2'-O-methyl junctions versus unmodified junctions (Supple-
mental Fig. S4). However, differences in the accumulation of
truncated reverse transcripts that corresponded to 3-nt exten-
sions noticeably differed. AMV RT did not produce appreciable
amounts of truncated reverse transcripts that were prominent
in wild-type and variant M-MuLV RT reactions. The increased
recommended reaction temperature of the thermostable
RNase H™ M-MuLV RT reaction had no discernable benefit
for extension through 2’-O-methylated ligation junctions.

Together, we interpret these data to indicate that in addition
to 3'-RNA ligation, reverse transcription of ligation products
is another potential source of bias against 3'-terminally, 2’'-
O-methyl-modified RNA species. Modification of reverse tran-
scription conditions, by using either AMV RT or increased
concentrations of M-MuLV RT, equalizes primer extension
efficiency across 2’-O-methylated residues.

Ligation efficiency of RNA and DNA ligases
for single-stranded adapter ligation to reverse
transcription products

To facilitate the capture of mixtures of RNAs with hetero-
geneous 5'-ends, Pak and Fire (2007) recently described a
library creation protocol that ignores 5'-modifications. In
their approach, a second adapter is attached to the 3’-end of
the cDNA instead of to the 5’-end of the small RNA.

Ligation of an adenylated DNA adapter to cDNA 3’-ends
in double-stranded molecules composed of chimeric RNA/
DNA ligation product hybridized to a nascent reverse tran-
script (Fig. 6A) is an “off-label” use for commercially avail-
able ligases. We tested the activity of T4 DNA ligase, T4 Rnl1,
T4 Rnl2, and T4 Rnl2tr to promote the ligation of these
molecules under various reaction conditions. The donor
for the ligation reaction was a 24-nt pre-adenylated DNA
adapter, blocked at the 3’-end with an amine group, and
the acceptors were synthetic oligonucleotides that mimic
reverse transcription products of 3’-ligated small RNAs (Fig.
6A). The cDNA strand mimic (acceptor) was labeled at
the 5'-terminus with IRDye 700. Duplex oligonucleotides
were treated with Exonuclease I to remove single-stranded
oligos from the hybridization mixture, and ligations were
performed with a twofold excess of adapter to acceptor.
We monitored the conversion of the labeled cDNA strand
to higher-molecular-weight species by denaturing gel
electrophoresis.

We observed that all of the ligases tested were able to
catalyze the reaction, albeit to vastly different extents (Fig.
6). T4 Rnll and T4 Rnl2tr had the highest activity in
these ligations, and activity was stimulated by adding 25%
PEG 8000. Figure 6A illustrates the relative activity of
T4 Rnll, Rnl2, Rnl2tr, and T4 DNA ligase under various
conditions with a fully double-stranded substrate. We con-
sidered any IRDye 700 signal that migrated more slowly
than the input to be a ligation product for quantification
purposes.

Ligation efficiencies for T4 Rnll using published condi-
tions (Lau et al. 2001; Pak and Fire 2007) and NEB T4 Rnll
buffer without ATP were 0.35% = 0.18%, and 0.32% =
0.07%, respectively (Fig. 6A, lanes 2,3). Adding 25% PEG
8000 to the reaction increased ligation efficiency to 61.03% =
5.8% (Fig. 6A, lane 4). T4 RNA ligase 2 with 25% PEG 8000
ligated 7.55% = 3.6% of this substrate (Fig. 6A, lane 5). T4
Rnl2tr ligated 33.27% * 12.6% of the substrate and pro-
duced higher-molecular-weight species, possibly resulting
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from ligation of the 5'-end of the RNA with the adjacent
3’-end of the cDNA (Fig. 6A, lane 6). T4 DNA ligase
was ineffective at joining pre-adenylated adapters to this
double-strand structure (Fig. 6A, lane 7), ligating 1.0% =
0.4% of the molecules. Mixing T4 Rnll and T4 DNA ligase
did not improve ligation efficiency (35.95% = 3.0%) (Fig.
6A, lane 8).

We asked whether treatment of double-stranded ligation
acceptor with RNase H before ligation would increase the
efficiency of the reaction (Fig. 6B). We observed a generally
similar activity profile for the ligases on this acceptor
substrate. T4 Rnll in the absence of PEG had negligible
activity (0.38% = 0.1% and 0.35% = 0.2% for Rnll with
glycerol and Rnll, respectively). Including 25% PEG 8000
increased the efficiency of T4 Rnll to 73.4% * 7.6%. T4
Rnl2 in the presence of PEG ligated 25.0% = 3.3% of the
substrate molecules, and T4 Rnl2tr ligated 58.2% = 9.0%
of the molecules. T4 DNA ligase was inefficient at pro-
moting ligation, joining 1.1% * 0.5% of the substrate.
Mixture of T4 DNA ligase with T4 Rnll ligated 16.8% =
5.7% of input.

Finally, we tested the ligation activity of this panel of ligases
on single-stranded acceptor DNA molecules (Fig. 6C). On
the whole, all of the ligases that we tested under these con-
ditions ligated single-stranded substrates more poorly. With-
out PEG, T4 Rnll had minimal activity. The addition of PEG
increased ligation to 7.95% = 1.3%. T4 Rnl2, and T4 Rnl2tr
joined 0.69% = 0.3% and 2.06% = 0.1%, respectively. T4
DNA ligase was the most efficient, ligating 24.9% *+ 6.1% of
the substrates, while a mixture of T4 DNA ligase and T4 Rnl1
ligated 16.84% = 0.2% of input molecules.

We noted that the input (Fig. 6A, lane 1) and the ligation
products (Fig. 6A, lanes 4,7,8) appeared as heterogeneous
bands. We attribute this heterogeneity to partial reanneal-
ing of the duplexes, since we did not observe them when
ligation inputs were first treated with RNase H (Fig. 6B)
or were single-stranded (Fig. 6C). In ligations that used T4
Rnl2tr with fully double-stranded, or RNase H-digested
double-stranded cDNA (Fig. 6A,B, lane 6), we routinely
noted the formation of ligation products that migrated
with larger apparent size. Although these species contain
at least one IR Dye 700 label, their precise nature is not
known.

We conclude from these data that T4 Rnl1 in the presence
of 25% PEG 8000 ligates single-stranded pre-adenylated
adapters to RT products with the highest efficiency, and
fewest side-ligation products. Furthermore, we recommend
ligation when the RT product is in a double-stranded struc-
ture. Digestion of the ligation acceptor substrate with RNase
H would disrupt the A-form helix that arises in a DNA/RNA
hybrid, possibly to yield sequence-dependent, heteroge-
neous, single-stranded structures. We suggest that perform-
ing the ligation reaction using the double-stranded hybrid
may maintain the A-form helical structure regardless of pri-
mary sequence and provide more consistent ligations.
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High-efficiency ligation using T4 Rnl2tr reduces
2’-O-methyl capture bias in cDNA pools

Our observations detailed in the previous sections led us to
hypothesize that 2’-O-methylated small RNA species would
be under-represented in cDNA pools made using strategies
that use T4 Rnl1 in the first step. We tested this hypothesis by
ligating adenylated adapters to size-fractionated small RNA
from mouse testes, which is known to contain mixtures of
miRNAs and piRNAs. We performed the first ligation using
T4 Rnll or T4 Rnl2tr. Reverse transcription of ligated RNA
used 5'-extended primers that provided a priming site for
qPCR. We quantified the amount of cDNA corresponding to
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piRNAs and miRNAs known to be expressed in mouse testes
using specific forward primers and a common reverse primer
(Fig. 7A).

We normalized the levels of mouse piRNAs and micro-
RNAs to levels of microRNA 125b within each pool and
expressed the levels detected with T4 Rnl2tr relative to those
detected in ¢cDNA pools prepared with T4 Rnll. We con-
firmed the equivalent efficiency of ligating an adenylated
adapter to miR-125b using T4 Rnl1 and T4 Rnl2tr in gel-based
assays (Supplemental Fig. S5). piR-100127, piR-140075, piR-
1L, piR-126274, and piR-142227 were recovered 3.77 = 0.43—,
4.01 £0.94-,2.88 £ 0.31—,3.08 = 0.45—,and 3.00 = 0.38—fold
more, respectively, in cDNA pools prepared with T4 Rn2tr
(Fig. 7B). The observed level of enrichment for these piRNAs
was significantly different from 1—the mean predicted by the
null hypothesis (p < 0.05). In contrast, enrichment of miR-16,
miR-143, and miR-34c in T4 Rnl2tr-prepared cDNA pools
was 0.79 £ 0.3—,1.7 = 0.5, and 1.58 * 0.2—fold, respectively,
not significantly different from the hypothesized mean of 1.

We confirmed our qPCR results by Northern blot analysis
of ligated small RNAs (Supplemental Fig. S6). Ligation
reactions that used mouse testis small RNA and pre-adenyl-
ated DNA adapters with either T4 Rnll or T4 Rnl2tr were
separated by denaturing PAGE and hybridized with small
RNA-specific probes. We observed equivalent hybridization
signal for ligated mmu-mir-125b when small RNAs were
ligated with T4 Rnll or T4 Rnl2tr. The entire hybridization
signal for the small RNAs migrated with higher apparent
molecular weight than no ligase control reactions when T4
Rnl2tr was used. However, the higher-molecular-weight
hybridization signal was markedly decreased for the piRNAs,
but not mmu-mir125b, in where T4 Rnl1 was used to attach
the pre-adenylated DNA adapter. This decrease corre-
sponded to an increase in hybridization signal that comi-
grated with the signal from no ligase control reactions.

FIGURE 6. Ligation of adenylated adapters to cDNA 3’-ends. Pre-
adenylated DNA oligonucleotides were ligated to synthetic double-
stranded, partially double-stranded, or single-stranded oligonucle-
otides that mimic reaction products from reverse transcription
of 3’-end ligated small RNAs. In the schematic representations of
ligation inputs shown: (black lines) DNA; (gray lines) RNA; (star)
IRDye 700. (A) Ligation of pre-adenylated DNA adapters to double-
stranded reverse transcription products. Ligation products were sep-
arated by denaturing PAGE and visualized by IR fluorescence
scanning. Ligation efficiency was determined as described in the
Materials and Methods and is presented as the mean = SEM of
three independent experiments. Incubation and buffer conditions are
detailed in the Materials and Methods section. (B) Ligation of pre-
adenylated adapters to RNase H-treated reverse transcription products.
The efficiency of ligation of pre-adenylated DNA adapters to RNase
H-treated substrates is represented graphically as the mean * SEM of
three independent experiments. Ligase, buffer composition, and incuba-
tion conditions correspond to those in panel A. (C) Ligation of pre-
adenylated adapters to single-stranded DNA oligonucleotides. The
efficiency of ligation of pre-adenylated DNA adapters to synthetic
single-stranded DNA oligonucleotides is represented graphically as the
mean * SEM of three independent experiments. Ligase, buffer com-
position, and incubation conditions correspond to those in panel A.

These results supported our hypothesis that 2'-O-meth-
ylated small RNAs in biological samples are under-repre-
sented in cDNA pools prepared with T4 Rnll as compared to
those prepared with T4 Rnl2tr.

To further test the hypothesis that 2’'-O-methyl-modified
small RNAs are under-represented in cDNA libraries, we
performed a cloning experiment in which synthetic small
RNA, either 2’-O-methyl modified or not at their 3'-termini,
were starting material in a cDNA library construction ap-
proach guided by our findings detailed above. We began with
equimolar mixtures of synthetic RNAs that had identical
sequence composition but were distinguishable by swapping
the bases at positions 10 and 11 (Fig. 7C). Small RNA pools
were ligated to pre-adenylated DNA adapters using T4 Rnll,
or T4 Rnl2tr using optimized conditions. Ligation products
were cloned and subjected to Sanger sequencing as detailed in
the Materials and Methods.

We sequenced a total of 248 ligation junctions from three
experimental replicates. One hundred twenty-seven junc-
tions ligated with T4 Rnll, and 121 ligated with T4 Rnl2tr.
Beginning with an equimolar mixture of modified and un-
modified small RNAs, we observed that 30% of clones from T4
Rnl1-prepared libraries corresponded to 2'-O-methylated in-
put RNA. Performing the initial ligation with T4 Rnl2tr in-
creased the proportion of recovered 2’'-O-methyl-modified
RNA to 43% (Fig. 7D). The ratio of 2’'-O-methyl RNA to
2’-OH RNA ligation junctions differed significantly from
the expected ratio (p = 6.97 X 10~°) in the T4 Rnl1 libraries,
whereas the deviation from the ratio was not significantly
different for T4 Rnl2tr libraries (p = 0.145). We did not observe
significant differences in ratios between experimental replicates
within a group. Reflecting this observation, P-values of the
heterogeneity G-values between experimental replicates using
the replicated G-test of goodness-of-fit were 0.52 and 0.56 for
T4 Rnll and for T4 Rnl2tr libraries, respectively.

We interpret these results to indicate that 2'-O-methyl-
modified RNAs are under-represented in small RNA library
preparation using T4 Rnll. This bias is minimized when T4
Rnl2tr is used under optimized conditions.

We did not observe evidence of untemplated nucleotide
addition to cDNA 3'-ends in our sequencing data. Others
have reported and used the untemplated addition of C’s,
which are used for producing double-stranded cDNA librar-
ies by adding 3'-GGG-containing primers for second-strand
synthesis. The template switching approach uses modified
reaction conditions or mutant M-MuLV RT (Cloonan et al.
2008). Untemplated nucleotides introduce a degree of un-
certainty as to the precise identities of small RNA 5’-ends that
must be taken into account for discovery and mapping.

DISCUSSION

Experimental approaches for discovery, detection, and
quantification of small RNAs should aim to be as repre-
sentative as possible. This study examined the impact of
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FIGURE 7. Under-representation of 2'-O-methylated small RNAs in cDNA pools. (A) Schematic representation of ligated small RNA qPCR.
Size-fractionated small RNA from mouse testis was ligated to a pre-adenylated DNA adapter. The RT primer contained a 5'-overhang region that
provides a PCR priming site. QPCR was performed for specific small RNA targets in the pools using unique forward primers with a common
reverse primer. (B) Relative quantification of ligated small RNA. Normalized amounts of small RNAs in ¢cDNA pools were compared in cDNA
pools prepared using T4 Rnll and T4 Rnl2tr. Signals corresponding to small RNAs in T4 Rnl2tr pools are shown as means * SEM of three or
more experimental replicates relative to signal from T4 Rnll cDNA pools. (C) Schematic representation of cloning workflow. Equimolar mixtures
of unmodified or 2'-O-methylated 21-nt RNAs were ligated to a pre-adenylated DNA adapter. Input RNAs were distinguishable by reversal of the
nucleotides at positions 10 and 11 (bold). Samples were further processed in parallel and subjected to sequence analysis. (D) Quantification of
sequenced small RNAs. Identities of recovered clones corresponding to input small RNAs were scored in a blinded fashion. Proportions of cDNAs
arising from unmodified or 2’'-O-methylated RNA sequenced were compared to an expected recovery ratio of 1:1 using the exact binomial test.
P-values from these tests are shown below (n = 3 experimental replicates, 248 ligation junctions sequenced).

2'-O-methylation—a common small RNA modification—
on the representation of small RNAs in ¢cDNA libraries for
detection, quantification, and discovery. We assessed the
efficiency and 2'-O-methyl bias of homoribopolymer tailing,
DNA adapter ligation, and reverse transcription, optimizing
reactions where necessary. We further optimized adenylated
DNA linker ligation to first-strand cDNA to enable
5'-ligation-independent small RNA library creation.

Our results confirm earlier observations of inefficient
tailing of 2'-O-methyl RNAs using PAP (Ebhardt et al.
2005; Yang 2006) and indicate that PUP displays a similar
bias. In addition, we observed a small bias against adenyla-
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tion of 2'-OH RNA containing U as the 3'-base using both
PAP and PUP. We conclude that polyadenylation of small
RNAs for library creation will result in libraries that largely
under-represent small RNAs that terminate in 2'-O-methyl
nucleotides and will be biased against 3'-terminal U RNAs.
For quantification experiments of small RNAs known to be
unmethylated, 3’-polyadenylation may suffice, but will un-
der-represent small RNAs that terminate in U. Clearly, the
use of polyadenylation for small RNA discovery is not ideal
since entire classes of small RNAs may be ignored.

We approached our analysis of 3'-adapter ligation effi-
ciency hoping to improve established protocols. Our analyses



Representative cDNA pools

revealed that the impairment of adenylated DNA adapter
attachment to 2'-O-methyl small RNA using T4 Rnll is ad-
ditionally influenced by reaction conditions and by base
composition. These findings expand and update an earlier
report that ligation of an RNA adapter to 2'-O-methyl
RNA 3'-ends using T4 Rnll is impaired (Ebhardt et al.
2005). Our comparisons showed that published methods of
ligating pre-adenylated DNA adapters to the ends of small
RNAs with T4 Rnll varied greatly with respect to the
efficiency of ligation to both 2'-OH and 2’-O-methyl RNAs,
indicating that sequencing-based measures of quantifica-
tion of cDNA library members should be interpreted with
caution.

We optimized conditions to capture 100% of small RNAs
regardless of 2'-O-methyl modification or 3’-terminal base
identity using T4 Rnl2tr. It is possible that conditions for
Rnll-mediated ligation could be found that would similarly
minimize attachment efficiency, but the advantage afforded
by Rnl2tr in terms of reduced undesired ligation side pro-
ducts is clear.

How does a 3’-end 2'-O-methyl group inhibit the ligation
activity of the T4 RNA ligases? It is clear the 2’-position of the
ligation acceptor plays an important role in phosphodiester
bond formation between the 3'-OH and the adenylated
5’-acceptor for T4 Rnl2 since replacement of the 2'-OH with
2'-H slows nick sealing by a factor of at least 25 for full-length
T4 Rnl2 on a double-stranded substrate (Nandakumar and
Shuman 2005). However, the 2'-position of the 3'-terminal
residue is unimportant for nick recognition, and ligation
is clearly possible when the 3'-end of a nicked substrate is
2'-O-methylated (Nandakumar and Shuman 2004; this
study). Postulated roles for the 2'-OH on the 3'-nucleotide
include coordination of the AMP phosphates on the ligation
donor, assistance in activation of the adjacent 3'-OH for
attack on the 5'-P at the ligation junction, or indirect in-
fluence on the conformation of the furanose sugar pucker on
the terminal residue (Nandakumar and Shuman 2004). Be-
cause our data show that extended incubations using in-
creased enzyme concentration and ligation enhancers equal-
ize the efficiency with which 2'-O-methyl RNAs are ligated,
we would argue that replacement of the 2’-OH with 2’-
O-methyl slows phosphodiester bond formation in single-
stranded ligations.

Pausing of reverse transcriptase opposite modified ribo-
nucleotides is known and has been exploited for mapping
sites of 2’'-O-methylation on ribosomal RNA. Consistent
with previous studies of rRNA (Maden et al. 1995), our data
indicated that reverse transcription over modified ligation
junctions is impaired—even when dNTPs are not limiting.
This is similar to some, but not all, sites of 2’-O-methylation
in animal rRNA (Maden et al. 1995). Thus, 2'-O-methylation
of small RNA 3’-ends may impair representation in cDNA
libraries by also reducing reverse transcription. It remains to
be seen whether other modifications such as pseudouridyla-
tion, or base modifications are also present, and as of yet

unrecognized, in small RNA repertoires because of under-
representation in cDNA libraries.

Recent reports have suggested that quantification of small
RNAs by high-throughput sequencing or by microarray can
appear variable depending on the methods used (Bissels et al.
2009; Linsen et al. 2009). Because these studies have used
synthetic input small RNAs and known concentrations,
differences in detection are likely attributable to complicated
sequence preferences of the enzymes used for labeling and
ligation—a phenomenon observed almost 30 years ago
(Romaniuk et al. 1982). These sequence preferences appear
not to be limited to the termini of small RNAs, as single
nucleotide differences in the middle of otherwise identical
oligonucleotides resulted in significantly different recovery
(Linsen et al. 2009). Our recommendations for small RNA
library preparation include the use of molecular crowding
agents and extended incubations that result in the efficient
ligation of suboptimal ligation substrates that bear 3’ -terminal
2'-O-Me groups. It is plausible that these conditions may also
improve the capture of difficult-to-ligate sequences. Further
studies will address whether the improvements that we report
here also aid in the more complete and equal representation
of all sequence variants in sequencing libraries and labeled
molecular pools.

If small RNA 5'-modifications are known and can be con-
verted to 5'-monophosphates, current 5'-ligation-dependent
approaches will capture them, at least to some degree. Recent
reports of naturally occurring small-molecule 5'-RNA conju-
gates such as CoA derivatives and NAD (Chen et al. 2009;
Kowtoniuk et al. 2009) indicate that RNAs may be modified
in unexpected ways that could result in their invisibility to
current high-throughput sequencing library preparation tech-
niques. This underscores the need for cDNA library construc-
tion that is insensitive to 5'-end modifications and the de-
velopment of molecular biology tools to detect, analyze, and
manipulate a range of RNA modifications.

Our findings are theoretically applicable beyond the scope
of small RNAs and may enable further discoveries in regula-
tory RNA discovery and analysis, especially when RNA ends
are not ideal for sequence attachment.

MATERIALS AND METHODS

Oligonucleotide substrates, adapters, and primers

Oligonucleotides were synthesized at Integrated DNA Technologies.
To produce adenylated DNA adapters by enzymatic adenylation,
5'-phosphorylated adapters were annealed to complementary de-
oxyoligonucleotides to form 3’-overhang structures by incubating
the mixture for 15 min at 95°C, transferring it for 15 min to 37°C,
and allowing it to cool to room temperature over a 60-min period.
Ten nanomoles of the annealed oligonucleotide mixture was in-
cubated with 100,000 units of T4 DNA ligase (2000 units/pL; New
England Biolabs) in 1X quick ligation reaction buffer for 18 h at
room temperature in a final volume of 250 w.L.
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3’-small RNA Adapter: 5'-P-GCTCGTATGCCGTCTTCTGCTT
G-NH,-3'

3’-small RNA Adapter Template: 5'-CAAGCAGAAGACGGCATA
CGAGCAACCGATTTCAGATGGTGCTA-3’

3’-cDNA Adapter: 5'-P-CAACCGTCGGATCGTCGAGCTGTAG
AACTCTG-NH,-3'

3'-cDNA Adapter Template: 5'-CAGAGTTCTACAGCTCGACGA
TCCGACGGTTGAACCGATTTCAGATGGTGCTA-3’

Adenylated species were gel-purified before use.

Gel analyses

All denaturing polyacrylamide TBE-Urea gels were prepared using
SequaGel reagents (National Diagnostics) following the manufac-
turer’s instructions. Samples were prepared in 2X RNA denatur-
ing loading buffer (95% formamide, 18 mM EDTA, 0.025% SDS,
bromophenol blue, and xylene cyanol) and denatured for 5 min at
90°C and then placed on ice prior to loading. Gels were stained
with SYBR Gold Nucleic Acid Gel Stain (Life Technologies) for
15 min and visualized on a Typhoon 9400 Variable Mode Imager
(GE Healthcare Biosciences Corp.). For IRDye labeled samples,
gels were scanned using the Odyssey Infrared Imaging System
(LI-COR, Inc.).

RNA 3’-polyadenylation and polyuridylation

Ten picomoles of synthetic ssSRNA oligonucleotides with either
2'-hydroxyl or 2'-O-methyl 3'-ends and different 3’ terminal
nucleotides:

rA-OH: 5'-P-rArGrCrArGrUrGrGrCrUrGrGrUrUrGrArGrArU
rUrA-3’

rA-O-Me: 5'-P-rArGrCrArGrUrGrGrCrUrGrGrUrUrGrArGrArU
rUmA-3’

rC-OH: 5'-P-rArGrCrArGrUrGrGrCrUrGrGrUrUrGrArGrArU
rUrC-3'

rC-O-Me: 5'-P-rArGrCrArGrUrGrGrCrUrGrGrUrUrGrArGrArU
rUmcC-3’

rG-OH: 5’-P-rArGrCrArGrUrGrGrCrUrGrGrUrUrGrArGrArU
rUrG-3’

rG-O-Me: 5'-PrArGrCrArGrUrGrGrCrUrGrGrUrUrGrArGrArU
rUmG-3’

rU-OH: 5'-P-rArGrCrArGrUrGrGrCrUrGrGrUrUrGrArGrArU
rUrU-3’

rU-O-Me: 5'-P-rArGrCrArGrUrGrGrCrUrGrGrUrUrGrArGrArU
rUmU-3’

were polyadenylated using E. coli Poly(A) Polymerase (New
England Biolabs Inc.), or Poly(U) Polymerase (New England
Biolabs Inc.) using their respective reaction buffers for 30 or 60
min at 37°C. Reactions were terminated by the addition of 2X
loading buffer (95% [v/v] formamide, 18 mM EDTA, 0.025% [w/v]
SDS), and products were separated by gel electrophoresis. The
extent of RNA adenylated was calculated by quantifying the percent
of unextended input RNA remaining, normalizing to the internal
control DNA oligo, and subtracting this number from 100%.

Comparison of small RNA ligation conditions

Synthetic ssRNA oligonucleotides (21-mer; 5'-P-rArGrCrArGrUr
GrGrCrUrGrGrUrUrGrArGrArUrUrU-3") with either 2’-hydroxyl
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or 2'-O-methyl 3’-ends were ligated to the Universal miRNA
Cloning Linker (AppLinker; New England Biolabs Inc.)—5’- rApp
CTGTAGGCACCATCAAT-NH,-3'—using 200 units of trun-
cated T4 RNA ligase 2 in 1X reaction buffer (50 mM Tris-HCI,
2 mM MgCl,, 1 mM DTT at pH 7.5, 25°C) containing 25% (w/v)
PEG for 18 h at 16°C or T4 Rnll under different ligation con-
ditions. Condition 1 was 1 unit of T4 Rnll (Epicentre Bio-
technology) in 1X reaction buffer without ATP (33 mM Tris-
acetate at pH 7.8, 66 mM potassium acetate, 10 mM magnesium
acetate, and 0.5 mM DTT) containing 25% (w/v) PEG. Condition
2 was similar to condition 1 except that 10% (v/v) DMSO was
substituted for PEG. Conditions 1 and 2 included incubation for
2 h at room temperature, mimicking ligation conditions recom-
mended by Integrated DNA Technologies. Condition 3 used 30
units of T4 Rnll (New England Biolabs Inc.) in 1X reaction buffer
(50 mM Tris-HCI at pH 7.5, 10 mM MgCl,, 10 mM DTT, 60
pg/mL BSA) containing 10% DMSO for 2 h at room temperature,
followed by transfer for 18 h to 4°C. These reaction conditions
were similar to those recommended by the Mello Lab (University
of Massachusetts Medical School) (Gu et al. 2009). Reactions were
stopped with 2X RNA denaturing loading buffer and analyzed by
gel electrophoresis. Ligation efficiency between reactions was
compared by dividing the pixel score of ligated input by the pixel
score of the total input in the same lane. Deadenylation reactions
were performed for 2 h in the absence of RNA acceptors with T4
Rnl2tr as described above or under condition 3 for Rnll.

RNA 3’-end ligation optimization

Ligation reactions contained 10 pmol of synthetic ssRNA oligo-
nucleotides (21-mer) either with 2’-hydroxyl or 2'-O-methyl 3'-ends,
20 pmol of pre-adenylated DNA adapter (Universal miRNA Cloning
Linker; New England Biolabs Inc.) in 1X reaction buffer (50 mM
Tris-HCI, 2 mM MgCl, 1 mM DTT at pH 7.5, 25°C) in 20-p.L final
reaction volumes. We varied the amount of T4 Rnl2tr (New England
Biolabs Inc.), ligation time, ligation temperature, and concentration
of Polyethylene Glycol 8000 as indicated in the figures. Reactions
were stopped with denaturing loading buffer and analyzed by gel
electrophoresis.

3’-terminal nucleotide bias analysis

Synthetic ssRNA oligonucleotides with either 2'-hydroxyl or 2'-
O-methyl 3’-ends and different 3’ terminal nucleotides were
ligated onto the Universal miRNA Cloning Linker (New England
Biolabs Inc.) using either 200 units of T4 Rnl2tr in 1X buffer
reaction buffer (50 mM Tris-HCl, 2 mM MgCl,, 1 mM DTT at pH
7.5, 25°C) containing 25% (w/v) PEG for 18 h at 16°C or 30 units
of T4 Rnll in 1X reaction buffer (50 mM Tris-HCI, 10 mM
MgCl,, 10 mM DTT, 60 wg/mL BSA at pH 7.5, 25°C) containing
10% DMSO for 2 h at room temperature and then for 18 h at 4°C.
The reactions were stopped with 2X RNA denaturing loading
buffer and analyzed by gel electrophoresis.

Reverse transcription

Reverse transcription of a synthetic RNA-DNA (5'-P-rArGrCrAr
GrUrGrGrCrUrGrGrUrUrGrArGrArUrUrUCTGTAGGCACCAT
CAAT-3") was performed as follows: 10 pmol of template and
20 pmol of 5'-end IRDye 700 labeled reverse transcription prim-
ers 5'-IRDye 700-ATTGATGGTGCCTACAG-3', or 5'-IRDye
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700-ATTGATGGTGCCTA-3’" in a final volume of 10 wL were
denatured for 5 min at 90°C and placed on ice. Ten microliters of
2X reverse transcription mix (2X M-MuLV-Reverse Transcriptase
reaction buffer, 0-200 units of M-MuLV-Reverse Transcriptase
enzyme [New England Biolabs Inc.], or 10 units of AMV Reverse
Transcriptase [New England Biolabs Inc.], 1 mM dNTPs [New
England Biolabs Inc.], and 40 units of Murine RNase Inhibitor
[New England Biolabs Inc.]) were added to the template mix.
Samples were incubated for 30 min at 42°C. The reactions were
quenched with 2X RNA denaturing loading buffer and separated
by denaturing PAGE. For dNTP titration reactions, 1 mM free
Mg*" was maintained by increasing the concentration of MgCl,
proportionally with the increased dNTPs. Reverse transcription
comparing wild-type M-MuLV, AMYV, SuperScript II, and
SuperScript IIT used 200 U of M-MuLV or 10 U of AMV (New
England Biolabs Inc.) as described above, or SuperScript IT or III
(Life Technologies) according to the manufacturer’s suggestions
with incubation temperatures of 42°C or 50°C, respectively.

cDNA 3’-end adapter ligation

RT product mimics were obtained by annealing an equimolar
mixture of a synthetic RNA-DNA (5’-P-rArGrCrArGrUrGrGrCr
UrGrGrUrUrGrArGrArUrUrUCTGTAGGCACCATCAAT-NH,-3")
with its reverse complement infrared dye-labeled ssDNA (5'-IRDye
700-ATTGATGGTGCCTACAGAAATCTCAACCAGCCACTGCT-3").
The mixture was denatured for 5 min at 95°C, then transferred for
1 h to 37°C, followed by incubation for 1 h at 22°C, and cooled on
ice. The RT product mimic was treated with Exonuclease I (New
England Biolabs Inc.) to remove single-stranded oligos as follows:
750 pmol of duplex mixture was treated with 100 units of Exo-
nuclease I for 30 min at 37°C and then phenol/chloroform ex-
tracted and ethanol-precipitated. In some cases, the Exonuclease
I-treated duplex (250 pmol) was further digested with 5 units of
RNase H (New England Biolabs Inc.).

In all ligation reactions, 10 pmol of cDNA mimic was ligated to
20 pmol of the Universal miRNA Cloning Linker (New England
Biolabs Inc.). The reaction in Figure 6A—C, lane 1 contained no
ligase. Published conditions (Pak and Fire 2007) were reproduced
and run in lane 2 (T4 Rnll glycerol) by using 20 units of T4 Rnll in
50 mM HEPES (pH 8.3), 10 mM MgCl,, 3.3 mM DTT, 10 pg/mL
BSA, and 8.3% (v/v) glycerol; the reaction was incubated for 2 h at
22°C. Lane 3 (Rnll) contained 30 U of T4 Rnll in 50 mM Tris-HCI
(pH 7.5), 10 mM MgCl,, 10 mM DTT, and 60 pg/mL BSA
incubated for 2 h at 22°C, followed by incubation for 18 h at 4°C.
Lane 4 (Rnll PEG) was run under similar conditions to lane 3, but
including 25% (w/v) PEG 8000. Lane 5 (Rnl2 PEG) contained T4
RNA ligase 2 and the same buffer and incubation conditions as lane
4. Lane 6 (Rnl2tr PEG) contained 200 units of T4 Rnl2tr in 50 mM
Tris-HCI, 2 mM MgCl,, 1 mM DTT (pH 7.5, 25°C) with 25% (w/v)
PEG 8000 incubated for 18 h at 16°C. Lane 7 (Dnl PEG) contained
2000 units of T4 DNA ligase in 50 mM Tris-HCl (pH 7.5), 10 mM
MgCl,, 10 mM DTT, 60 pg/mL BSA, and 25% (w/v) PEG 8000
incubated for 2 h at 22°C, then transferred for 18 h to 4°C. Lane
8 (Mix PEG) contained 30 units of T4 Rnl1 and 2000 units of T4 Dnl
under the same buffer and incubation conditions as lane 5.

Ligation was assessed by integrating the IRDye 700 signal that
migrated more slowly than the input ligation substrate, and percent
ligation is expressed as the amount of slower migrating material
divided by the total signal in the lane.

Quantitation of 3'-ligated small RNAs in cDNA pools
RNA ligation

Size-fractionated small RNAs from mouse testes (Bioo) were de-
phosphorylated using 1 unit of Alkaline Phosphatase, Calf In-
testinal (New England Biolabs Inc.) per picomole of input RNA,
incubating for 1 h at 37°C. Following extraction with phenol:
chloroform:isoamyl alcohol, 25:24:1 and ethanol precipitation,
RNA (5-15 pmol) was ligated to an adenylated DNA adapter with
the sequence 5'-AppTCGTATGCCGTCTTCTGCTTGT-NH,-3'
using T4 Rnll or T4 Rnl2tr at a 2:1 molar ratio of adapter to small
RNA. T4 Rnll was added to reactions at a ratio of 4 units per
picomole of junctions in 1X ligation buffer without ATP (50 mM
Tris-HCl at pH 7.5, 10 mM MgCl,, 10 mM DTT, 60 wg/mL BSA)
containing 10% DMSO and 40 units of Murine RNase Inhibitor
(New England Biolabs Inc.) in a 10-pL final reaction volume for
2 h at room temperature, then transferred for 18 h to 4°C. T4
Rnl2tr was added at a ratio of 40 units per picomole of RNA in 1X
reaction buffer (50 mM Tris-HCl, 2 mM MgCl,, 1 mM DTT at
pH 7.5, 25°C) containing 25% (w/v) PEG 8000 and 40 units of
Murine RNase Inhibitor (New England Biolabs Inc.) in a 20-pL
final reaction volume for 18 h at 16°C.

The ligation products were separated on a 15% acrylamide TBE-
urea gel (20 X 20 cm, 0.8-mm thickness, 1-cm-wide well) and
run sufficiently far to resolve ligated (28-56 nt) from unligated
(17-35 nt) species as judged by co-electrophoresis of size standards
(microRNA marker and Low Range ssRNA Ladder; New England
Biolabs Inc.). Ligation products were excised and purified before
reverse transcription.

First-strand cDNA synthesis

Ligated RNAs were reverse-transcribed with AMV Reverse Tran-
scriptase (New England Biolabs Inc.) and a 5X molar excess of the
reverse transcription primer (5'-GCGAGCACAGAATTAATACG
ACTCACTATAGGCAAGCAGAAGACGGCATACGA-3"). Samples
were incubated for 30 min at 42°C. The reverse transcript was
digested with 40 units of Exonuclease I (New England Biolabs Inc.)
for 30 min at 37°C to degrade excess RT primers. Samples were
extracted with phenol:chloroform:isoamyl alcohol, 25:24:1, and
ethanol-precipitated.

Quantification of cDNA

c¢DNAs corresponding to specific small RNAs were quantified by
qPCR using the DyNAmo HS SYBR Green qPCR kit (Finnzymes)
and the primers listed in Table 1. Amplification reactions were
performed in triplicate and contained 2 pL of diluted cDNA and
0.5 wM final concentration of primers (Table 1). Real-time quan-
titative PCRs were performed on DNA Engine Opticon Instru-
ments (MJ Research). Relative quantities of small RNA targets
were calculated using the delta delta CT method using mmu-miR-
125b as a reference, and comparing levels of micro and piRNAs
in ¢cDNA pools prepared using T4 Rnll and Rnl2tr. The null
hypothesis tested was that no difference exists in the relative rep-
resentation of miRNAs or piRNAs tested in pools prepared using
T4 Rnl2tr or T4 Rnll. Thus, normalized relative means of micro
and piRNAs detected in T4Rnl2tr prepared pools relative to T4
Rnll prepared were compared to a theoretical mean of 1.0 using
one-sample t-tests.
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TABLE 1. Primers for small RNA gPCR

5'-P-rArGrCrArGrUrGrGrCrUrGrGrUrUrG
rArGrArUrUmU-3’

5'-P-rArGrCrArGrUrGrGrCrGrUrGrUrUrG

rArGrArUrUrU-3’

mixture 2

5'-P-rArGrCrArGrUrGrGrCrUrGrGrUrUrG
rArGrArUrUrU-3’

5'-P-rArGrCrArGrUrGrGrCrGrUrGrUrUrG
rArGrArUrUmU-3’

Target Accession number Sequence

Adapter GCGAGCACAGAATTAATACGAC
mmu-miR-125b NR_029540 CCCTGAGACCCTAACTTGTGA or
mmu-miR-16 NR_029734 TAGCAGCACGTAAATATTGGCG
mmu-miR-143 NR_029601 TGAGATGAAGCACTGTAGCTCT
mmu-miR-34c NR_029654 GGCAGTGTAGTTAGCTGATTGC
piR-100127 DQ684805 AGGCCTTACTAGGTGCAGT

piR-140075 DQ724753 TTCATTAGAATCTGGGAGCTTCATGG
piR-1L DQ539889 AACACAGGTGCTCAGATAGCTTT
piR-126274 DQ710952 GGTCATGTGTTGGATAATATTCCGGATA
piR-142227 DQ726905 ATATGATTGAACGTGCTTTTGGGTC

were ligated to 100 pmol of the 3’-small

Northern blots

Mouse testicle small RNA was ligated with T4 Rnll or Rnl2tr as
described above and ethanol-precipitated. For blots that detected
mmu-miR-125b ligations used the 17-mer Universal miRNA
cloning linker (New England Biolabs Inc.) because the pre-
adenylated DNA adapter used for the qPCR experiments is the
same size as this miRNA and obscured hybridization. For the
detection of all of the piRNAs, the 21-mer pre-adenylated DNA
adapter (sequence above) was used. The equivalent of 2.5-10
pmol of input small RNA per lane was separated on 15% de-
naturing polyacrylamide gels and electroblotted to GeneScreen
Plus nylon membrane (Perkin-Elmer Life Sciences). Following UV
cross-linking using the optimal cross-link setting on a Spectro-
linker SL100 (Spectronics), membranes were pre-hybridized in
Church Buffer (0.5 M Na,HPO, at pH 7.2, 1 mM EDTA, 7% SDS)
for 1 h at 42°C.

Oligonucleotide probes (Table 2) were labeled with [a->*P]dATP
(Perkin-Elmer Life Sciences) by primer extension as follows: 0.5
pmol of probe and 12.5 pmol of template oligo were mixed and
heated for 1 min to 95°C, annealed for 3 min at room temperature,
then kept on ice. Labeling reactions contained 120 pCi of
[a->*P]dATP, 5 U of Klenow Fragment (3" — 5’ exo-), in 1X
buffer 2 (New England Biolabs Inc.). Reactions were incubated for
60 min at 37°C and terminated by the addition of 40 wL of TE.
Unincorporated nucleotides were removed using G-25 microspin
columns (GE Healthcare).

Denatured probes were added to fresh hybridization buffer at
a concentration of 1 X 10° CPM/mL and hybridized overnight at
42°C. Blots were washed three times for 15 min each with 2X SSC
at 42°C, then exposed for 2-16 h to a phosphor storage screen.
Images were collected using a Typhoon 9400 Variable Mode Imager.
Hybridization signal was measured using QuantityOne (Bio-Rad)
with local area background correction, and percent ligation was
calculated by dividing higher-molecular-weight hybridization signal
by the sum of the hybridization signals that corresponded to both
ligated and unligated small RNAs.

Synthetic small RNA oligonucleotide mixture cloning
RNA 3'-end attachment
50 pmol of an equimolar mixture of the oligonucleotides:

mixture 1
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RNA adapter using T4 Rnll or Rnl2tr as

described above. After gel purification and

reverse transcription as described above
using the RT primer 5'-CAAGCAGAAGACGGCATACGAGC-3',
first-strand cDNA was treated with Exonuclease I (New England
Biolabs Inc.) as described to remove excess RT primers.

cDNA 3’-end attachment

Reverse transcripts were ligated to 50 pmol of the 3’-cDNA
adapter (5'-AppGATCGTCGGACTGTAGAACTCTGAAC-NH,-3")
using conditions described above (Rnl PEG). Ligation products
were gel-purified and ethanol-precipitated.

PCR amplification

PCR amplification was performed using LongAmp 2X Master mix
(New England Biolabs Inc.) using 25% of the 3’-ligated cDNA pro-
duct with a final concentration of 1 WM Forward and Reverse
USER primers [Forward USER primer: 5'-GGAGACA(dU)CAGAG
TTCTACAGCTCGACGATCCGA-3'; Reverse USER primer: 5'-GG
GAAAG(dU)CAAGCAGAAGACGGCATACGAGC-3'] and 25 cy-
cles of amplification. Samples and size were separated on and purified
from 4% MetaPhor (Lonza) Agarose gels, or 6% native polyacryl-
amide 1X TBE gels.

USER cloning

The PCR products were digested and cloned into the pNEB206A
as according to the manufacturer’s suggestion (USER Friendly

TABLE 2. Oligonucleotide probes and templates for Northern

blots
Target Sequence
mmu-miR-125b TCACAAGTTAGGGTCTCAGGGA
mmu-miR-125b TTTTTTTTTTTCCCTGAGAC

template
piR-100127 ACTGCACCTAGTAAGGCCTGCATCATAGGA
piR-100127 TTTTTTTTTTTCCTATGATG

template
piR-1 AGCTATCTGAGCACCTGTGTTCATGTCA
piR-1 template TTTTTTTTTTTGACATGAAC
piR-126274 TATCCGGAATATTATCCAACACATGACCT
piR-126274 TTTTTTTTTTAGGTCATGTG

template
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Cloning Kit; New England Biolabs Inc.). Plasmid sequencing was
performed at Agencourt Bioscience Corporation.

Data analysis

Inserts were extracted from sequencing reads using their flanking
5'- and 3'- sequences, aligned using Lasergene software, and
scored by two individuals. Proportions of 2'-O-methyl RNAs
recovered were compared with a theoretical 1:1 ratio using the
exact binomial test of goodness-of-fit. Heterogeneity of observed
ratios between experimental replicates was examined using the
G-test of goodness-of-fit (McDonald 2009).

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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