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Abstract

Tertiary contacts are critical to stabilizing the folded conformations of

structured RNAs. In some cases, these contacts have been shown to interact

with positive cooperativity. Measuring the energetic coupling of tertiary contact

formation is among the most basic physical characterizations of a structured

RNA. With proper experimental design, single-molecule fluorescence resonance

energy transfer (smFRET) allows the rigorous determination of the energetic

coupling. This chapter aims to provide a general experimental approach to

measuring the energetic coupling of tertiary contacts, using smFRET.
vier Inc.

reserved.

205



206 Max Greenfeld and Daniel Herschlag
1. Introduction

Many RNAs have functions that require the formation of a well-
defined tertiary structure, and new RNA structures are being solved at an
exciting pace. These structures provide windows into the intricate confor-
mations that RNAs can adopt. Dissecting the energetics of how a limited set
of functional folded conformations is stabilized over the vast ensemble of
unfolded or misfolded conformations remains central to understanding the
fundamental physical properties of RNA (Cruz andWesthof, 2009; Li et al.,
2008; Noller, 2005).

Tertiary contacts are critical to maintaining the overall folds of structured
RNAs. Yet dissecting the energetic coupling between the multiple tertiary
contacts present in large structured RNAs has been difficult. While the
thermodynamic contributions of individual tertiary contacts in stabilizing
larger structured RNAs can have purely additive contributions or coopera-
tive contributions, fewmeasurements accurately determine these energetics.
Measuring energetic coupling in RNA has been particularly challenging.
This situation results from both experimental and conceptual difficulties that
arise from RNA being a polyelectrolyte (Das et al., 2005; Draper, 2004). In
the limited case where an accurate quantitative measure of tertiary energetic
coupling was determined, positive cooperativity was shown to provide a
significant energetic contribution to folding (Sattin et al., 2008).

Single-molecule fluorescence resonance energy transfer (smFRET) has
been used to study conformations of a multitude of macromolecules, and
some of the first applications were to structured RNAs (Ha et al., 1999;
Zhuang et al., 2000). Currently, smFRET is a powerful and widely used
tool in modern biophysics. Among the great strengths of smFRET is its
ability to directly measure equilibria over a large dynamic range. This
property enables RNA molecules with substantial differences in stabilities
to be compared in solutions with identical ionic composition. This ability
circumvents spurious assumptions made when using a Hill analysis to assess
RNA energetics (Das et al., 2005; Draper, 2004). The application of
smFRET for measuring tertiary contact cooperativity in the P4-P6 domain
of the Tetrahymena Group I intron (P4-P6) provided the first accurate
measurement of positive cooperativity in P4-P6 folding and revealed that
cooperativity depends on the ionic conditions (Sattin et al., 2008). Although
this was the first measurement of RNA cooperativity using smFRET, the
approach taken does not rely on the details of P4-P6 as a model system.

This chapter provides a general approach to measuring the energetic
coupling of tertiary contacts in structured RNAs. We first introduce the
types of energetic couplings that can occur and explain why most techni-
ques do not provide accurate thermodynamic measures of these energetics.
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The use of smFRET as a general technique for accurately measuring the
coupling in tertiary contacts is then presented. As there are multiple methods
available for making RNA constructs suitable for smFRET and multiple
strategies for measuring smFRET, references to other resources are provided
for those details. Discussion instead focuses on the steps that are required for
making meaningful energetic comparisons.

2. Thermodynamic Cooperativity Overview

Among the most basic characterization of any macromolecular binding
or conformational change is determination of the equilibrium constant of that
event. However, a single-equilibrium constant does not give mechanistic
insight into the complex reaction being studied. A more complete thermody-
namic understanding of a complex equilibrium can often be obtained by
dividing the reaction into smaller discrete equilibria. The parsing of a complex
equilibrium has two primary aims: (1) to identify the energetic importance
of observed structural interactions and (2) to evaluate how smaller discrete
energetic components combine to contribute to the overall equilibrium of a
reaction. The latter aim is the focus of this chapter.

When the free energy of a complex chemical equilibrium is evaluated by
measuring the free energy of simpler components, the individual compo-
nents might or might not sum to the overall free energy. The question of
whether the energetic components of a particular equilibrium are additive
or cooperative is a recurring question in macromolecule studies. A particu-
larly lucid discussion of how energetic components relate to the overall
energetics is presented in the classic paper by Jencks (1981).

The basic approach to measuring the energetic coupling of a reaction is
shown in Fig. 11.1. In this generic thermodynamic diagram, Koverall is the
KA

K�
A

K�
B

KB

Koverall

Figure 11.1 Generic thermodynamic cycle for assessing cooperativity of two binding
sites. In the case of RNA folding, the square and oval would represent two distinct
tertiary contacts, filled shapes are indicative of native tertiary contacts, while the out-
lines only are indicative of ablated tertiary contacts. Figure adapted from Jencks (1981).
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overall equilibrium constant. The overall reaction can be broken into four
distinct equilibria, KA, K

0
A, KB, and K 0

B, representing the piecewise com-
pletion of the overall reaction. The question becomes, how do the free
energies of the individual reaction steps compare to one another. As shown
in Fig. 11.2, there are three possible ways in which the thermodynamic
cycle of Fig. 11.1 can be completed. In the case of no cooperativity (i.e.,
energetic additivity), there is no free energy difference depending on the
order in which the tertiary contacts are formed (DGa ¼ DG 0

a and DGb ¼
DG 0

b). In the case of positive cooperativity, the free energy gained upon
formation of the second contact is greater than if the same contact were
formed first (DGa > DG 0

a and DGb > DG 0
b). And in the case of negative

cooperativity, the free energy gained upon formation of the second contact
is less than if the same contact were formed first (DGa < DG 0

a and
DGb < DG 0

b).
It is convenient to express the relationships depicted in the free energy

diagram of Fig. 11.2 by Eq. (11.1).

DGcoop ¼ �RT ln
K

0
A

KA

¼ �RT ln
K

0
B

KB

: ð11:1Þ

This representation highlights that DGcoop is a function solely arising
from the order of contact formation. Whereas DGcoop is a measurement that
can be made for diverse systems, the actual value and mechanistic origins
can vary greatly (Mammen et al., 1998; Williamson, 2008).

In practice, there are many considerations that arise when trying to experi-
mentally realize the thermodynamic diagram in Fig. 11.1. Most basically,
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Figure 11.2 Free energy diagram indicating the possible solutions of the thermo-
dynamic cycle in Fig. 11.1. (I) No cooperativity arises when the sum of the free energies
of each individual contact is equal to the overall free energy. (II) Positive cooperativity
arises when the overall free energy is greater than the sum of the individual compo-
nents. (III) Negative cooperativity arises when the overall free energy is less than the
sum of the individual components.
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cleanly ablating contacts that maintain well-defined intermediate conforma-
tions can be difficult, and measurements of K 0

A and K 0
B can be difficult or

impossible, so DGcoop is usually calculated in terms of Koverall, as shown in
Eq. (11.2).

DGcoop ¼ �RT ln
Koverall

KAKB

: ð11:2Þ

Even rigorous measurement of Koverall, KA, and KB can be difficult.
Dealing with each of these measurements is critical to successfully measur-
ing cooperativity in RNA folding.
3. Measuring Folding Equilibrium in RNA

Each RNA residue has a formal negative charge so that any RNA
more than a few residues in length is a polyelectrolyte. It has been estimated
that the columbic repulsion, in the absence of counterions, upon folding of
the approximately 400-nucleotide Tetrahymena Group I intron is 103 kcal/
mol (Bai et al., 2005). However, RNA in solution always exists in the
presence of counterions that form an ion atmosphere surrounding the
molecule (Bai et al., 2007). These counterions attenuate the electrostatic
repulsion arising from the phosphate backbone and consequently affect the
stability of the folded and unfolded states (Das et al., 2005; Draper, 2004;
Grilley et al., 2006).

Making correct energetic measurements of RNA requires comparisons
of equilibria under identical ionic conditions. Models that assume only
specific ion-binding stoichiometries are not energetically correct, as is
extensively discussed elsewhere (Das et al., 2005; Draper, 2004). It is
possible to measure the equilibrium of an RNA molecule by titrating a
solution component (e.g., Mg2þ), monitoring a variable such as the radius
of gyration or the protection of a tertiary contact from chemical modifica-
tion, and fitting the results assuming a two-state model. However, RNA
folding is not, in general, two state in nature, and there is limited accuracy of
empirical extrapolations away from the well-determined midpoints of such
sigmoidal curves. These limitations prevent accurate energetic comparisons
of molecules with significantly different folding midpoints.

The limitations associated with typical methods of determining an RNA
folding equilibrium can be overcome with smFRET. Many RNAs that
have been examined with smFRET have a FRET signal that is dominated
by a single high-FRET and single-low-FRET state. This clear distinction of
states allows the direct measurement of the equilibrium constant of a
molecule without extrapolation or assumptions of a two-state model.
Moreover, smFRET is accurate over a wide dynamic range and is hence
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suitable for comparing molecules with large stability differences. Despite
these advantages, the time required to set up and conduct smFRET mea-
surements should be considered before initiating the measurements high-
lighted in this chapter.
4. Designing an smFRET Experiment to Measure

Cooperativity

The precipitous rise in smFRET publications is inevitably related to
the relative ease with which smFRET experiments can be designed and
measurements carried out ( Joo et al., 2008). Indeed, it is possible for an
investigator without a specialized interest in smFRET to design and carry
out an enlightening set of experiments. And although interpreting smFRET
measurements requires careful experimental design at multiple steps and
successful completion of these steps can be difficult, the added insight of
smFRET experiments can be well worth the effort.

Experimental measurement of the energetic coupling of tertiary contacts
in RNA requires realizing the thermodynamic scheme in Fig. 11.1 for an
actual RNA. Figure 11.3 highlights the five major steps that were required
for measuring tertiary contact cooperativity in the P4-P6 domain of the
Tetrahymena Group I ribozyme. The discrete structure of RNA tertiary
contacts suggests that there is nothing unique to P4-P6 that enabled the
measurements by Sattin et al. (2008).

This section details the experimental approaches and decisions that must
be made during each of the five steps in Fig. 11.3. There were a number of
key controls and design choices that were necessary for the measurements
made by Sattin et al. (2008) that will be required for most if not all structured
RNAs studied in an analogous fashion. The methods presented are biased
by the experimental decisions that were successful in the approaches taken
to measure P4-P6 tertiary contact cooperativity, but the aim of this section
is to present the general experimental design process. Wherever possible,
alternative approaches, controls, and methods are discussed.
4.1. Identification of tertiary contacts

There are multiple ways in which tertiary contacts can be identified in a
structured RNA. Phylogenetic analysis, chemical footprinting, site-directed
mutagenesis, and crystallography have all been used to identify or confirm the
presence and location of tertiary contacts. In practice, the first twomethods are
synergistic and common for identifying tertiary contacts. The increased profi-
ciency with whichRNAs can be crystallized can more commonly provide aid
in the design of smFRET experiments. However, high-resolution structural



1) Identify 3˚contacts 
of interest

Phylogeny

A
A

A
A

A

CG

Footprinting

Structure

2) Knock out 3˚
contacts

3) Design single molecule
constructs

4) Validate single
    molecule constructs

Compare bulk and
single molecule results

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0
1 100.1 100Cy3

Biotin

Cy5

F
ra

ct
io

n 
hi

gh
 F

R
E

T

F
ra

ct
io

n 
pr

ot
ec

te
d

5) Measure equilibrium
   with smFRET

N
or

m
al

iz
ed

 f
re

qu
en

cy1) Mutagenesis
2) Verify with
    footprinting

U

U
U

U

A
C

A

A
A
A

A
G

G
U

U
C
UU

U
U
U

U
U
C
A

A A
G
G
G
G U

U
G
G

G
G

C U
U
C

[Mg2+] (mM)

1.0

0.5

WT

ΔTetraloop

ΔMetal core

FRET level

0
1.0

0.5

0
1.0

0.5

0
0.0 0.5 1.0

Mg2+

Figure 11.3 Key steps required to measure tertiary contact cooperativity in RNA using smFRET. (1) Use the available structural information
to identify the key tertiary contacts of interest. (2) Make constructs that knock out the tertiary contacts of interest. (3) Construct the wild type
and two tertiary contact mutant molecules with FRET pairs and surface attachment. (4) Verify the single molecule constructs recapitulate the
expected behavior of the unlabeled molecules. (5) Directly determine the equilibrium of the molecules under identical ionic conditions.
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information is not required.Additionally, it is not necessary to identify all of the
tertiary contacts in an RNA. The smFRET technique can be used for the
rigorous thermodynamic characterization of any two contacts that influence
the same conformational change.
4.2. Knocking out tertiary contacts

Constructing mutant RNAs that have the tertiary contacts of interest
knocked out is straightforward. Point mutations of highly conserved resi-
dues or key contacts observed in crystal structures are particularly good
targets to mutate. Alternatively, simply changing a few residues to uridines,
base pairing, or deleting bulged residues in a tertiary contact is usually
sufficient to knock out the contact.

It is important to assess the effects of mutations on the overall fold of the
RNA. It is possible to make tertiary contact mutations that weaken and do
not completely ablate the tertiary contacts. Alternatively, it is possible that
the mutation is so severe that multiple tertiary contacts are affected simulta-
neously. Therefore, it is important to verify with a technique like chemical
footprinting that the contacts have been locally removed (Takamoto et al.,
2004). It is also valuable to compare the effects of multiple mutations aimed
to knock out the same interaction. The limitations of site-directed muta-
genesis will affect the interpretation of downstream energetic measure-
ments, so it is important to have multiple strains of evidence that define
the behavior of all molecules being studied.
4.3. Designing single molecule constructs

Nucleic acids have been among the most amenable molecules for study by
single-molecule spectroscopy. This fact arises for a number of reasons.
There are vast and accessible synthetic resources for constructing modified
nucleotides. Watson/Crick base pairing rules at times allow for the rational
engineering of simple molecular structure. And an underappreciated advan-
tage is that nucleic acids are less prone to nonspecific surface absorption than
are proteins. Taken together, these properties provide significant flexibility
and creativity with the design and construction ofRNAs for single-molecule
spectroscopy.

When designing an RNA construct for study with smFRET, there are
three major design considerations: (1) the location of the donor and accep-
tor fluorophore; (2) the specific FRET pair to be used (e.g., Cy3-Cy5) and
the method of fluorophore incorporation; and (3) the location of the surface
tether and the choice of attachment method. There is no a priorimethod for
sorting through all the possibilities of the three steps. Indeed at the begin-
ning of a project, it is advisable to try multiple strategies with the intent of
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narrowing the possibilities once the utility of each is tested in a specific
system.

The choice of dye location is most critical to downstream quantification
and interpretation of the measured FRET signal. The FRET pairs should be
placed in locations that monitor a conformational change mediated by the
two tertiary contacts being studied. Although techniques sensitive to the
unfolded structure of an RNA such as SAXS or native gels can be used to
infer the major conformational changes, they do not identify positions for
labeling that are far apart in the unfolded state and nonperturbing in the
folded state. Crystal structures and footprinting studies provide useful infor-
mation for this design. Ideally, the locations should be chosen to maximize
the difference between the high- and low-FRET values of the conforma-
tional change being monitored and to not interfere with important struc-
tural interactions.

In the case of P4-P6, detailed structural information provided significant
constraints on the location of FRET pairs ( just above the tetraloop and just
below the tetraloop receptor). This placement monitors a large conforma-
tional change mediated by a hinge region distal to the FRET pairs and the
two tertiary contacts in P4-P6. The specific location of the dyes, at the level
of a single nucleotide, was determined by the structural information and the
constraints of the labeling scheme used.

In most cases, fluorophores are attached to an RNA by derivatizing a
primary amino group. This approach requires specifically incorporating a
modified base or a terminal amino modified linker. There are a number of
commercially available fluorophores that are commonly used in smFRET
studies. A current summary of the commonly used dyes is included in
Table 11.1 of Roy et al. (2008). As new fluorophores become commercially
available this list will grow. Currently, there are four methods available for
site-specifically modifying RNAs, and these methods and their strengths
and limitations are listed in Table 11.1 herein.
Table 11.1 Strategies for incorporating FRET pairs into RNA

Minimal

perturbation

Length

limitation

Covalent

attachment

Many

steps

Fully

synthetic

RNA

Yes �50 nt Yes No

Splinted

ligation

Yes No Yes Yes

Base pairing No No No No

20-OH

ligation

No No Yes No
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Using fully synthetic RNA is the easiest method for making single-
molecule constructs (Hodak et al., 2005; Pereira et al., 2008; Tan et al., 2003;
Zhuang et al., 2002). Indeed if dyes are to be placed on the 50- or 30-end of
an RNA, it is possible to purchase molecules with the dyed attached during
synthesis, eliminating the need to postsynthetically label the RNA. How-
ever, there are considerable length limitations with fully synthetic RNAs.
The use of ligation to introduce short synthetic RNAs, which can be
derivatized with a fluorophore prior to incorporation into the complete
RNA, removes the length limitation of using fully synthetic RNAs. This
technique is gaining in prevalence, although it can be time consuming to
implement (Akiyama and Stone, 2009; Sattin et al., 2008; Solomatin and
Herschlag, 2009; Stone et al., 2007). The use of base-pairing rules to
hybridize fluorescently labeled oligonucleotides to 50- or 30-extensions of
an RNA or to loop structures have been used successfully in a number of
cases (Dorywalska et al., 2005; Smith et al., 2005, 2008; Zhuang et al., 2000).
Despite the potential ease of this approach, extensions are restricted to the
ends of RNAs and hybridization to internal loops can perturb the RNA’s
structure. Finally, a method has recently been introduced for site-specifi-
cally ligating an RNA oligonucleotide to the 20-OH of adenosines in an
RNA sequence (Baum and Silverman, 2007). This technique has not yet
been used for smFRET studies. If the rather bulky labels tend not to perturb
the molecules, as suggested by the initial study, this technique could have
broad applications.

The choice of labeling methods will largely depend on the molecule
being studied. For instance, the design of P4-P6 for smFRET studies
required all three of the available techniques to be considered at the time.
More information is provided in recent Methods in Enzymology chapters
(Akiyama and Stone, 2009; Solomatin and Herschlag, 2009).

Comparedwith the first two design steps, there are a limited set of choices
in the position and location of the surface tether. To the best of the authors’
knowledge, a biotin/streptavidin linkage has been used universally as the
final surface attachment in smFRET studies of nucleic acids. Alternative
schemes such as incorporating an RNA-binding protein motif into an
RNA and using a surface derivatized with the RNA-binding protein could
be practical in some situations, such as very large RNAs but has yet to be
implemented. To rule out the potential of surface affects, molecules have
been confined in tethered lipid vesicles (Boukobza et al., 2001;Okumus et al.,
2004). This approach is typically used as a secondary attachment scheme for a
limited set of control experiments. However, it could be used to avoid the
need to design a covalently attached surface tether in an RNA construct.

Surface tethers are typically placed at the 50- or 30-end of an RNA.
If synthetic RNA is used on either the 50- or 30-end of an RNA, a terminal
biotin-derivatized base can be incorporated for surface attachment. Alterna-
tively, tails of extra bases, typically 20–30 nucleotides, can be incorporated.
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In this situation, a biotin-derivatized oligonucleotide complementary to the
tail can be used for surface attachment. A potential advantage of using a 50- or
30-tail is that there is space between the fluctuating RNA and the site of
attachment. However, the ease of direct covalent attachment of the biotin
has been used without trouble by a number of investigators. It should also be
noted that RNA can be internally labeled with biotin, either during synthesis
or via ligation to the 20-OH, although these strategies have not seen use in
smFRET studies.
4.4. Validating a new single-molecule construct

Gaining expertise with the instrumentation required for carrying out
smFRET measurements is an involved process and has been discussed
elsewhere ( Joo and Ha, 2008; Roy et al., 2008). The confidence with
which a new construct can be validated is dependent on past successes.
It is important for an experimentalist to validate their protocols by redeter-
mining kinetic and thermodynamic properties of molecules that have been
previously studied. There are many variables that affect the quality of an
smFRET measurement, only one of which is the intrinsic behavior of
the molecule being studied. Trouble in reproducing values could result
from technical differences such as poor signal-to-noise, short trace length or
different criteria for analyzing molecules. If differences arise, it is necessary
to resolve the discrepancies.

There is significant variability in the behavior of single-molecule con-
structs. Figure 11.4A shows a trace of wild-type P4-P6, which by standard
measures is a well-behaved molecule. P4-P6 has stable high- and low-
FRET states that do not change with time. The FRET pairs monitor a
large conformational change, which provides significant separation between
the high- and low-FRET states. And under the correct experimental con-
ditions (Sattin et al., 2008), P4-P6 produces traces with high signal-to-noise
and long lifetimes. However, this behavior cannot be expected of all
molecules. Mutations that significantly destabilize the folded conformation
are likely to produce poorer quality traces. This is the case with the tetraloop
knockout of P4-P6, which has the lowest stability of the three constructs
being compared and has a different high-FRET state value than the wild
type and metal core knockout (Fig. 11.4B). In the case of P4-P6, the FRET
difference was consistent with conformational changes known to occur in
the P5abc region of the molecule. For P4-P6, having an understanding of
why the high-FRET value changed for one of the constructs was important
for ensuring that the correct conformations were being monitored. Alter-
natively, concerns that the mutations were significantly altering the folded
conformations would persist, undermining the assumptions required of the
thermodynamic diagram in Fig. 11.1.
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Figure 11.4 Characteristic data from the measurement of P4-P6 cooperativity.
(A) Representative trace for WT P4-P6. P4-P6 has well-defined high- and low-
FRET states. Using wide field imaging on a custom built prism based total internal
reflection fluorescence microscope (see Bartley et al., 2003; Zhuang et al., 2000 for
description), a high signal-to-noise of �4 and stable donor and acceptor intensities are
obtainable for traces well over 1 min. (B) Cumulative FRET histograms for hundreds of
molecules of each construct. Histograms indicate the molecules can be thermodynami-
cally described with two states. As such the equilibrium is the ratio of the areas under
the two peaks in the FRET histograms. Panel (B) reprinted with permission from Sattin
et al. (2008).
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The most basic quantitative analysis of smFRET measurements is the
determination of a cumulative FRET histogram. Examples of these are
shown for the wild type and two mutant forms of P4-P6 in Fig. 11.4B. This
analysis simply involves making a histogram of FRET traces from many
molecules (typically hundreds). In most cases, the histogram consists of two
peaks that are well fitted by a Gaussian distribution (an approximation since
FRET values outside the range of 0–1 have no physical meaning—the actual
peak shapes are governed by theb-distribution (McKinney et al., 2006)). If this
is not the case and there are more than two equilibrium states of the molecule
being studied, the analysis of cooperativity is valid only if changes in the
distributions are limited to two of the peaks. The equilibrium between any
two peaks is simply the ratio of the area of the two peaks as given by Eq. (11.3)

Koverall ¼ A
High
FRET

ALow
FRET

; ð11:3Þ

where Koverall is the equilibrium constant, A
High
FRET area of the high-FRET

peak, and ALow
FRET is the area of the low-FRET peak.
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Analysis of single-molecule data can be immensely complex because of the
heterogeneity that is revealed by removing ensemble averaging. Almost every
RNA that has been studied with smFRET has demonstrated this complex
underlyingbehavior,making it quite likely that any newconstructswill behave
analogously. Although the molecular origins of this type of behavior remain
largely unexplained (Ditzler et al., 2008; Huang et al., 2009; Korennykh et al.,
2007), the analysis of heterogeneity has recently become experimentally
tractable (Elenko et al., 2009; Solomatin et al., 2010). Fortunately, the mea-
surement of cooperativity is a strictly thermodynamic measurement that
assumes that all molecules are covalently identical and unperturbed by the
surface or dyes. In this instance, heterogeneity should not affect the results. For
P4-P6, it was possible to test this assumption by comparing the equilibrium
behavior of P4-P6 determined by smFRET to that determined by bulk
hydroxyl radical footprinting (see the supplemental information of Sattin
et al. (2008)). The fact that the two measurements matched well was an
important validation of the accuracy of the cooperativity measurement.
4.5. Measurement of cooperativity

At the successful completion of the first four steps, the actual equilibrium
measurements are straightforward. The only strict requirement is that the
three-way comparisons between the two mutant and wild-type molecules
be made under identical ionic conditions. For P4-P6, a number of different
ionic conditions were attempted before finding a single condition where the
equilibrium constant for each of the molecules could be accurately deter-
mined. Some searching for conditions where accurate measurements are
made can be expected for other constructs. Once measurements are made,
the thermodynamic cycle shown in Fig. 11.1 can be completed using-
Eqs. (11.1) and (11.2). The results of the previous P4-P6 analysis are
shown in Fig. 11.5. The measured DGcoop of �2.3 kcal/mol (note that
the sign is consistent with the convention used here) likely plays a significant
role in stabilizing the folded structure of P4-P6. This value differs signifi-
cantly from less rigorous measurements, affirming the importance of
smFRET as a technique for correctly measuring cooperativity in RNA
tertiary structure.
5. Additional Comments

The generality with which smFRET can be used to measure the
energetic coupling of RNA tertiary contacts should provide an important
tool for the study of RNA structure. In addition to extending cooperativity
measurements to RNAs other than P4-P6, future work will hopefully give
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et al. (2008).
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insight to the influence of the ionic conditions and the mechanistic implica-
tions of heterogeneity on cooperativity.

As further measurements are made on different RNAs and under
increasingly diverse ionic conditions, it is likely that interpretable trends
will arise and new properties suggested. Already with P4-P6, it is clear that
cooperativity depends on the ionic conditions, which is an additional
energetic coupling that is not yet understood.

Heterogeneity as observed by smFRET suggests the presence of long-
lived conformational differences among RNA molecules. The possibility of
measuring cooperativity differences among conformationally distinct struc-
tures is an exciting and uniquely single-molecule measurement. It will be a
worthy experimental challenge to develop a model system where the
thermodynamic diagram in Fig. 11.1 can be recapitulated for a single
molecule in a distinct conformational state.

We hope that this chapter provides some insight into the experimental
details important for a thorough analysis of smFRET cooperativity mea-
surements. There are certainly many additional opportunities for smFRET
to provide detailed biophysical insight into RNA structure. Considering the
significant insights already provided, it seems likely that this technique will
expand our current understanding of RNA biophysics and contribute
insights into the complex functions carried out by RNA.
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