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a b s t r a c t

We show that the affinity electrophoresis analysis of RNA–small molecule interactions can be made
quantifiable by cross-linking the ligand to the gel matrix. Using an RNA–aminoglycoside model system
to verify our method, we attached an acryloyl chloride molecule to the aminoglycosides paromomycin
and neomycin B to synthesize an acrylamide–aminoglycoside monomer. This molecule was then used
as a component in gel polymerization for affinity electrophoresis, covalently attaching an aminoglycoside
molecule to the gel matrix. To test RNA binding to the cross-linked aminoglycosides, we used the amino-
glycoside binding RNA molecule derived from thymidylate synthase messenger RNA (mRNA) that con-
tains a C–C mismatch. Binding is indicated by the difference in RNA mobility between gels with cross-
linked ligand, with ligand embedded during polymerization, and with no ligand present. Critically, the
predicted straight line relationship between the reciprocal of the relative migration of the RNA and the
ligand concentration is obtained when using cross-linked aminoglycosides, whereas a straight line is
not obtained using embedded aminoglycosides. Average apparent dissociation constants are determined
from the slope of the line from these plots. This method allows an easy quantitative comparison between
different nucleic acid molecules for a small molecule ligand.

! 2013 Elsevier Inc. All rights reserved.

The ability of RNA to interact with small molecules is the basis
for a wide assortment of biochemical functions. In nature RNA–
small molecule interactions in riboswitches regulate gene expres-
sion [1,2], whereas in biotechnology applications RNA aptamers
can be selected as biosensors for small molecules [3]. In addition,
the interactions between RNA and small molecules govern the ac-
tion of a number of medicinally important molecules such as the
aminoglycoside class of antibiotics (Fig. 1) [4,5]. The chemical
and structural diversity of antibiotics makes these molecules par-
ticularly interesting for understanding the binding specificity of
RNA for its target ligands [6–9]. Aside from its interactions with
small molecules, RNA has many other important functions in cellu-
lar processes [10–12]. Controlling the biological function of RNA
through the binding of a small molecule would be a powerful bio-
chemical tool. For this reason, developing a method of quickly and
easily identifying compounds that bind to RNA of a defined size or
shape would be very beneficial.

There are many biophysical methods available to study RNA–
small molecule interactions, including isothermal titration calo-

rimetry (ITC),1 surface plasmon resonance (SPR), and fluorescence
anisotropy. In addition, a microfluidic-based method that measures
the affinity of a riboswitch for a ligand was reported recently [13].
However, many of these techniques require specialized and expen-
sive equipment. Although the interaction of RNA with proteins is of-
ten readily investigated using a simple electrophoretic mobility shift
assay (EMSA) or gel shift assay [14,15], this technique is limited
when applied to RNA–small molecule systems because of the negli-
gible difference in mobility between free and bound RNA. An alter-
nate gel-based method for determining binding affinity is affinity
electrophoresis. Several examples that detect the binding of mole-
cules using affinity electrophoresis have been published, although
in each case this technique has been limited to interactions involving
proteins or peptides with another molecule [16–21].

Previously, we showed that affinity electrophoresis can be used
to detect RNA–small molecule interactions [22]. In this method,
the acrylamide gel is polymerized in the absence and presence of
ligand such that the ligand is embedded into the gel matrix during
polymerization. The RNA molecule is then run through the gel, and
binding is gauged by the difference in mobility of the bands
between the gels polymerized with and without ligand. As a
control, mobility is also compared with a nonbinding internal
standard. Although this method can identify interactions between
small molecules and RNA, the binding is not easily quantifiable
because the small molecule ligand can move in the gel during
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electrophoresis. For the ligand to be stationary during electropho-
resis, it must be either uncharged or too large to move through the
gel. Aminoglycosides are neither.

Here, we modified our affinity electrophoresis method to make
the technique quantifiable for RNA–small molecule interactions.
We chemically modified the aminoglycoside by attaching an acryl-
amide monomer onto the structure. We then added this modified
aminoglycoside to the acrylamide mixture during polymerization,
with the result being that the ligand becomes covalently attached
to the gel and cannot move during electrophoresis. By measuring
the relative migration values (Rr) and plotting 1/Rr versus ligand
concentration, we obtained a straight line from which an average
apparent Kd can be determined.

Materials and methods

RNA preparation

The thymidylate synthase mRNA (TSMC) sample (Fig. 2) was
prepared by in vitro transcription [23] in a manner described pre-
viously [22,24].

Synthesis of cross-linked aminoglycoside–acrylamide

In a flame-dried vial containing a stirrer, aminoglycoside sulfate
salt (0.5 mmol, 1.0 equiv) was added before it was sealed with a
septum. The vial was purged under high-vacuum and backfilled
with Ar (g) three times before a distilled deionized water (ddH2O)
solution (totaling 1 ml) containing Na2CO3 (46 mg, 0.55 mmol, 1.1
equiv) was added via syringe. The resultant suspension was soni-
cated for 5 min until the mixture was solubilized completely. To
the clear yellow solution was added acryloyl chloride (50 ll,
0.55 mmol, 1.1 equiv) in one portion via microliter syringe. The
resultant solution was left to stir at room temperature for 24 h

and was carried forward for polymerization reactions without fur-
ther purification.

Affinity gel electrophoresis

For both the cross-linked and embedded gel preparations, 20%
(m/v) polyacrylamide (19:1 acrylamide/bisacrylamide) nondena-
turing electrophoresis gels of the TSMC RNA were run along with
a control gel containing varying amounts of the appropriate ami-
noglycosides paromomycin and neomycin B (Sigma–Aldrich). Gels
were prepared using the Bio-Rad Mini-PROTEAN 3 apparatus with
a 10 cm ! 7.5 cm ! 0.75-mm gel. All gels were run in a 0.5! Tris–
borate–EDTA (TBE) buffer (1! TBE: 9 mM Tris, 9 mM boric acid,
and 0.3 mM EDTA) at room temperature for 30 min at 300 V using
the constant current setting. Bromophenol blue/xylene cyanol
(blue/green dye) was run as an internal standard. RNA was de-
tected using Stains-All (Sigma–Aldrich). In each lane, 1 ll of an
RNA solution was loaded. The RNA solution was composed of a
1:1 mixture of 0.13 mM TSMC RNA/50% glycerol (v/v).

The affinity electrophoresis gels were analyzed according to the
method of Takeo [17] to quantify the average apparent binding
affinity. This method is summarized here. For the equilibrium be-
tween a macromolecule (M) and a ligand (L),

M þ L¡ML: ð1Þ

The apparent dissociation constant is given by Eq. (2):

Kd ¼
½M'½L'
½ML'

: ð2Þ

If the distance migrated by the macromolecule in the absence of
ligand is given by Ro and the distance migrated in the presence of a
particular concentration of ligand is r, then:
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Fig.1. Chemical structure of the aminoglycoside molecules paromomycin and neomycin B.
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Fig.2. Sequence and secondary structure of the aminoglycoside binding RNA molecule used in this study. It is derived from thymidylate synthase mRNA (TSMC) and contains
a C–C mismatch.
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Ro

r
¼ ½M't
½M'
¼ ½ML' þ ½M'

½M'
¼ ½ML'
½M'
þ 1; ð3Þ

where [M]t is the total concentration of the macromolecule. If Eq.
(2) is rearranged and substituted into Eq. (3), then:

Ro

r
¼ ½L'

Kd
þ 1: ð4Þ

In our graphs, we define the relative migration Rr as:

Rr ¼
r

Ro
: ð5Þ

Therefore, Eq. (4) becomes:

1
Rr
¼ ½L'

Kd
þ 1: ð6Þ
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potential range of cross-linked acrylamide products.
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Fig.4. Affinity electrophoresis demonstrating the difference in mobility of the TSMC RNA between embedded and cross-linked paromomycin (A) and cross-linked neomycin B
(B). Shown are separate gels containing different concentrations of ligand when copolymerized within the gel matrix (embedded) versus when the ligand is cross-linked to
the gel matrix. Compared with the gels with embedded aminoglycoside, decreased mobility of the TSMC RNA is observed when the ligand is cross-linked to the gel matrix.
Shown are 20% (m/v) polyacrylamide gels containing 0%, 0.01%, 0.02%, 0.05%, 0.1%, and 0.2% (m/v) ligand (embedded and cross-linked). In each gel, lane 1 is the bromophenol
blue internal standard and lane 2 contains the TSMC RNA.
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A plot of 1
Rr

versus [L] will give a straight line with a slope of 1
Kd

under conditions where the total concentration of the ligand (L) is
much greater than the total concentration of macromolecule.

Results

To prevent the aminoglycoside ligand from moving in the gel
during electrophoresis, paromomycin and neomycin B aminogly-
cosides were reacted with acryloyl chloride to form an acrylam-
ide–aminoglycoside (Fig. 3). Formation of the acrylamide–
aminoglycoside is straightforward. With the conditions used, there
is on average one acrylamide added per aminoglycoside molecule.
However, there is no control over the location of the acrylamide
monomer, and the acryloyl chloride could react with any of the
amine or alcohol groups on the aminoglycoside. A mixture of acryl-
amide–aminoglycoside products that differ by the location of the
acrylamide monomer is produced.

Confirmation of acrylamide–aminoglycoside synthesis was
made by infrared (IR) and high-resolution mass spectrometry
(HRMS). 1H and 13C nuclear magnetic resonance (NMR) was also
performed on the products in D2O; however, these results were
inconclusive due to extensive peak overlap. IR spectra indicate a
loss of the O–H stretch and N–H stretch for both cross-linked acryl-
amide–aminoglycosides compared with the free aminoglycosides.
This loss of the O–H stretch and N–H stretch suggests that the acry-
loyl chloride is reacting with both the alcohol and amine groups on
the aminoglycoside. HRMS provided exact molecular weights of
the expected acrylamide–aminoglycoside products. The theoretical
value for neomycin B is 637.3170, and the determined value is
637.3170. For paromomycin, the theoretical value is 638.3010,
and the determined value is 638.3015. Because it was only neces-
sary that the acrylamide monomer be attached to the aminoglyco-
side, purification and isolation of the cross-linked acrylamide–
aminoglycoside was not required. As a result, yields were not
determined.

Cross-linking of the acrylamide–aminoglycoside was per-
formed by adding the required amount of the acrylamide–amino-
glycoside for a particular mass/volume percentage to the
acrylamide mixture prior to adding the tetramethylethylenedi-

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.0 0.05 0.10 0.15 0.20 0.25
% Paromomycin (m/v)

R r

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.0 0.05 0.10 0.15 0.20 0.25
% Neomycin B (m/v)

R r

Fig.5. Plots comparing the relative migration (Rr) between TSMC RNA interacting
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TSMC RNA interacting with the embedded paromomycin and embedded neomycin
B (black diamonds). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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amine (TEMED) and ammonium persulfate (APS) polymerizing
agents. Affinity gel electrophoresis was performed using either
cross-linked ligands of acrylamide paromomycin or acrylamide
neomycin B. The addition of the acrylamide–aminoglycoside had
no observable effect on gel polymerization. As a control, we also
prepared gels embedded with either paromomycin or neomycin
B [22].

RNA binding to the cross-linked acrylamide–aminoglycoside
was analyzed using the interaction of the TSMC RNA with amino-
glycoside molecules as a model system [5,22,24]. The interaction
of the TSMC RNA with paromomycin was previously characterized
by ITC methods [24]. In all cases where an aminoglycoside is pres-
ent, the mobility of the RNA is greatly reduced compared with the
gel run in the absence of ligand (Figs. 4–6). Thus, the gels contain-
ing cross-linked paromomycin show that RNA mobility is signifi-
cantly reduced compared with the embedded paromomycin
(Figs. 4 and 6). Similarly, the gels containing cross-linked neomycin
B show decreased RNA mobility compared with the embedded
neomycin B (Figs. 4 and 6). This decreased migration indicates that
binding is occurring in the gel between the RNA and the aminogly-
coside and that cross-linking the aminoglycoside to the acrylamide
results in a significant decrease of RNA mobility compared with the
embedded ligand.

The TSMC RNA interacted with the cross-linked aminoglyco-
sides to produce quantifiable data. We analyzed this interaction
by measuring the relative migration (Rr) of the TSMC RNA against
the bromophenol blue internal standard and plotting the Rr value
against the concentration of cross-linked and embedded paromo-
mycin and to the concentration of cross-linked and embedded
neomycin B (Fig. 5). Plotting of the reciprocal relative migration
(1/Rr) against the concentration of cross-linked paromomycin
and against the concentration of cross-linked neomycin B
(Fig. 6A and B) generated straight lines, from which the corre-
sponding average apparent dissociation constants were deter-
mined from the inverse of the slope of the lines [25]. From the
data in Fig. 6, we calculated an average apparent Kd value of
156 ± 7 lM for TSMC RNA binding cross-linked paromomycin
and an average apparent Kd value of 450 ± 31 lM for TSMC RNA
binding cross-linked neomycin B. In comparison, the use of
embedded ligands provides much less reliable quantification (par-
ticularly at low concentrations of the embedded product) because
a straight line does not result when plotting 1/Rr versus amino-
glycoside concentration (Fig. 6C and D).

Discussion

We have used affinity electrophoresis coupled with cross-link-
ing of the ligand to the gel matrix to quantitatively study RNA–
aminoglycoside interactions. Previously, using only embedded li-
gands, we showed that binding occurred in a dose-dependent
manner. However, when plotting 1/Rr values versus ligand concen-
tration, we did not get a straight line with the embedded ligands
[22] (Fig. 6C and D). This prevented binding from being quantified
with high accuracy. We attributed this nonlinearity to the ligand
moving in the gel during electrophoresis. Here, we overcame this
limitation by cross-linking the aminoglycoside directly to the gel
by reacting the aminoglycoside with acryloyl chloride. During gel
polymerization, the ligand becomes covalently attached to the
gel. Using this method, the TSMC RNA that interacts with the ami-
noglycoside binds significantly tighter to the cross-linked ligand
than to the embedded ligand, and binding approaches saturation
at the higher ligand concentrations examined (Fig. 5). To the best
of our knowledge, this is the first example of cross-linking of a
small molecule ligand to the polyacrylamide gel to study RNA–
small molecule interactions.

Using the cross-linked aminoglycosides, we can determine an
average apparent Kd value for the RNA–ligand interaction
(Fig. 6). We use the term average apparent Kd because when we
react the acryloyl chloride with the aminoglycoside, we get a mix-
ture of products in which the acryloyl groups potentially react
with each alcohol and amino group. Rings I and II on the amino-
glycoside (Fig. 1) are the rings that most closely interact with the
RNA [26]. When the acryloyl group reacts with alcohol or amine
groups on ring I or II, binding will be obstructed and the average
apparent Kd value will be increased compared with when the
acryloyl reacts at ring III or IV. This mixture of products, with
some products binding more weakly than others, results in the
measured average apparent Kd being weaker (156 ± 7 lM) than
what was previously measured in solution (0.6 lM [5]). However,
this does not take away from our main conclusion that using the
cross-linked aminoglycoside results in quantifiable data, as shown
by the linear plots in Fig. 6. We note that the difference between
our affinity electrophoresis determined Kd value measured here
and the previously reported value found in solution could also re-
flect differences in temperature and buffer composition between
these methods.

The average apparent Kd values showed tighter binding for the
cross-linked paromomycin than for the cross-linked neomycin B
(Fig. 6). Although binding of neomycin B to the TSMC RNA used
here has not been demonstrated previously, the binding of neo-
mycin B to a similar C–C mismatch was shown to be tighter than
that of paromomycin. This apparent discrepancy is likely due to
the fact that neomycin B has more amino groups in ring I than
does paromomycin (Fig. 1). As the pKa of the amino group is low-
er (pKa ( 9–10) than that of the hydroxyl group (pKa ( 16–17),
the one equivalent of sodium bicarbonate will preferentially
deprotonate the amino to form a reactive amine with an avail-
able lone pair that immediately reacts with acryloyl chloride. Be-
cause neomycin B contains more amine groups at ring I, reaction
with acryloyl chloride reduces the ligand binding ability of neo-
mycin B for the TSMC RNA to a greater extent than it does for
paromomycin.

This method was used primarily to quantify RNA–aminoglyco-
side interactions; however, it should be possible to apply this
method to any ligand that binds RNA as long as the cross-linked li-
gand does not interfere with gel polymerization. In addition, our
cross-linked ligand affinity electrophoresis method is particularly
useful for comparing interactions between different RNA mole-
cules with the same aminoglycosides by running a constant con-
centration of each RNA on the same gel.

In summary, we have shown that an affinity electrophoresis-
based method can be made quantifiable for determining dissocia-
tion constants of RNA–aminoglycoside interactions. This method
can easily be applied to other RNA–small molecules using equip-
ment and reagents common to most laboratories. Furthermore,
synthesis of other cross-linked aminoglycosides and subsequent
testing to different RNA molecules of various sequences and sizes
can also be achieved following our method to obtain quantitative
binding information.
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