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Preface

RNA MOLECULES PARTICIPATE IN AND REGULATE a vast array of cellular processes, and the scien-
tific community is now well into a new era in which some aspect of RNA biology—as a tool, a

therapeutic, a diagnostic, or a central player in a fundamental biological process—is becoming
increasingly important. Nevertheless, beginning RNA research can be daunting, and without a thor-
ough understanding of the challenges and complexities inherent in handling this fragile nucleic acid,
forays into the RNA world can be quite frustrating. For example, the introduction of many kits
designed to perform everything from purification to high-throughput sequencing has been both a
boon and a bane to RNA science. Although these kits have made RNA analysis accessible to nearly
every laboratory, they give many researchers a false sense of security—they believe that whatever
comes out of the final tube is exactly what they expect. Unfortunately, unbeknownst to the investiga-
tor, this is often not the case.

We have written this manual with all RNA scientists—novices and more advanced researchers —
in mind. Chapters 1 through 3 are specifically targeted to those new to the area or those needing some
“refreshing” of fundamental principles and techniques. We have emphasized “common sense”
approaches and highlight the fact that it is essential to monitor the yield and quality of any RNA prepa-
ration after each step. Anyone contemplating RNA research should be comfortable with the material
in these chapters before moving on to the more complex procedures in the chapters that follow.

Chapters 4 through 6 are written for those who wish to investigate RNA-related topics in more
depth. Here, we describe a variety of techniques, some quite complex, designed primarily to explore
specific RNA–protein interactions and elucidate the mechanisms of RNA-processing reactions.
Chapter 7 describes current methodologies for using RNA interference as a tool for determining
gene function, and Chapter 8 presents methods for performing increasingly popular genome-wide
investigations. Finally, the Appendix includes a few methods that we have found to be useful but did
not fit into any particular area, as well as recipes for commonly used reagents and some general ref-
erence information.

Almost all of the methods described in this manual are routinely used in one or more of our lab-
oratories. In the few cases where we do not have direct experience, we have enlisted the expertise of
trusted colleagues. Although we have attempted to be comprehensive, we realize that this is an
impossible task. New approaches, especially in the area of genome-wide analyses, appear with high
frequency. Moreover, no one method is ideally suited to any particular question. We fully realize that
there are alternative approaches available for nearly every method that we describe. In addition, we
acknowledge that many specialized techniques, such as circular permutation and direct approaches
to RNA analysis (e.g., fingerprinting and thin-layer chromatography), have not been described at all
because we believe that these methods would be of limited appeal to most RNA researchers.

It is often difficult to identify with any precision the source of particular methods because as they
are adopted by different laboratories, they “evolve.” Accordingly, we have not attempted to provide
extensive referencing for the protocols; only a few representative publications are cited. We apolo-
gize in advance to all of those authors who have published methods or improvements thereon who
have not been cited in this manual.
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xii /   Chapter 2

Finally, we note that many “standard” molecular biology techniques, such as protein gels, west-
ern blotting, cloning, etc., are not covered in this manual. Such material is covered in great detail in
the latest edition of Molecular Cloning: A Laboratory Manual, and readers requiring this information
are strongly encouraged to consult that manual in conjunction with this one.

In RNA: A Laboratory Manual, we have attempted to describe a broad scope of current tech-
niques used in RNA research. We hope that this manual will enable any researcher to approach a
wide variety of problems from the most fundamental to the highly sophisticated with confidence
and high expectation of success.

DONALD C. RIO

MANUEL ARES, JR.
GREGORY J. HANNON

TIMOTHY W. NILSEN
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2 Purification of RNA from Natural Sources

CHAPTER 1 OUTLINED A VARIETY of funda-
mental and practical considerations appli-

cable to all experiments dealing with RNA.
Chapter 2 presents detailed protocols for several
basic techniques. It is impossible to envision
every experimental scenario, but the procedures
described in this chapter should have general
utility. It is important to remember to adjust the
scale of each approach to the scale of your par-
ticular applications.

In general, all RNA purification approaches
involve three steps: solubilization, deproteiniza-
tion (i.e., removing protein and sometimes DNA
from RNA, also called extraction), and recovery
of RNA free from other contaminants. Some
protocols are designed to remove DNA during
extraction, whereas in others contaminating
DNA is removed after recovery of protein-free
nucleic acids. All purification methods are de-
signed to minimize loss of RNA due to endoge-
nous (or exogenous) nucleases and to maximize
recovery. In many cases, it is advantageous to
enrich for specific classes of RNAs such as mes-
senger RNAs (mRNAs) or small RNAs either
before or after purification. Solubilization is achieved by dissolving biological material in either ionic
detergents (e.g., sodium dodecyl sulfate [SDS]) or chaotropic salts (e.g., guanidinium isothiocyanate).
For soft tissues (e.g., liver, blood) and tissue culture cells, solubilization is accomplished simply by
adding a solution of detergent or chaotropic salt. In other cases, e.g., bone, kidney, most plant cells, and
other cells with rigid cell walls, it is necessary to disrupt the material enzymatically or mechanically
before solubilization.

In this chapter, we first discuss widely applicable general methods for solubilization and extrac-
tion of RNA; we then discuss general methods for recovering extracted RNA. We show how these
methods can be used to purify RNA from tissue culture cells, yeast, and bacteria, and subsequently
outline a variety of methods designed to either enrich or deplete specific types of RNA once total
RNA is purified. The strategies for RNA purification are outlined in Figure 2-1.

PROTOCOLS

1 SDS Solubilization and Phenol Extraction, 19 

2 Purification of RNA Using TRIzol (TRI 
Reagent), 23

3 Ethanol Precipitation of RNA and the Use of
Carriers, 27

4 Guidelines for the Use of RNA Purification 
Kits, 30

5 Preparation of Cytoplasmic and Nuclear RNA
from Tissue Culture Cells, 33 

6 Removal of Ribosomal Subunits (and rRNA)
from Cytoplasmic Extracts before Solubilization
with SDS and Deproteinization, 36 

7 Isolation of Total RNA from Yeast Cell 
Cultures, 38

8 Bacterial RNA Isolation (E. coli), 44

9 Removing rRNA from Deproteinized, Phenol-
extracted Total RNA, 48

10 Enrichment of Poly(A)+ mRNA Using
Immobilized Oligo(dT), 53 

11 Removal of DNA from RNA, 56 

12 Gel Electrophoresis, 58 

13 Determining the Yield and Quality of Purified 
RNA, 67
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18 /   Chapter 2

FIGURE 2-1. Flow chart outlining purification strategies.
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SDS Solubilization and Phenol Extraction

This method is of wide utility and is routinely used to deproteinize RNAs in biological material that
has been solubilized in SDS. SDS (at least 0.25%) is an ionic detergent that dissolves membranes, dis-
rupts protein–nucleic acid interactions, and inactivates ribonucleases. Once solubilized, addition of
phenol (or phenol:chloroform:isoamyl alcohol [PCA] 25:24:1) completely denatures the protein,
and it becomes insoluble in aqueous solution. Throughout the rest of the book, this method is
referred to as PCA extraction. PCA extraction is the method of choice for preparing cytoplasmic
RNA from tissue culture cells or in any other situation (e.g., enzyme reactions) where solubilization
in SDS is easily achievable. 

Note that SEVAG is 24:1 chloroform:isoamyl alcohol, which is often mixed 1:1 with TE-saturated
neutralized phenol to give PCA (Sevag et al. 1938). 

MATERIALS

The recipe for the item marked with <R> is at the end of the protocol or in the Common Recipes Appendix.

CAUTION: See the Cautions Appendix for appropriate handling of materials marked with <!>.

Reagents

Biological material or sample containing RNA and protein (e.g., analytical reactions)
Chloroform <!>
Isoamyl alcohol <!>
Phenol (purchased), saturated and equilibrated <!>
Proteinase K (Roche) (10 mg/mL in 20 mM Tris, pH 7.5) <!>
SDS extraction buffer (10x) <R>
Sodium acetate (NaOAc) (3 M, pH 5.2, RNase-free)

Equipment

Centrifuge (large scale, Beckman J6B or equivalent) or microcentrifuge (small scale)
Freezer (–80°C) (optional; see Step 2)
Incubator or water bath (42°C) (optional; see Step 2)
Pipettes according to scale, e.g., Pipetman tips or baked 5-mL and 10-mL glass pipettes
Tubes (1.5-mL microcentrifuge or 12-mL polypropylene [Sarstedt] with lids) 
Vortex mixer

OVERVIEW

Before beginning this protocol, prepare the PCA 25:24:1 solution, 10x SDS extraction buffer, 3 M

NaOAc, and proteinase K. In addition, it is necessary to have the RNA-containing sample prepared
and ready for solubilization and extraction. Such samples can be cytoplasmic extracts from tissue cul-
ture cells or “soft” tissues (see Protocol 5), analytical RNA-processing reactions, or enzyme reactions.
It is never advisable to use SDS solubilization and phenol extraction to prepare RNA from material
that contains large amounts of DNA (e.g., whole mammalian cells or mammalian cell nuclei). Such

Protocol 1

19
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samples become highly viscous when exposed to SDS. In these situations, we recommend using
TRIzol (see Protocol 2).

In general, the aqueous RNA- and protein-containing solution will be brought up to 0.3 M

NaOH, 0.5% SDS, 1 mM EDTA, and 20 mM Tris-HCl, pH 7.5, and emulsified with the organic mix-
ture. The SDS disrupts protein–nucleic acid interactions and, together with the chloroform and phe-
nol, denatures the proteins so that they become insoluble in the aqueous solution. The charged
nucleic acids will remain in the salty aqueous phase, whereas the proteins, with their aromatic and
aliphatic side chains, will partition to the organic phase. Because phenol:chloroform is immiscible
with water, centrifugation results in the formation of two phases: a lower organic phase that con-
tains denatured proteins and an upper aqueous phase that contains nucleic acid (Fig. 2-2). The
isoamyl alcohol facilitates the separation of the two phases. Removing the aqueous phase recovers
the RNA from the protein, and a second organic extraction with chloroform removes the consider-
able amount (~6% by volume) of phenol that dissolves in the aqueous phase with the RNA and that
can contaminate the RNA. When protein concentration is high (i.e., when cytoplasmic preparations
are extracted), some denatured protein can form an insoluble gel at the organic–aqueous interface.
Because this gel can trap some nucleic acid, it is recommended that samples containing high con-
centrations of proteins be predigested with proteinase K (this is one of the few enzymes that is active
in SDS). Treatment with proteinase K greatly reduces or eliminates the interface. When appropri-
ately performed, PCA extraction results in a quantitative yield of RNA from SDS-solubilized mate-
rial. The procedure is outlined in the flow chart in Figure 2-3.

METHOD

For specific methods for processing of biological materials (e.g., cells and tissues) see Protocols 5, 7,
and 8.

1. Starting with a solution of the RNA and protein to be processed, estimate the volume to be
extracted (i.e., the total volume of the aqueous RNA solution should be ≥200 µL; if not,
increase to 200 µL with RNase-free water). Note this starting volume and whether the solution
has a large amount of protein (as in a cell extract) or a small amount (≤100 µg/mL, as in an
enzyme reaction or for RNA that has been partially purified already).

2. Add a 1/9 volume 10x SDS buffer to the solution of RNA and protein, e.g., cytoplasmic extract
(see Protocol 5), to be extracted. (We recommend 200 µL as the minimum volume to be
extracted.) Vortex and keep at room temperature for immediate extraction; otherwise, freeze at
–80°C until extraction. If frozen, thaw quickly and proceed to next steps.

3. In all cases, except those with minimal protein concentration (e.g., enzyme reactions such as
removing DNase or ligase), add proteinase K to a concentration of 100 µg/mL and incubate the

Denatured protein

Phenol/chloroform

Denatured protein

Nucleic acids and polysaccharides

FIGURE 2-2. Phases formed after centrifuga-
tion in phenol extraction procedure.
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mixture for 20 min at 42°C. If the protein concentration is negligible, skip this step and move
to Step 4. 

When in doubt regarding protein concentration, use proteinase K.

4. Make the solution 0.3 M NaOAc, pH 5.2. For every volume of solution to be extracted, add 2
volumes of PCA and vortex vigorously for 1 min. Centrifuge (maximum speed in a microcen-
trifuge for 2 min or at 2000 rpm in a J6B or clinical centrifuge for 5 min at room temperature)
to separate the phases. The organic phase will be at the bottom (see Fig. 2-2). If protein is pres-
ent, it will appear as a white precipitate at the interface between the phases.

5. Remove the aqueous (top) phase, which contains the RNA, to a fresh tube. Be careful not to dis-
turb the interface and if necessary, leave a drop of the aqueous phase behind to avoid contam-
ination of the RNA sample with phenol. 

6. Add 2 volumes of chloroform:isoamyl alcohol without phenol to the aqueous phase. Vortex vig-
orously to remove residual phenol from the aqueous phase. 

7. Centrifuge as previously in Step 4. Remove the aqueous phase for subsequent ethanol precipitation
(see Protocol 3). We recommend that samples be ethanol precipitated immediately.

FIGURE 2-3. Flow chart for phenol extraction procedure.
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8. Resuspend RNA in H2O, quantitate, and check quality on an agarose gel (see Protocol 13).

TIPS AND TROUBLESHOOTING

1. SDS and potassium salts (e.g., KCl or KOAc) are not compatible; this combination forms an
insoluble potassium dodecyl sulfate precipitate. Accordingly, never use potassium salts ≥20 mM

for phenol/SDS extraction.

2. SDS and chloroform can form a white emulsion that prevents phase separation. This occurs
when the salt concentration is too low; ensure that the salt concentration in the aqueous solu-
tion to be extracted is at least 0.3 M.

3. After PCA extraction, the aqueous phase should be clear. If not, dilute it with an equal volume
of 1x SDS buffer and repeat the extractions.

SOLUTION AND REAGENT RECIPE

CAUTION: See the Cautions Appendix for appropriate handling of materials marked with <!>.

SDS Buffer (10x)

Quantity Final 
Reagent (for 500 mL) concentration (10x)

SDS (10%) <!> 250 mL 5%
EDTA (500 mM, pH 8.0) <!> 10 mL 10 mM

Tris-HCl (1 M, pH 7.5) <!> 100 mL 200 mM

H2O 140 mL

Store indefinitely at room temperature. 

READING LIST 

Sevag MG, Lackman DB, Smolens J. 1938. The isolation of the components of streptococcal nucleoproteins in sero-
logically active form. J Biol Chem 124: 425–436. 
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Determining the Yield and Quality of Purified RNA

After any RNA purification by any method, it is necessary to ascertain both the amount (yield) and
the integrity (quality) of the RNA obtained. This is essential for any subsequent analysis and critical
for any comparative analyses.

METHODS FOR DETERMINING YIELD

Before attempting to use any of the following procedures, it is important to have a “ballpark” idea of
what you expect the yield to be (see Table 2-1). 

Determining Yield by Spectrophotometry or Fluorometry

The easiest way to determine the quantity of RNA in a sample is to measure the absorbance at 260
nm (A260) using a spectrophotometer. Because the bases in RNA absorb UV light in the 250–265-nm
range, one can use this property to quantitatively measure the concentration of an RNA solution,
using an average absorbance for the four nucleotide bases. A solution of RNA at 40 µg/mL will have
an absorbance of ~1. Accordingly, if 50 µL of the same solution is diluted in 1 mL of H2O and read
in a 1-mL cuvette, the absorbance will be 0.05; this is the absolute minimum that we recommend for
accurate OD readings. The advent of nanospectrophotometers, such as the Thermo-Fisher NanoDrop
and GE Healthcare NanoVue, has greatly increased the ease, sensitivity, and accuracy of determining
the concentration of low-volume (microliters) samples by UV absorbance (see below). With this
equipment, one can measure the A260 without dilution and with minimal waste of the sample. If you
do not have access to these spectrophotometers, we recommend that OD be used as a measure of con-
centration, only when you have a significant amount of RNA present in a concentrated solution, e.g.,
at least 1.0 µg/µL. We have often observed students interpret A260 readings of 0.003 or less, but meas-
urements as low as this are essentially meaningless. 

Although measuring A260 is generally a reliable way to quantitate RNA concentrations, this
method can be confounded if the RNA is contaminated with DNA, protein, or phenol, all of which
absorb some UV light at 260 nm. A diagnostic for protein contamination is absorbance at 280 nm.
Phenol and TRIzol Reagent both absorb at 270 nm and 230 nm. The chaotropic agents guanidine-
HCl and guanidinium isothiocyanate, commonly used for RNA purification, absorb at ~230 nm and
~260 nm, respectively. For purified DNA, the A260:A280 ratio should be ~1.8, and for purified RNA,
this ratio should be ~2.0, because the unpaired bases in RNA absorb more UV light than the base-
paired bases in duplex DNA. However, these ratios are “rules of thumb” and assume an average base
composition of the RNA sample, because different bases each have different A260:A280 ratios. If the
A260:A280 ratio is <2.0, protein contamination is probable and reextraction with phenol is recom-
mended. If the A260 is high, phenol contamination is probable and another round of ethanol precip-
itation and resuspension is recommended. Contamination with DNA is harder to detect because
RNA and DNA essentially have identical absorbance spectra. Therefore, if the A260 of the sample is
higher than expected, and protein and phenol contamination have been ruled out, the sample is
likely contaminated with DNA. In this case, DNase treatment followed by phenol extraction and
ethanol precipitation is recommended (see Protocols 1 and 3). In addition, it is possible to use the
A260:A230 ratio as an indicator of nucleic acid purity, with ratios commonly in the range of 2.0–2.2.
Note that absorbance is pH dependent, so for accurate readings, keep the pH constant and near 7.5.

Protocol 13

67

017-074_02_RNA_MAN_14467_C10.qxd  10/12/10  10:49 AM  Page 67

Copyright 2011 Cold Spring Harbor Laboratory Press. Not for distribution. Do not copy without written permission of Cold Spring Harbor Laboratory Press.



68 /   Chapter 2

UV Absorbance Determination of RNA Concentrations
Using a Nanospectrophotometer 

The development of small-volume (0.5–2 µL) UV-visible spectrophotometers can now be used to
sensitively measure RNA or DNA concentrations and fluorochrome (e.g., Cy3/Cy5) dye coupling to
allylamine-modified cDNA, or for protein concentration determination. These instruments (e.g.,
the Thermo-Fisher NanoDrop or GE Healthcare NanoVue nanospectrophotometers) use fiber optic
technology and surface tension to hold a 1-µL sample in place; thus, they eliminate the need for tra-
ditional sample holding by cuvettes. The dynamic range of these instruments is high, ranging from
2 ng/µL to 3700 ng/µL. The following discussion provides practical information about the use of
this equipment and interpretation of results. Step-by-step instructions for operation are supplied in
the manufacturers’ instrument manuals. 

Procedure

This procedure is simple. Place 1.0–1.5 µL of the RNA sample onto the sample pedestal. The UV
absorbance of the sample is then read either at a fixed wavelength or in a UV-visible scan. Typically,
pure RNA (or DNA) samples are read at A260 and A280. It is possible also to use these instruments to
scan a full UV and visible wavelength absorbance spectrum, from 220 nm to 750 nm. The UV-visi-
ble-wavelength scanning procedure is more useful in microarray studies when one wants to quanti-
tate fluorochrome dye coupling to cDNA (see Chapter 8, Protocol 1). Figure 2-6 shows some results
obtained using a nanospectrophotometer and how these results are interpreted. 

TIPS AND TROUBLESHOOTING

1. As with the UV absorbance methods described previously, any compounds (e.g., free
nucleotides, phenol, or other organic compounds such as guanidinium isothiocyanate) that
absorb UV light near 260 nm will interfere. Often, a simple ethanol precipitation can be used to
remove the contaminating substance.

2. When adding a sample to the pedestal, ensure that the sample is placed over the “eye” (the eye
is the little metal circle with the tiny hole in the NanoDrop).

3. Bubbles are incompatible with accurate readings. Although the instructions may claim that only
1 µL is needed, in practice a larger volume (1.3–1.5 µL) will produce more reliable readings
because the droplet will have better optical characteristics. Small-volume droplets can give
incomplete coverage across the pedestal.

4. It is possible to saturate the spectrophotometer with high concentration solutions of RNA or
DNA. This will cause an underestimate of the true concentration. Try to obtain readings using
solutions at ≤2.5 µg/µL. For samples that give higher readings (2500 ng/µL), it is a good idea to
dilute 1:10 and read the dilution to get the most accurate reading.

Fluorescent Dye Binding for RNA and DNA Quantitation

As an alternative to spectrophotometry, RNA can be quantitated using fluorescent dye binding. This
is a sensitive assay for detecting and determining the quantity of RNA (and contaminating DNA)
present in a purified RNA sample or in crude extracts or chromatographic fractions. It is ~1000
times more sensitive than using UV absorbance and can detect RNA at 1 ng/mL. In addition, this
method can be used for quantitation of in vitro–transcribed RNA samples or for determining RNA
concentrations before northern blotting, RNase protection, RT-PCR, or cDNA library preparation.
It is similar in concept to fluorescent dye binding to DNA (e.g., SYBR Green) used in quantitative
PCR (qPCR) (see Chapter 4, Protocol 19). The RiboGreen RNA reagent, a proprietary fluorescent
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dye, preferentially binds to RNA, but it can also detect DNA (see the following Tips and
Troubleshooting section). This method is useful when making RNA from nuclear fractions that
might be contaminated with DNA and for assaying very small quantities of RNA prepared from lim-
ited quantities of starting material. Step-by-step instructions for using this reagent are supplied in
the manufacturer’s user manual. 

TIPS AND TROUBLESHOOTING

1. If you suspect that the RNA sample of interest is contaminated with DNA (perhaps cellular
genomic DNA in a total RNA preparation), you can DNase-I treat the sample (Protocol 11) or
use PicoGreen, which detects double-stranded DNA only.

FIGURE 2-6. Using the microspectrophotometer (e.g., Nanodrop), according to the manufacturer’s instructions, puri-
fied RNA was evaluated. (A) Purified yeast RNA was read at a concentration estimated at 0.5 µg/µL. (B) Purified yeast
RNA was read at a concentration to be 5 µg/mL. Note that the detector has been saturated at this concentration and
is underestimating the RNA content by 20%. (C) Mixture of yeast RNA and bovine serum albumin (BSA). Note the
increased absorption at 220 nm due to the presence of peptide bonds; however, the increase in 280 is less noticeable,
owing to the fact that BSA has relatively few tryptophans (3/607) or tyrosines (21/607). In this case, the peptide bond
absorption at 220 is a better indicator (BSA has 606 peptide bonds/mole), as shown by the 260:230 ratio (230 is used
because RNA has a local minimum at 230, whereas the peptide bond contributes at this wavelength; see A). The
260:230 ratio in the BSA-contaminated sample is 1.21, whereas it is 2.24 for the purified RNA. The 260:280 ratio has
dropped from 2.1 for pure RNA to 1.9 in this sample. Thus, although this RNA passes the >1.8 test for 260:280, it
should be rejected or reextracted on the basis of its 260:230 ratio. (D) Mixture of 250 ng/µL purified yeast RNA and
0.05% v/v of water-saturated phenol in water (monophasic). Note that absorption is at 270>260 and that the RNA
amount is overestimated. Phenol has a second peak near 224 that is obvious in this spectrum, and the RNA minimum
at 230 has shifted up toward 240, which is a phenol minimum. Recognizing the presence of phenol in the spectrum
by noting these features is more valuable than simply evaluating the 260:280 and 260:230 ratios, but it can be seen
that these have dropped in comparison to the purified sample. 
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2. The assay remains linear in the presence of several compounds that commonly contaminate
nucleic acid preparations, although the signal intensity may be affected. Thus, to serve as an
effective control, treat the RNA solution used to prepare the standard curve the same way as
the experimental samples; it should contain similar levels of such compounds.

3. There can be some interference with the fluorescence assay by salts, organic solvents, detergents,
proteins, or other compounds. If these are present in the sample, control for this by placing
them in the standard curve RNA dilutions.

Determining Yield by Gel Electrophoresis

For samples of total or cytoplasmic RNA (with rRNA), a simple and straightforward way to determine
yield is to separate a small aliquot of the RNA on an agarose gel and stain with ethidium bromide or
SYBR Gold (see Protocol 12). Bands of rRNA (28S and 18S) are visualized, and their intensity is com-
pared to that of a preparation of known quantity. In our laboratories, we keep a “stock” of high-quality
cytoplasmic RNA prepared from tissue culture cells as a reference. This stock can be diluted as appro-
priate to obtain the equivalent amount of RNA that you expect from the sample. Because SYBR Gold is
10-fold more sensitive than ethidium bromide, it should be used for small amounts of RNA.

An advantage of this technique is that it measures both the quantity and the quality of RNA; i.e.,
sharp and distinct rRNA bands without a pronounced haze below them is a good sign that the prepa-
ration is not significantly degraded. The only disadvantage of this approach is sensitivity; at least 500
ng of RNA must be available to sacrifice for this assessment. To assess quality, sufficient quantity must
be loaded to detect degraded material. 

Use of Rapid Capillary Electrophoresis on an Agilent Bioanalyzer
for RNA Sample Quality Control

A bioanalyzer provides a convenient and more sensitive way to assess RNA quality. The Agilent 2100
Bioanalyzer basically performs small-volume electrophoresis, similar to capillary DNA sequencing but
in a “chip” format that allows analysis of 12 samples at once. The bioanalyzer can be used for analysis
of the quality of total RNA preparations by visualizing the rRNA bands and intact mRNA, and to detect
and quantify RT-PCR products (using DNA chips; see Klinck et al. 2008; Venables et al. 2008, 2009 in
the Reading List at the end of this protocol). Agilent RNA kits, which are designed for use with the
Agilent 2100 Bioanalyzer only, contain chips and reagents designed for analysis of RNAs. Each RNA
chip contains an interconnected set of microchannels (capillaries) that is used for separation of nucleic
acid fragments based on their size as they are driven through the microchannels electrophoretically.
The following discussion provides practical information about the use of this equipment and inter-
pretation of results obtained running RNA samples on a bioanalyzer. Step-by-step instructions for
operation of this equipment are supplied in the manufacturer’s user manuals. 

A computer runs the machine, analyzes the traces, and presents the data. Of interest is the trace
that estimates the amount of each rRNA that is present and their ratios. Because the larger rRNA is
more susceptible to degradation because of its greater length, the ratio of 28S to 18S rRNA is a con-
venient measure of the integrity of the sample. This information is displayed by the software. The
amount of RNA in the sample is determined by comparison to a fixed known amount of the RNA
ladder RNAs. Thus, it is possible to obtain both concentration and integrity of the sample. Because
the data are simple to archive and compare, many laboratories that handle and compare many sam-
ples believe that this approach is superior to gel analysis, primarily because of its data archiving and
comparison ability.

Expected Results of Bioanalyzer Analysis of RNA Quality 

The quality of purified total RNA can be analyzed using a bioanalyzer, such as the Agilent 2100. In
Figure 2-7, this bioanalyzer was used to show the presence of 18S and 28S rRNA (mammalian), 18S
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and 25S/26S rRNA (yeast), 16S and 23S rRNA (bacteria), and small RNA species in total RNA.
Typically, for total RNA samples, two major rRNA peaks are observed (because these account for
>90% of the total RNA in cells: for eukaryotic total RNA, the two rRNA peaks correspond to the 18S
and 28S rRNAs, for yeast total RNA the two large rRNA peaks correspond to the 18S and 25S/26S
rRNAs, for bacterial total RNA, the two large rRNA peaks correspond to the 16S and 23S rRNAs)
(see Fig. 2-7).

TIPS AND TROUBLESHOOTING

1. Sample preparation for the RNA Nano Chip:
i. Ideally, sample concentrations should be 100–200 ng/µL; RNA concentrations as low as 50

ng/µL can be used.

ii. Each sample well must contain a total of 6 µL (1 µL for the RNA Pico Chip).

iii. The nano marker must be placed in every sample well and the ladder well.

iv. Add water or nano marker to unused wells to bring the volume up to 6 µL.

FIGURE 2-7. Analysis of intact and degraded total RNA. Electropherograms and gel-like images of intact total RNA
(top) and partially degraded total RNA (bottom). Partially degraded RNA shows a decrease in the 18S/28S ribosomal
band ratio and an increase in fragmentation products. The RNA ladder markers give discrete peaks following elec-
trophoresis and the instrument software can generate a “virtual gel” pattern (right). (Reprinted, with permission, from
http://www.chem.agilent.com [publication 5988-7650EN. ©Agilent Technologies 2002].)
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v. Use the chip within 5 min of preparation to prevent evaporation. Cover the chip with plas-
tic wrap or parafilm if it will be left standing for any length of time.

vi. RNA samples may be denatured to remove secondary structure. Denature for 2 min at
70°C before placing the samples in the wells of the chip.

vii. Genomic DNA can produce stray bands or clog the capillaries in the chip. To check for
genomic DNA contamination, treat the samples with DNase I. Run a DNase-I–treated
sample next to an untreated sample.

2. It is important not to leave the used chip in the bioanalyzer after the run is complete because
this will dry out the electrodes and make them difficult to clean. 

3. A critical part of the assay is preparing the chip. This involves loading the capillaries with the
“gel” matrix material and the dyes that will stain the RNA so that the detector in the machine
can measure it. The chip is loaded with a syringe system that is fairly easy to use. Fill each well
(make sure that there are no bubbles!), add the sample, vortex, and load into the machine
according to the instructions.

4. Because this protocol uses small-volume electrophoresis, the samples must be in a low-ionic-
strength solution (preferably in RNase-free water or 10 mM TE buffer).

5. Accurate pipetting is very important for reproducible results. Make sure to use properly cali-
brated pipettes and to place the tip into the center and bottom of each well in the chip when dis-
pensing. To avoid bubbles, do not push past the first resistance point on the pipette. You may
pipette up and down gently to mix samples in the wells of the chip.

6. Protect the gel-dye mix from light by covering the tube with foil. Return the reagents to the cold
room when you are finished.

7. When using the priming station, press down slowly and steadily on the plunger when priming.
After releasing, the plunger should come up to at least 0.7 mL in 1–2 sec. If this does not occur,
check that the gasket is clean and retry. If it still does not prime well, change the gasket (see
Agilent 2100 instrument manual).

Determining Yield by Quantitative or Semiquantitative PCR 

When it is not possible to quantitate the amount of RNA in a preparation by any of the methods previ-
ously described (e.g., when the amount of expected RNA is very small), reverse transcription followed
by qPCR or semi-qPCR is recommended (see Chapter 3, Protocols 18 and 19). These techniques are
extremely sensitive and provide information with regard to both the quantity and quality of RNA. In
addition, these approaches allow a determination of whether the sample is significantly contaminated
with DNA. We recommend assaying a housekeeping mRNA (e.g., actin, glyceraldehyde 3-phosphate
dehydrogenase [GAPDH], tubulin, etc.). Again, as with gel electrophoresis, we recommend using a
“stock” RNA preparation (diluted as appropriate) as a reference. Parallel assessment with and without
reverse transcription will show any DNA contamination (i.e., amplification without reverse transcrip-
tion indicates the presence of DNA, unless the PCR primer pairs are in different exons separated by a
large intron; in this case, the genomic DNA contamination product will be too large to show up). For
RNA preparations in which large RNAs have been removed, it is necessary to assay a small RNA (e.g., a
constitutively expressed miRNA) by RT-PCR.

All of the techniques described above are useful methods for assessing the quantity of RNA that
has been prepared; gel electrophoresis and qPCR or semi-qPCR also provide information regarding
quality. Common sense indicates that if the yield is far less (≥30%) than expected, something has
gone wrong with the preparation and the RNA is suspect. Rather than proceeding with a suspect
preparation, start over from the beginning.
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NORTHERN BLOTTING TO ASSESS THE QUALITY OF RNA PREPARATIONS

As discussed previously, gel electrophoresis, visualization of RNA bands, and qPCR or semi-qPCR
(in all cases compared to a reference) are valuable methods for assessing quantity as well as quality
of RNA. Nevertheless, each of these methods can be potentially misleading. PCR will amplify frag-
ments of RNA, and rRNA visualization is a somewhat crude method for assessing integrity of an
RNA preparation. Moreover, spectrophotometry tells nothing about the integrity of the RNA prepa-
ration. By far, the best method for assessing the quality of an RNA preparation is northern blotting
(see Chapter 3, Protocols 7–10). Because this technique visualizes the entire RNA, it is diagnostic for
any degradation. Therefore, if you are working with specific RNAs, we recommend assaying each
preparation by northern blotting. Again, this is best done by comparing the quality (i.e., sharp band)
and quantity of the signal obtained to those obtained from a reference northern blot performed on
RNA of known quantity and quality.
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WWW RESOURCES

Nanospectrophotometry

http://www1.gelifesciences.com/ GE Healthcare NanoVue User Manual 28944299AA.pdf.
http://www.nanodrop.com/Support.aspx?Type=User%20Guides&Cat=NanoDrop%201000 NanoDrop User Bulletin

T042, Nucleic Acid Purity Ratios.
http://www.nanodrop.com/ Thermo Fisher Scientific Inc. NanoDrop User Manual (nd-1000-v3.7 User’s Manual).

Fluorescent Dye Binding

http://www.invitrogen.com/site/us/en/home/References/Molecular-Probes-The-Handbook/Nucleic-Acid-Detection-
and-Genomics-Technology/Nucleic-Acid-Detection-and-Quantitation-in-Solution.html/ Quant-iT™ RiboGreen®
RNA Reagent and Kit: mp11490.pdf.
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Bioanalyzer

http://www.chem.agilent.com/ Agilent 2100 Bioanalyzer User Guide.pdf; Agilent RNA 6000 Nano Kit Guide G2938-
90034_KitRNA6000Nano_ebook.pdf; Quantitation comparison of total RNA using the Agilent 2100 bioanalyzer,
RiboGreen analysis and UV spectrometry.pdf; Agilent 2100 Bioanalyzer User Guide.pdf.
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A > G Reaction buffer (recipe), 197
A + G Reaction buffer (recipe), 197, 297
Absorbance at 260 nm, 8, 67–68
Acrylamide, 60
Acrylamide stock (40%; 19:1 acrylamide:bis-

acrylamide), 65
Actinomycin D, 144
Adenosine triphosphate (ATP)
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nal deoxynucleotidyl transferase
(TdT) (protocol), 92–94

materials, 92
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recipes, 93
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labeling of oligonucleotide probes (DNA,
LNA, RNA) by polynucleotide
kinase and [γ-32P]ATP (protocol),
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method, 90
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recipes, 91
tips and troubleshooting, 90

AE buffer (recipe), 42
Affinity-based techniques

basic affinity selection methods, 314–320
recipes, 319–320
selection of ribonucleoprotein using

complementary biotinylated
oligonucleotide, 317–319

selection with beads, 314–316
selection with biotinylated oligonucleo-

tide, 316–317
description, 249–252
nickel-agarose affinity purification, 536–537
problems with, 251–252

tagged proteins, 251
epitope tags, 251
functional tags, 251

tagged RNAs, 250–251
Affymetrix, Inc. microarrays, 422–423, 451–456,

473, 498
Agarose beads, affinity selection using, 314–316
Agarose gel electrophoresis

formaldehyde-agarose gel, preparation of, 107
gel purification of amplified cDNA, 469–470,

469f
normalizing different RNA preparations

with, 9
protocols

general protocol, 63–66
materials, 64
method, 64–65
overview, 64
recipes, 65–66
tips and troubleshooting, 65

northern blots: denaturation and electro-
phoresis of RNA with formalde-
hyde, 106–109

materials, 106–107
method, 107–108
overview, 107
recipes, 108–109
tips and troubleshooting, 108

northern blots: denaturation and electro-
phoresis of RNA with glyoxal,
110–113

materials, 110–111
method, 111–112
overview, 111
recipes, 112–113

quality of RNA purification assessed by, 9
“ugly gels,” avoiding, 9

Agarose–acrylamide composite gels, analysis of
splicing complexes on, 352–354

Agilent, Inc. microarrays, 422
Alkaline hydrolysis, of RNA, 2, 3f
Alkaline phosphatase

in 5′ rapid amplification of cDNA ends
(RACE) protocol, 174, 187

in CLIP protocol, 483
dephosphorylation of RNA using calf intes-

tine alkaline phosphatase or
shrimp alkaline phosphatase

(protocol), 103–105
Alkaline phosphatase buffer (10x) (recipe), 177,

188
Alkaline SDS solution (recipe), 530
Ambion MEGAscript T7 Kit, 360
4′-Aminomethyl trioxsalen (AMT), 249
Ammonium persulfate, 61
Amphotropic virus, 399
Ampicillin (recipe), 538
AmpliTaq DNA polymerase (Applied

Biosystems), 155, 160–161
AMT (4′-aminomethyl trioxsalen), 249
Aniline (1 M) (recipe), 274
Aniline cleavage, 272, 293
Aniline/acetate buffer (recipe), 197
Annealing buffer (2x) (recipe), 147, 191, 274
Annealing buffer (5x) (recipe), 143, 151, 397, 513
Annealing buffer (6x) (recipe), 237
Annealing buffer (10x) (recipe), 202
Annealing buffer (recipe), 391
Antireverse cap analog (ARCA), 214
Anti-2,2,7-trimethylguanosine (anti-TMG) 

antibody, 10
Aprotinin and leupeptin (recipe), 333
Argonaute proteins, 356–357, 430
ArrayScript (Ambion), 156
Asymmetric polymerase chain reaction to 

generate single-stranded probes
(protocol), 95–96

materials, 95
method, 96
overview, 95
recipes, 96
tips and troubleshooting, 96

ATP. See Adenosine triphosphate
Autoclaving, resistance of ribonucleases

(RNases) to, 3

B

Bacterial RNA isolation from E. coli (protocol),
44–47

discussion, 46–47
materials, 44–45
method, 45–46
overview, 45
tips and troubleshooting, 46

Page references followed by f denote figures; those followed by t denote tables.

567-586_Index_RNAMAN_RNA  10/12/10  12:30 PM  Page 567

Copyright 2011 Cold Spring Harbor Laboratory Press. Not for distribution.  
Do not copy without written permission from Cold Spring Harbor Laboratory Press



568 /   Index

Bar coding, 506
β-Mercaptoethanol (recipe), 414
BHI medium (recipe), 530
Binding buffer (recipes), 55, 260, 320
Binding master mix (recipe), 256
Bind/wash buffer (recipe), 320
Bioanalyzer (Aligent), RNA quality assessment

using, 41–42, 42f, 70–72, 71f
Bioconductor project, 496, 498–500, 504, 507, 509
Bioinformatic analysis

methods for processing high-throughput
sequencing data, 503–510

classification of changes and associated
biology, 509

experimental design, 504–507
materials, 503–504
measuring expression level and changes

in expression, 508
processing and mapping sequencing

reads, 507–508
tips and troubleshooting, 510
validation, 509
visualization, 509–510

methods for processing microarray data,
496–502

array quality control, data extraction, and
normalization, 498

classification of changes and associated
biology, 500

experimental design, 496–498
materials, 496
normalization and scaling, 498–499
tips and troubleshooting, 501
transcript detection and change identifi-

cation in transcript levels, 499
validation, 500
visualization, 500–501

overview, 495
Biotinylated nucleotide incorporation, 213–214
Biotinylated oligonucleotides

affinity selection with, 316–319
for rRNA removal by hybrid selection, 51–52

Blocking buffer (recipe), 445
Blocking slides, 441, 442, 442f
Body labeling, 207
Borohydride stop mix (recipe), 198
Boundary analysis

description, 246, 246f
example, 300f
protocol, 298–300

materials, 298–299
method, 299–300, 300f
overview, 299

BPTE buffer (10x) (recipe), 112
Bromophenol blue, 62
Bubbles, micropipettor use and, 13
Buffer A (recipes)

formaldehyde cross-linking protocol, 313
hnRNP-enriched nucleoplasmic extract

preparation, 550
hypotonic for nuclear extract preparation, 328
nuclear extract preparation, 337, 346
RNA purification protocols, 35, 37

Buffer B (recipes)
low salt for nuclear extract preparation, 328

nuclear extract preparation, 337
Buffer C (recipes)

high salt for nuclear extract preparation, 328
nuclear extract preparation, 337

Buffer D (recipes)
dialysis for nuclear extract preparation, 329
for nuclear extract preparation, 337, 346

C

C > U Reaction buffer (recipe), 199
Ca2+, chelation with EGTA, 3
CaCl2 (recipe), 538
Caenorhabditis elegans, RNA interference in

discovery of RNAi, 355
experimental design basics, 358
overview, 369
protocols

dsRNA-induced RNAi in C. elegans by
feeding with dsRNA-expressing E.
coli, 370–373

materials, 370–371
methods, 371–372
overview, 371
pL4440 expression vector, 370f
recipes, 372–373
RNAi of L1 larvae in 96-well liquid

cultures, 371
RNAi on plates, 372

RNAi in C. elegans by injection of dsRNA,
374–377

materials, 374
method, 374–375
overview, 374
recipes, 376–377
tips and troubleshooting, 375–376

screens, 416
targeting multiple mRNA, 375–376

Caenorhabditis elegans Genetics Center, 375
Calcium phosphate transfection, 399–401
Calf intestine alkaline phosphatase (CIP)

in CLIP protocol, 483
dephosphorylation of RNA using (protocol),

103–105
materials, 103
method, 104
overview, 103
recipes, 105
tips and troubleshooting, 104

Capillary transfer, in northern blot protocols
alternative method for processing northern

blots after capillary transfer,
121–125

materials, 121
method, 122–124
overview, 122
recipes, 124

capillary transfer of RNA from agarose gels
and filter hybridization using
standard stringency hybridization
conditions, 114–120

materials, 114–115
method, 115–117, 116f
overview, 115

recipes, 118–120
tips and troubleshooting, 118

Capping of in-vitro-synthesized transcripts, 213
Carriers

colored, 7
for ethanol precipitation, 7, 27–29
GlycoBlue (Ambion), 7, 25, 29
glycogen, RNase-free, 29
transfer RNA (tRNA), 7, 29

Cautions, 559–565
cDNA

PCR amplification of, 468
preparation of fluorescent-dye-labeled cDNA

from RNA for microarray
hybridization (protocol), 435–439

discussion, 438–439
materials, 435–436
recipes, 439
tips and troubleshooting, 438

preparation of small RNA libraries for high-
throughput sequencing (proto-
col)

gel purification of amplified cDNA,
469–470, 469f

PCR amplification of cDNA, 468
purification, 437
rapid amplification of cDNA ends (RACE)

3′ rapid amplification of cDNA ends
(RACE)

description, 83, 84f, 85
protocol, 180–185, 180f, 181f

5′ rapid amplification of cDNA ends
(RACE)

description, 83, 84f, 85
protocol, 171–179, 172f

Cell fractionation (protocol), 547
Cell-free systems, 321–354

developing from poorly studied organisms,
323

guidelines for testing and optimizing
extracts, 322

guidelines for the preparation of active,
321–322

protocols, 325–354
analysis of pre-mRNA splicing using HeLa

cell nuclear extracts, 330–333
materials, 330–331
method, 331–332, 332f
overview, 331
recipes, 332–333
tips and troubleshooting, 332

analysis of splicing complexes on native
gels, 352–354

discussion, 354
materials, 352
method, 353
recipes, 354
tips and troubleshooting, 353–354

analysis of splicing in vitro using extracts of
Saccharomyces cerevisiae, 348–351

ATP depletion, 350
discussion, 350
materials, 348–349
method, 349–350
overview, 349
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recipes, 351
tips and troubleshooting, 350

preparation and analysis of cell-free
splicing extracts from
Saccharomyces cerevisiae, 343–347

discussion, 345
materials, 343–344
method, 344–345
overview, 344
recipes, 346–347
tips and troubleshooting, 345

preparation of Drosophila Kc cell nuclear
extracts for in vitro splicing,
334–338

materials, 334
method, 335–336
overview, 335
recipes, 337–338
tips and troubleshooting, 336

preparation of nuclear extracts from
HeLa cells, 325–329

materials, 325–326
method, 326–327
overview, 326
recipes, 328–329
tips and troubleshooting, 328

in vitro splicing reactions in Drosophila
Kc cell nuclear extracts, 339–342

materials, 339
method, 340
overview, 340
recipes, 341–342
tips and troubleshooting, 341

Cellular DNA, preparing from nuclei and whole
cells (protocol), 532–534

Cesium chloride balance solution (recipe), 530
Cesium chloride (CsCl) centrifugation, after

guanidine isothiocyanate solubi-
lization, 5

Cesium chloride gradient, 528, 529f
ChargeSwitch (Invitrogen), 31
Chemical sequencing of end-labeled RNA (pro-

tocol), 192–199, 197f
materials, 192–193
method, 193–196
overview, 193
recipes, 197–199
tips and troubleshooting, 196

Chemical structure, of RNA, 1–2, 2f
Chloroform. See also PCA (phenol:chloroform:

isoamyl alcohol) extraction
in TRIzol extraction procedure, 24

Chloroform:isoamyl alcohol, 19, 21
Church and Gilbert hybridization buffer

(recipe), 124, 513
CIP. See Calf intestine alkaline phosphatase
CLIP (cross-linking and immunoprecipitation)

identification of RNAs bound by specific
protein, 476–490

materials, 476–478
method, 480–489

addition of 454 capture linkers via
second PCR step, 489

Dynabead–antibody complex prepa-
ration, 481–482

isolation of RNA from nitrocellulose,
486–487

ligation of linkers to 5′ ends of tags,
487

phosphate removal, 483–484
phosphorylation of 5′ ends, 484
purification of PCR-amplified tag

sequences, 488–489
recovery of cross-linked RNA from

gel, 485–486
removal of contaminating DNA from

RNA tags, 487
resolution of RNA–protein cross-

linked complexes on a gel,
484–485

RNA linker addition to 3′ ends, 484
RNase treatment (micrococcal nucle-

ase), 483
RNase treatment (RNase A and T1

mix), 482
RT-PCR amplification of linker-ligat-

ed tags, 488
UV cross-linking of cultured cells,

480–481
UV cross-linking of tissues, 480

overview, 478–479, 479f
tips and troubleshooting, 489–490

overview, 429, 429f
CMCT, 244, 271, 279
CodeLink slides, 440–445
Colored carrier, 7
Column chromatography, 6
Concentration, calculation of RNA, 361
Coomassie blue stain (recipe), 303, 306
Cordycepin 5′-[α-32P]triphosphate, 228–230
Cross-linking

advantages and disadvantages of methodolo-
gies, 250t

CLIP (cross-linking and immunoprecipita-
tion)

identification of RNAs bound by specific
protein, 476–490

materials, 476–478
method, 480–489
overview, 478–479, 479f
tips and troubleshooting, 489–490

overview, 429, 429f
formaldehyde, 249, 311–313

materials, 311
method, 312
overview, 311
recipes, 313
tips and troubleshooting, 312–313

RNA–protein interaction detection
description, 248–249
photocross-linking using uridine analogs

(protocol), 304–306
materials, 304
method, 305
overview, 305
recipes, 306
tips and troubleshooting, 305–306

ultraviolet photochemical cross-linking
to detect RNA-binding proteins
(protocol), 301–303

materials, 301
method, 302–303
overview, 302
recipes, 303
tips and troubleshooting, 303

UV cross-linking using RNAs substituted
with photoactivatable nucleo-
sides, 249

RNA–RNA interaction detection using pso-
ralen derivatives, 307–310

materials, 307
method, 308–309, 309f
overview, 308
recipes, 310
tips and troubleshooting, 309

Cy3 and Cy5 dyes, 438
Cycle threshold, 168–169, 168f
Cytomegalovirus (CMV) promoter, 393, 401
Cytoplasmic RNA, preparation from tissue cul-

ture cells (protocol), 33–35

D

Degradation of RNA
assessment

Bioanalyzer trace, 41–42, 42f
molar ratio of 28S–18S rRNA, 41

causes
metal ions, 2–3
pH, 2, 3f
ribonucleases, 3–4

Deionized glyoxal (recipe), 113
Denaturing stop buffer (recipe), 351
Denhardt’s solution (100x) (recipe), 118, 129
DEPC, 3, 247–248, 271
Dephosphorylation

in 5′ rapid amplification of cDNA ends
(RACE) protocol, 174, 187

of cleaved RNA in site-specific labeling pro-
tocol, 236

enzymatic of RNA using calf intestine alkaline
phosphatase or shrimp alkaline
phosphatase (protocol), 103–105

materials, 103
method, 104
overview, 103
recipes, 105
tips and troubleshooting, 104

Detection and characterization of RNAs, 75–203
overview of techniques, 75–88

northern blotting, 77
nuclease protection, 77f, 78, 78f
PCR-based approaches, 80–86

end-point PCR, 81
quantitative PCR, 82–83, 82f, 83f
RACE, 83, 84f, 85
semiquantitative PCR, 81–82, 81f
sequencing, 85

primer extension, 78–79, 79f
probe preparation, 75–77, 76t
RNase H digestion, 80, 80f
for small RNAs

gel-shift assay, 87, 87f
native gel electrophoresis, 87, 87f
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Detection and characterization of RNAs (contin-
ued)

splinted ligations, 86, 86f
stem-loop PCR, 87, 88f

protocols, 89–203
3′ rapid amplification of cDNA ends

(RACE), 180–185, 180f, 181f
materials, 180–182
method, 182–184
overview, 182
recipes, 184–185
tips and troubleshooting, 184

5′ rapid amplification of cDNA ends
(RACE), 171–179, 172f

materials, 171–173
method, 174–177
overview, 173–174
recipes, 177–178
tips and troubleshooting, 177

asymmetric polymerase chain reaction to
generate single-stranded probes,
95–96

materials, 95
method, 96
overview, 95
recipes, 96
tips and troubleshooting, 96

detection of RNAs by 3′-end labeling and
RNase H digestion, 152–154

materials, 152–153
method, 153
overview, 153
recipes, 154
tips and troubleshooting, 154

direct chemical sequencing of end-
labeled RNA, 192–199, 197f

materials, 192–193
method, 193–196
overview, 193
recipes, 197–199
tips and troubleshooting, 196

DNA oligonucleotide radiolabeling by
terminal deoxynucleotidyl trans-
ferase (TdT), 92–94

materials, 92
method, 92–93
overview, 92
recipes, 93
tips and troubleshooting, 93

enzymatic dephosphorylation of RNA
using calf intestine alkaline phos-
phatase or shrimp alkaline phos-
phatase (SAP), 103–105

materials, 103
method, 104
overview, 103
recipes, 105
tips and troubleshooting, 104

labeling of oligonucleotide probes (DNA,
LNA, RNA) by polynucleotide
kinase and [γ-32P]ATP, 89–91, 89f

materials, 89–90
method, 90
overview, 90
recipes, 91

tips and troubleshooting, 90
nick translation of double-stranded DNA

for the preparation of 32P-labeled
hybridization probes, 100–102

materials, 100
method, 101
overview, 100
recipes, 101–102
tips and troubleshooting, 101

northern blots: alternative method for
processing northern blots after
capillary transfer, 121–125

materials, 121
method, 122–124
overview, 122
recipes, 124

northern blots: capillary transfer of RNA
from agarose gels and filter
hybridization using standard
stringency hybridization condi-
tions, 114–120

materials, 114–115
method, 115–117, 116f
overview, 115
recipes, 118–120
tips and troubleshooting, 118

northern blots: denaturation and electro-
phoresis of RNA with formalde-
hyde, 106–109

materials, 106–107
method, 107–108
overview, 107
recipes, 108–109
tips and troubleshooting, 108

northern blots: denaturation and electro-
phoresis of RNA with glyoxal,
110–113

materials, 110–111
method, 111–112
overview, 111
recipes, 112–113

northern blots for small RNAs and
microRNAs, 126–130

materials, 126–127
method, 127–128
overview, 127
recipes, 129–130

nuclease S1 protection mapping, 136–140,
136f

materials, 137
method, 138
overview, 137–138
recipes, 139–140
tips and troubleshooting, 139

poisoned primer extension, 149–151
materials, 149
method, 150
overview, 149–150
recipes, 151
tips and troubleshooting, 150

primer extension analysis of RNA,
141–144

materials, 141–142
method, 142–143
overview, 142

recipes, 143–144
tips and troubleshooting, 143

quantitative PCR using real-time fluores-
cence measurements, 165–170

discussion, 168–169, 168f, 169t, 170f
materials, 165–166
melting cycle, 169, 170f
method, 166–167
overview, 166
threshold cycle, 168–169, 168f, 169t
tips and troubleshooting, 168

RACE on uncapped or nonpolyadenylat-
ed RNAs, 186–188

materials, 186
method, 187
overview, 186
recipes, 188
tips and troubleshooting, 188

random hexamer 32P radiolabeling of
DNA fragments as hybridization
probes, 97–99

materials, 97
method, 98
overview, 97
recipes, 99
tips and troubleshooting, 98

reverse primer extension, 145–148, 145f
materials, 145–146
method, 146–147
overview, 146
recipes, 147–148
tips and troubleshooting, 147

reverse transcription–polymerase chain
reaction, 155–164, 157f, 163f

discussion, 161–162, 163f
exponential range, determining, 162,

163f
hot-start PCR, 162
materials, 155–156
method, 158–161
overview, 156, 157f
primer design, 161–162
recipes, 164
tips and troubleshooting, 161

RNA sequencing by primer extension,
189–191

materials, 189
method, 190
overview, 189
recipes, 191
tips and troubleshooting, 190

RNase protection assay, 131–135
materials, 131–132
method, 132–133
overview, 132
recipes, 134
tips and troubleshooting, 133–134

splinted ligation method to detect small
RNAs, 200–203, 200f

materials, 200–201
method, 201–202
overview, 201
recipes, 202–203
tips and troubleshooting, 202

DGCR-8/Pasha, 399
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Dicer, 356–358, 356f, 384
Diethyl pyrocarbonate (DEPC), 3, 247–248, 271
Direct chemical sequencing of end-labeled RNA

(protocol), 192–199, 197f
materials, 192–193
method, 193–196
overview, 193
recipes, 197–199
tips and troubleshooting, 196

Divalent metal ions
chelating with EDTA, 2–3
as contaminants of buffer components, 2
RNA degradation and, 2–3

DMS, 247, 270–271, 279
DNA, preparing cellular from nuclei and whole

cells (protocol), 532–534
DNA labeling

oligonucleotide probes by polynucleotide
kinase and [γ-32P]ATP (protocol),
89–91, 89f

materials, 89–90
method, 90
overview, 90
recipes, 91
tips and troubleshooting, 90

oligonucleotide radiolabeling by terminal
deoxynucleotidyl transferase
(TdT) (protocol), 92–94

materials, 92
method, 92–93
overview, 92
recipes, 93
tips and troubleshooting, 93

DNA polymerase buffer (5x) (recipe), 147
DNA removal from RNA (protocol), 56–57

materials, 56
method, 56–57
overview, 56
recipes, 57
tips and troubleshooting, 57

DNase
nick translation of double-stranded DNA for

the preparation of 32P-labeled
hybridization probes (protocol),
100–102

on-column treatment, 31
quick reference guide to DNases, 523
removal of contaminating DNA from RNA

tags, 487
treatment of purified RNA sample with, 8,

56–57, 67
DNase buffer (10x), 56
DNase I buffer (recipe), 320
DNase I storage buffer (1x) (recipe), 101
Dot blot, 420
Double-stranded RNA (dsRNA)

Dicer processing of, 356, 358
protein kinase R response to, 358
purification of, 360–361
RNA interference, 359–361

dsRNA synthesis, 360–361
protocols

dsRNA-induced RNAi in C. elegans
by feeding with dsRNA-express-
ing E. coli, 370–373

dsRNA-induced RNAi in Drosophila
cells by soaking, 363–365

dsRNA-induced RNAi in Drosophila
cells by transfection, 366–369

RNAi in C. elegans by injection of
dsRNA, 374–377

transcription template generation, 359–360
trigger length, 360
trigger selection, 359–360

storage of, 361
synthesis of, 360–361

Dounce homogenization, 322
Drosha, 356f, 357, 384, 399
Drosophila

hnRNP-enriched nucleoplasmic extracts,
548–553

large-scale immunoprecipitation of RNP
complexes from Drosophila nucle-
oplasmic extracts for tiling
microarrays (RNA immunopre-
cipitation microarray; RIP-Chip),
471–475

materials, 471–472
method, 472–473
overview, 472
recipes, 474
tips and troubleshooting, 474

preparation of Drosophila Kc cell nuclear
extracts for in vitro splicing,
334–338

materials, 334
method, 335–336
overview, 335
recipes, 337–338
tips and troubleshooting, 336

RNA interference (RNAi)
encoded triggers, 383–385, 384f, 385f
experimental design basics, 358–359
protocols

construction of transgenic Drosophila
expressing shRNAs in the miR-1
backbone, 387–392

dsRNA-induced RNAi in Drosophila
cells by soaking, 363–365

dsRNA-induced RNAi in Drosophila
cells by transfection, 366–369

RNAi screens, 416
in vitro splicing reactions in Drosophila Kc

cell nuclear extracts, 339–342
materials, 339
method, 340
overview, 340
recipes, 341–342
tips and troubleshooting, 341

Drosophila RNAi Screening Center (DRSC), 416
DRSC (Drosophila RNAi Screening Center), 416
dsRNA. See Double-stranded RNA

E

Ecotropic virus, 399, 401
EDTA

chelating metal ions with, 2–3
NaOH (0.1 M)/EDTA (1 mM) (recipe), 140

sodium acetate (0.3 M)/EDTA solution (0.1
mM) (recipe), 199

Tris borate, EDTA (TBE) electrophoresis
buffer, 63–64, 66

EDTA/glycogen mixture (recipe), 93
Effectene, 366, 367
EGTA, for Ca2+ chelation, 3
Electrophoresis. See Gel electrophoresis
Electrophoretic mobility shift assay (EMSA),

257–261
materials, 257–258
overview, 258–259
recipes, 260–261
tips and troubleshooting, 260

Electrophoretic transfer buffer (20x) (recipe), 129
Electroporation, of transgenes into KH2 ES cells,

410–411
Elution buffer (recipes), 55, 320, 538
Emetine, 35
Empigen (recipe), 313
EMSA. See Electrophoretic mobility shift assay

(EMSA)
3′-End-labeling protocols

detection of RNAs by labeling and RNase H
digestion, 152–154

materials, 152–153
method, 153
overview, 153
recipes, 154
tips and troubleshooting, 154

in vitro transcription
labeling of RNA with [32P]pCp and T4

RNA ligase 1, 225–227
materials, 225
method, 226
overview, 226
recipes, 227
tips and troubleshooting, 226

labeling of RNA with yeast poly(A) poly-
merase and 3′-deoxyadenosine 5′-
[α-32P]triphosphate (cordycepin
5′-[α-32P]triphosphate), 228–230

materials, 228
method, 229
overview, 228–229
recipes, 229–230

overview, 208
5′-End-labeling protocols

labeling of RNA with [γ-32P]ATP and T4
polynucleotide kinase, 231–233

materials, 231
method, 232
overview, 231
recipes, 232
tips and troubleshooting, 232

overview, 208
End-labeled RNA

direct chemical sequencing of (protocol),
192–199, 197f

materials, 192–193
method, 193–196
overview, 193
recipes, 197–199
tips and troubleshooting, 196

in vitro–synthesized RNAs, 208
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End-point PCR, for detection and characteriza-
tion of RNAs, 81

Enzymatic dephosphorylation of RNA using calf
intestine alkaline phosphatase or
shrimp alkaline phosphatase
(protocol), 103–105

materials, 103
method, 104
overview, 103
recipes, 105
tips and troubleshooting, 104

Enzymes. See also specific enzymes
DNases, 523
exonucleases for rRNA removal from RNA

preparation, 10, 48–49
importance of Km, 13
ribonucleases, 523

Epitope tags, 251
Eri-6/7 locus, 376
Escherichia coli, RNA isolation from (protocol),

44–47
discussion, 46–47
materials, 44–45
method, 45–46
overview, 45
tips and troubleshooting, 46

Escherichia coli RNase III, fragmentation of whole-
transcriptome RNA using, 457–459

“Ethanol grabbers,” 8
Ethanol precipitation

guidelines, 6–7
colored carrier use, 7
procedure, 7
recovery by centrifugation, 7, 7f
removal of excess ethanol, 7–8
RNA concentration required for, 7
salt concentration, 6

protocol, 27–29
expected yield from various tissues and

cells, 28t
materials, 27
method, 28–29
overview, 27
tips and troubleshooting, 29

Ethanolamine, 441, 445
Ethidium bromide, 70
Exonuclease

for rRNA removal from RNA preparation,
10, 48–49

Terminator (Epicentre), 48–49

F

Feeder medium (recipe), 415
Fe(II)-EDTA, 276, 278
Filter-binding assay

description, 241–242
protocol, 254–256

materials, 254
method, 255
overview, 254–255
recipes, 256
tips and troubleshooting, 256

First-strand buffer (5x) (recipe), 164

Flock house virus, 367
Flp-In vector, 407, 407f
Fluorescent dye binding, for RNA and DNA

quantification, 68–70
Fluorescent-dye-labeled cDNA, preparation of,

435–439
Fluorometry, 68–70
Footprinting

description, 244–245, 245f
mapping sites using chemical methods,

276–283
CMCT, 279
DMS, 279
Fe(II)-EDTA, 276, 278
kethoxal, 279
phosphorothioate-substituted RNA,

280–283
reverse, 245–246, 245f, 288–289, 289f
RNase, 284–287, 286f

Formaldehyde
cross-linking, 249, 311–313, 430

advantages and disadvantages, 250t
materials, 311
method, 312
overview, 311
recipes, 313
tips and troubleshooting, 312–313

northern blots: denaturation and electro-
phoresis of RNA with, 106–109

materials, 106–107
method, 107–108
overview, 107
recipes, 108–109
tips and troubleshooting, 108

Formaldehyde (10%) (recipe), 313
Formamide hybridization buffer (recipe), 134
Formamide/dye loading buffer (recipe), 129,

144, 191, 224, 513
Fragmentation of whole-transcriptome RNA

using E. coli RNase III, 457–459
Freezing medium (recipe), 415

G

G reaction buffer (recipe), 198
G reaction stop buffer (recipe), 198
Gal4 drivers, 359, 387, 416
Galaxy website, 501, 510
Gel electrophoresis

detection and characterization of RNAs, 87, 87f
gel purification of amplified cDNA, 469–470,

469f
native polyacrylamide-gel-electrophoresis-

binding assay for RNA–protein
complexes, 257–261

northern blots for small RNAs and
microRNAs (protocol), 126–130

preparing size markers for, 541–543
protocols, 58–66

agarose (nondenaturing), 63–66
northern blots: denaturation and electro

phoresis of RNA with formalde-
hyde, 106–109

materials, 106–107

method, 107–108
overview, 107
recipes, 108–109
tips and troubleshooting, 108

northern blots: denaturation and electro-
phoresis of RNA with glyoxal,
110–113

materials, 110–111
method, 111–112
overview, 111
recipes, 112–113

polyacrylamide, 58–63, 60f
purification of in vitro transcripts, 222–224

materials, 222
method, 223–224
overview, 223
recipes, 224

recovery of cross-linked RNA from gel,
485–486

resolution of RNA–protein cross-linked
complexes on a gel, 484–485

yield determination by, 70–72
Gel elution buffer (recipe), 224, 514

no SDS, 238, 514
with SDS, 514

Gel mobility shift assay
description, 242–243
protocol, 257–261

materials, 257–258
overview, 258–259
recipes, 260–261
tips and troubleshooting, 260

Gel-running buffer (recipe), 112
Gel-shift assay, 87, 87f
Gene Expression Omnibus, 504
Gene Ontology, 500, 509
GenePix, 446–449
Genomics

bioinformatic analysis, 495
data analysis overview, 431–433, 432f
high-throughput RNA sequencing (HTS)

applications, 427–428
overview, 424–428
seed molecule library creation, 427
systems

Illumina, 425, 425f
pyrosequencing (“454”), 425–426, 426f
SOLiD, 426–427, 427f

identifying RNAs associated with specific
proteins, 428–431

antibodies, 430–431
cross-linking, 428–430

CLIP, 429, 429f
formaldehyde, 430
UV, 428–430

extract preparation, 431
microarrays

array platforms
Affymetrix, Inc., 422–423
Agilent, Inc., 422
“ink-jet” printed arrays, 422
Nimblegen, Inc., 423, 423f
pin-printed arrays, 421–422, 422f

commercial providers of, 420–421
overview, 419, 420–424
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double-label cohybridization of two
samples, 421

limitations of arrays, 423–424
single-label one-sample-per-array

strategy, 421
tiling arrays, 420

protocols, 435–510
CLIP (cross-linking and immunoprecipi-

tation) identification of RNAs
bound, 476–490

materials, 476–478
method, 480–489
overview, 478–479, 479f
tips and troubleshooting, 489–490

fragmentation of whole-transcriptome
RNA using E. coli RNase III,
457–459

materials, 457
method, 458
overview, 458
recipe, 459
tips and troubleshooting, 458

large-scale immunoprecipitation of RNP
complexes from Drosophila nucle-
oplasmic extracts for tiling
microarrays (RNA immunopre-
cipitation microarray; RIP-Chip),
471–475

materials, 471–472
method, 472–473
overview, 472
recipes, 474
tips and troubleshooting, 474

methods for processing high-throughput
sequencing data, 503–510

classification of changes and associat-
ed biology, 509

experimental design, 504–507
materials, 503–504
measuring expression level and

changes in expression, 508
processing and mapping sequencing

reads, 507–508
tips and troubleshooting, 510
validation, 509
visualization, 509–510

methods for processing microarray data,
496–502

array quality control, data extraction,
and normalization, 498

classification of changes and associat-
ed biology, 500

experimental design, 496–498
materials, 496
normalization and scaling, 498–499
tips and troubleshooting, 501
transcript detection and change iden-

tification in transcript levels, 499
validation, 500
visualization, 500–501

microarray slide hybridization, 440–445
materials, 440–441
method, 442–445
overview, 441
recipes, 445

tips and troubleshooting, 445
preparation of fluorescent-dye-labeled

cDNA from RNA for microarray
hybridization, 435–439

discussion, 438–439
materials, 435–436
recipes, 439
tips and troubleshooting, 438

preparation of mRNA-Seq libraries from
poly(A)+ mRNA for Illumina
transcriptome high-throughput
sequencing, 491–494

overview, 491–492
tips and troubleshooting, 492–493

preparation of small RNA libraries for
high-throughput sequencing,
460–470

gel purification of 5′- and 3′-ligated
RNA product, 466, 467f

gel purification of amplified cDNA,
469–470, 469f

gel purification of 3′-ligated RNA
product, 464–465, 465f

linker ligation, 3′, 464
linker ligation, 5′, 466
materials, 460–461
method, 461–470
PCR amplification of cDNA, 468
PmeI digestion of radiolabeled

oligonucleotides, 468
recipes, 470
reverse transcription, 467–468
size selection and gel purification of

RNA sample, 461–464, 463f
tips and troubleshooting, 470

scanning microarray slides, 446–450
discussion, 449
materials, 446
method, 447–448
overview, 447
tips and troubleshooting, 449–450, 450f

tips on hybridizing, washing, and scan-
ning Affymetrix microarrays,
451–456

materials, 451
method, 452–456
overview, 451–452
tips and troubleshooting, 456

Glass beads, vortexing with, 40–41
Glycerol, 12
Glycerol (25%) (recipe), 538
GlycoBlue (Ambion), 7, 25, 29
Glycogen

EDTA/glycogen mixture (recipe), 93
RNase-free, 29

Glyoxal, denaturation and electrophoresis of
RNA with, 110–113

materials, 110–111
method, 111–112
overview, 111
recipes, 112–113

Glyoxal denaturation buffer (recipe), 113
GPS (glutamine/penicillin/streptomycin) solu-

tion (recipe), 414
GR1379 strain, 375

“GREAT” program, 500, 509
Guanidine isothiocyanate, solubilization with, 5
Guide strand, siRNA, 357, 378

H

Hairpin, 383, 384f. See also shRNA
Hazardous materials

general properties, 560–561
list of materials, 561–565

HBS solution (2x) (recipe), 402
HeLa cells

analysis of pre-mRNA splicing using HeLa
cell nuclear extracts, 330–333

materials, 330–331
method, 331–332, 332f
overview, 331
recipes, 332–333
tips and troubleshooting, 332

history of, 325
preparation of nuclear extracts from HeLa

cells, 325–329
materials, 325–326
method, 326–327
overview, 326
recipes, 328–329
tips and troubleshooting, 328

Herring testis carrier DNA (recipe), 119, 129
Hexamer mix (recipe), 99
High-throughput sequencing (HTS)

applications, 427–428
bar coding, 506
data analysis, 431–433, 432f
fragmentation of whole-transcriptome RNA

using E. coli RNase III, 457–459
materials, 457
method, 458
overview, 458
recipe, 459
tips and troubleshooting, 458

methods for processing high-throughput
sequencing data, 503–510

classification of changes and associated
biology, 509

experimental design, 504–507
materials, 503–504
measuring expression level and changes

in expression, 508
processing and mapping sequencing

reads, 507–508
tips and troubleshooting, 510
validation, 509
visualization, 509–510

overview, 424–428
preparation of mRNA-Seq libraries from

poly(A)+ mRNA for Illumina
transcriptome high-throughput
sequencing, 491–494

overview, 491–492
tips and troubleshooting, 492–493

preparation of small RNA libraries for high-
throughput sequencing, 460–470

gel purification of 5′- and 3′-ligated RNA
product, 466, 467f
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High-throughput sequencing (HTS) (continued)
gel purification of amplified cDNA,

469–470, 469f
gel purification of 3′-ligated RNA prod-

uct, 464–465, 465f
linker ligation, 3′, 464
linker ligation, 5′, 466
materials, 460–461
method, 461–470
PCR amplification of cDNA, 468
PmeI digestion of radiolabeled oligonu-

cleotides, 468
recipes, 470
reverse transcription, 467–468
size selection and gel purification of RNA

sample, 461–464, 463f
tips and troubleshooting, 470

read length, 505–506
seed molecule library creation, 427
systems

Illumina, 425, 425f
pyrosequencing (“454”), 425–426, 426f
SOLiD, 426–427, 427f

High-yield transcription buffer (10x) (recipe), 218
HNEB1 buffer (recipe), 550–551
HNEB2 buffer (recipe), 551
HNEB2–30% sucrose (recipe), 551
hnRNP-enriched nucleoplasmic extracts from

Drosophila or mammalian tissue
culture cells, 548–553

HotStarTaq DNA polymerase, 162
Housekeeping messenger RNA (mRNA), 72
HTS. See High-throughput sequencing (HTS)
Hybrid selection, for rRNA removal from RNA

preparation, 10, 51–52
Hybridization. See Microarrays
Hybridization buffer (5x) (recipe), 134
Hybridization probes

nick translation of double-stranded DNA for
the preparation of 32P-labeled
hybridization probes (protocol),
100–102

materials, 100
method, 101
overview, 100
recipes, 101–102
tips and troubleshooting, 101

random hexamer 32P radiolabeling of DNA
fragments as (protocol), 97–99

materials, 97
method, 98
overview, 97
recipes, 99
tips and troubleshooting, 98

Hydrazine 50% (U reaction buffer) (recipe), 297
Hydrogen peroxide (2.5%, w/v) (recipe), 289
Hydrophilicity of RNA, 27

I

Illumina sequencing process, 425, 425f, 491
Immunoprecipitation

CLIP (cross-linking and immunoprecipitation)
identification of RNAs bound by specific

protein, 476–490
materials, 476–478
method, 480–489
overview, 478–479, 479f
tips and troubleshooting, 489–490

overview, 429, 429f
for enrichment of RNA species, 10
large-scale immunoprecipitation of RNP

complexes from Drosophila nucle-
oplasmic extracts for tiling
microarrays (RNA immunopre-
cipitation microarray; RIP-Chip),
471–475

materials, 471–472
method, 472–473
overview, 472
recipes, 474
tips and troubleshooting, 474

In vitro transcription, 205–239
basics of, 205–206
failure, reasons for, 205–206
labeling of RNAs, 207–209

overview
5′ and 3′ labeling, 208
body labeling, 207
site-specific labeling, 208–209, 209f

protocols
5′-end labeling of RNA with [γ-

32P]ATP and T4 polynucleotide
kinase, 231–233

3′-end labeling of RNA with
[32P]pCp and T4 RNA ligase 1,
225–227

3′-end labeling of RNA with yeast
poly(A) polymerase and 3′-
deoxyadenosine 5′-[α-
32P]triphosphate (cordycepin 5′-
[α-32P]triphosphate), 228–230

site-specific labeling and substitution
of RNA, 234–239

synthesis, labeling, and substitution,
210–215

protocols, 210–239
determining yield of RNA synthesized in

vitro, 220–221
materials, 220
method, 220–221
overview, 220
tips and troubleshooting, 221

5′-end labeling of RNA with [γ-32P]ATP
and T4 polynucleotide kinase,
231–233

materials, 231
method, 232
overview, 231
recipes, 232
tips and troubleshooting, 232

3′-end labeling of RNA with [32P]pCp
and T4 RNA ligase 1, 225–227

materials, 225
method, 226
overview, 226
recipes, 227
tips and troubleshooting, 226

3′-end labeling of RNA with yeast

poly(A) polymerase and 3′-
deoxyadenosine 5′-[α-
32P]triphosphate (cordycepin 5′-
[α-32P]triphosphate), 228–230

materials, 228
method, 229
overview, 228–229
recipes, 229–230

gel purification of RNA, 222–224
materials, 222
method, 223–224
overview, 223
recipes, 224

high-yield synthesis of RNA using T7
RNA polymerase and plasmid
DNA or oligonucleotide tem-
plates, 216–219

materials, 216
method, 217
overview, 216–217
recipes, 218
tips and troubleshooting, 217–218

site-specific labeling and substitution of
RNA, 234–239

cleavage of RNA with chimeric
oligonucleotide, 235–236

dephosphorylation of cleaved RNA,
236

ligation of RNA using a bridge
oligonucleotide, 236–237

materials, 234–235
method, 235–237
overview, 235
phosphorylation of RNA with [γ-

32P]ATP, 236
recipes, 237–239
tips and troubleshooting, 237

synthesis, labeling, and substitution,
210–215

capping and substitution of tran-
scripts, 213

materials, 210
method, 211–214
overview, 211
random incorporation of modified

nucleotides, 213–214
recipes, 215
tips and troubleshooting, 214–215

synthesis with modified nucleotides, 207
yield of RNA transcripts, 206

Injection buffer (1x) (recipe), 391
Inorganic pyrophosphatase (IPP) stock and stor-

age buffer (recipe), 218
Integrity, assessing RNA preparations, 8–9
Inverted repeats, as silencing triggers for RNAi in

Drosophila, 383–385, 384f, 385f
Iodoethanol, 280–283
Iodoethanol (recipe), 289, 297
IPB1 buffer (recipe), 474
IPB2 buffer (recipe), 474
IPTG (recipe), 373, 539
Isoamyl alcohol. See PCA (phenol:chloroform:

isoamyl alcohol) extraction
Isoforms, RNA, 503, 508
Isopropanol precipitation, 24–25
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K

Kc splicing mix (4x) (recipe), 341
Kethoxal, 244, 279
Kinase, 5′-end labeling of RNA with, 208,

231–233
Kinase buffer (10x) (recipe), 143, 203
Kits. See Purification kits
Klenow buffer (5x) (recipe), 267, 514
Klenow DNA polymerase, 97–98
Km, importance of, 13

L

Labeling. See also Radiolabeling
3′-end labeling (protocol), 152–154

materials, 152–153
method, 153
overview, 153
recipes, 154
tips and troubleshooting, 154

of oligonucleotide probes (DNA, LNA, RNA)
by polynucleotide kinase and [γ-
32P]ATP (protocol), 89–91, 89f

materials, 89–90
method, 90
overview, 90
recipes, 91
tips and troubleshooting, 90

in vitro transcription, 206–209
5′ and 3′ labeling, 208
body labeling, 207
site-specific labeling, 208–209

Labeling buffer (10x) (recipe), 543
Large RNAs, selective precipitation with LiCl or

PEG/NaCl, 49–50
LB medium (recipe), 530
Lentivirus, 398, 401
Leupeptin (recipe), 539
Library, for high-throughput sequencing

protocols
preparation of mRNA-Seq libraries from

poly(A)+ mRNA for Illumina
transcriptome high-throughput
sequencing, 491–494

overview, 491–492
tips and troubleshooting, 492–493

preparation of small RNA libraries for
high-throughput sequencing,
460–470

gel purification of 5′- and 3′-ligated
RNA product, 466, 467f

gel purification of amplified cDNA,
469–470, 469f

gel purification of 3′-ligated RNA
product, 464–465, 465f

linker ligation, 3′, 464
linker ligation, 5′, 466
materials, 460–461
method, 461–470
PCR amplification of cDNA, 468
PmeI digestion of radiolabeled

oligonucleotides, 468
recipes, 470

reverse transcription, 467–468
size selection and gel purification of

RNA sample, 461–464, 463f
tips and troubleshooting, 470

seed molecule library creation, 427
Ligase, T4 RNA, 152–153
Ligation buffer (2x) (recipe), 203
Ligation buffer (10x) (recipe), 391, 397, 515
Lin-29, 376
Lipofectamine 2000, 380–381
Liquid nitrogen, snap-freezing tissue for RNA

extraction, 6
Lithium chloride (LiCl), selective precipitation

of large RNAs with, 49–50
LNA labeling of probes by polynucleotide kinase

and [γ-32P]ATP (protocol), 89–91,
89f

materials, 89–90
method, 90
overview, 90
recipes, 91
tips and troubleshooting, 90

Loading buffer (recipe), 260
Loading dye (recipe), 198, 274
Luria broth (LB) (recipe), 373, 515
Lysis buffer (recipes), 43, 530, 539
Lysozyme

recipe, 539
use in RNA isolation from bacteria, 45

M

M9+ medium (recipe), 372, 515
M15 medium (recipe), 415
M15 medium + hygromycin (recipe), 415
M9 salts (recipe), 538
M9 stock (1x) (recipe), 372, 376, 515
Magnetic beads

affinity selection using, 314–316
protein A, 474

Mammalian cells, RNA interference in
encoded triggers, 393–394
experimental design basics, 359
protocols

creating an miR30-based shRNA vector,
395–397

materials, 395–396
method, 396–397
recipes, 397

creating transgenic shRNA mice by
recombinase-mediated cassette
exchange, 407–417

discussion, 415–417
materials, 407–409
method, 409–414
overview, 409
recipes, 414–415
tips and troubleshooting, 414

infection of mammalian cells with retro-
viral shRNAs, 403–405

materials, 403
method, 403–404
overview, 403
tips and troubleshooting, 404

packaging shRNA retroviruses and host
cell infection, 399–402

materials, 399–400
method, 400
overview, 400
recipes, 402
tips and troubleshooting, 401

RNAi in cultured mammalian cells using
synthetic siRNAs, 380–382

materials, 380
method, 380–381
overview, 380
tips and troubleshooting, 381

screens, 416
synthetic siRNAs, 378–379

Master mixes, importance of, 11
Material safety data sheets (MSDSs), 30
Meiotic cells, isolation of total RNA from yeast,

40–41, 42f
Melting curve, 169–170
Messenger RNA (mRNA)

enrichment of poly(A)+ mRNA using immo-
bilized oligo(dT) (protocol), 53–55

materials, 53
method, 54
overview, 53
recipes, 55
tips and troubleshooting, 54

enrichment using immobilized oligo(dT)
cellulose, 10

housekeeping, 72
mRNA-Seq libraries, preparation of, 491–494
percentage of total cellular RNA, 1

Metal ions
chelating, 2–3
RNA degradation and, 2–3

Mg++

chelation with EDTA, 3
ribonucleoside triphosphates (rNTPs)

requirement for, 206
MgSO4 (recipe), 538
Microarrays

blocking slides, 441, 442, 442f
CodeLink slides, 440–445
commercial providers of, 420–421
data analysis, 431–433
overview, 419, 420–424

array platforms
Affymetrix, Inc., 422–423
Agilent, Inc., 422
“ink-jet” printed arrays, 422
Nimblegen, Inc., 423, 423f
pin-printed arrays, 421–422, 422f

double-label cohybridization of two sam-
ples, 421

limitations of arrays, 423–424
single-label one-sample-per-array strate-

gy, 421
tiling arrays, 420

protocols
large-scale immunoprecipitation of RNP

complexes from Drosophila nucle-
oplasmic extracts for tiling micro-
arrays (RNA immunoprecipitation
microarray; RIP-Chip), 471–475

567-586_Index_RNAMAN_RNA  10/12/10  12:30 PM  Page 575

Copyright 2011 Cold Spring Harbor Laboratory Press. Not for distribution.  
Do not copy without written permission from Cold Spring Harbor Laboratory Press



576 /   Index

Microarrays (continued)
materials, 471–472
method, 472–473
overview, 472
recipes, 474
tips and troubleshooting, 474

methods for processing microarray data,
496–502

array quality control, data extraction,
and normalization, 498

classification of changes and associat-
ed biology, 500

experimental design, 496–498
materials, 496
normalization and scaling, 498–499
tips and troubleshooting, 501
transcript detection and change iden-

tification in transcript levels, 499
validation, 500
visualization, 500–501

microarray slide hybridization, 440–445
materials, 440–441
method, 442–445
overview, 441
recipes, 445
tips and troubleshooting, 445

preparation of fluorescent-dye-labeled
cDNA from RNA for microarray
hybridization, 435–439

discussion, 438–439
materials, 435–436
recipes, 439
tips and troubleshooting, 438

scanning microarray slides, 446–450
discussion, 449
materials, 446
method, 447–448
overview, 447
tips and troubleshooting, 449–450,

450f
tips on hybridizing, washing, and scan-

ning Affymetrix microarrays,
451–456

materials, 451
method, 452–456
overview, 451–452
tips and troubleshooting, 456

significance analysis of, 499
tiling, 420, 471–475

Micrococcal nuclease, 483
Micrococcal nuclease (recipe), 289
Microinjection, of dsRNA in C. elegans, 374–377
Micropipettor

accuracy, checking, 13
problematic solution, 12–13
proper use of, 11–13
RNase contamination of, 4

microRNA (miRNA)
isolation kits for, 31
miR-1, 384, 385, 387–392
miR-30, 384, 393, 395–397
northern blots for (protocol), 126–130

materials, 126–127
method, 127–128
overview, 127

recipes, 129–130
production from primary (pri-miRNAs), 357
regulation of natural, 384
stem-loop PCR, 87, 88f

Minimum Information About a Microarray
Experiment (MIAME) conven-
tions, 496

miR-1, 384, 385, 387–392
miR-30, 384, 393, 395–398
miRBase, 87
Mobility shift assay

description, 242–243
protocol, 257–261

materials, 257–258
overview, 258–259
recipes, 260–261
tips and troubleshooting, 260

Modification interference
description, 246–248, 247f
protocol, 291–294

materials, 291–292
method, 292–294
overview, 292
tips and troubleshooting, 294

Modification reaction buffer A (denaturing)
(recipe), 275

Modification reaction buffer A (native) (recipe),
274

Modification reaction buffer B (denaturing)
(recipe), 275

Modification reaction buffer B (native) (recipe),
275

Modified nucleotides, synthesis of RNA contain-
ing, 207, 213–214

Moloney murine leukemia virus (M-MuLV),
393, 398

MOPS buffer (10x) (recipe), 108
Mouse

creating transgenic shRNA mice by recombi-
nase-mediated cassette exchange
(protocol), 407–415

encoded RNAi in, 406
mRNA. See Messenger RNA (mRNA)
mRNA-Seq libraries, preparation of, 491–494
MSDSs (material safety data sheets), 30
MspI-digested pBR322 fragments, preparation of

labeled, 542
M9TB expression medium (recipe), 538
MTT reduction assay, 416
Mut-16 gene, 376
Mycoplasma, infection of cells by, 326

N

NAIM. See Nucleotide analog interference map-
ping (NAIM)

NanoDrop (Thermo-Fisher), 67, 68, 438
Nanospectrophotometer, 40, 67, 68, 69f
NanoVue (GE Healthcare), 67, 68
NaOH (0.1 M)/EDTA (1 mM) (recipe), 140
Native gel-loading buffer (recipe), 354, 515
Native gels, analysis of splicing complexes on,

352–354
Native polyacrylamide-gel-electrophoresis-bind-

ing assay for RNA–protein com-
plexes, 257–261

materials, 257–258
overview, 258–259
recipes, 260–261
tips and troubleshooting, 260

Native quench buffer (recipe), 351, 354
Nested PCR, 176–177, 184
NGM plates (recipe), 372–373, 376–377, 516
NGM RNAi plates (recipe), 373
Nhr-23, 376
N-hydroxysuccinimide (NHS) ester dyes, 435,

437, 438
Nick translation buffer (10x) (recipe), 102
Nick translation of double-stranded DNA for

the preparation of 32P-labeled
hybridization probes (protocol),
100–102

materials, 100
method, 101
overview, 100
recipes, 101–102
tips and troubleshooting, 101

Nickel-agarose affinity purification, 536–537
Nickel-chelate chromatography, 431
Nimblegen, Inc. microarrays, 423, 423f
Nitrocellulose, isolation of RNA from, 486–487
NL2099 strain, 375
Nonpolyadenylated RNAs, RACE of (protocol),

186–188
materials, 186
method, 187
overview, 186
recipes, 188
tips and troubleshooting, 188

Northern blots, 420
advantages of, 77
description, 77
disadvantages of, 77
measuring length of poly(A) tails, 554–556,

556f, 557f
probe preparation, 76t
protocols

alternative method for processing north-
ern blots after capillary transfer,
121–125

materials, 121
method, 122–124
overview, 122
recipes, 124

capillary transfer of RNA from agarose
gels and filter hybridization using
standard stringency hybridization
conditions, 114–120

materials, 114–115
method, 115–117, 116f
overview, 115
recipes, 118–120
tips and troubleshooting, 118

denaturation and electrophoresis of RNA
with formaldehyde, 106–109

materials, 106–107
method, 107–108
overview, 107
recipes, 108–109
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tips and troubleshooting, 108
denaturation and electrophoresis of RNA

with glyoxal, 110–113
materials, 110–111
method, 111–112
overview, 111
recipes, 112–113

for small RNAs and microRNAs, 126–130
materials, 126–127
method, 127–128
overview, 127
recipes, 129–130

for RNA integrity, 9, 73
NT2 buffer (recipe), 267
Nuclear extract preparation protocols. See also

Cell-free systems
preparation and analysis of cell-free splicing

extracts from Saccharomyces cere-
visiae, 343–347

discussion, 345
materials, 343–344
method, 344–345
overview, 344
recipes, 346–347
tips and troubleshooting, 345

preparation of Drosophila Kc cell nuclear
extracts for in vitro splicing,
334–338

materials, 334
method, 335–336
overview, 335
recipes, 337–338
tips and troubleshooting, 336

preparation of nuclear extracts from HeLa
cells, 325–329

materials, 325–326
method, 326–327
overview, 326
recipes, 328–329
tips and troubleshooting, 328

Nuclear RNA, preparation from tissue culture
cells (protocol), 33–35

Nuclease protection
breathing and end fraying, 78
description, 77f, 78, 78f
limitations of, 78
probe preparation, 76t
S1 protection mapping (protocol), 136–140,

136f
materials, 137
method, 138
overview, 137–138
recipes, 139–140
tips and troubleshooting, 139

Nucleotide analog interference mapping 
(NAIM)

description, 248
protocol, 294–297

materials, 291–292
method, 294–296, 295f, 296f
recipes, 297
tips and troubleshooting, 296

Nucleotide mix (50x) (recipe), 439
Nucleotides, synthesis of RNA containing modi-

fied, 207, 213–214

O

Oligo(dT) cellulose, for enrichment of mRNA,
10, 53–54

Oligohistidine, 251
On-Target (Dharmacon), 378
OptiKinase, 90, 187, 201, 236
OptiKinase buffer (10x) (recipe), 91, 188, 238, 516

P

P1 nuclease, 457
32P radiolabeling

of DNA fragments as hybridization probes
(protocol), 97–99

materials, 97
method, 98
overview, 97
recipes, 99
tips and troubleshooting, 98

5′-end labeling of RNA with [γ-32P]ATP and
T4 polynucleotide kinase (proto-
col), 231–233

materials, 231
method, 232
overview, 231
recipes, 232
tips and troubleshooting, 232

3′-end labeling of RNA with [32P]pCp and
T4 RNA ligase 1 (protocol),
225–227

materials, 225
method, 226
overview, 226
recipes, 227
tips and troubleshooting, 226

3′-end labeling of RNA with yeast poly(A)
polymerase and 3′-deoxyadeno-
sine 5′-[α-32P]triphosphate
(cordycepin 5′-[α-32P]triphos-
phate) (protocol), 228–230

materials, 228
method, 229
overview, 228–229
recipes, 229–230

labeling of oligonucleotide probes (DNA,
LNA, RNA) by polynucleotide
kinase and [γ-32P]ATP (protocol),
89–91, 89f

materials, 89–90
method, 90
overview, 90
recipes, 91
tips and troubleshooting, 90

nick translation of double-stranded DNA for
the preparation of 32P-labeled
hybridization probes (protocol),
100–102

materials, 100
method, 101
overview, 100
recipes, 101–102
tips and troubleshooting, 101

random hexamer 32P radiolabeling of DNA

fragments as hybridization probes
(protocol), 97–99

materials, 97
method, 98
overview, 97
recipes, 99
tips and troubleshooting, 98

PAGE. See Polyacrylamide gel electrophoresis
Passenger strand, siRNA, 357, 378
PAZ domain, 357
PB buffer (20x) (recipe), 112, 119
PBS (10x) (recipe), 552
PBS (1x) + MgCl2 (recipe), 550
PBS/EDTA/EGTA (recipe), 365, 516
PCA (phenol:chloroform:isoamyl alcohol)

extraction, 19–22, 38–41
PCR. See Polymerase chain reaction (PCR)
PCR buffer (10x) (recipe), 96, 178, 185, 268, 

516
PEG/NaCl, selective precipitation of large RNAs

with, 49–50
P element, 388
pH, RNA degradation and, 2, 3f
Phase Lock Gel, 38–39, 44–46
Phenol

contamination of RNA, 8
extraction, 19–22, 20f, 21f

Phosphatase buffer (10x) (recipe), 238, 517
Phosphate-buffered saline (PBS) (recipe), 364,

517
Phosphoramidite chemistry, 422
Phosphorothioate interference analysis, 294–295,

295f
Phosphorothioate-substituted RNA, footprinting

with, 280–283
Phosphorylation of RNA with [γ-32P]ATP, 236
PicoGreen, 69
Piperazine-N,N′-bis(2-ethanesulfonic acid)

(PIPES), 31
Pipetman. See Micropipettor
PK buffer (2x) (recipe), 341, 517
PL4440 expression vector, 370f
Plasmid preparation, RNA friendly (protocol),

526–531
materials, 526–527
method, 526–529

cell lysis, 527
cesium chloride gradient, 528, 529f
culture, 527
ethanol precipitation, 529
ethanol/isopropanol precipitation, 527–

528
ethidium bromide extraction, 528–529

recipes, 530–531
PmeI digestion of radiolabeled oligonucleotides,

468
PMSF (recipe), 338, 539, 552
Poisoned primer extension

description, 79, 79f
protocol, 149–151

materials, 149
method, 150
overview, 149–150
recipes, 151
tips and troubleshooting, 150

567-586_Index_RNAMAN_RNA  10/12/10  12:30 PM  Page 577

Copyright 2011 Cold Spring Harbor Laboratory Press. Not for distribution.  
Do not copy without written permission from Cold Spring Harbor Laboratory Press



578 /   Index

Poly(A)+ mRNA enrichment using immobilized
oligo(dT) (protocol), 53–55

materials, 53
method, 54
overview, 53
recipes, 55
tips and troubleshooting, 54

Polyacrylamide gel electrophoresis
gel purification of RNA (protocol), 222–224

materials, 222
method, 223–224
overview, 223
recipes, 224

protocol, 58–63, 60f
materials, 58–59
method, 59–62, 60f

cleaning gel plates, 59
disassembling the gel, 62
gel solution preparation, 60
loading the gel, 61–62
plate assembly, 60–61, 60f
pouring the gel, 61
running the gel, 62
setting up the gel, 61

northern blots for small RNAs and
microRNAs, 126–130

overview, 59
tips and troubleshooting, 63

Polybrene solution (recipe), 404
Polymerase chain reaction (PCR). See also

Reverse transcription–polymerase
chain reaction

accumulation curves, 81, 81f
asymmetric polymerase chain reaction to

generate single-stranded probes
(protocol), 95–96

materials, 95
method, 96
overview, 95
recipes, 96
tips and troubleshooting, 96

in CLIP protocol, 488, 489
for detection and characterization of RNAs,

80–86
end-point PCR, 81
quantitative PCR, 82–83, 82f, 83f
RACE, 83, 84f, 85
semiquantitative PCR, 81–82, 81f
sequencing, 85

end point, 81
nested, 176–177, 184
poly(A) tail length measurement, 557, 558f
quantitative, 82–83, 82f, 83f, 165–170
RACE, 83, 84f, 85
RNA yield determination by quantitative or

semiquantitative, 72
semiquantitative, 81–82, 81f
stem loop, 87, 88f

Polynucleotide kinase
in CLIP protocol, 484
labeling of oligonucleotide probes (DNA,

LNA, RNA) by polynucleotide
kinase and [γ-32P]ATP (protocol),
89–91, 89f

Poly(A) polymerase, 187

3′-end labeling of RNA with yeast poly(A)
polymerase and 3′-deoxyadeno-
sine 5′-[α-32P]triphosphate
(cordycepin 5′-[α-32P]triphos-
phate) (protocol), 228–230

Poly(A) polymerase buffer (5x) (recipe), 188,
229, 517

Poly(A) tails, measuring length of, 554–559
high-resolution measurement using north-

ern blotting, 555–556, 557f
low-resolution measurement using northern

blotting, 555, 556f
materials, 554
PCR based and ligation mediated, 557, 558
recipes, 558

Potassium acetate solution (recipe), 531
Potassium phosphate (recipe), 539
Precipitation. See also Ethanol precipitation

isopropanol, 24–25
selective of large RNAs with LiCl or

PEG/NaCl, 49–50
Prehybridization/hybridization mix (recipe),

119, 130
Pre-miRNAs, 357
Pre-mRNA splicing. See Splicing
Primary microRNAs (pri-miRNAs), 357, 384, 385f
Primer3 (design tool), 360
Primer dimers, 162
Primer extension

description, 78–79, 79f
poisoned

description, 79, 79f
protocol, 149–151

materials, 149
method, 150
overview, 149–150
recipes, 151
tips and troubleshooting, 150

protocol, 141–144
materials, 141–142
method, 142–143
overview, 142
recipes, 143–144
tips and troubleshooting, 143

reverse
protocol, 145–148, 145f

materials, 145–146
method, 146–147
overview, 146
recipes, 147–148
tips and troubleshooting, 147

reverse primer extension, 79, 79f
RNA sequencing by (protocol), 189–191

materials, 189
method, 190
overview, 189
recipes, 191
tips and troubleshooting, 190

Primer extension (PE) mix (5x) (recipe), 144
Probes

asymmetric polymerase chain reaction to
generate single-stranded probes
(protocol), 95–96

materials, 95
method, 96

overview, 95
recipes, 96
tips and troubleshooting, 96

nick translation of double-stranded DNA for
the preparation of 32P-labeled
hybridization probes (protocol),
100–102

materials, 100
method, 101
overview, 100
recipes, 101–102
tips and troubleshooting, 101

preparation, overview of, 75–77, 76t
random hexamer 32P radiolabeling of DNA

fragments as hybridization probes
(protocol), 97–99

materials, 97
method, 98
overview, 97
recipes, 99
tips and troubleshooting, 98

Processive exonuclease, for rRNA removal from
RNA preparation, 10

Promoter
cytomegalovirus, 393, 401
Gal4 responsive, 359
phage polymerase, 359–360, 359f
RNA polymerase II, 393
RNA polymerase III, 383
tissue specific, 393

Protease inhibitor cocktail (1000x) (recipe), 552
Protein A magnetic beads, 474
Protein kinase R (PKR), 357–358, 378
Proteinase K, 6, 20
Proteinase K buffer (2x) (recipe), 268, 518
Protein–RNA interactions. See RNA–protein

interactions
Psoralens

advantages and disadvantages, 250t
detecting RNA–RNA interactions, 249,

307–310
materials, 307
method, 308–309, 309f
overview, 308
recipes, 310
tips and troubleshooting, 309

Purification
description of techniques, 5–6

column chromatography, 6
guanidine cesium chloride, 5
RNA extraction from tissues, 6
SDS/proteinase K/phenol:chloroform, 6
solubilizing and deproteinizing, 5
TRIzol, 5

overview
assessment of quantity and quality, 8–9
enrichment techniques, 10
mRNA enrichment using immobilized

oligo(dT) cellulose, 10
precipitation guidelines, 6–8, 7f
resuspension of pelleted RNA, 8
ribosomal RNA (rRNA) removal, 9–10
technique descriptions, 5–6

protocols
bacterial RNA isolation (E. coli), 44–47
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discussion, 46–47
materials, 44–45
method, 45–46
overview, 45
tips and troubleshooting, 46

enrichment of poly(A)+ mRNA using
immobilized oligo(dT), 53–55

materials, 53
method, 54
overview, 53
recipes, 55
tips and troubleshooting, 54

ethanol precipitation of RNA and use of
carriers, 27–29

expected yield from various tissues
and cells, 28t

materials, 27
method, 28–29
overview, 27
tips and troubleshooting, 29

gel electrophoresis, 58–66
agarose (nondenaturing), 63–66
polyacrylamide, 58–63, 60f

isolation of total RNA from yeast cell
cultures, 38–43

method for meiotic cells, 40–41, 42f
method for vegetative cells, 38–40
quality control, 41–42, 42f
recipes, 42–43

overview, 17
preparation of cytoplasmic and nuclear

RNA from tissue culture cells,
33–35

materials, 33
method, 34–35
overview, 33–34
recipes, 34
tips and troubleshooting, 35

purification kit use, 30–32
how kits work, 30–32
problems, 32
table of available kits, 31t

removal of DNA from RNA, 56–57
materials, 56
method, 56–57
overview, 56
recipes, 57
tips and troubleshooting, 57

removal of ribosomal subunits from
cytoplasmic extracts before solu-
bilization with SDS and depro-
teinization, 36–37

materials, 36
method, 37
overview, 36
recipes, 37
tips and troubleshooting, 37

removing rRNA from deproteinized,
phenol-extracted total RNA,
48–52

enzymatic digestion of rRNA, 48–49
removal of rRNA by hybrid selection,

51–52
selective precipitation of large RNAs

with LiCl or PEG/NaCl, 49–50

SDS solubilization and phenol extrac-
tion, 19–22

materials, 19
method, 20–21, 21f
overview, 19–20, 20f
recipes, 22
tips and troubleshooting, 22

strategy outline, 18f
using TRIzol (TRI reagent), 23–26

materials, 23
method, 24–25
overview, 24
recipes, 25
tips and troubleshooting, 25

yield and quality of purified RNA, deter-
mining, 67–73

by gel electrophoresis, 70–72
by northern blotting, 73
by PCR, quantitative or semiquanti-

tative, 72
by spectrophotometry or fluorome-

try, 67–70, 69f
Purification kits, 30–32

how kits work, 30–32
problems with, 32

contamination with DNA or ethanol, 32
inadequate solubilization of starting

material, 32
low or no yield, 32

table of available kits, 31t
Pyrosequencing (“454”) method, 425–426, 426f

Q

QIAGEN RNeasy kit, 360
qPCR, RNA yield determination by, 72
Quality control

Bioanalyzer trace, 41–42, 42f, 70–72, 71f
molar ratio of 28S–18S rRNA, 41
spectrophotometry readings, 41, 67

Quality of purified RNA, determining, 8–9,
67–73

by gel electrophoresis, 70–72, 71f
by northern blotting, 73
by PCR, quantitative or semiquantitative, 72
by spectrophotometry or fluorometry,

67–70, 69f
Quantitative PCR

for detection and characterization of RNAs,
82–83, 82f, 83f

using real-time fluorescence measurements
(protocol), 165–170

discussion, 168–169, 168f, 169t, 170f
materials, 165–166
melting cycle, 169, 170f
method, 166–167
overview, 166
threshold cycle, 168–169, 168f, 169t
tips and troubleshooting, 168

Quantity of purified RNA, determining, 8, 67–72
by gel electrophoresis, 70–72
by PCR, quantitative or semiquantitative, 72
by spectrophotometry or fluorometry,

67–70, 69f

R

RACE. See Rapid amplification of cDNA ends
(RACE)

Radiolabeling
DNA oligonucleotide radiolabeling by termi-

nal deoxynucleotidyl transferase
(TdT) (protocol), 92–94

materials, 92
method, 92–93
overview, 92
recipes, 93
tips and troubleshooting, 93

labeling of oligonucleotide probes (DNA,
LNA, RNA) by polynucleotide
kinase and [γ-32P]ATP (protocol),
89–91, 89f

materials, 89–90
method, 90
overview, 90
recipes, 91
tips and troubleshooting, 90

nick translation of double-stranded DNA for
the preparation of 32P-labeled
hybridization probes (protocol),
100–102

materials, 100
method, 101
overview, 100
recipes, 101–102
tips and troubleshooting, 101

PmeI digestion of radiolabeled oligonu-
cleotides, 468

probe preparation, 75–77, 76t
random hexamer 32P radiolabeling of DNA

fragments as hybridization probes
(protocol), 97–99

materials, 97
method, 98
overview, 97
recipes, 99
tips and troubleshooting, 98

specific activity, 13–14
Rainex, 59
Random hexamer 32P radiolabeling of DNA

fragments as hybridization probes
(protocol), 97–99

materials, 97
method, 98
overview, 97
recipes, 99
tips and troubleshooting, 98

Rapid amplification of cDNA ends (RACE)
3′ rapid amplification of cDNA ends (RACE)

description, 83, 84f, 85
protocol, 180–185, 180f, 181f

materials, 180–182
method, 182–184
overview, 182
recipes, 184–185
tips and troubleshooting, 184

5′ rapid amplification of cDNA ends (RACE)
description, 83, 84f, 85
protocol, 171–179, 172f

materials, 171–173
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Rapid amplification of cDNA ends (RACE) (con-
tinued)

method, 174–177
overview, 173–174
recipes, 177–178
tips and troubleshooting, 177

description, 83, 84f, 85
on uncapped or nonpolyadenylated RNAs

(protocol), 186–188
materials, 186
method, 187
overview, 186
recipes, 188
tips and troubleshooting, 188

Rapid ligation mix (2x) (recipe), 239, 518
Reaction buffer (10x) (recipe), 105
Reads per kilobase per million, 507
Real-time fluorescence measurements, quantitative

PCR using (protocol), 165–170
discussion, 168–169, 168f, 169t, 170f
materials, 165–166
melting cycle, 169, 170f
method, 166–167
overview, 166
threshold cycle, 168–169, 168f, 169t
tips and troubleshooting, 168

Real-time PCR, 82
Recipes

A > G reaction buffer, 197
A + G reaction buffer, 297
acrylamide stock (40%; 19:1 acrylamide:bis-

acrylamide), 65
AE buffer, 42
alkaline phosphatase buffer (10x), 177, 188
alkaline SDS solution, 530
ampicillin, 538
aniline (1 M), 274
aniline/acetate buffer (recipe), 197
annealing buffer, 391
annealing buffer (2x), 147, 191, 274
annealing buffer (5x), 143, 151, 397, 513
annealing buffer (6x), 237
annealing buffer (10x), 202
aprotinin and leupeptin, 333
β-mercaptoethanol, 414
BHI medium, 530
binding buffer, 55, 260, 320
binding master mix, 256
bind/wash buffer, 320
blocking buffer, 445
borohydride stop mix, 198
BPTE buffer (10x), 112
buffer A (formaldehyde cross-linking proto-

col), 313
buffer A (hnRNP-enriched nucleoplasmic

extraction), 550
buffer A (hypotonic for nuclear extract

preparation), 328
buffer A (nuclear extract preparation), 337,

346
buffer A (RNA purification protocols), 35, 37
buffer B (low salt for nuclear extract prepa-

ration), 328
buffer B (nuclear extract preparation), 337
buffer C (high salt for nuclear extract prepa-

ration), 328
buffer C (nuclear extract preparation), 337
buffer D (dialysis for nuclear extract prepa-

ration), 329
buffer D (nuclear extract preparation), 337,

346
C > U reaction buffer, 199
CaCl2, 538
cesium chloride balance solution, 530
Church and Gilbert hybridization buffer,

124, 513
common, 513–522
Coomassie blue stain, 303, 306
deionized glyoxal, 113
denaturing stop buffer, 351
Denhardt’s solution (100x), 118, 129
DNA polymerase buffer (5x), 147
DNase I buffer, 320
DNase I storage buffer (1x), 101
EDTA/glycogen mixture, 93
electrophoretic transfer buffer (20x), 129
elution buffer, 55, 320, 538
Empigen, 313
feeder medium, 415
first-strand buffer (5x), 164
formaldehyde (10%), 313
formamide hybridization buffer, 134
formamide/dye loading buffer, 129, 144, 191,

224, 513
freezing medium, 415
G reaction buffer, 198
G reaction stop buffer, 198
gel elution buffer, 224, 514
gel elution buffer (no SDS), 238, 514
gel elution buffer (with SDS), 238, 514
gel-running buffer, 112
glycerol (25%), 538
glyoxal denaturation buffer, 113
GPS (glutamine/penicillin/streptomycin)

solution, 414
HBS solution (2x), 402
herring testis carrier DNA, 119, 129
hexamer mix, 99
high-yield transcription buffer (10x), 218
HNEB1 buffer, 550–551
HNEB2 buffer, 551
HNEB2–30% sucrose, 551
hybridization buffer (5x), 134
hydrazine 50% (U reaction buffer), 297
hydrogen peroxide (2.5%, w/v), 289
injection buffer (1x), 391
inorganic pyrophosphatase (IPP) stock and

storage buffer, 218
iodoethanol, 289, 297
IPB1 buffer, 474
IPB2 buffer, 474
IPTG, 373, 539
Kc splicing mix (4x), 341
kinase buffer, 143, 203
Klenow buffer (5x), 267, 514
labeling buffer (10x), 543
LB medium, 530
leupeptin, 539
ligation buffer (2x), 203
ligation buffer (10x), 391, 397, 515

loading buffer, 260
loading dye, 198, 274
Luria broth (LB), 373, 515
lysis buffer, 43, 530
lysis buffer (1x), 539
lysis buffer (5x), 539
lysozyme, 539
M9+ medium, 372, 515
M15 medium, 415
M15 medium + hygromycin, 415
M9 salts, 538
M9 stock (1x), 372, 376, 515
M9TB expression medium, 538
MgSO4, 538
micrococcal nuclease, 289
modification reaction buffer A (denaturing),

275
modification reaction buffer A (native), 274
modification reaction buffer B (denaturing),

275
modification reaction buffer B (native), 275
MOPS buffer (10x), 108
NaOH (0.1 M)/EDTA (1 mM), 140
NaOH mix, 439
native gel-loading buffer, 354, 515
native quench buffer, 351, 354
NGM plates, 372–373, 376–377, 516
NGM RNAi plates, 373
nick translation buffer (10x), 102
NT2 buffer, 267
nucleotide mix (50x), 439
Optikinase buffer (10x), 91, 188, 238, 516
PB buffer (20x), 112, 119
PBS (10x), 552
PBS (1x) + MgCl2, 550
PBS/EDTA/EGTA, 365, 516
PCR buffer (10x), 96, 178, 185, 268, 516
phosphatase buffer (10x), 238, 517
phosphate-buffered saline (PBS), 364, 517
PK buffer (2x), 341, 517
PMSF, 338, 539, 552
Polybrene solution, 404
poly(A) polymerase buffer (5x), 188, 229, 517
potassium acetate solution, 531
potassium phosphate, 539
prehybridization/hybridization mix, 119, 130
primer extension (PE) mix (5x), 144
protease inhibitor cocktail (1000x), 552
proteinase K buffer (2x), 268, 518
rapid ligation mix (2x), 239, 518
reaction buffer (10x), 105
resuspension buffer, 533
reverse transcriptase buffer (2.5x), 518
reverse transcriptase buffer (5x), 148, 178, 184
reverse transcriptase mix (10x), 151
reverse transcription buffer (5x), 275
reverse transcription buffer (10x), 268, 518
RNA gel-loading buffer (1.5x), 65, 519
RNA ligase buffer (10x), 227
RNase A/T1 solution, 134
RNase H buffer (5x), 154, 239, 290, 519, 558
RNase I dilution buffer, 290
RNase III buffer (10x), 459
RT buffer (2.5x), 191
RT mix stock, 470
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S100 buffer (10x), 329
S1 digestion buffer, 139, 519
S1 hybridization buffer (5x), 139, 519
S1 termination mix, 139, 520
SDS buffer, 25, 148
SDS buffer (2x), 57
SDS buffer (10x), 22
SDS extraction buffer, 215, 230, 290, 297,

310, 333, 520, 534, 543, 546
SDS–PAGE protein sample buffer (2x), 303, 306
SET (20x), 119
sodium acetate (0.3 M, pH 5.2), 218
sodium acetate (0.3 M)/EDTA solution (0.1

mM), 199
sodium bicarbonate (1 M, pH 9.0), 439
sodium butyrate (1000x), 402
sodium deoxycholate, 539
sodium phosphate buffer, 124
sodium phosphate buffer (1 M, pH 7.2), 520
sorbitol buffer, 346
splicing buffer (5x), 351
splicing master mix (4x), 332–333, 520
splicing mix (4x), 261
SSC (20x), 118, 129, 319
stop buffer, 341
stop mix, 99
storage buffer, 540
T4 kinase buffer (10x), 232
T4 RNA ligase buffer (2x), 154
T4 RNA ligase buffer (10x), 178
T1 sequencing buffer, 275, 521
T7 transcription buffer (10x), 268, 521
tailing buffer, 93
TBE electrophoresis buffer (10x), 66, 521
TE buffer, 521, 530
T10E0.1 buffer, 534
TE buffer (10x), 105
tobacco acid pyrophosphatase (TAP) buffer

(10x), 178
tracking dye, 109
transcription buffer (5x), 215
transfer buffer (10x SSC), 558
Tris glycine buffer (10x), 261
tryptone broth, 538
U reaction stop buffer, 198
urea loading dye, 290, 522
urea/dye loading buffer, 134, 521
urea/dyes, 342
wash buffer, 256, 320, 540
wash buffer A, 119
wash buffer B, 120
wash buffer C, 120
wash buffer D, 120
yeast medium, 346
zymolase buffer, 347

Recombinase-mediated cassette exchange (RMCE)
creating transgenic shRNA mice by (proto-

col), 407–415, 407f
materials, 407–409
method, 409–414

creation of transgenic mice, 413–414
culture of ES cells before electropora-

tion, 410
introduction of transgenes into KH2

ES cells, 410–411

plating of irradiated feeder cells,
409–410

preparation of gelatin-coated ES cul-
ture plates, 409

selection of ES cell clones containing
integrated shRNA cassettes,
411–412

testing for shRNA expression, 412
testing neomycin sensitivity, 412
validation of clones and preparation

of frozen stocks, 412–413
validation of clones by Southern

blotting, 413
recipes, 414–415
tips and troubleshooting, 414

description, 406, 407
Replicate, technical, 497, 507
Resuspending pellet RNA, 8
Resuspension buffer (recipe), 533
Retrovirus

infection of mammalian cells with retroviral
shRNAs, 403–405

materials, 403
method, 403–404
overview, 403
tips and troubleshooting, 404

packaging shRNA retroviruses and host cell
infection, 399–402

materials, 399–400
method, 400
overview, 400
recipes, 402
tips and troubleshooting, 401

Reverse footprinting
description, 245–246, 245f
example, 289f
protocol, 288–289

Reverse northern blot, 420
Reverse primer extension

description, 79, 79f
protocol, 145–148, 145f

materials, 145–146
method, 146–147
overview, 146
recipes, 147–148
tips and troubleshooting, 147

Reverse transcriptase buffer (2.5x) (recipe), 518
Reverse transcriptase buffer (5x) (recipe), 148,

178, 184
Reverse transcriptase mix (10x) (recipe), 151
Reverse transcription buffer (5x) (recipe), 275
Reverse transcription buffer (10x) (recipe), 268,

518
Reverse transcription–polymerase chain reaction

(RT-PCR)
in CLIP protocol, 488
protocol, 155–164, 157f, 163f

discussion, 161–162, 163f
exponential range, determining, 162, 163f
hot-start PCR, 162
materials, 155–156
method, 158–161

PCR and detection of products,
160–161

reverse transcription (RT): cDNA

priming and synthesis, 158–160
overview, 156, 157f
primer design, 161–162
recipes, 164
tips and troubleshooting, 161

in SELEX, 263, 266
RiboGreen, 68–69
Ribonucleases (RNases). See also specific RNases

quick reference guide to, 523
resistance to autoclaving, 3
RNA degradation from, 3–4
sources of, 3, 4
ubiquity of, 3
in vitro transcription failures and, 205–206

Ribonucleoside triphosphates (rNTPs)
label incorporation, determining transcript

yield by, 206
Mg++ requirements of, 206
sources for in vitro transcription, 206

Ribosomal RNA (rRNA)
percentage of total cellular RNA, 1, 9
removing

from deproteinized, phenol-extracted
total RNA (protocol), 48–52

enzymatic digestion of rRNA, 48–49
removal of rRNA by hybrid selection,

51–52
selective precipitation of large RNAs

with LiCl or PEG/NaCl, 49–50
overview of procedures, 9–10
ribosomal subunits from cytoplasmic

extracts before solubilization with
SDS and deproteinization (proto-
col), 36–37

materials, 36
method, 37
overview, 36
recipes, 37
tips and troubleshooting, 37

Ribosomal subunits, removal from cytoplasmic
extracts before solubilization with
SDS and deproteinization (proto-
col), 36–37

Ribosome runoff, prevention of, 35
RIP-Chip. See RNA immunoprecipitation

microarray
RISC (RNA-induced silencing complex)

miRNAs and, 357
shRNAs and, 383–384
siRNAs and, 356–357

RMCE. See Recombinase-mediated cassette
exchange

RNA concentration, calculation of, 361
RNA gel-loading buffer (1.5x) (recipe), 65, 519
RNA immunoprecipitation microarray (RIP-

Chip)
large-scale immunoprecipitation of RNP

complexes from Drosophila nucle-
oplasmic extracts for tiling
microarrays, 471–475

materials, 471–472
method, 472–473
overview, 472
recipes, 474
tips and troubleshooting, 474
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RNA interference (RNAi), 355–418
discovery of, 355
experimental design basics

in C. elegans, 358
in Drosophila, 358–359
encoded triggers, 358
in mammalian cells, 359
synthetic triggers, 357–358

with long dsRNAs, 359–361
dsRNA synthesis, 360–361
transcription template generation,

359–360
trigger length, 360
trigger selection, 359–360

off-target effects, 382
overview of, 355–357
pathway summary, 356f
protocols, 363–417

construction of transgenic Drosophila
expressing shRNAs in the miR-1
backbone, 387–392

materials, 388–389
method, 389–390
recipes, 391
tips and troubleshooting, 391

creating an miR30-based shRNA vector,
395–397

materials, 395–396
method, 396–397
recipes, 397

creating transgenic shRNA mice by
recombinase-mediated cassette
exchange, 407–417

discussion, 415–417
materials, 407–409
method, 409–414
overview, 409
recipes, 414–415
tips and troubleshooting, 414

dsRNA-induced RNAi in C. elegans by
feeding with dsRNA-expressing E.
coli, 370–373

materials, 370–371
methods, 371–372
overview, 371
recipes, 372–373
RNAi of L1 larvae in 96-well liquid

cultures, 371
RNAi on plates, 372

dsRNA-induced RNAi in Drosophila cells
by soaking, 363–365

materials, 363
method, 364
overview, 363–364
recipes, 364–365

dsRNA-induced RNAi in Drosophila cells
by transfection, 366–369

materials, 366
method, 367
overview, 366–367
tips and troubleshooting, 367–368

infection of mammalian cells with retro-
viral shRNAs, 403–405

materials, 403
method, 403–404

overview, 403
tips and troubleshooting, 404

packaging shRNA retroviruses and host
cell infection, 399–402

materials, 399–400
method, 400
overview, 400
recipes, 402
tips and troubleshooting, 401

RNAi in C. elegans by injection of dsRNA
materials, 374
method, 374–375
overview, 374
recipes, 376–377
tips and troubleshooting, 375–376

RNAi in cultured mammalian cells using
synthetic siRNAs, 380–382

materials, 380
method, 380–381
overview, 380
tips and troubleshooting, 381

screens, 415–417
in C. elegans, 416
in Drosophila, 416
in mammalian cells, 416

silencing triggers
encoded, 358, 383–385

in Drosophila, 383–385
in mammalian cell lines, 393–394
in mice, 406

synthetic, 357–358, 378–379, 382
RNAi in cultured mammalian cells,

380–382
RNA ligase, 484, 487
RNA ligase buffer (10x) (recipe), 227
RNA Nano Chip, 71–72
RNA Pico Chip, 71
RNA polymerase

expression and purification of active recom-
binant T7 RNA polymerase from
E. coli, 535–540

high-yield synthesis of RNA using T7 RNA
polymerase and plasmid DNA or
oligonucleotide templates (proto-
col), 216–219

materials, 216
method, 217
overview, 216–217
recipes, 218
tips and troubleshooting, 217–218

for in vitro transcription, 205–206
RNA processing

analysis using cell-free systems, 321–354
guidelines for testing and optimizing

extracts, 322
guidelines for the preparation of active,

321–322
protocols, 325–354

analysis of pre-mRNA splicing using
HeLa cell nuclear extracts,
330–333

analysis of splicing complexes on
native gels, 352–354

analysis of splicing in vitro using
extracts of Saccharomyces cerevi-

siae, 348–351
preparation and analysis of cell-free

splicing extracts from
Saccharomyces cerevisiae, 343–347

preparation of Drosophila Kc cell
nuclear extracts for in vitro splic-
ing, 334–338

preparation of nuclear extracts from
HeLa cells, 325–329

in vitro splicing reactions in
Drosophila Kc cell nuclear
extracts, 339–342

RNA sequencing by primer extension (protocol),
189–191

materials, 189
method, 190
overview, 189
recipes, 191
tips and troubleshooting, 190

RNA shatter method, 491
RNA splicing. See Splicing
RNA structure probing

description, 243–244, 244f
protocol, 269–275

recipes, 274–275
using chemical methods, 269–272

materials, 269–270
method, 270–272
overview, 270
tips and troubleshooting, 272

using nuclease digestion methods, 273
RNAi. See RNA interference
RNA-induced silencing complex. See RISC
RNALater (Ambion), 6, 44
RNAProtect (QIAGEN), 44–45
RNA-protective solutions, 44–45
RNA–protein interactions, 241–320

detection methods
filter-binding assays, 241–242, 254–256
gel mobility shift assays, 242–243
general overview, 241–243
SELEX (systematic evolution of ligands

by exponential enrichment), 243,
262–268

mapping sites, 244–252
affinity approaches, 249–252

problems with, 251–252
tagged proteins, 251
tagged RNAs, 250–251

boundary analysis, 246, 246f, 298–300
chemical methods, 276–283
cross-linking approaches, 248–249,

301–306, 311–313
advantages and disadvantages, 250t
UV cross-linking using RNAs substi-

tuted with photoactivatable
nucleosides, 249

footprinting, 244–245, 245f
reverse, 245–246, 245f, 288–289, 289f
RNase, 284–287, 286f

modification interference, 246–248, 247f,
291–294

nucleotide analog interference mapping,
248, 294–297

protocols, 254–320
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basic affinity selection methods, 314–320
with beads, 314–316
with biotinylated oligonucleotide,

316–317
recipes, 319–320
of ribonucleoprotein using comple-

mentary biotinylated oligonu-
cleotide, 317–319

boundary analysis, 298–300
materials, 298–299
method, 299–300, 300f
overview, 299

cross-linking formaldehyde, 311–313
detecting RNA–RNA interactions using

psoralen derivatives, 307–310
materials, 307
method, 308–309, 309f
overview, 308
recipes, 310
tips and troubleshooting, 309

filter-binding assay, 254–256
materials, 254
method, 255
overview, 254–255
recipes, 256
tips and troubleshooting, 256

mapping sites using chemical methods,
276–283

CMCT, 279
DMS, 279
Fe(II)-EDTA, 276, 278
kethoxal, 279
phosphorothioate-substituted RNA,

280–283
mapping sites using nuclease-based

methods, 284–290
recipes, 289–290
reverse footprinting, 288–289, 289f
RNase footprinting, 284–287, 286f

modification interference, 291–294
materials, 291–292
method, 292–294
overview, 292
tips and troubleshooting, 294

native polyacrylamide-gel-electrophore-
sis-binding assay for RNA–pro-
tein complexes, 257–261

materials, 257–258
overview, 258–259
recipes, 260–261
tips and troubleshooting, 260

nucleotide analog interference mapping,
294–297

materials, 291–292
method, 294–296, 295f, 296f
recipes, 297
tips and troubleshooting, 296

photocross-linking using uridine analogs,
304–306

materials, 304
method, 305
overview, 305
recipes, 306
tips and troubleshooting, 305–306

RNA structure determination using

chemical and nuclease digestion
methods, 269–275

recipes, 274–275
using chemical methods, 269–272
using nuclease digestion methods,

273
SELEX, 262–268

materials, 262–263
method, 263–267, 264f
overview, 263
recipes, 267–268

ultraviolet photochemical cross-linking
to detect RNA-binding proteins,
301–303

materials, 301
method, 302–303
overview, 302
recipes, 303
tips and troubleshooting, 303

RNA structure probing, 243–244, 244f
RNA–RNA interactions detecting using psoralen

derivatives, 307–310
materials, 307
method, 308–309, 309f
overview, 308
recipes, 310
tips and troubleshooting, 309

RNase A, 287, 482
RNase assays, 4
RNase A/T1 solution (recipe), 134
RNase footprinting (protocol), 284–287, 286f

example, 286f
markers, 287
materials, 284–285
method, 285–287
overview, 285
tips for troubleshooting, 287

RNase VI, 273, 286–287
RNase H buffer (5x) (recipe), 154, 239, 290, 519,

558
RNase H digestion

description, 80, 80f
protocol, 152–154

materials, 152–153
method, 153
overview, 153
recipes, 154
tips and troubleshooting, 154

in reverse footprinting, 288, 289f
in site-specific labeling, 209, 209f, 235

RNase inhibitors, limitations of, 3
RNase I, 273, 286, 286f
RNase I dilution buffer (recipe), 290
RNase protection assay (protocol), 131–135

materials, 131–132
method, 132–133
overview, 132
recipes, 134
tips and troubleshooting, 133–134

RNase T1, 273, 287, 482
RNase test, 4
RNase III buffer (10x) (recipe), 459
RNase III, fragmentation of whole-transcrip-

tome RNA using, 457–459
RNase-free water

preparation of, 3
storage of, 3
use in making RNase-free solutions, 3–4

RNasin (Promega), limitations of, 3
RNPs. See RNA–protein interactions
rNTPs. See Ribonucleoside triphosphates
ROSA-26 locus, 412
RQ1 DNase, 487
Rrf-1, 375
rRNA. See Ribosomal RNA
RT buffer (2.5x) (recipe), 191
RT mix stock (recipe), 470
RT-PCR. See Reverse transcription–polymerase

chain reaction (RT-PCR)

S

S1 digestion buffer (recipe), 139, 519
S1 hybridization buffer (5x) (recipe), 139, 519
S1 nuclease protection mapping (protocol),

136–140, 136f
materials, 137
method, 138
overview, 137–138
recipes, 139–140
tips and troubleshooting, 139

S1 termination mix (recipe), 139, 520
S100 buffer (10x) (recipe), 329
Saccharomyces cerevisiae

analysis of splicing in vitro using extracts of
Saccharomyces cerevisiae, 348–351

ATP depletion, 350
discussion, 350
materials, 348–349
method, 349–350
overview, 349
recipes, 351
tips and troubleshooting, 350

preparation and analysis of cell-free splicing
extracts from Saccharomyces cere-
visiae, 343–347

discussion, 345
materials, 343–344
method, 344–345
overview, 344
recipes, 346–347
tips and troubleshooting, 345

SCAN-ALIZE, 446
Schiff ’s base, 106
Schlieren line, 61
Schneider S2 cells, 363, 366
SDS, RNA storage in 0.5%, 8
SDS buffer recipes, 25, 148

2x buffer, 57
10x buffer, 22

SDS extraction buffer (recipe), 215, 230, 290,
297, 310, 333, 520, 534, 543, 546

SDS solubilization and phenol extraction (pro-
tocol), 19–22

materials, 19
method, 20–21, 21f
overview, 19–20, 20f
recipes, 22
tips and troubleshooting, 22
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SDS–PAGE protein sample buffer (2x) (recipe),
303, 306

SDS/proteinase K/phenol:chloroform, 6
Selective precipitation of large RNAs with LiCl

or PEG/NaCl, 49–50
SELEX (systematic evolution of ligands by expo-

nential enrichment), 262–268
description, 243
protocol

materials, 262–263
method, 263–267, 264f
overview, 263
recipes, 267–268

Semiquantitative PCR
for detection and characterization of RNAs,

81–82, 81f
RNA yield determination by, 72

Sequencing. See also High-throughput sequenc-
ing (HTS)

direct chemical sequencing of end-labeled
RNA (protocol), 192–199, 197f

materials, 192–193
method, 193–196
overview, 193
recipes, 197–199
tips and troubleshooting, 196

RNA sequencing by primer extension (pro-
tocol), 189–191

materials, 189
method, 190
overview, 189
recipes, 191
tips and troubleshooting, 190

SET (20x) (recipe), 119
SEVAG, 19
Shrimp alkaline phosphatase, dephosphorylation

of RNA using (protocol), 103–105
materials, 103
method, 104
overview, 103
recipes, 105
tips and troubleshooting, 104

shRNA
design of expression vectors, 393–394
RNA interference protocols

construction of transgenic Drosophila
expressing shRNAs in the miR-1
backbone, 387–392

materials, 388–389
method, 389–390
recipes, 391
tips and troubleshooting, 391

creating an miR30-based shRNA vector,
395–397

materials, 395–396
method, 396–397
recipes, 397

creating transgenic shRNA mice by
recombinase-mediated cassette
exchange, 407–417

discussion, 415–417
materials, 407–409
method, 409–414
overview, 409
recipes, 414–415

tips and troubleshooting, 414
infection of mammalian cells with retro-

viral shRNAs, 403–405
materials, 403
method, 403–404
overview, 403
tips and troubleshooting, 404

packaging shRNA retroviruses and host
cell infection, 399–402

materials, 399–400
method, 400
overview, 400
recipes, 402
tips and troubleshooting, 401

as silencing triggers for RNAi
in Drosophila, 383–385, 384f, 385f
in mammalian cells, 393–394

strategies for integration of shRNA expres-
sion cassettes into genome, 398

vector examples, 395f
Significance analysis of microarrays, 499
Silencing. See RNA interference
siRNAs. See Small interfering RNAs
Site-specific labeling, for in vitro transcription

overview, 208–209
protocol, 234–239

cleavage of RNA with chimeric oligonu-
cleotide, 235–236

dephosphorylation of cleaved RNA, 236
ligation of RNA using a bridge oligonu-

cleotide, 236–237
materials, 234–235
method, 235–237
overview, 235
phosphorylation of RNA with [γ-32P]ATP,

236
recipes, 237–239
tips and troubleshooting, 237

Site-specific substitution, 207, 234–239
Size markers for gel electrophoresis, 541–543
Small interfering RNAs (siRNAs)

production by Dicer, 356, 358
RISC and, 356–357
RNAi in cultured mammalian cells using

synthetic siRNAs (protocol),
380–382

materials, 380
method, 380–381
overview, 380
tips and troubleshooting, 381

synthetic as silencing triggers, 358, 378–379
custom, 378
vendor designed, 378

thermodynamic asymmetry, 378
Small nucleolar RNAs (snoRNAs), 10
Small RNAs

detection and characterization of
overview of techniques

gel-shift assay, 87, 87f
native gel electrophoresis, 87, 87f
splinted ligations, 86, 86f
stem-loop PCR, 87, 88f

northern blots for (protocol), 126–130
materials, 126–127
method, 127–128

overview, 127
recipes, 129–130

SnapDragon (design tool), 360
snoRNAs (small nucleolar RNAs), 10
snRNAs, 10
Sodium acetate (0.3 M, pH 5.2) (recipe), 218
Sodium acetate (0.3 M)/EDTA solution (0.1 mM)

(recipe), 199
Sodium bicarbonate (1 M, pH 9.0) (recipe), 439
Sodium butyrate (1000x) (recipe), 402
Sodium deoxycholate (recipe), 539
Sodium hydroxide mix (recipe), 439
Sodium phosphate buffer (recipe), 124, 520
SOLiD sequencing method, 426–427, 427f
Solubilization

description of techniques, 5
SDS solubilization and phenol extraction

(protocol), 19–22
Sorbitol buffer (recipe), 346
Southern blotting, for validation clones, 413
SP6 RNA polymerase

promoter, 360
for in vitro transcription, 205

Specific activity
defined, 13
important considerations, 13–14

Spectrophotometry
for assessing quantity of RNA, 8, 67–68
contamination of RNA revealed by, 8, 67

SpeedVac Concentrator, 8
Spliceosome, 243, 259
Splicing, analysis using cell-free systems,

321–354
guidelines for testing and optimizing

extracts, 322
guidelines for the preparation of active,

321–322
protocols, 325–354

analysis of pre-mRNA splicing using
HeLa cell nuclear extracts,
330–333

analysis of splicing complexes on native
gels, 352–354

analysis of splicing in vitro using extracts
of Saccharomyces cerevisiae,
348–351

preparation and analysis of cell-free
splicing extracts from
Saccharomyces cerevisiae, 343–347

preparation of Drosophila Kc cell nuclear
extracts for in vitro splicing,
334–338

preparation of nuclear extracts from
HeLa cells, 325–329

in vitro splicing reactions in Drosophila
Kc cell nuclear extracts, 339–342

Splicing buffer (5x) (recipe), 351
Splicing master mix (4x) (recipe), 332–333, 520
Splicing mix (4x) (recipe), 261
Splinted ligations, 200–203, 200f

description, 86, 86f
materials, 200–201
method, 201–202
overview, 201
recipes, 202–203
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tips and troubleshooting, 202
SSC (20x) (recipe), 118, 129, 319
Stem-loop PCR, 87, 88f
Stir bars, RNase contamination of, 4
Stock solutions, preparation of, 3–4
Stop buffer (recipe), 341
Stop mix (recipe), 99
Storage buffer (recipe), 540
Streptavidin beads, for rRNA removal by hybrid

selection, 51–52
Streptavidin gel-shift assay, 87, 87f
Structure, of RNA, 1–2, 2f
Substitution of modified nucleotides, 213–214
SuperScript II reverse transcriptase (Invitrogen),

155–156, 158–160
SuperScript III, 173, 175, 181, 182–183
SYBR Gold, 70
SYBR Green, 82, 83f

T

T4 DNA ligase, in splinted ligation method,
200–202

T4 kinase buffer (10x) (recipe), 232
T4 polynucleotide kinase, 5′-end labeling of

RNA with, 208, 231–233
T4 RNA ligase, 152–153, 175

3′-end labeling of RNA with [32P]pCp and
T4 RNA ligase 1 (protocol),
225–227

materials, 225
method, 226
overview, 226
recipes, 227
tips and troubleshooting, 226

T4 RNA ligase buffer (2x) (recipe), 154
T4 RNA ligase buffer (10x) (recipe), 178
T3 RNA polymerase

promoter, 360
for in vitro transcription, 205–206

T7 RNA polymerase
expression and purification of active recom-

binant from E. coli, 535–540
high-yield synthesis of RNA using T7 RNA

polymerase and plasmid DNA or
oligonucleotide templates (proto-
col), 216–219

materials, 216
method, 217
overview, 216–217
recipes, 218
tips and troubleshooting, 217–218

Km of, 13
promoter, 359f, 360
for in vitro transcription, 205–206

T1 sequencing buffer (recipe), 275, 521
T7 transcription buffer (10x) (recipe), 268, 521
Tailing buffer (recipe), 93
Tandem affinity purification (TAP) tags, 251
Taq polymerase

in 3′ rapid amplification of cDNA ends
(RACE), 181, 183–184

in 5′rapid amplification of cDNA ends
(RACE), 176–177

hot-start PCR, 162
quantitative PCR, 82
RT-PCR, 155, 156, 160–161

TaqMan
quantitative PCR, 82, 82f, 83f
stem-loop PCR, 87, 88f

TBE electrophoresis buffer (10x) (recipe), 66, 521
T10E0.1 buffer (recipe), 534
TE buffer (recipe), 105, 521, 530
Technical replicate, 497, 507
TEMED, 61
Terminal deoxynucleotidyl transferase (TdT),

DNA oligonucleotide radiolabel-
ing by (protocol), 92–94

materials, 92
method, 92–93
overview, 92
recipes, 93
tips and troubleshooting, 93

Terminator exonuclease (Epicentre), 48–49
Tet-CMV promoter, 393
thread, 368
Tiling microarrays, 420, 471–475
Tissue culture

hnRNP-enriched nucleoplasmic extracts
(protocol)

materials, 548
method, 549–550
recipes, 550–552

preparation of cytoplasmic and nuclear RNA
from (protocol), 33–35

materials, 33
method, 34–35

breaking cells, 34–35
harvesting cells, 34

overview, 33–34
recipes, 34
tips and troubleshooting, 35

Tissues, RNA extraction from, 6
TM4 suite, 496
TNA (trinitriloacetate), Zn++, chelation with, 3
Tobacco acid pyrophosphatase (TAP), 173,

174–175
Tobacco acid pyrophosphatase (TAP) buffer

(10x) (recipe), 178
Toeprinting, 544–546, 546f
Total RNA isolation from yeast cell cultures

(protocol), 38–43
Tracking dye, for polyacrylamide gel electro-
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