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A B S T R A C T

Biosensor surface plasmon resonance (SPR) is a highly sensitive technique and is most commonly used to de-
cipher the interactions of biological systems including proteins and nucleic acids. Throughout the years, there
have been significant efforts to develop SPR assays for studying protein-protein interactions, protein-DNA in-
teractions, as well as small molecules to target DNAs that are of therapeutic interest. With the explosion of
discovery of new RNA structures and functions, it is time to review the applications of SPR to RNA interaction
studies, which have actually extended over a long time period. The primary advantage of SPR is its ability to
measure affinities and kinetics in real time, along with being a label-free technique and utilizing relatively small
quantities of materials. Recently, developments that use SPR to analyze the interactions of different RNA se-
quences with proteins and small molecules demonstrate the versatility of SPR as a powerful method in the
analysis of the structure-function relationships, not only for biological macromolecules but also for potential
drug candidates. This chapter will guide the reader through some background material followed by an extensive
assay development to dissect the interactions of small molecules and RNA sequences using SPR as the critical
method. The protocol includes (i) fundamental concepts of SPR, (ii) experimental design and execution, (iii) the
immobilization of RNA using the streptavidin-biotin capturing method, and (iv) affinities and kinetics analyses
of the interactions using specific example samples. The chapter also contains useful notes to address situations
that might arise during the process. This assay demonstrates SPR as a valuable quantitative method used in the
search for potential therapeutic agents that selectively target RNA.

1. Introduction

Commercial biosensor-surface plasmon resonance (SPR) instru-
ments became available in the early 1990s and were initially applied
primarily to protein–protein (antibody) interactions due to the limited
sensitivity in the beginning [1]. As instruments and software improved
applications began to include protein-small molecule interactions and
interest in the technology broadened. At this time the technology began
to attract the attention of nucleic acid scientists interested in biomo-
lecular interactions. In an impressive paper in 1995, Blackburn,
Stockley, and coworkers quantitatively evaluated the effect of the cor-
epressor, S-adenosylmethionine (SAM), on the interaction between the
E. coli methionine repressor, and an idealized operator fragment with
surface plasmon resonance on a Biacore SPR instrument [2]. DNA
triple-helix formation was also followed on a Biacore instrument by
Neidle and coworkers in 1995 in an early application to DNA strand
equilibria [3]. Experiments to evaluate binding of small molecules to
DNAs from duplexes to quadruplexes began shortly after those reports,

and very quickly, Biacore instruments had been applied to double,
triple and four-stranded DNA interactions with a range of compounds
and macromolecules.

RNA interaction studies with a range of macro- and small molecules
by SPR developed in a parallel manner to the DNA results described
below. An early SPR analysis was conducted of the binding kinetics for
two RNA fragments from the HIV-1 RRE RNA (Rev-responsive element)
binding site that is complementary to the HIV-1 Rev protein RNA
binding domain. The focus of this review is the interactions of RNA with
small molecules by using SPR-based method. Early works have done by
these studies which are briefly mentioned in this article. However, there
are very few numbers of small molecules-RNA interactions that have
been investigated by SPR compared to protein-DNA and DNA-small
molecules. The smaller RBE3 RNA had an apparent equilibrium dis-
sociation constant (KD) of 121 nM while the larger RREIIB 41–79 RNA
bound with a KD of 2.5 nM [4]. The dissociation rates for both RNA
fragments were comparable, however, the shorter sequence, RBE3, had
considerably slower association kinetics. A series of known inhibitors of
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the Rev-RRE complex were assayed for inhibition of the RNA-protein
complexes, and the results were consistent with literature inhibition
constant values obtained by other methods. These results provided an
early validation of the SPR method. In an important SPR study of RNA-
protein interactions in 2000, Laird-Offringa, Myszka, and coworkers
used SPR to investigate the binding of RRM protein motifs of the
Human neuron-specific RNA-binding protein, HuD, to AU-rich elements
in the 3′ untranslated regions of unstable mRNAs [5]. Complex for-
mation resulted in stabilization of some transcripts. The results showed
that a single molecule of HuD requires at least three AU rich repeat
elements to bind tightly to the RNA, indicating that all three of the HuD
RRM motifs are required for tight binding. The three RRM motifs co-
operate not only to increase the affinity of the interaction but also to
stabilize the complex.

Kissing-loop RNA-RNA interactions play important roles in many
biological processes. An RNA strand interactions study by SPR involved
an RNA “kissing complex.” A Biacore instrument was used to determine
the kinetic values for the formation of the HIV TAR-TAR* (com-
plementary hairpin) complex [6]. The TAR component was also syn-
thesized with 2-thiouridine at position 7 in the loop to enhance stabi-
lity. The SPR results showed a very stable kissing complex with an
equilibrium dissociation constant of 1.6 nM for the complex containing
the modified TAR hairpin. These results illustrate the power of the SPR
method to investigate RNA strand equilibria. A SELEX procedure was
used to obtain a new kissing-loop RNA motif that could also bind the
HIV-1 trans activation (TAR) RNA. SPR analyses were used with this
RNA motif and showed strong kissing loop-loop interactions. Un-
expected differences were observed in the divalent cation dependency
of the interactions and illustrate the use of SPR in the analysis of RNA-
ion interactions.

Small molecule RNA interaction studies by SPR began to appear in
this time period. Even though there are fewer compounds for selective
RNA than for DNA binding SPR has been used extensively for RNA-
small molecule analysis. Starting in the late 1990s Wong and coworkers
published an impressive series of papers on aminoglycosides (AG) and
related compounds binding to different RNAs from aptamers to ribo-
some A-site models [7]. In another very early study, the Wong group
used SPR to evaluate the specificity of neomycin B and related ami-
noglycoside antibiotics (Fig. 1) for interaction with the Rev-responsive
element (RRE) of HIV-1 mRNA and some analogs [8]. They found in an

analysis of neomycin B binding with three short synthetic RRE RNA
hairpin models that the compounds had submicromolar binding affinity
and 1:1 stoichiometry in each case. This and related results suggest that
neomycin B may generally bind with this affinity to regular A-form RNA
or hairpin loops with little selectivity [9]. Work on development of AGs
to selectively target RNA, and the A-site, in particular, has continued to
the present day with a number of different AG synthetic modifications.
The original compounds were nonselective, but several of the mod-
ification types have improved the selectivity. A library of diverse AG
derivatives was screened with SPR against RNA hairpin models of the
bacterial A-site, and the HIV viral TAR and RRE sequences. Interest-
ingly, the screen showed that the same four aminoglycoside derivatives
bound most tightly to all three of the RNAs [10]. Unfortunately, the
compounds in this study that are good RNA binders discriminate poorly
among different RNA sequences. In further studies selected aminogly-
coside derivatives and the RNA hairpins were studied in more detail
using an SPR assay. Three isomeric AGs from the initial screen were
found to bind tightly to the RNA hairpins (with KD values from 0.23 to
4.7 μM). The strongest RNA–aminoglycoside interactions arise pri-
marily from slow dissociation of the AGs from the RNA targets. The
three tight-binding derivatives were also found, however, to dis-
criminate poorly among alternative RNA sequences, as observed in
several other AG studies [10]. These SPR results illustrated that more
selective binding small molecules would be needed for RNA applica-
tions in general.

Totally different compounds were found in a major effort to design
RNA targeted HIV-1 therapeutics by RiboTargets Ltd in England [11].
The results showed a strong interaction with a TAR model system by a
bis-guanidine compound, rbt203 and its analogs by fluorescence, NMR,
molecular modeling and SPR. The compound induced a conformation in
TAR similar to that brought about by the Tat protein. Several SPR
studies of small molecule interactions with RNA G-quadruplexes have
recently appeared and this area, no doubt, will continue to grow in the
near future with a strong possibility of development of compounds
specific for RNA quadruplexes [12].

In the 1990s time period, our laboratory was developing a library of
heterocyclic amidines to target the DNA minor groove as antiparasitic
agents [13]. As part of a search for therapeutic organic compounds that
selectively target RNA in the compound library, specific diphenylfuran
derivatives (Fig. 1), which are related to compounds that bind to the

Fig. 1. (A) Structure of some heterocyclic diamidine RNA binders and Neomycin; (B) 5′-biotin-labeled RNA example sequences used in this study; (C) Structure of the
5′-RNA biotin derivative nucleotide used during immobilization.
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DNA minor groove, were found to bind very strongly to RNA in a
manner that is sensitive to the structure of the compounds [14]. Based
on the recognition of the A-site and other RNAs by AGs, we extended
several diamidine compounds with alkylamine functions (For example,
DB182 in Fig. 1) to give tetracations. In more detailed studies of DB340
the best binding compound of the series, we found that the DB340
tetracationic heterocycle, which contains a phenyl-furan-benzimidazole
unfused core aromatic system, exhibits pronounced selectivity for the
RRE RNA stem-loop from HIV-1 [15]. NMR results indicated that
DB340 binds to the RRE duplex minor groove in a highly structured and
cooperative complex at a 2:1 DB340 to RRE ratio. Additional studies
with mutant RRE sequences indicate that the internal loop of RRE is
required for strong, specific binding of DB340, as also observed with the
Rev protein (14). The Tor laboratory used a fluorescence assay to in-
vestigate the same compounds (including DB182 in Fig. 1) for binding
to a larger RRE model system [16]. They found that both DB340 and
DB182 bound strongly to the RNA with DB340 binding stronger in
agreement with the SPR results. As with the AGs, SPR studies on the
heterocyclic amidine compounds are also continuing with design and
development of new compounds.

An impressive and important series of SPR studies on RNA inter-
actions with synthetic compounds from their laboratory have been
conducted by Nakatani and coworkers. They used SPR analysis as part
of a method to discover compounds that bind to different RNAs as part
of a therapeutic development project. In 2006 they designed agents to
target the RNA stem-loop IIB of RRE of HIV-1 as potential therapeutic
agents for HIV-1 infection [17]. The IIB loop is characterized by con-
secutive G-G and G-A mismatches and is the binding site for the Rev
protein which is primarily responsible for nuclear export of viral
mRNA. They designed bifunctional ligands with groups for binding to
both Gs and the G and A in the G-G and G-A mismatches in the internal
loop in competition with Rev peptide. The results were quite successful,
and SPR analysis indicated that the compounds bound well and caused
the dissociation of a pre-formed Rev–RRE complex in a model system
[17]. Related compounds that did not bind the mismatches were in-
active. Development of additional compounds in this area is promising
for targeting mismatches which are quite common in biologically im-
portant RNAs.

The maturation process of microRNA (miRNA) production was de-
veloped as a metabolic path for drug-targeting to modulate the ex-
pression of genes related to a number of diseases [18–19]. Discovery
studies for small molecules that bind to the precursor of miR-29a (pre-
miR-29a) were conducted on a library containing over 40 thousand
compounds by a fluorescent indicator displacement (FID) assay [20].
The assay identified over one thousand hit compounds, which were
subsequently evaluated in an SPR assay on a pre-miR-29a immobilized
surface. Over 20 hit compounds, which had not been reported pre-
viously to bind to RNA were identified. To gain more information on
the motif structures that favor binding to pre-miR-29a, 19 substructures
were selected from the hit compounds. The substructure library con-
sisted of 362 compounds from the original library. An SPR assay of this
library on a pre-miR-29a-immobilized surface indicated that five sub-
structures could potentially be important structural motifs for pre-miR-
29a interaction [20]. The results provided SPR experimentally vali-
dated compounds with both affinity and kinetics information for tar-
geting pre-miRNAs.

The Nakatani group has also investigated compounds to target the r
(CUG) repeats that cause the neurological disorder myotonic dystrophy
type 1 (DM1) [21,22]. The pathological features of DM1 include the
formation of ribonuclear foci containing expanded r(CUG) repeats
(Fig. 1), which sequester the MBNL1 protein and lead to the mis-
regulation of alternative pre-mRNA splicing [21]. Several groups are
successfully working on the discovery of small molecules that bind to
the r(CUG) repeats and improve alternative splicing with therapeutic
potential in the treatment of DM1 [21–24]. The Nakatani findings are
described here since they have extensively used SPR methods in the

discovery process. They have shown that the synthetic compound 2,9-
diaminoalkyl-1,10-phenanthroline (DAP) is an attractive candidate for
binding to the repeated UU mismatch core unit in CUG repeat RNA
[21,22]. In recent studies, they have synthesized a dimeric form of DAP,
DDAP in an effort to enhance the CUG repeat RNA binding [22]. Their
SPR assay along with other methods confirmed the binding of DDAP to
r(CUG)9 repeats. The success of the discovery was confirmed in a DM1
cell model and a DM1 mouse model which showed effective recovery of
the pre-mRNA splicing defects on treatment with DDAP. Their studies
indicate that DDAP could interfere with the binding of MBNL1 to r
(CUG) repeats. Again, SPR studies were a key feature of the develop-
ment of these new RNA binding compounds and provided extensive
information about the interactions. Similar syntheses and discovery
studies are continuing in the Nakatani laboratory.

In other recent studies, Sugiyama and coworkers have used SPR to
investigate the RNA binding properties of some very different com-
pounds, pyrrole-imidazole (PI) polyamides with which they have ex-
tensive experience [25]. They designed PI polyamides that target rat
transforming growth factor-β1 (TGF-β1 polyamide) and influenza A
virus (PA polyamide) and analyzed RNA binding properties of the
polyamides. Biacore binding assays showed binding of the TGF-β1
polyamide to the RNA target, but a mismatch polyamide did not bind.
Although the PA bound strongly to the RNA, it bound with a sig-
nificantly higher KD than with DNA which was primarily due to a fast
dissociation rate from the RNA [25]. This type of kinetics information,
which is readily available in biosensor-SPR studies, illustrates a major
advantage to using SPR in analysis of RNA and DNA complexes. A PI
polyamide was also designed to target the influenza A virus RNA. The
polyamide was found to have a KD value of 460 nM for targeting the
dsRNA of influenza A virus. Although the current polyamides bind
much more strongly to DNAs that similar RNAs, they illustrate the
potential for pursuing a modified PA design for RNA targeting.

It should be emphasized that the studies described above are just the
“tip of the iceberg” of the discovery of new compounds for targeting
RNA for biotechnology and potential therapeutic applications [some
recent review examples, [26–30]]. Work in academic and company
laboratories is proceeding rapidly on synthetic RNA binding agents. A
number of new companies have been started, and a significant amount
of money is being invested in developing new RNA targeted ther-
apeutics. What distinguishes the studies described above is that they all
use SPR as part of the discovery process. Other groups have also dis-
cussed several different applications of SPR and SPR Imaging for bio-
molecules interactions [31–34]. Only a part of the papers on SPR of
RNA interaction studies could be presented, but these illustrate the
exciting discoveries that are being made with the important assistance
of the information from SPR analyses. It is expected that SPR will
continue to play a major role in future discoveries of new and improved
RNA binding agents where there is a need for affinity, kinetics and
stoichiometry information in the discovery process.

1.1. Basic principles of biosensor-SPR methods

A biosensor experiment starts with immobilization of one of the
reaction components on a selected flow surface in a manner that does
not significantly perturb its ability to bind to other reaction compo-
nents. Either the RNA or another reaction component can be im-
mobilized. Reaction components, that are not immobilized, are dis-
solved in an appropriate buffer, of which there are many (see Section
2.4.1). All of these steps and equipment are described in detail below.
The results of a biosensor-SPR experiment, flow of one or more reaction
components over the surface with the immobilized reaction component,
are typically presented as a series of sensorgrams. In a sensorgram, the
SPR binding signal (such as response units or RU in Biacore and some
similar designation in other instruments) is shown as a function of time
(Fig. 2C). A common material for the flow surface is carboxymethyl
dextran or a similar material (Table 1). The surface can be used for
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direct covalent attachment of proteins, RNA, DNA, or noncovalent
capture of a nucleic acid strand with biotin linked to either the 5′ or 3′
terminus, Fig. 2A (see Section 2.3 for more detail about immobiliza-
tion). The terminal attachment of biotin, through a flexible linker
(Fig. 1C), leaves the nucleic acid binding sites open for complex for-
mation with no significant perturbation of the binding site(s). A range
of other sensor chips surfaces and immobilization chemistries are also
available, and it is generally possible to find an appropriate surface for
essentially any biological interaction application (Table 1, see Note 1).
Any appropriated functionalized small molecule can also be im-
mobilized but this is generally more difficult to do without perturbation
of binding of the small molecule. In the biosensor-SPR experiments
presented as part of this review 5′-biotin-labeled RNA sequences

(Fig. 1B) such as r(CUG)5, r(GC)4, Human Telomeric RNA G-quadruplex
folded sequence (TERRA) (full sequences in Fig. 1B) were used. The
general immobilization strategy is to preserve the structure and func-
tion of the immobilized ligands. It is vital to know the general structure
of the ligands to ensure that the immobilization site does not perturb
the active binding site of the ligand. For example, we found that it
works best for RNA and DNA to have the biotin covalently attached to
the 5′ side of the hairpin or a complementary strand, and the preferred
attached site is the guanosine or cystine. This biotinylated strategy
ensures the nucleic acid structure remains intact after immobilization
and prevents any perturbation that might happen at the active binding
site of RNA. In principle 3′-biotin attachment should work in cases
where such attachment is an advantage. The same principle can be

Fig. 2. (A) The procedure for the immobilization of 5′-biotin labeled RNA on CM5 Chips; (B) Schematic representation of biomolecular interactions observed in a
flow cell and SPR angle change with some of the critical components labeled; (C) SPR sensorgram and its components described in steps.

Table 1
Example of different types of chips (available from GE Healthcare Inc.)

Type Features Use

C1 Carboxymethylated, matrix-free surface for covalent immobilization Need to avoid dextran on the surface for multivalent or very large
macromolecules

CM3 Similar properties to sensor chip CM5, suited to large interaction partners and exploratory
assay conditions

The interaction partner in solution is very large and exploratory assay
conditions

CM7 Similar properties to sensor chip CM5, but for fragment and low molecular weight molecule
samples with three times higher capacity

Suitable for work with small molecules and fragment-based screening
when achieving the required immobilization level is challenging

SA Carboxymethylated dextran pre-immobilized with streptavidin for immobilization of
biotinylated interaction partners

High binding capacity, reproducibility and chemical resistance give
excellent performance over a broad range of applications.

HPA Flat hydrophobic surface consisting of long-chain alkanethiol molecules is attached directly
to the gold film. It facilitates the adsorption of lipid monolayers for analysis of interactions
involving lipid components

Model membrane systems

L1 Lipophilic groups are covalently attached to carboxymethylated dextran, making the surface
suitable for direct attachment of lipid membrane vesicles such as liposomes.

High-capacity capture of vesicles and liposomes while maintaining the
lipid bilayer

NTA Carboxymethylated dextran pre-immobilized with nitrilotriacetic acid (NTA). Histidine-
tagged molecules are immobilized via Ni2+/NTA chelation.

Capture and immobilization of histidine-tagged molecules via metal
chelation

Protein L Carboxymethylated dextran matrix pre-immobilized with a recombinant Protein L for
antibodies and antibody fragments containing kappa light chain subtypes (1, 3 and 4)
without interfering with its antigen-binding site

Oriented capture of antibody fragments
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applied to larger biological systems such as proteins or antibodies that
have been studied elsewhere [35]. The advantage of SPR is the diversity
in different immobilization methods that have their own advantage in
specific systems. It is best if the binding capacity, affinity and kinetics
can be tested with a well-characterized compound from solution stu-
dies.

The SPR experiment can be performed in a series of single kinetic
injections. To start the experiment a reference baseline is initially es-
tablished by buffer flow over the immobilized RNA surface and sec-
ondly, a solution of immobilized reaction components, such as a small
molecule, are injected over the surface with the immobilized reactant.
Binding to the RNA is monitored by changes in the SPR signal based on
the change in refractive index at the sensor surface of the solution upon
complex formation (Fig. 2B). With sufficient injection time, a steady-
state plateau, where association and dissociation of the complex are
occurring at an equal rate, is established (Fig. 2C). Finally, buffer flow
(without ligand) is reinitiated and the dissociation of the complex is
monitored as a function of time. The above steps describe a single ki-
netic injection and are repeated with a series of concentrations of the
flow component(s) (Fig. 2C). The resulting sensorgrams are fitted to an
appropriate binding model as described below. Example sensorgrams
for an RNA-small molecule interaction are shown in data analysis and
result section.

For a ligand (L) binding to a site on an RNA sequence/structure and
forming a single complex (C), the interaction is described by the fol-
lowing equation:

+ ⇌L RNA C
k

k

d

a

(1)

and the equilibrium binding affinity for this interaction is:

= = =K k
k k

[C]
[L][RNA]

1
A

a

d D (2)

where [L] is the concentration of the injected ligand, [RNA] is the
concentration of the immobilized RNA not bound to the ligand (free
RNA concentration), and [C] is the concentration of the complex,
bound RNA and ligand; KA is the equilibrium binding constant, ka is the
association rate constant and kd is the dissociation rate constant.

For association:

= +

t
k kd[C]

d
[L][RNA] [C]a d (3)

and for dissociation:

− =

t
kd[C]

d
[C]d (4)

Both the association and dissociation phases of the sensorgram can
be simultaneously fit to a desired binding model with several sensor-
grams at different ligand concentrations using a global fitting routine
[36,37]. Global fitting allows the most robust determination of kinetic

constants (ka or kd) and the calculation of equilibrium constants, KA or
KD, from the ratio of kinetic constants (Eq. (2)). If a steady-state plateau
is obtained, the SPR response in the plateau region, can be used with
the following model to obtain the equilibrium constant:

=

+

=r K C
K C

RU
RU1

A free

A free

obs

max (5)

for the 1:1 binding model described above.
In this model r represents the moles of bound ligand per mole of

RNA total and Cfree is the free ligand concentration in equilibrium with
the complex. Note that an advantage of this experiment is that Cfree is
constant because of the flow of non-immobilized reaction components.
RUobs is the observed (experimental) response in the plateau region and
RUmax is the predicted maximum response for a one ligand binding to
an RNA site. RUmax can be calculated or determined experimentally at
the RU for saturation of the RNA binding sites by the equation:

=
RU
RU

MW
MW

compound

RNA

max

RNA (6)

For a 1:1 binding interaction, the RUmax can be calculated from the
known molecular weight (MW) of compound and RNA, and the im-
mobilized RU value of RNA as in Eq. (6). RUmax is for 1:1 binding but in
cases where there is more than one binding site on the RNA, the RUsat at
saturation binding will be > RUmax. The beauty of stoichiometry in
SPR is that RUsat can be equal to RUmax, or equal to (n×RUmax) where
n=2, 3, 4 … molecules This is because each compound in an SPR
method gives the same RU for binding.

If the compound dissociates from RNA-ligand complex rapidly with
complete dissociation, then no regeneration reagent is needed. In many
cases an ionic buffer like 1M NaCl or KCl as a regeneration buffer can
be used for complete dissociation of the ligand from the RNA. However,
If the complex binds strongly and dissociates slowly, the surface can be
regenerated before the complete dissociation occurs with a solution that
causes rapid dissociation of the ligand without irreversible damage to
the immobilized RNA [see Note 9 and Table 3] [37,38]. For example, a
solution at pH (pH≤ 4) can briefly unfold RNA and cause the ligand to
dissociate completely. Additional injections of the running buffer
(around neutral pH) allow the immobilized RNA to refold and establish
a stable baseline. This cycle is repeated with a series of additional li-
gand concentrations with a series of sensorgrams generated with a
broad range of concentrations, both the kinetics and equilibrium con-
stant can be determined as discussed above.

We recommend using a strong ionic buffer as the first choice for
regeneration buffer, based on the ability to keep the RNA folded and
intact with compete dissociation of the bound compound from the RNA.
Since the RNA chemical stability in the unfolded state is less than an
analogous DNA, some solutions, such as strong bases, which can cause
the deprotonation of the 2′–OH, cannot be used with RNA.

Table 2
Biacore instrument commands.

Biacore Control Software
commands

Function

Desorb Removes adsorbed materials from the flow
system

Sanitize Removes disinfects from the flow system
Superclean Washes the flow system and denatures proteins

to increase their solubility
Prime Flushes the flow system with running buffer
Dock Docks the sensor chip into the instrument
Undock Undocks the sensor chip from the instrument
Manual Run Allows to control a run interactively
Sample Injection Injects Sample
Kinetics/Affinity Start a kinetics or affinity evaluation from the

Biaevaluation software

Table 3
Regeneration solutions.

Interaction Strength Acidic Ionic

Recommended pH∼ 3
10mM
Glycine/HCl

1M NaCl

HCl 1M KCl
formic acid (higher concentration of NaCl

and KCl can be used)
Can be used for difficult

regeneration (brief
injection < 60 sec)

pH 2–2.5
10mM
Glycine/HCl

2–3M NaCl/KCl+ 10mM
MgCl2

formic acid
HCl
H3PO4
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1.2. Critical factors for ligand-RNA interaction evaluation by biosensor-SPR
methods

1.2.1. RNase-free biacore T200 instrument
It is important for experiments with RNA to generate an RNase free

environment. The instrument, glassware and the working area have to
be treated with RNaseZap (Ambion, Austin, Texas) or a similar solution,
to completely remove RNase contamination. To make the instrument
RNase free, after GE recommended desorb and super clean, three times
desorb with 50% (v/v) RNaseZap solution should be run followed by
12 h of manual run (25 μl/min) with DEPC treated autoclaved water
(see below for details).

1. RNase-free water can be obtained commercially or from a Milli-Q®
Water Purification System (MIlliporeSigma, Burlington, MA). In
case double distilled water is used in the experiment, RNase removal
can be achieved by incubating 0.1% (v/v) DEPC for 12 hrs at room
temperature, followed by autoclaving for 40min.

2. Glassware used in the experiment can be treated with Rnase Zap or
similar solution then rinses with DEPC-treated water at least 2 times.

3. For SPR instrument cleaning, after the standard desorb procedure,
follow by the standard super clean procedure an additional desorbs
procedure with 50% (v/v) RNaseZap for 3 times was used to elim-
inate the possible presence of RNase residue in the fluidic system.

4. After the RNaseZap desorb procedure, the instrument is put on
manual run with the flow rate 25 uL/min for 12 hrs or overnight
with DEPC-treated water to remove any excess RNaseZap from the
system.

5. We have found that this procedure allows preparation of RNA im-
mobilized sensor chips that have excellent long-term stability, ty-
pically four weeks for average 25 individual experiments.

1.2.2. Concentration range and binding affinity KD

For accurate determination of equilibrium constants by any method,
the selected set of experimental concentrations must provide both free
and bound concentrations of reactants. In the biosensor-SPR method
with RNA immobilized to the surface, the ligand concentrations should
be below and above KD, ideally within 10-fold of the KD, so that a range
of bound fractions of ligand to RNA is obtained. The initial ligand
concentrations have less binding to the RNA sites but as the con-
centration of ligand injected is increased, and the fraction of sites bound
on RNA increases and approaches the saturation level. The sensorgrams
have very low binding response reflected in RU at lower ligand con-
centrations and will approach saturation (RU change is small) with
higher response at higher ligand concentrations. In this way, a series of
sensorgrams with broad ligand concentrations will enable accurate
determination of equilibrium constants. If the range of ligand con-
centrations used is too low or too high, accurate estimation of reaction
rates and binding constants is not possible. Some preliminary testing is
recommended when the ligand-target approximate KD is unknown in
order to establish an appropriate range of working ligand concentra-
tion.

1.2.3. Mass transport in association and rebinding in dissociation
For the ligand to bind to the RNA (or any target) immobilized to the

sensor surface, the reactant in the solution injected over the flow cell
surface must be transported from the bulk solution to the immobilized
target surface, a phenomenon known as mass transport. This is a dif-
fusion-controlled process, and the transport rate can directly influence
the binding kinetics, if the rate occurs slower than the binding reaction.
A key requirement for accurate determination of kinetic constants by
the SPR method is that the amount of free ligand in the matrix must
quickly equilibrate with the flow solution. The equilibration is assisted
by using high flow rates (generally 100 μl/min in Biacore T200) to
minimize reactant depletion. If the association reaction is much faster
than mass transport, the observed binding will be limited by the mass

transport process. Conversely, if the transport rate is faster than the
association rate, the observed binding will represent the true interac-
tion kinetics [36,39]. Therefore, mass transport is a critical factor that
must be considered in biosensor experimental design and in evaluating
kinetic constants from biosensor-SPR methods.

Overall, for kinetic measurements, it is generally recommended to
use low surface densities of the immobilized RNA and high ligand flow
rate to minimize the limitations on binding rates by mass transport
processes. The optimal immobilized RU for a kinetic study is between
50 and 100 RUmax at the saturation level [40] for most small molecules.
If the rate constants do not change at different flow rates, it indicates
that true reaction kinetics are being obtained [39]. In addition, the
dissociation phase can be set up for several hours or even longer with
Biacore SPR, which allows at least 50% of bound ligand to dissociate,
and a reliable kinetic fit can be performed, even with very slow dis-
sociation.

2. Materials

2.1. Instrumentation

Biacore instruments use real-time label-free biomolecular interac-
tion surface with surface plasmon resonance detection technology. A
four channel Biacore instrument, the Biacore T200 (GE Healthcare
Inc.), is currently the most sensitive research instrument and is useful
for most research studies (note that many other sensitive instruments
are being developed and comparisons can be done before purchase).
Biacore T200 instruments use sensor chips with four channels such that,
for example, three RNAs can be immobilized with one flow cell left
blank as a control for bulk refractive index subtraction. With a sensor
surface that has covalently attached streptavidin, a nucleic acid strand
with biotin linked to either the 5′ or 3′ terminus can be easily captured
to create the bio-specific surface. The specifications of the instrument
are given on the GE Biacore web site https://www.biacore.com/
lifesciences/index.html. The materials and procedures presented here
are generally for Biacore instrumentation, but similar reagents and
methods are used in other instruments.

2.1.1. Required materials for biacore general instrument cleaning and
checking

1. RNAse free water such as diethyl pyrocarbonate (DEPC) treated
autoclaved water. (0.01% (v/v) DEPC treated ddH2O for at least 12
hrs then autoclaved for 40min to inactivate DEPC since it is harmful
to RNA.

2. A maintenance chip with a glass flow cell surface (available from GE
Healthcare Inc,).

3. Desorb solution 1 and 2 (purchased from GE Healthcare or can be
prepared)
1%2 0.5% sodium dodecyl sulfate (SDS, Biacore desorb solution 1).
2%2 50mM glycine pH 9.5 (Biacore desorb solution 2) (see Note 2).

4. Super Clean solution (user prepared):
a. 1% (v/v) acetic acid solution.
b. 0.2 M sodium bicarbonate solution.
c. 6M guanidine hydrochloride solution.
d. 10mM HCl solution (see Note 3).

5. HBS–N buffer: 10mM HEPES pH 7.4, 150mM NaCl (user prepared
or available from GE Healthcare Inc.) as a running buffer for system
check.

6. BiaTest Solution: 15% (w/w) sucrose in HBS-EP buffer as an in-
jecting buffer during system check (user prepared or available from
GE Healthcare Inc.

7. 50% (v/v) RNaseZTM as desorb solution (for experiments with RNA
but not required for DNA or proteins).
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2.2. Required materials for RNA immobilization on a sensor chip surface

1. CM5 sensor chip that has been at room temperature for at least
30min prior to use (sensor chips are available from GE Healthcare
Inc, see Note 1).

2. HBS–EP buffer: 10 mM HEPES pH 7.4, 150mM NaCl, 3 mM EDTA,
0.05% v/v polysorbate 20 (user prepared or available from GE
Healthcare Inc.) (Running buffer should be made in DEPC-treated
autoclaved ddH2O).

3. Thoroughly filter and degas all solutions for at least 20 mins. It
should be emphasized that the internal microfluidics flow system of
the instrument can be damaged by particulate matter present in any
solution.

4. 100mMN-hydroxysuccinimide (NHS) freshly prepared in DEPC-
treated autoclaved ddH2O.

5. 400mMN-ethyl-N′-(dimethylaminopropyl) carbodiimide (EDC)
freshly prepared in DEPC-treated autoclaved ddH2O.

6. mM acetate buffer pH 4.5 (immobilization buffer).
7. 200–400mg/ml streptavidin prepared in immobilization buffer.
8. M ethanolamine hydrochloride in water pH 8.5 (deactivation so-

lution).
9. Activation buffer (1M NaCl, 50mM NaOH).

10. Biotin-labeled nucleic acid solutions (∼25 nM of a single strand of
hairpin RNA dissolved in HBS-EP buffer).

2.3. Sensor chip preparation for RNA immobilization

2.3.1. Preparation of streptavidin surface on CM5 chip

1. Dock the CM5 chip and prime with running buffer (see Note 1). A
manual run is used to establish a stable baseline (the difference in
RU over a period of time (ΔRU) < 1 for at least 60 sec) with a flow
rate of 5 μl/min which is required to best make a streptavidin
functionalized chip. “Dock” and “Prime” are Biacore software
commands that instruct the instrument to carry out specific opera-
tions. The commands and operations are listed in Table 2.

2. A solution mixture comprised equal part of 100mM NHS and
400mM EDC is used. We recommend at least 75 μl of freshly pre-
pared NHS and 75 μl of 400mM EDC is required to activate the
carboxymethyl surface to reactive esters (Fig. 2A). Note: mix these
solutions just prior to injection to get good activation of the surface.

3. Manually inject the NHS/EDC mixture with the “Manual Inject”
command in the Manual run for at least 10 min (50 μl) to receive the
optimum amount of reactive esters, where ΔRU between before and
after the mixture injection is around 150–200 RU for CM5 sensor
chip. Repeat the above if necessary, to achieve the desired level of
reactive esters for RNA experimental conditions.

4. By using “Manual Inject” command with a flow rate of 5 μl/min
several injections of streptavidin, prepared in immobilization buffer,
are injected over all four flow cells (Fig. 2A). The number of RUs
immobilized (the difference between before and after streptavidin
injection), which is available in real time readout are tracked to
obtain the desired RU level. This is typically 2500–3000 RUs for a
CM5 chip after the injection has been stopped. Repeat if necessary,
to achieve the desired level of streptavidin.

5. For the deactivation of any remaining ester, 1M ethanolamine hy-
drochloride with a flow rate of 5 μl/min, for 10min is injected in all
flow cells. Manually track the ΔRU before and after the ethanola-
mine injection, it should fall in between 20 and 25 RU.

6. At least five prime commends (Table 2) are necessary to obtain a
stable baseline after deactivating the remaining ester.

2.3.2. Preparation of RNA
As examples, we have used 5′-Biotinylated RNA of r(CUG)5, r(GC)4

and TERRA (Fig. 1B) which can be obtained directly from several
companies such as, Integrated DNA Technologies (IDT) and

Dharmacon. RNA pellets are spun down in the tubes and 200 μl of HBS-
EP buffer and for TERRA 25mM Na2HPO4-NaH2PO4, pH=7.2, 50mM
KCl, 1 mM EDTA buffer (note that, all buffers are prepared in DEPC
treated autoclaved water) are added to each tube of RNA (∼0.5 mM).
After the pellets have been completely dissolved by pipetting up and
down, vortex the tubes for 10 s and spin down for 10 s. 10 aliquots
(each has 20 μl) of each RNA sequence are prepared in thermocycler
tubes. The triplet repeats RNA sequence, r(CUG)5 and r(GC)4 are re-
natured by heating to 80 °C for 2min and slowly cooling to room
temperature by using RNaseZap-treated surface thermocycler. The G-
quadruplex TERRA sequence is annealed by heating at 90 °C for 5min
and slowly cooling to room temperature in the thermocycler.

2.3.3. RNA immobilization on a streptavidin chip

1. A streptavidin-coated sensor chip that has been at room tempera-
ture for at least 30min is required.

2. Biotin-labeled renatured RNA solution (∼25 nM RNA dissolved in
HBS-EP buffer (running buffer)) is required.

3. Dock the streptavidin-coated chip and by using the command
manual run (Table 2). A sensorgram with a 25 μl/min flow rate is
started to establish a stable base line with ΔRU < 1 for at least 60
sec.

4. Activation buffer, 1M NaCl, 50mM NaOH, is injected for 3min
(75 μl) for a course of five to seven times to remove unbound
streptavidin from the sensor chip. The ΔRU of the base line for the
last two consecutive cycles should be around 20–25.

5. To ensure the surface stability, prime with running buffer a few
times (recommended minimum five times) is necessary.

6. Allow buffer to flow at least 20min (or until the baseline is stable)
before immobilizing the nucleic acids. It is important to have excess
buffer flow through the fluidic system to ensure the system is free of
NaOH, since strong base can damage RNA.

7. A new sensorgram with a flow rate of 1 μl/min is started in the
desired flow cell under “flow path” (e.g., flow cell 2, fc2) to im-
mobilize the nucleic acid. Generally, flow cell 1 (fc1) is used as a
control and is left blank (i.e., without any immobilized RNA) for
subtraction. It is often desirable to immobilize different nucleic
acids on the remaining two flow cells (fc3 and fc4).

8. Establish a stable baseline within the manual run cycle with at least
120 sec wait time increment. Wait for the baseline to stabilize
(which usually takes a few minutes), use “Manual Inject” to load
the injection loop with ∼100 μl of a 25 nM biotinylated nucleic
acid solution for injection over the selected flow cell. Track the
amount of RUs immobilized and stop the injection after the desired
level is reached (typically ∼200 RU for 20–30 base-pair RNA for
kinetics experiments to minimize mass transport effects). If only an
equilibrium constant is needed and not kinetics, higher RU can be
immobilized.

9. At the end of the injection and after the baseline is stabilized, de-
termine the RUs of the immobilized nucleic acid by using the re-
ference line option and trace the ΔRU before and after the injection
(Fig. 3). The amount of RNA immobilized is required to determine
the theoretical moles of ligand binding sites for the current flow cell
(see Note 4, Eq. (6)).

10. Repeat the steps 8 and 9 for immobilization of other RNAs to flow
cells fc3 and fc4 separately.

11. After successful RNAs immobilization in all cells (Fig. 3, fc3, r
(CUG)5 immobilization, as an example) (except fc1) immobilization
buffer is replaced by the experimental buffer. The system “prime
commends” (Table 2) is then used several times.

2.4. Flow Solutions: Buffers and samples

2.4.1. General Buffers: (see Note 5)
The following buffers in DEPC treated autoclaved ddH2O are
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needed:
(1) (i) 10mM HEPES pH 7.4, 150mM NaCl, 3 mM EDTA, 0.05% 1X

surfactant Tween 20. (HBS–EP buffer) (GE Healthcare Inc.) (see Note
6).

(ii) 25mM Na2HPO4, PH 7.4, 150mM KCl, 1 mM EDTA, 0.05% 1X
surfactant Tween 20. Other KCl concentration can also be used.

(iii) 10mM MES [2-(N-morpholino) ethanesulfonic acid] pH 6.25,
100mM NaCl, 1 mM EDTA, and 0.05% 1X surfactant Tween 20.
(MES10 buffer).

(iv) 10mM CCL [cacodylic acid] pH 6.25, 100mM NaCl, 1 mM
EDTA, and 0.05% surfactant 1X surfactant Tween 20. (CCL10 buffer).

(v)10mM Tris [(hydroxymethyl) aminomethane] pH 7.4, 100mM
NaCl, 1 mM EDTA, and 1X surfactant Tween 20, (Tris10 buffer).

2. The sample solution must be prepared in the same buffer used to
establish the baseline (running buffer) (see Note 7).

3. As described above, the sample concentration to be used depends on
the magnitude of the equilibrium dissociation constant (KD). A large
concentration range above and below KD will yield a reliable/ac-
curate binding curve. For binding constants of 107–108 M−1, as
observed with many nucleic acid/small molecule complexes, small
molecule concentrations from about 1 nM to 10 μM in the flow so-
lution allow accurate determination of binding constants. Injecting
samples from low to high concentration is useful as it prevents data
artifacts from ligand adsorption. For nM and lower KD, the lower
concentration must be used (see Note 8).

4. Possible problems at high sample concentrations: poor sensorgrams,
non–specific binding, ligand aggregation may be obtained. In this
case, only the lower concentrations can be used for quantification.

2.4.2. Regeneration solution (see Note 9)

1. Appropriate regeneration conditions help achieve complete removal
of the bound ligand from the chip surface without degrading the
immobilized target. Commonly used regeneration solutions are
listed in Table 3. In general, milder conditions are recommended for
initial use, while more stringent conditions are applied only as
needed. Regeneration solutions for different samples are available in
the Biacore website https://www.biacore.com/lifesciences/index.
html. In our RNA-organic small molecules interactions studies,
1M KCl is typically used as an efficient regeneration agent to re-
move small molecules from the RNA immobilized sensor chip sur-
face while keeping the RNA folded structure intact on the sensor
chip.

2. Inject 100 μl of regeneration solution at high 100 μl/min flow rates
to assure efficient regeneration.

3. After injection of the regeneration solution, three cycles of 1-min
injections of running buffer are recommended to wash off the re-
maining regeneration solution.

4. At the end of each cycle, a 5min running buffer flow is also re-
commended to ensure that the chip surface is re-equilibrated for
binding (i.e., the dextran matrix is re-equilibrated with running
buffer) and that the baseline is stabilized before the following
sample injection.

2.5. Possible immobilization and amine coupling

There are several ways of immobilizing substances to the sensor
surface. The choice of immobilization methods depends on the prop-
erties of the substance. The immobilization approaches may be directed
towards amine, carboxyl, thiol or hydroxyl groups on the ligand, or may
use specific tags introduced into the ligand (Table 1).

2.5.1. Amine coupling
Amine coupling chemistry is another widely applicable approach for

covalently attaching biomolecules to the sensor chip surface and is
suitable for the ligand included in the Getting Started Kit. With this
method, the dextran matrix on the sensor chip surface is first activated
with a mixture of 1-ethyl-3- (3-dimethylaminopropyl) carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) to give reactive succinimide
esters. Ligand is then passed over the surface, and the esters react
spontaneously with amino groups or other nucleophilic groups to link
the ligand covalently to the dextran. After the injection of ligand,
ethanolamine is passed over the sensor surface to deactivate remaining
active esters (Fig. 2A).

3. Method

The Biacore software, supplied with the instrument, allows users to
write a method or to use a software wizard to set up experiments.
Several important factors, such as flow rate, association and dissocia-
tion times, injection order and surface regeneration must be considered
while setting up an experiment. A simple method used to collect small
molecule binding results on RNA surfaces is shown below. The com-
pounds (DB 1246, DB75, and DB182, prepared in the laboratory of
Professor D. W. Boykin at GSU, and Neomycin is commercially avail-
able) and the biotin-labeled RNA sequences (r(CUG)5, r(GC)4, TERRA)
used in this experiment are shown in Fig. 1.

3.1. Data collection and processing

1. A four-channel Biacore instrument, typically a T200 (GE Healthcare
Inc.), is advantageous for small molecule binding to RNA. This in-
strument was used in the experiments described in this review.
5. Three different 5′-biotin-labeled RNAs can be immobilized, each

one immobilized in a distinct flow cell of a SA chip, as described
in 2.3.1. Approximately the same moles of each RNA oligomer
are immobilized on the surface of these flow cells to compare
the sensorgram saturation levels directly for stoichiometry de-
termination.

6. An appropriate regeneration solution is selected for the complex
formed in the experiment. Relatively weak binders frequently
dissociate on their own. Somewhat stronger binders can be
dissociated with a 1M NaCl or KCl solution while still stronger
binders require a more drastic treatment (see Table 3 for other
regeneration buffers).

7. Serial dilutions (concentration range, for example, from 5 nM to
10 μM) of the binding compound are prepared using the running
buffer as the diluent to minimize changes in the refractive index
caused by buffer components. The flow rate is set to 100 μl/min
where possible to minimize mass transport (see Note 10).

8. Five buffer samples are typically injected at the beginning of
each experiment to evaluate if the instrument is performing
within specifications and establish a baseline for subtraction.
This is a method called double referencing. (see Note 14) [41].

Fig. 3. Example for immobilization of biotin-labeled RNA on a streptavidin
chip. The triplet repeats RNA, r(CUG)5, is immobilized in flow cell 3 (fc3).
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Buffer injections also serve as controls for data processing.
9. Inject 300 μl (3 min) of each compound concentration and set

600 s (these are varied with different compounds and kinetics)
as dissociation time (see Note 11). Inject samples from low to
high concentration to eliminate data artifacts from ligand car-
ryover or contamination of the instrument flow system (see Note
12). Random injection of concentrations can also use to mini-
mize data artifact.

10. At the end of the dissociation phase, inject one short pulse
(typically 30 – 60 s) of regeneration buffer, such as, 1M KCl
followed by three 1-min injections of running buffers are re-
commended to reduce the remaining regeneration solution and
5min running with buffer flowing is also set to ensure that the
chip surface is re-equilibrated for binding (see subheading 2.4.2.
step 3).

11. When the experiment is completed, open the raw data con-
taining the sensorgrams in the Biaevaluation software for data
processing software or Scrubber 2 or other (see Note 13, Fig. 4).
First, zero the sensorgrams on the y-axis (RU) to allow proper
comparison of the responses of each flow cell. Generally, the
average of a stable time region of the sensorgram, prior to
sample injection, should be selected and set to zero for each
sensorgram. Then, zero on the x-axis (time) to align the begin-
nings of the injections with respect to each other [41].

12. Subtract the control flow cell (fc1) sensorgram from the reaction
flow cell sensorgrams (i.e. fc2–fc1, fc3–fc1, and fc4–fc1). This
removes any bulk shift contribution to the change in RUs
(Fig. 4).

13. Subtract a buffer injection (the injection with a ligand con-
centration of zero), or better, an average of several buffer in-
jections from the compound injections (different concentra-
tions) on the same reaction flow cell (see Note 14). This is
known as double subtraction and removes any flow cell specific
baseline irregularities (Fig. 4) [41,42]. At this point, the data

should be of optimum quality and ready for analysis as de-
scribed below.

14. Sensorgrams after the previous step can be extracted to a text
file and graphed in other graphics software such as
KaleidaGraph (Synergy software).

15. Steady-state and kinetic data can be further extracted for
quantitative analysis of the interaction via the tab “kinetic or
affinity” (Table 2) provided in Biaevaluation software. These
data can also be extracted into a text file and further analyze in
third-party graphics software. Fig. 5 shows the representative
steady-state point obtained from the sensorgrams, and Fig. 9

Fig. 4. Processing biosensor data. (A) Raw data from biosensor for DB182 injected over the r(CUG)5 RNA sequence or surface; (B) Data sets from the reference surface
were subtracted from the data from the reaction surface; (C) Axes calibration data obtained from Biaevaluation software by using kinetic/affinity commands; (D)
Corrections of the response from the blank buffer injections; (E) Overlay of a series of DB182 injections.

Fig. 5. DB75 interaction with r(CUG)5 RNA sequence. (A) A representative set
of sensorgrams with graded concentrations of DB75 are shown in the figure (red
arrow) from 10 nM to 10 µM; (B) The corresponding RU at steady state is
shown. Data were the best fit with an independent binding site size model (Eqs.
(6) and (7)) with N=8 ± 1, KD= 3.4 ± 0.22 µM. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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show the kinetic fit from the sensorgrams.

4. Examples of use of the SPR method with RNA

In this report, we have extended an SPR protocol that has been
previously developed for working with DNA and small molecules. Our
goal is to develop a quantitative assay using SPR as a primary technique
to observe the interaction between small molecules with different RNA
sequences. In this report, r(CUG)5, r(GC)4 and the quadruplex telomeric
RNA sequence (TERRA) have been used as examples.

The triplet repeat r(CUG)5 is directly associated with the neurolo-
gical disorder myotonic dystrophy type 1 (DM1). That sequence has
been used extensively as a model for drug development against DM1
[24,43] but has been rarely used with SPR. Fig. 5A shows re-
presentative sensorgrams of furamidine, DB75, binding to the r(CUG)5
RNA sequence. The sensorgrams show fast dissociation and association
kinetics for the molecules tested and RNA sequences. Under these
conditions, there is no significant aggregation observed at high con-
centrations, up to 10 μM of DB75, Furamidine, and other diamidines
(Fig. 1), due to the high solubility and excellent solution properties of
the compounds. The equilibrium dissociation constant KD is obtained
through a steady-state fitting, where the RU signal is recorded at the
steady state plateau for each sensorgram at different compound con-
centrations. Fig. 5B shows the result with the best curve fitting obtained
by an independent, identical binding site for DB75 with RNA (Eqs. (7)
and (8)). The KD is 3.4 ± 0.22 μM corresponding to N=8 ± 1 mo-
lecules bind to RNA. This result is in good agreement with the previous
study where the Berglund group showed that furamidine binds to r
(CUG)4 with KD of approximately 100 nM in a lower salt environment,
25 mM NaCl versus 150mM KCl used in our experiment, and
N=6 ± 1 molecule [43]. It is worth mentioning that our SPR result is
in good agreement with ITC results from the Berglund group. This is
another validation of SPR as a reliable, label-free technique to quanti-
tatively decipher the interactions of small molecules and RNA .
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K is the equilibrium binding constant, Cfree is the concentration of
the compound, N is the number of molecules independently bind to the
RNA sequence. RUobs is the observed steady state RU from the experi-
ment, RUmax is the calculated RU for single molecule bind to RNA. This
can be obtained from Eq. (6).

Further, we have demonstrated the binding interactions of the tetra-
cation DB182 (Fig. 1) with r(GC)4 an RNA model duplex sequence.
DB182 has been shown to be a promising molecule that inhibits HIV
RRE-Rev interaction [15]. As shown in Fig. 6A, the sensorgrams in-
dicate that the DB182 interactions with r(GC)4 also have fast associa-
tion and dissociation kinetics under our conditions. The KD value ob-
tained from steady state analysis has shown the best fit with
KD=3.1 ± 0.22 μM and N=4 ± 1 molecule. Since r(GC)4 is a
shorter sequence compared to r(CUG)5 (8 bp versus 15 bp), it is un-
derstandable that r(GC)4 has fewer available binding sites for DB182,
assuming both DB182 and DB75 similarly interact with RNA.

We also investigated the interaction of diamidine compounds to a
quadruplex, TERRA, a telomeric RNA sequence. DB1246 has been
shown in previous studies to be a promising therapeutic molecule that
targets G4C2 repeat quadruplex RNA sequence that causes toxicity
[44]. The repeat expansion of G4C2 found in C9orf72 is the common
cause for frontotemporal dementia and amyotrophic lateral sclerosis
(ALS) neurodegenerative diseases [44]. Fig. 7A shows the sensorgrams
for the interaction of DB1246 with TERRA up to 250 nM concentration
of the compounds. DB1246 shows strong binding to the TERRA RNA

model sequence, as expected for compounds specifically targeting
quadruplex RNA. Kinetic interactions between DB1246 and TERRA are
identified by fast association and slower dissociation (90% dissociation
in 100 sec compared with > 95% dissociation in< 20 sec for the in-
teraction of DB75 and DB182 with other RNAs) kinetics. The steady-
state result shows a two-site binding model (Eq. (9)) that is fit best to
yield binding constants KD1= 3 ± 0.8 nM and KD2= 80 ± 12 nM.
This is one of the strongest quadruplex RNA binders in the heterocyclic
diamidine group of small molecules. The equation for a two-site model
is shown below:
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+ +
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(9)

where K1 and K2 are the macroscopic equilibrium binding constants,
and Cfree is the concentration of the free compound.

We also analyzed the interaction of neomycin to the RNA sequences.
Fig. 8 show the steady-state result for interactions of neomycin to r
(GC)4, r(CUG)5 and TERRA sequences. The data were also fitted with
Eq. (7) for multiple independent binding site. The steady-state result

Fig. 6. DB182 interaction with the r(GC)4 RNA sequence. (A) A representative
set of sensorgrams with graded concentrations of DB182 are shown in the figure
(red arrow) from 10 nM to 10 µM; (B) The corresponding RU at steady state, as
in Fig. 5, data were best fit with an independent binding site size model (Eqs.
(6) and (7)) with N=4 ± 1, KD= 3.1 ± 0.22 µM. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 7. DB1246 interaction with the TERRA G4-RNA sequence. (A) A re-
presentative set of sensorgrams with graded concentrations of DB1246 are
shown in the figure (red arrow) from 10 nM to 250 nM; (B) The corresponding
RU at steady state as in Fig. 5, data were best fit with two binding site model
(Eq. (9)) with KD1= 3 ± 0.8 nM and KD2= 80 ± 12 nM. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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show that neomycin bound to both r(GC)4 and r(CUG)5 with similar
affinities, KD=16.2 ± 0.11 µM, N=2 ± 1 molecules for r(GC)4 and
KD=9.6 ± 1.2 µM, N=3 ± 1 molecules. Since the size of neomycin
is larger than that of heterocyclic amidines compounds, it is to expect
there were fewer molecules that bound to the RNA sequences. Neo-
mycin exhibited poor interaction with TERRA G4 RNA sequence with
the KD=22 ± 7.2 µM, N=1 ± 1 molecules. This is> 250-fold
weaker than the binding affinities of DB1246 to TERRA.

These results demonstrate the ability of biosensor-SPR methods to
measure the binding interactions of RNA and small molecules from a
thermodynamic perspective. Another powerful SPR application is dis-
secting the kinetic rate constants of the interaction, therefore providing
molecular details of the interaction mechanism. Fig. 9 shows the in-
teraction of DB182 with r(GC)4 RNA in a low salt condition (25mM
KCl). Fig. 9A shows the steady-state fit with the KD=0.37 ± 0.09 μM
and N=6 ± 1 molecules. It is logical that the molecules have a
stronger binding affinity in a low salt condition (compare to
KD=3.2 ± 0.09 μM at 150mM KCl). The number of the molecules
associated with the RNA remained unchanged since it is the same RNA
sequence. Fig. 9B showed dissociation kinetic rate curve fitting in black

from the sensorgrams represented the interaction DB182 to r(GC)4 RNA
using Scrubber2 software (BioLogic Software, Campell, Australia). The
sensorgrams at lower concentrations of DB182 from 10 to 100 nM show
a drift in steady state in the early injections but reach a plateau near the
end of the injection. This curvature in sensorgrams might reflect the
strong ionic interaction between the tetracation compounds with the
polyanion RNA sequence at the low salt condition, e.g., 25mM KCl.
Since there are approximately 6 DB182 molecules bind to r(GC)4 RNA,
the average association rate constant ka was obtained using the known
KD and kd values. The calculated ka equal to 8.11× 104 M−1s−1, re-
flected the overall association rate of multiple, independent binding
events of DB182 to r(GC)4 RNA. Altogether, the data have shown that
SPR is capable of dissecting thermodynamics and kinetic information
from the interaction of small molecules with RNA. This will help to
understand further the structure–function relationship and develop-
ment of molecules that are in the therapeutic interest.

5. Concluding statement

In this review we have described the application of biosensor-SPR
methods from the early studies and instruments to the present day. The
currently available instruments are very sensitive, and new instruments
are being released frequently. The power and attraction of the instru-
ments are that they provide a label-free method that uses very little
material to deliver interaction affinity, kinetics and stoichiometry for
biomolecular complex formation. The SPR experiments can also be
done as a function of temperature. It is certain that the use of this
technology with RNA will expand in the future to help characterize
existing systems as well as new RNAs and agents which bind to them.
The use of SPR methods in the search for new therapeutic agents that
target RNA should also expand well past the studies described in this
chapter.

6. Notes

1. The choice of sensor chip depends on the nature and demands of
the application. For general purposes, a Biacore CM5 sensor chip,
which carries a hydrophilic matrix of carboxymethylated (CM)
dextran covalently attached to the gold surface, can be used. It has
a high surface capacity for immobilizing a wide range of ligands
from protein to nucleic acids and carbohydrates. For protein-RNA
interaction investigation, the Biacore CM4 sensor chip is another
good choice because it is similar to sensor chip CM5 but has a lower
degree of carboxymethylation (∼30% of CM5 chip) and charge
that helps to reduce non-specific binding of highly positively
charged molecules, such as proteins, to the surface. Streptavidin-
coated sensor chip has a surface carrying a dextran matrix to which
streptavidin has been covalently attached. Streptavidin has a very
high binding affinity for biotin (KD≈ 10−15 M) so that the surface
provides a high capture of biotinylated ligands. The streptavidin-
coated chip is particularly suited for nucleic acid immobilization
since biotin coupling of oligonucleotides at the terminal, or the
internal positions is a well-established procedure. For some other
specialized applications, a range of other sensor chips surfaces and
immobilization chemistries are also available (Table 1).

2. Maintenance chips are available from GE Healthcare Inc. “Desorb”
is a Biacore software command that instructs the instrument to
remove adsorbed ligands from the flow system. A detailed list of
commands and operations are shown in Table 2. Make sure that the
analysis and sample compartment temperatures are not below
20 °C, since SDS in Desorb solution 1 will precipitate at low tem-
perature.

3. After running the regular Desorb for the additional extensive
cleaning additional super clean method may be used.

4. The amount of RNA to immobilize on the sensor chip depends on
the relative molecular weight of the target RNA and of the ligand

Fig. 8. Steady state result of Neomycin interaction with all 3 RNA sequences:
with r(GC)4 RNA ( ), with r(CUG)5 RNA ( ) and with TERRA G4-RNA ( ).
Data were fitted with independent, identical binding site for
KD= 16.2 ± 0.11 µM, N=2 ± 1; KD= 9.6 ± 1.2 µM,
N=3 ± 1; KD= 22 ± 7.2 µM, N=1 ± 1.

Fig. 9. DB182 interaction with the r(GC)4 RNA sequence. (A) A steady state fit
to obtain the KD at 25mM KCl. Steady state data were best fit with an in-
dependent binding site size model (Eqs. (6) and (7)) with
KD= 0.37 ± 0.09 µM, N=6 ± 1; (B) Representative sensorgrams with
graded concentrations of DB182: 10, 50 and 100 nM (colored) and dissociation
kinetic fitting curve (black), kd= 0.03 ± 0.002 s−1, ka average (esti-
mated)= (8.11 ± 2.04)×104 M−1s−1.
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and on the sensitivity of the biosensor system. Since the SPR re-
sponse is directly proportional to the mass concentration of mate-
rial on the surface, the theoretical ligand binding capacity for a 1:1
interaction of a given surface is relative to the amount of RNA
immobilized.

5. The selection of experimental buffer depends on the nature of the
ligand and RNA sequence. Salt concentration can be adjusted based
on the experimental requirement. With the increase of ionic
strength/salt concentration, the binding affinity of positively
charged ligands for the negatively charged nucleic acid typically
decreases due to charge shielding effects.

6. The amount of P20 to be used depends on the system, the instru-
ment, and the sensor chip, typical concentrations between 0.05%
and 0.005% are used. In a Biacore T200 instrument generally use
0.05%.

7. If the ligand requires the presence of a small amount of organic
solvent (e.g., < 5% DMSO) to maintain solubility, a solvent cor-
rection needs to be applied to minimize changes in the refractive
index caused by the organic content at the chip surface. This has
been described in detail by Rich and Myszka [45].

8. If the KD is unknown, it is necessary to conduct a preliminary ex-
periment using a wide range of compound concentration to obtain
an estimate of the KD. A more focused set of concentrations is then
prepared to cover the specific binding range.

9. Regeneration conditions must be harsh enough to break the com-
plex and remove the bound ligand but mild enough to keep the
RNA strand intact. It is highly recommended to start with the
mildest conditions and short surface contact times since regenera-
tion solutions can cause an undesired effect on RNA or immobilized
matrix. A short contact time, 30–60 s, is usually sufficient. Longer
exposure to regeneration conditions involves greater risks of loss of
binding activity on the surface and often does not lead to improved
regeneration.

10. For the steady-state method, equilibrium constants can be obtained
but not kinetics constants even when mass transfer effects dominate
the observed kinetics. Thus, higher flow rates are not required in
steady-state experiments, if a clear steady–state plateau is obtained,
to determine RU. Higher flow rates (> 50 μl/min) are used for ki-
netic experiments to minimize mass transport effects.

11. A sufficient association phase with a plateau region is needed for
steady-state analysis. For the most accurate fitting of the dissocia-
tion phase, it is good practice to allow sufficient time for the
compound to achieve at least 50–80% dissociation from the com-
plex.

12. Many organic small molecules are easily adsorbed nonspecifically
to the tubing of the injection microfluidics and are slowly released
over the course of the experiment. Increasing surfactant con-
centration might reduce adsorbing to the tubing. If increasing
concentrations of the binding sample in a series of injections are
used, the nonspecific absorption problem can be elevated.

13. Other software programs such as Scrubber 2, CLAMP and GeneData
are available for processing Biacore data. The results can also be
exported and presented in graphing software such as KaleidaGraph.
Although it is useful to experiment with different software
packages, Biaevaluation is sufficient for most routine analyses of
sensorgram data. For the Biacore T200 user, data processing can be
performed automatically using the Biacore T200 evaluation soft-
ware, which is convenient for new users. For the processing of
Biacore data for large libraries of small molecules, GeneData is a
preferred choice.

14. These two data processing steps are referred to as “double refer-
encing.” Typically, multiple buffer injections are performed and
averaged before subtraction. In double referencing, plots are made
for each flow cell separately overlaying the control flow cell– cor-
rected sensorgrams from the buffer and all sample injections. The
buffer sensorgram is then subtracted from the sample sensorgrams.

“Double referencing” removes the systematic drifts and shifts in
baseline and is helpful to minimize offset artifacts and also to
correct the bulk shift that results from slight differences in injection
buffer and running buffer (see Fig. 4).

15. In some cases, at lower concentrations, where the response does not
reach the steady-state, the equilibrium responses can be obtained
from kinetic fits of the sensorgrams utilizing the known RUmax
from the higher concentration sensorgrams. This extrapolation
method works well with sensorgrams where the observed response
is at least 50% of the equilibrium RU.
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