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    Chapter 4   

 The Mutate-and-Map Protocol for Inferring Base Pairs 
in Structured RNA 

           Pablo     Cordero    ,     Wipapat     Kladwang    ,     Christopher     C.     VanLang    , 
and     Rhiju     Das    

    Abstract 

   Chemical mapping is a widespread technique for structural analysis of nucleic acids in which a molecule’s 
reactivity to different probes is quantifi ed at single nucleotide resolution and used to constrain structural 
modeling. This experimental framework has been extensively revisited in the past decade with new strategies 
for high-throughput readouts, chemical modifi cation, and rapid data analysis. Recently, we have coupled the 
technique to high-throughput mutagenesis. Point mutations of a base paired nucleotide can lead to expo-
sure of not only that nucleotide but also its interaction partner. Systematically carrying out the mutation and 
mapping for the entire system gives an experimental approximation of the molecule’s “contact map.” Here, 
we give our in-house protocol for this “mutate-and-map” (M2) strategy, based on 96-well capillary electro-
phoresis, and we provide practical tips on interpreting the data to infer nucleic acid structure.  

  Key words     RNA structure  ,   Chemical mapping  ,   Capillary sequencing  ,   Systematic mutation    

1      Introduction 

  Elucidating the structures of nucleic acids is essential to understand-
ing the mechanisms that govern their many biological roles, rang-
ing from packing and transmission of genetic information to 
regulation of gene expression (e.g., refs. [ 1 – 3 ]). Many biophysical, 
biochemical, and phylogenetic methods have been developed to 
probe nucleic acid folds [ 4 – 6 ], but rapid determination of a functional 
RNA’s secondary and tertiary structures remains generally challeng-
ing. Amongst available methods, chemical and enzymatic mapping 
(or “footprinting”) approaches are particularly facile. First, the 
molecule is covalently modifi ed by the mapping reagent at nucleo-
tides that are exposed or unstructured. The modifi cations can then 
be detected in various ways, including reverse transcription: here, 
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the adducts formed by modifi cation will stop the reverse tran-
scriptase, generating complementary DNA (cDNA) of specifi c 
lengths that highlight the molecule’s reactive sites and that can be 
read out by gel or capillary electrophoresis. Chemical mapping 
can provide a range of useful information: DNA and RNA can 
both be interrogated along their Watson–Crick base edges 
through alkylation or formation of other adducts [ 7 – 9 ]. 
Additionally, RNA can be probed through 2′ hydroxyl acylation 
or metal-ion-catalyzed 2′ hydroxyl in-line cleavage at phosphates 
to reveal “dynamic” nucleotides [ 10 – 12 ], or to determine acces-
sibility of the phosphate [ 13 ] or more complex features such as 
participation in helices [ 14 – 17 ]. DNA/RNA duplexes or DNA 
structures can be similarly analyzed [ 18 ], although this chapter 
focuses on RNA cases where the method has been most thor-
oughly tested. 

 Chemical mapping is applicable to essentially any RNA, includ-
ing large nucleic acid systems in vivo or in vitro [ 19 – 21 ]. While a 
useful source of information, the one-dimensional nature of the 
resulting data (one reactivity value per nucleotide) limits the con-
clusions that can be deduced from these experiments, as several 
structural hypotheses can be consistent with the detected reactivity 
data [ 9 ,  22 ,  23 ]. To help address these ambiguities, we developed 
a “mutate-and-map” (M2) strategy whereby each nucleotide of the 
RNA is systematically mutated and its interaction partners are dis-
covered by their “release” and increase in chemical accessibility [ 18 , 
 24 ,  25 ]. Chemical mapping of single point mutants reveal the mol-
ecule’s approximate “contact map” and can be effi ciently per-
formed using current molecular biology tools. Automated analysis 
protocols can then quantitate these data and inform structural 
models. The data appear particularly constraining at the level of 
secondary structure. Furthermore, in several cases, unambiguous 
information related to tertiary contacts or pseudoknots formed by 
the RNA are obtained. In some mutants, the single mutations pro-
duce substantial perturbations to the structure, but these are 
straightforward to detect as perturbations in the chemical reactiv-
ity profi les, and, indeed, refl ect the propensity of the wild-type 
RNA to switch its structure, a property of functional interest. 
Overall, the M2 method provides rich data sets with information 
content that generally exceeds prior chemical or enzymatic 
approaches to RNA structure. 

 The M2 experimental protocol begins by assembling DNA 
templates corresponding to the RNA mutants of interest, using 
PCR assembly [ 24 ]. The DNA is then purifi ed and in vitro tran-
scribed. The resulting RNA is folded or, for DNA/RNA or other 
multicomponent systems, assembled into the desired complex, and 
then subjected to standard chemical mapping protocols using fl uo-
rescently labeled primers and capillary electrophoresis. Each purifi -
cation step is carried out with magnetic beads and  multichannel 
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pipettors in 96-well format, enabling the probing of hundreds of 
mutants in parallel. The requirement for synthesis via PCR assem-
bly limits the length range of the current procedure to approxi-
mately 300 nucleotides. However, after a correct PCR assembly is 
found, the complete protocol can be performed on the timescale 
of 2 days: each major step in the procedure (PCR assembly and 
DNA purifi cation, transcription and RNA purifi cation, chemical 
mapping and reverse transcription, and capillary electrophoresis) 
takes on the order of 3–5 hours. Quantitation of the data and its 
use in secondary structure inference is similarly rapid. More sophis-
ticated analyses of the data as well as accelerations from next- 
generation synthesis and sequencing methods have been piloted in 
our laboratory, but the focus of this chapter will be on our stable 
in-house protocol, which has been applied to dozens of RNA 
sequences at the time of writing.  

2     Materials 

  All of the procedures described below are performed in a 96-well 
plate format. Each sample plate contains 96 mutants; so if the 
sequence to be probed has 119 nucleotides, then the wild-type 
construct plus all single nucleotide mutants will occupy 120 wells, 
or one and a quarter sample plates. Multichannel pipettors are used 
to reduce the pipetting effort required in each step.

    1.    At least 15 boxes of extra-long P10 tips per sample plate; three 
to four boxes of P100 refi ll tips per plate; at least one box each 
of P20 fi lter tips, and P200 fi lter tips for premixes.   

   2.    Several 96-well V-bottom plates, at least four per sample plate. 
In many steps, an “auxiliary” plate will be used to pre-aliquot 
premixes and reduce pipetting effort.   

   3.    Plastic plate seal fi lms, at least three per sample plate used.   
   4.    100 mL 70 % ethanol per sample plate ( see   Note 1 ).   
   5.    96-post magnetic stands (VP Scientifi c), one per sample plate.   
   6.    0.5 mL dNTP mixture (10 mM each dATP, dCTP, dTTP, 

dGTP, prepared from 100 mM stocks of each dNTP—stored 
at −20 °C) per sample plate.   

   7.    2 mL of Agencourt AMPure XP beads (Beckman Coulter—
stored at 4 °C) for nucleic acid purifi cation.   

   8.    Two 96-well format dry incubators (Hybex) set to 42 °C and 
90 °C before starting the chemical mapping part of the experi-
ment. If these types of incubators are not available, a water 
bath can be used.   

   9.    50 mL RNAse-free sterile water. We use Barnstead MilliQ 
purifi ed water.   

2.1  General 
Materials and 
Equipment

Mutate-and-Map Structure Inference
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   10.    A spectrophotometer-based system to probe UV light absor-
bance (e.g., a NanoDrop system).   

   11.    Access to an ABI capillary electrophoresis sequencer. We use 
an ABI3100 sequencer (16 capillary) for local tests and send 
samples to an external company (Elim Biosciences) for higher 
throughput runs on 96-capillary ABI 3730 sequencers.      

  The M2 method requires a fl uorescent primer that will be used to 
reverse transcribe the RNA to detect modifi cation sites and a 
working set of DNA primers from which to assemble the desired 
sequence as well as primer variants per mutant.

    1.    Fluorescent primer: The primer should include a fl uorophore, 
such as FAM (6-fl uorescein amidite), attached to the 5′ end 
that can be read by the capillary sequencer. We include a 
poly(A) stretch in the 5′ end of 20 nucleotides, which enables 
rapid and quantitative purifi cation by poly(dT) beads. This 
stretch is followed by the reverse complement of the primer 
binding region of the RNA ( see   Note 2  and Table  1  for the 
sequence of the fl uorescent primer we use). This primer can be 
ordered from any oligo-synthesizing company.

       2.    Sequence to assemble: This sequence is generally composed 
of a T7 promoter in the 5′ end, followed by a buffer region 
starting with two guanines to allow for transcription, the 
sequence of the RNA of interest, a short 3′ buffer region, and 
the primer binding region (Fig.  1 , Table  1  and  see   Note 2  for 
the primer binding region sequence we use). Check that add-
ing these sequences does not potentially alter the structure of 
the RNA of interest by inspecting the minimum energy sec-
ondary structures of the RNA with and without the additional 
sequences as predicted by a secondary structure prediction 
program, such as RNAstructure [ 26 ]. Lack of perturbation of 
the sequence of interest can also be tested empirically by using 
an alternate set of primers and buffers and primer binding 
sites. For details on how to calculate an assembly for a given 
sequence,  see   Note 3 .

       3.    The plate layouts generated in the step above are fi lled only in 
wells where the mutant primers differ from the wild-type prim-
ers ( see , e.g., green wells in Figs.  1  and  2 ). All other wells 
should be fi lled with the appropriate wild-type primer (for 
example, the white wells in Plate 1-Primer 3 and Plate 2-Primer 
3 of Fig.  2c  should be fi lled with the wild-type primer 3).  See  
below for further details on PCR assembly of the primers.

             1.    1,200 μL of 5× HF (High Fidelity) buffer and 120 μL of 
Phusion polymerase (2,000 U/mL) per sample plate (stored 
at −20 °C).   

2.2  Sequence 
Assembly and 
Fluorescent Primers

2.3  Mutant DNA 
Assembly Components
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  Fig. 1    Steps for designing the sequences necessary for building and probing RNA with the M2 strategy. Here, 
the steps to design the assembly of the MedLoop RNA are shown. Step 1: Designing the sequence includes 
adding a T7 promoter, a 5′ buffer (normally beginning with two guanines to allow transcription of the RNA), the 
sequence of interest, a short 3′ buffer, and a sequence where the fl uorescent primer will bind. Step 2: Primers 
required for the PCR assembly of the complete sequence can be obtained from software packages such as 
NA_thermo (see Note 3). Step 3: Example DNA primer plate layout for a library of single nucleotide mutants 
and wild-type of a two primer assembly of the MedLoop RNA.  Green wells mark  where each primer varies due 
to each single nucleotide mutation while  white wells  use the respective wild-type primers;  gray wells  are not 
used for any mutant and are left empty. Combining all primer plates per well into one plate using the appropri-
ate concentrations and performing PCR will assemble all mutants simultaneously.  Arrows  to the fi rst 8 wells 
(A1 to H1) indicate the mutant contained in that well (e.g., A01U, the mutant whose fi rst base, an adenine, is 
mutated to a uracil is contained in well B1). Oligos used to assemble mutants marked in  orange  are given in 
Table  1        

   2.    Standard reagents needed for agarose gel electrophoresis. We 
use Tris-borate-EDTA buffer (TBE) with 0.5 μg/mL ethid-
ium bromide (stored at room temperature), and 96-well gel 
casting systems.      

      1.    10× transcription buffer: 400 mM Tris–HCl, pH 8.1, 250 mM 
MgCl 2 , 35 mM spermidine, 0.1 % Triton X-100. Filter the 
buffer using a sterile 60 mL syringe through a 0.2 μm fi lter. 
10 mL of 10× transcription buffer can be used for at least thirty 
96-well sample plates, and can be stored frozen at −20 °C for 
at least 6 months.   

2.4  RNA 
Transcription
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  Fig. 3    Workfl ow of the chemical modifi cation for capillary electrophoresis using bead purifi cation. The RNA is 
chemically modifi ed and pulled down. Oligo dT beads that bind the poly(A) tail of a fl uorescent primer that 
contains an RNA binding site (RBS) complementary to the primer binding site (PBS) of the RNA. The RNA is then 
reverse transcribed. The reverse transcriptase stops at modifi ed sites and produces a modifi cation pattern that 
can be mapped to the sequence of interest using capillary electrophoresis. The readout can be simultaneously 
obtained for all mutants thanks to the 96-well format of the protocol. The resulting data are then analyzed 
using freely available software packages. Finally, the RNA Mapping Database can be used to share and visual-
ize the data as well as to predict experimentally informed computational secondary structure models       

   2.    120 μL of 1 M DTT (stored at −20 °C) per sample plate.   
   3.    300 μL of 10 mM NTPs (stored at −20 °C) per sample plate.   
   4.    300 μL of 40 % PEG 8000 (stored at −20 °C) per sample plate.   
   5.    30 μL of T7 RNA polymerase (50 U/μL; stored at −20 °C) 

per sample plate.      

      1.    240 μL of 0.5 M Na-HEPES, pH 8.0 (stored at room 
 temperature), per sample plate. Stock should be prefi ltered 
with a 0.2 μm fi lter. Other folding buffers can be used as well 
( see   Note 4 ).   

2.5   RNA Folding
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   2.    240 μL of 100 mM MgCl 2  (stored at room temperature) per 
sample plate, if needed for proper folding of the nucleic acid 
system.   

   3.    The reagents above may be different depending upon the con-
ditions desired for proper folding/assembly of the RNA or 
DNA/RNA hybrid. For example, you can use a different buf-
fer, different ions, and/or small molecules that bind the RNA.      

  Different chemical modifi ers can be used to interrogate different 
aspects of a nucleic acid of interest. Each one affects different parts 
of the nucleic acid in different ways. The solutions needed to 
quench each reaction vary from modifi er to modifi er and are added 
after chemical modifi cation has occurred. The following chemical 
modifi ers are the ones most commonly used for nucleic acid 
structure probing; volumes prepared using these recipes can be 
used for up to two 96-well sample plates. Ideally, the molecules 
should be modifi ed with single-hit frequency; the necessary 
reaction conditions will vary depending on temperature, time of 
the chemical modifi cation step, and length of the RNA ( see   Note 5 ). 
The conditions should be optimized ahead of time on, e.g., the 
wild-type sequence of the RNA. To avoid confusion between 
modifi cation mixes or quenches, we recommend choosing only 
one of the following modifi ers to carry out the M2 experiment and 
focusing on no more than two 96-well plates (192 constructs) 
during a given experimental session. Following are recipes for 4× 
concentrated modifi er mixes, and concentrated quenches ( see  
below for fi nal amounts used in each reaction).

    1.    DMS mix for dimethyl sulfate mapping (stored at room tem-
perature), which primarily gives a signal for exposed Watson–
Crick edges of adenines and cytosines. Mix 10 μL fresh 
dimethyl sulfate into 90 μL 100 % ethanol, then add 900 μL of 
sterile water. The quench for this reaction is 2-mercaptoetha-
nol (stored at 4 °C).   

   2.    CMCT mix for carbodiimide mapping using 1-cyclohexyl-
(2-morpholinoethyl)carbodiimide metho-p-toluene sulfonate 
(CMCT—stored at −20 °C), which primarily gives a signal for 
exposed Watson–Crick edges of guanines and uracils in RNA 
and DNA. Mix 42 mg/mL of CMCT in H 2 O. This reagent is 
usually kept at −20 °C. Before mixing, let the solid stock come 
to room temperature for 15 min before use. The quench for 
this reaction is 0.5 M Na-MES, pH 6.0 (stored at room 
temperature).   

   3.    NMIA mix for 2′ OH acylation mapping (SHAPE) using 
N-methylisatoic anhydride (NMIA—stored at room tempera-
ture in a desiccator), which primarily gives a signal at dynamic 
RNA nucleotides. Mix 24 mg/mL in anhydrous dimethyl sulf-
oxide (DMSO—stored at room temperature in a desiccator). 

2.6  Chemical 
Mapping Solutions
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The quench for this reaction is 0.5 M Na-MES, pH 6.0. 
SHAPE reactions (achieved with NMIA or 1M7) can also be 
quenched with 2-mercaptoethanol [ 21 ].   

   4.    1M7 mix for 2′ OH mapping using 1-methyl-7-nitroisatoic 
anhydride (1M7—stored at room temperature in a desiccator), 
a fast-acting reagent which primarily gives a signal at dynamic 
RNA nucleotides [ 27 ]: Mix 8.5 mg/mL of 1M7 in anhydrous 
DMSO. The quench for this reaction is 0.5 M Na-MES, 
pH 6.0, or 2-mercaptoethanol.   

   5.    It is important to make sure that enough quench mix to stop 
the chemical modifi cation reactions is available: 1 mL of 
quench lasts for up to two 96-well sample plates.    

        1.    Clean oligo-dT beads, here “Poly(A) purist” magnetic beads 
(Ambion/Applied Biosystems—stored at 4 °C). To remove any 
preservatives in the supplied stock solution, clean the beads  by 
taking out 200 μL of bead stock solution, adding 40 μL of 5 M 
NaCl, and separating them on a magnetic stand. Let the beads 
collect into a pellet and remove supernatant. Resuspend the 
beads in 200 μL sterile water, separate again, and remove the 
supernatant. Resuspend in 200 μL sterile water. This clean bead 
stock lasts for at least 2 weeks if kept at 4 °C.   

   2.    Fluorescent primer: Prepare a 0.25 μM solution of a fl uores-
cent primer (labeled at its 5′ end with fl uorescein, available as 
a modifi cation from synthesis companies—usually stored at 
−20 °C) that is complementary to the 3′ end of the RNA of 
interest. In the following protocol, this primer should have a 
poly(A) stretch that will be used to bind to the oligo-dT beads 
in the purifi cation steps immediately before and after reverse 
transcription (Fig.  3 ).

       3.    8 mL of 5 M NaCl per sample plate.      

      1.    120 μL of 5× First Strand buffer per sample plate (Invitrogen—
stored at −20 °C).   

   2.    12 μL of 0.1 M DTT per sample plate (stored at −20 °C).   
   3.    12 μL of Superscript III reverse transcriptase (200 U/μL, 

Invitrogen—stored at −20 °C) per sample plate.      

      1.    840 μL of 0.4 M NaOH (stored at room temperature) per 
sample plate. This 0.4 M NaOH can be prepared in 50 mL 
volumes and kept at room temperature for at least 2 months.   

   2.    Acid quench mix, prepared by mixing 1 volume of 5 M 
NaCl, 1 volume of 2 M HCl, and 1.5 volumes of 3 M sodium 
acetate, pH 5.2. This stock can be kept at room temperature 
for at least 2 months ( see   Note 6 ).      

2.7  Chemical 
Quench and Bead 
Solution

2.8  Reverse 
Transcription 
Components

2.9  RNA Hydrolysis 
and Acid Quench 
Solutions
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      1.    ROX–formamide mix: Mix 2.75 μL of ROX 350 ladder in 
1,200 μL of Hi-Di formamide (both available from Applied 
Biosystems). The ROX ladder will be used for aligning and 
normalizing several samples in the downstream data analysis. 
This volume is enough for one 96-well sample plate; larger 
stocks can be prepared and stored frozen at −20 °C.       

3     Methods 

 All procedures are performed at room temperature unless speci-
fi ed. For pipetting mixes into each well of a 96-well plate, use an 
extra plate and a multichannel pipettor to reduce pipetting efforts: 
pre-aliquot the mix to 8 wells in a separate, auxiliary 96-well plate 
( see   Notes 7  and  8 ). Then use an 8-channel pipettor to pipette the 
desired amount per well to the 12 columns in the main reaction 
plate. 

  Primer assembly by PCR is used to produce the DNA templates 
used to transcribe RNA for all mutants. This strategy allows for 
rapid generation of single nucleotide mutants—to produce a 
mutant for a specifi c position, only a few of the primers in the 
assembly need to be changed—and is amenable to the 96-well 
plate format. To facilitate mixing the correct primers together, it is 
recommended to organize the primers for all mutants into 96-well 
plates: each plate should contain all variants of a given primer in 
the assembly for all mutants with wild-type primers fi lling the other 
well (Figs.  1  and  2 ).

    1.    Dilute the primer stocks to the appropriate concentration. 
Usually, the fi rst and last primers in the assembly are set to 
100 μM concentration, and any intermediate primers are set to 
a lower initial concentration (e.g., 1 μM). The fi nal concentra-
tion of these primers in the PCR reactions will be 25-fold less 
than the stocks.   

   2.    Pipette 2 μL of the fi rst primer plate into a 96-well PCR plate 
using a multichannel pipette. With the addition of the rest of 
the PCR mix to a volume of 50 μL, this will give a fi nal con-
centration of 4 μM. Repeat this procedure for the rest of the 
primer plates so that the fi rst and last primers are at a concen-
tration of 4 μM and the intermediate primers are at a fi nal 
concentration of 40 nM. Here and throughout, dispose tips 
after each pipetting step to avoid cross-contamination.   

   3.    Prepare PCR mix. Each 50 μL reaction will involve 10 μL of 
5× HF buffer, 1 μL 10 mM dNTPs, 1 μL Phusion polymerase 
(2,000 U/mL), and 38 − 2 Y μL of sterile water, where Y is the 
number of primers in the assembly, per reaction (e.g., for an 
assembly of 2 primers, 34 μL of water would be added for each 

2.10  ROX–
Formamide Elution

3.1  Mutant DNA 
Assembly
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reaction). Scale the volumes by 1.2 times the number of 
 samples to allow for volume lost while pipetting.   

   4.    Add 50 − 2 Y  μL of the PCR mix into each well of the PCR 
plate, where  Y  is the number of primers in the assembly, to give 
50 μL reactions. It is easiest to use the “auxiliary” plate with a 
column fi lled with the PCR mix and pipette to the whole plate 
from there.   

   5.    Cover the plate with a PCR plate seal and put it on a thermo-
cycler with the program described in Table  2  and also 
 see   Note 9 .

       6.    Assembly of the DNA templates with the correct length may 
be confi rmed by agarose gel electrophoresis of 10 μL aliquots 
and use of a 20 bp length standard. If a 96-sample gel-casting 
system is not available, a subset of mutants can be chosen for 
agarose gel electrophoresis.    

     The purifi cation method described here yields approximately 
20–50 pmol of linear DNA template per sample well.

    1.    After the PCR is completed, add 72 μL (1.8 volumes) 
Agencourt AMPure XP beads to 40 μL of the PCR mix in each 
well, mix by pipetting up and down and leave at room tem-
perature for 10 min. For purifying constructs smaller than 100 
nucleotides,  see   Note 10 .   

   2.    Separate the beads by setting the plate on a 96 post-magnetic 
stand for 7 min. 

 Discard supernatant and rinse each sample with 200 μL of 
70 % ethanol ( see   Note 1 ); incubate at room temperature for 
1 min and discard.   

3.2   DNA Purifi cation

   Table 2  
  PCR program used to assemble the DNA sequence that will be transcribed 
into the desired RNA. Annealing temperatures may have to be adjusted 
depending on the melting temperatures of each primer in the assembly   

 Steps  Time/cycles  Temperature 

 Denaturation  30 s  98 °C 

 Denaturation  10 s  98 °C 

 Annealing  30 s  64 °C 

 Extension  30 s  72 °C 

 Repeat steps 2–4  29 cycles more 

 Polymerization  10 min  72 °C 
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   3.    Repeat the previous 70 % ethanol wash, discard the supernatant 
and leave the beads to dry for at least 15 min on the magnetic 
stand. Residual ethanol will impair transcription.   

   4.    Take the plate off the magnetic stand and elute each sample in 
35 μL of sterile water. After 5 min, re-separate the beads using 
the magnetic stand.   

   5.    Pipette out the solution to the new plate, leaving the magnetic 
beads behind.   

   6.    The concentration of DNA can be checked via UV absorbance 
at 260 nm on, e.g., a NanoDrop system.      

  The following transcription and purifi cation method results in 
approximately 20–40 pmol of RNA per sample well.

    1.    Prepare DNA dilutions by adjusting the stock concentration to 
be 0.2 μM. Aliquot 2.5 μL of the DNA dilutions into a new 
96-well plate.   

   2.    Prepare the transcription mix. Each 25 μL transcription will 
involve 2.5 μL of 10× transcription buffer, 1 μL 1 M DTT, 
2.5 μL 10 mM NTPs, 2.5 μL 40 % PEG 8000, 13.75 μL sterile 
water, and 0.25 μL T7 RNA polymerase (50 U/μL) per sam-
ple. Scale the volumes of these shared components by 1.2 
times the number of samples to account for pipetting errors 
(e.g., around 2,880 μL for 96 samples).   

   3.    Add 22.5 μL of transcription mix into each well and mix well 
by pipetting up and down.   

   4.    Incubate at 37 °C for 3 h—use a water bath or a thermocycler.   
   5.    Successful RNA transcription can be confi rmed by denaturing 

agarose gel electrophoresis (e.g., formaldehyde and agarose 
gel), although RNA bands may not be clear due to incomplete 
denaturing. Alternatively, reverse transcription provides a 
check on the RNA quality and sequence, but occurs down-
stream ( see  Subheading  3.7 ).   

   6.    Purify the RNA following the same steps as in DNA purifi ca-
tion (Subheading  3.2 ;  see   Note 10 ). Residual low amounts of 
DNA template do not interfere in later steps. However, if 
desired, DNAse I and calcium-containing DNAse I buffer can 
be added to the transcription mix before purifi cation to degrade 
the DNA template.   

   7.    Measure the concentration of each RNA mutant via UV 
absorption on, for example, a NanoDrop.      

      1.    Prepare folding buffer: Mix 2 μL of 0.5 M Na-HEPES, pH 8.0, 
2 μL 100 mM MgCl 2 , and any additional reagents needed for 
proper folding of the RNA in question, per sample.   

3.3  RNA 
Transcription 
and Purifi cation

3.4  Folding or 
Complex Assembly
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   2.    Transfer 4 +  X  μL of folding buffer to each well in a new 96-well 
plate per sample plate, where  X  is the volume of additional 
reagents used in the folding buffer; add Y μL of nuclease-free 
water such that 4 +  X  +  Y  = 14 μL. Use the 96-well “auxiliary” 
plate to transfer the corresponding volume to the sample plate 
using a multichannel pipettor.   

   3.    Prepare a plate of diluted RNA stocks at a concentration of at 
least 1.2 μM. Transfer 1 μL of each RNA mutant to the folding 
buffer plate to achieve at least 1.2 pmol of RNA molecules. 
The total volume in each well will be 15 μL.   

   4.    Equilibrate at room temperature for 20 min or incubate the 
plate at the temperature and conditions needed to fold the RNA.      

      1.    Add 5 μL of the freshly prepared chemical modifi cation solu-
tion to each sample well and mix well by pipetting up and 
down. It is again easiest to pre-aliquot this buffer to the sepa-
rate “auxiliary” plate (e.g., 65 μL in 8 wells for pipetting 5 µL 
into 12 columns) to use the multichannel pipettor to mix into 
the reaction plate. For modifi er reagents that are prepared in 
DMSO, reagent volumes smaller than 5 μL can be used to 
reduce fi nal DMSO content in reactions, but will give less 
modifi cation.   

   2.    Cover the sample plate with sealer tape and incubate at room 
temperature. The incubation time with the modifi cation 
reagent should be varied according to the length of the RNA 
and the chemical modifi er used (e.g., for a 200 nt RNA at 
24 °C, DMS and CMCT requires an incubation time of 
15 min; 1M7 modifi cation is complete in 5 min, while NMIA 
requires 30 min). Modifi er concentration or modifi cation time 
should be decreased for longer RNAs to maintain single-hit 
kinetics on a longer construct ( see   Note 5 ).      

      1.    Prepare bead-quench mix: Mix 3 μL of 5 M NaCl, 1.5 μL of 
clean oligo-dT beads, 5 μL of quench reagent and 0.25 μL of 
the 0.25 μM fl uorescent primer stock (9.75 μL fi nal volume) 
per sample. Scale the volumes according to 1.2 times the num-
ber of samples (e.g., around 1,120 μL for 96 samples).  See  
 Note 11  for reactions using a 2-mercaptoethanol quench; and 
 see   Note 12  for NMIA reactions.   

   2.    Remove and discard the seal from the sample plates. Add 
9.75 μL of the bead-quench mix to all sample wells (Fig.  4a ). 
As before, pre-aliquot the quench mix to a set of 8 wells in 
the separate “auxiliary” plate and use an 8-channel pipettor 
to transfer the mix. Wait for 7 min to allow the primer to 
bind to the RNA.

3.5  Chemical 
Modifi cation

3.6  Quench 
and Purifi cation
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       3.    Set the sample plate on a 96-post magnetic stand and wait for 
7–10 min for the beads to collect (Fig.  4b ).   

   4.    Remove and discard supernatant while the sample plate is still 
on the separator. After discarding supernatant, rinse the beads 
by applying 100 μL of 70 % ethanol onto each well ( see   Note 1 ). 
The beads will stay collected at the bottom of the plate. Wait 
for 1 min and remove the ethanol from samples while the sam-
ple plate is on magnetic separator.   

   5.    Repeat the 70 % ethanol wash above: add 100 μL, wait for 
1 min, and remove while keeping plate on the magnetic sepa-
rator ( see   Note 13 ). Let the sample plate dry for 10 min while 
still on the magnetic separator. After the samples are dry, make 
sure to reinspect the wells for any residual ethanol. If any drops 
are visible, pipette them out and leave to dry for 5 min longer. 
During this time, prepare reverse transcription mix ( see  
Subheading  3.7 ).   

   6.    Resuspend each sample in 2.5 μL of RNase-free water and take 
the plate off the magnetic stand. If reverse transcription mix is 
not ready, adhere a fresh plastic seal to plate to prevent 
evaporation.      

         1.    Prepare the Superscript III reverse transcription mix: Mix 1 μL 
of 5× First Strand buffer, 0.25 μL of 0.1 M DTT, 0.4 μL of 
10 mM dNTPs, 0.75 μL sterile water, and 0.1 μL Superscript 
III reverse transcriptase (200 U/μL) per sample (the fi nal vol-
ume of mix per sample will be 2.5 μL). Scale the volumes 
accordingly for approximately 1.2 of the number of samples 
(e.g., around 300 μL for 96 samples).  See   Note 14  for reaction 
mixture to create sequencing ladders.   

   2.    Take the sample plate off the magnetic separator, and add 
2.5 μL of the Superscript III mix to the sample wells. The total 

3.7  Reverse 
Transcription 
and Final Purifi cation

  Fig. 4    Mutate-and-map experiments can include samples in all 96 wells of a plate; snapshots from a trial 
experiment with 16 wells are shown here. ( a ) Example wells after adding the bead-quench mix into modifi ed 
RNA. ( b ) The sample beads collect into pellets after putting the sample plate on the magnetic stand for 7 min       
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volume will be 5 μL. Again, pre-aliquot larger amounts to 
eight wells in the separate “auxiliary plate,” and use the 
 8-channel pipettor to transfer the mix. Mix very well at least 
10 times, or until the beads go fully back into solution. Make 
sure the reaction plate is not near the magnets for this step.   

   3.    Seal the sample plate, and put it in an incubator set to 42 °C for 
30 min. For longer RNAs, leaving the samples for longer times 
may lead to slightly better reverse transcriptase extension.   

   4.    To remove the RNA template after reverse transcription, add 
5 μL of 0.4 M NaOH to each well (again use the “auxiliary” 
plate to reduce pipetting effort). Incubate the samples at 90 °C 
for 3 min to hydrolyze RNA, while leaving fl uorescent cDNA 
behind.   

   5.    Take plate out of the incubator and cool on ice for 3 min.   
   6.    Add 5 μL of acid quench mix to each well, using the “auxil-

iary” plate to reduce pipetting effort.   
   7.    After 1 min, put the sample plate on a magnetic stand and wait 

for 7 min until the beads aggregate. Remove and discard 
supernatant with a multichannel pipettor.   

   8.    Residual salt in the wells may interfere when injecting the sam-
ples into the capillary sequencer. To remove these impurities, 
rinse the beads by applying 100 μL of 70 % ethanol onto each 
well. Wait for 1 min and remove the ethanol.   

   9.    Repeat the 70 % ethanol wash above. Remove the residual eth-
anol thoroughly and let the plate dry for 10 min.   

   10.    Resuspend the beads in 11 μL of ROX–formamide mix while 
the plate is still in the magnetic stand. Wait for 15 min to com-
plete the elution.   

   11.    Transfer the supernatant to a capillary sequencing optical plate 
and remove any bubbles by centrifuging the plate with a 
benchtop plate centrifuge or using a pipettor.   

   12.    The samples are now ready to run in an ABI 3100 capillary 
sequencer or similar with a standard sequencing or fragment 
analysis protocol.      

  The resulting data after the capillary electrophoresis run, saved in 
one .ab1 fi le (or one .fsa fi le) per sample well, can be analyzed using 
HiTRACE [ 28 ], ShapeFinder [ 29 ], CAFA [ 30 ], or other similar 
software packages. Hereafter we assume that the HiTRACE 
MATLAB toolkit is used to analyze the data, as it has been optimized 
for quantitation of data sets involving hundreds of traces, which 
benefi t from alignment and global sequence annotation.

    1.    HiTRACE is a toolkit that helps align, normalize, map to 
sequence, and quantify the data obtained from chemical 

3.8  Data Analysis, 
Curation, and 
Publication
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 mapping experiments of RNA, including M2 assays. HiTRACE 
analysis is now freely available via an online,  user- friendly inter-
face at   http://hitrace.org    . Alternatively, HiTRACE is available 
as a set of fl exible MATLAB scripts, and the full procedure of 
analyzing chemical mapping data with these scripts is given in 
the HiTRACE documentation and tutorials— see , e.g.,   https://
sites.google.com/site/rmdbwiki/hitrace    . The manual covers 
everything from installing the toolkit to analyzing the raw cap-
illary data, to saving the quantifi ed chemical reactivities in the 
RDAT annotated fi le format. Once an RDAT fi le with the 
experimental data is obtained, tools from the RNA Mapping 
Database (RMDB) [ 31 ] can be used to share, visualize, and 
obtain computationally predicted secondary structure models 
of the RNA guided by the M2 data.   

   2.    Researchers are encouraged to share their analyzed data sets by 
submitting them to the RMDB or SNRNASM [ 32 ] reposito-
ries. To submit to the RMDB, go to   http://rmdb.stanford.
edu/repository/register/     to register to the site and to   http://
rmdb.stanford.edu/repository/submit/     to submit your data. 
After submission and approval by the RMDB curators, the 
entry can be visualized in its details page (Fig.  5a, b ).

       3.    The M2 data can be used to guide secondary structure algo-
rithms, such as RNAstructure [ 26 ]. Calculating the Z-scores 
across each nucleotide positions reveals the most signifi cant 
perturbations due to each mutation. This information can be 
used as bonuses in the secondary structure prediction algo-
rithms to compute improved secondary structure models [ 25 ]. 
Further, repeating this procedure by resampling the data with 
replacement using bootstrapping gives helix-wise confi dence 
estimates [ 22 ,  25 ].   

   4.    This pipeline is available at the RMDB structure server; to 
obtain mutate-and-map guided secondary structure models: 
Visit   http://rmdb.stanford.edu/structureserver/    . In “Input 
options” click “Upload RDAT” to expand the RDAT upload-
ing options. In the expanded pane, click choose fi le and choose 
the RDAT fi le containing the mutate-and-map data. When the 
fi le is uploaded, the fi elds in the structure server forms will be 
auto-populated with the annotations and data of the uploaded 
RDAT fi le. In “Bonus options,” click “2D bonuses” to expand 
the 2D bonus option pane. You will see the data as a matrix of 
bonuses in “Input bonuses” (some entries in this matrix will be 
zeros if some nucleotides in the sequence are missing data). 
Check “Filter by Z-scores” and input the number of bootstrap 
iterations for obtaining helix-wise support values. The larger 
the iterations, the longer it will take but the more accurate the 
support estimates will be. For most RNAs, 100–400 iterations 
appear suffi cient to get converged support values. Optional 
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  Fig. 5    After data collection, reactivities of each position for each mutant can be quantifi ed using HiTRACE. 
These data can be made publicly available through the RNA Mapping DataBase (RMDB). The RMDB provides 
tools to visualize and share structure models of the RNA. Here, we show the RMDB details page with support-
ing secondary structure models of ( a ) the MedLoop motif (entry MDLOOP_DMS_0001) and the ( b ) P4–P6 
domain of the  Tetrahymena  ribozyme (entry TRP4P6_SHP_0003). The secondary structure models are colored 
by chemical reactivity value at each nucleotide, as determined by the chemical mapping experiment (from 
 white  [low reactivity] to  red  [high reactivity];  gray  nucleotides indicate places where the reactivity value is not 
available or considered to be an outlier as determined from “box-plot” statistics)       

settings can be changed in “Other options,” such as tempera-
ture and reference secondary structure (given in dot-parentheses 
notation). Click on “Submit”; you will be directed to a page 
containing the predicted model, including helix-by-helix sup-
port values (Fig.  6a, b ).
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  Fig. 6    The RMDB also provides a server that can use M2 data to guide secondary structure modeling algo-
rithms. Predicted secondary structure models are shown for the ( a ) MedLoop motif and the ( b ) P4–P6 domain 
of the  Tetrahymena  ribozyme using mutate-and-map data from entries MDLOOP_DMS_0001 and TRP4P6_
SHP_0003 respectively. Base pairs are colored  orange  if they are false negatives or  blue  if they are false posi-
tives respect to a reference structure. Helix-wise bootstrap support values are shown in  red        
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4             Notes 

     1.    It is easiest to have a large amount of 70 % ethanol stored in a 
sterile 96-well rack in which each well holds at least 2 mL of 
volume. Care should be taken to avoid ethanol evaporation, as 
lower ethanol content washes will remove bound cDNA sam-
ple. Seal the reservoir when not in use during the protocol, 
discarding and freshly fi lling its contents before the experiment 
starts and before each major wash step in the protocol.   

   2.    In the example experiments above we use AAAAAAAAAAA
AAAAAAAAAGTTGTTGTTGTTGTTTCTTT as our fl uores-
cent primer sequence. Furthermore, we add a T7 promoter 
(TTCTAATACGACTCACTATA) and a buffer of “unstruc-
tured” nucleotides beginning with two guanines (e.g., GGCC
AAAACAACGGAA) at the 5’ end of our sequence of interest to 
make the RNA amenable to in vitro transcription. Similarly, we 
add a buffer, unstructured region of approximately ten nucleo-
tides and a “tail” (AAAACAAAACAAAGAAACAACAAC
AACAAC) that serves as the binding region for the fl uorescent 
primer.  See  example sequences for these buffers in Figs.  1  and  2  
as well as Table  1 .   

   3.    The NA_Thermo MATLAB toolkit (Das et al. unpublished 
software; freely available at   https://simtk.org/home/na_
thermo    ), or similar software [ 33 ,  34 ] can be used to design the 
primers to assemble the sequence designed in the above step as 
well as the mutants of interest. The primers for the wild-type 
sequence should be prepared or ordered fi rst; all the steps 
below from PCR assembly to RNA transcription to sequencing 
ladders should be carried out to confi rm that the primers pro-
duce the desired RNA. To obtain primer sequences using NA_
Thermo, download the toolkit from   https://simtk.org/
home/na_thermo     and unpack in any directory. As with any 
MATLAB toolkit, the unpacked directory should be added to 
the MATLAB path. In MATLAB, type: 

  primers = design_primers(sequence)  

 where  sequence  is your designed sequence from  step 2 . This 
will output (and save in the  primers  variable) the primers 
needed to build the designed sequence using PCR assembly. 
The design_primers function also accepts parameters such as 
desired melting temperature between primers and primer size. 
To easily obtain plate layouts of the mutant library, fi rst type: 

  sequences_to_order = single_mutant_library
(primers, sequence, offset, region, librar-
ies, name);  
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 Where  offset  is an integer that is added to the sequence index 
to arrive at the conventional numbering for the RNA (30 in 
the MedLoop example of Fig.  1 ),  region  is the region of the 
sequence to be mutated (normally excluding the T7 promoter, 
buffer, and primer binding regions; 1:35 in the MedLoop 
example of Fig.  1 ),  libraries  is a vector with integers that code 
for the type of libraries to generate, that is, to which base each 
nucleotide should be mutated (we usually mutate to the com-
plement of each base, which corresponds to library 1), and 
 name  is an assigned name of the sequence. Finally, type: 

  output_sequences_to_order_96well_diagram
(sequences_to_order, primers, name);  

 This will generate tab-delimited fi les with the sequences 
for each primer for each mutant, as well as images depicting the 
plate layouts ( see  Fig.  1  for a plate layout example of a simple 
RNA and Fig.  2  for a larger RNA with a more complex assem-
bly). You should peruse the fi les in, e.g., Microsoft Excel, to 
confi rm that the mutants are in the desired region. 

 The primers obtained above can be prepared in 96-well for-
mat on standard synthesizers or ordered from any oligo syn-
thesis company, such as IDT.   

   4.    Besides Na-HEPES, pH 8.0, other RNA folding buffers can be 
used, but note that the acylation reaction rate decreases by 
tenfold with each decreasing unit of pH.   

   5.    To maintain single-hit kinetics on large RNA constructs, 
 concentration of the chemical modifi er should be reduced. We 
suggest that 1/2 the concentration of the chemical  modifi er be 
used for RNAs with lengths between 100 and 150 nucleotides, 
and 1/4 for RNAs with lengths between 150 and 250.   

   6.    It is critical that the acid quench neutralizes the 0.4 M NaOH 
before the last wash. It is recommended to confi rm that the 
fi nal pH of a mix of 5 μL of 0.4 M NaOH and 5 μL of acid 
quench mix is between 5 and 7.   

   7.    It is best practice not to reuse pipette tips when using the mul-
tichannel pipettors in any step of the protocol other than the 
ethanol washes to avoid sample cross-contamination.   

   8.    The 96-well format of the protocol is best exploited when 
using an “auxiliary” plate to pre-aliquot premixes. This allows 
the use of multichannel pipettors to transfer the mixes to the 
sample plates with less pipetting effort.   

   9.    The annealing temperature may need to be adjusted based 
on the primer melting temperatures under the PCR condi-
tions; the above table uses Finnzyme/Thermo instructions 
for Phusion (+4 °C over the melting temperature of prim-
ers, which are set to be greater than or equal to 60 °C in the 
NA_thermo primer design scripts).   
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   10.    Ampure XP purifi cation of small nucleic acids can be optimized 
by adding polyethylene glycol (PEG) 8000 to the Ampure 
beads. We have found that a mix of 3 volumes 40 % PEG 8000 
with 7 volumes of Ampure beads is optimal for recovering 
DNA and RNA greater than 50 nucleotides.   

   11.    The 2-mercaptoethanol quenching reagent can interfere with 
magnetic bead collection if left for too long before performing 
the fi rst 70 % ethanol wash after chemical modifi cation. It is 
therefore recommended to mix the quench premix right before 
applying it. Ruined samples will appear viscous and green. 
Samples washed timely and properly will appear light brown.   

   12.    For NMIA probing, after performing chemical modifi cation, 
the beads may smear against the well walls and will refuse to 
collect at the bottom of the well when the plate is transferred 
to the 96-post magnet. It is best to not scrape the beads off the 
walls. Instead, pipette up and down against the walls to wash 
them into the bottom of the well.   

   13.    In the second ethanol wash before reverse transcription it is 
important to remove the 70 % ethanol supernatant thoroughly 
to avoid affecting the reverse transcription step. This can be 
accomplished by removing most of the ethanol with a P100 
multichannel pipettor and subsequently removing any remain-
ing droplets with a multichannel P10 pipettor placed close to 
the beads collected at the bottom of the plate.   

   14.    As a quality check and also to prepare references for assigning 
bands in the capillary electrophoresis traces, acquisition of 
Sanger sequencing ladders for at least the wild-type construct 
are recommended. Prepare 1.2 pmol RNA, 1.5 μL oligo(dT) 
beads, 0.25 μL 0.25 μM fl uorophore-labeled primer, and water 
to 2.5 μL volume for each sequencing reaction. Then add the 
following 2.5 μL mix: 1.0 μL of 5× First Strand buffer, 0.25 μL 
of 0.1 M DTT, 0.4 μL of 1.0 mM dNTPs, 0.35 μL sterile 
water, 0.4 μL of 1 mM ddATP (or one of the other three 2′,3′ 
dideoxynucleotide triphosphates) and 0.1 μL of Superscript III 
reverse transcriptase (200 U/μL) per sample (the fi nal volume 
will be 5 μL). Carry out remaining reverse transcription and 
purifi cation steps as described in Subheading  3.7 .         
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