








include the background sections of physiology and biochemistry and
of therapeutic action in our aptamer design protocol presented in SI
Appendix, Fig. S1. Based on our findings, we hypothesize that the
EpCAM dimer presents a more appropriate aptamer binding target,
as confirmed in simulations and experiments described here.
EpCAM dimerizes at an interface including the TY loop,

leaving its N-terminal (ND) and C-terminal (CD) domains
solvent-exposed (Fig. 3A). Accordingly, predicted aptamer
binding modes [generated with the Dot2.0 (27) docking soft-
ware] reveal a much different binding preference for the
EpCAM dimer than for monomer. As shown in Fig. 3B, docked
modes show a preference for EP23 binding to the exposed CD
top and ND and CD sides. From the docking computations, four
unique EP23 binding conformations (Fig. 3D) were selected for
advanced interrogation of EpCAM binding. From these con-
formations, steered MD pulling simulations (Fig. 3 E and F) and
additional MD simulations (Fig. 3G) revealed one of them as an
exceptionally strong binder. This conformation (conformation

02) targeted the CD of EpCAM, making important electrostatic
interactions with Lys155, Lys160, Arg163, and Lys168. Given
that the physiological roles of EpCAM structure remain un-
known, it is difficult to speculate whether binding at this location
will have any therapeutic action on EpCAM itself. In the crystal
structure paper (33), the authors hypothesized that intercellular
EpCAM-EpCAM binding occurred as a tetramer, using docking
software to find the plausible tetrameric binding conformations
along the CD. However, the same authors later presented
compelling evidence disproving this intercellular EpCAM olig-
omerization, although maintaining solution and in vivo EpCAM
cis-dimerization (21). The authors posited that EpCAM could
bind another unknown ligand, resulting in intercellular adhesion,
or that EpCAM could solely function in other roles including its
known signaling roles. The majority of EpCAM antibodies bind
to the ND domain of EpCAM (33); however, the ND is not
required for intercellular adhesion (41). Therapeutically effica-
cious antibodies, including catumaxomab (26) and mm-131 (40),
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Fig. 3. EP23 binding EpCAM dimer. (A) EpCAM dimer, showing dimerization along the TY loop (blue) and exposure of the N and C-terminal domains (green
and magenta, respectively). (B) Aptamer EP23 contacts mapped onto the EpCAM dimer from the top 200 Dot2.0 docking conformations. For the dimer system,
docked conformations are spread across the protein, but show higher population for the exposed C-terminal domain. (C, Top) 10 Dot2.0 docking confor-
mations for the EpCAM dimer, colored by energy from strong (red) to weak (blue). EpCAM dimer is shown in a surface representation and colored by protein
monomer: cyan and gray. (D) Four unique docking conformations from the top 10 docking conformations selected for further binding assessment. EpCAM
dimer is shown in a surface representation and colored by protein monomer: cyan and gray, while the EP23 aptamer is illustrated as a cartoon in magenta,
with bound Mg2+ ions shown as pink spheres. (E) The work required to pull the EP23 conformation off of EpCAM dimer, with larger work showing stronger
binding. The orange line is the median, boxes extend form lower to upper quartiles, whiskers show range of nonoutlier data. (F) Jarzynski equality averages
computed from pulling EP23 off of the EpCAM dimer. Values shown are the mean, SE bars are shown but within the data points. (G) The root-mean-square
deviation (RMSD) of atomic positions for the selected EP23 binding conformations + EpCAM dimer configurations across the MD simulations. Note: 02_1,
02_2, and 02_3 are 3 replicas of 500-ns MD extension starting from the 500-ns structure of run 02.
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bind multiple proteins and only use EpCAM binding to target
tumor cells, localizing the action of other therapeutic protein
effectors. Ultimately, using EpCAM binding to target particular
cells may also be the therapeutic fate of this aptamer, as previous
experimental work has shown that attachment of another
aptamer allows for dual binding of both EpCAM and the
transferrin receptor (42). However, the RNA aptamer-derived
direct inhibition of interactions between EpCAM and other
cellular ligands should not be discounted without further study.
To explore the design of more potent aptamers for EpCAM

binding, we identified two sites, A5 and G15, that (if mutated)
would likely retain a simple hairpin folding yet result in different
binding outcomes. Here, we first analyzed the dominant binding
conformation (02) found from MD simulations and identified
plausible aptamer mutations that might affect the EpCAM bind-
ing. For the largest effect, we decided to mutate A5 and G15
(both purines) to the pyrimidine uracil. Secondary structures for
these sequence mutations [again computed using Mfold (27)] did
not reveal any major changes from the EP23 fold (Fig. 4A), al-
though the G15U mutant did lose one base pair. Notably, even in
proteins, single point mutations can substantially change structure
(43, 44). Given RNA structure’s notoriously dynamic conforma-
tions, understanding mutational effects on structure is imperative,
and a quick check of secondary structure will give a reasonable
first approximation of any changes. The mutational change in
binding affinity was computed in silico, using the free energy
perturbation technique, which we have used with previous success
(45–48). Both A5U and G15U mutations resulted in favorable
binding affinity changes for the predicted dominant binding con-
formation. These results and their verification by isothermal titra-
tion calorimetry are shown in Fig. 4 B and C. Confirming our
conjecture that RNA structure would not be adversely affected by
the A5U and G15U mutations, we observed only minor changes in
aptamer structure during the FEP calculation (Fig. 4D).
Experimental ITC measurements confirmed that both A5U

and G15U mutations produced favorable binding affinity
changes and also validated our hypothesis that all three aptamers
studied in this work bind to the EpCAM dimer. Fig. 4 and SI
Appendix, Fig. S2 show typical aptamer titration profiles for the
EpCAM solution (Fig. 4) and the control BSA solution(SI Ap-
pendix, Fig. S2). Corresponding thermodynamic parameters are
listed in SI Appendix, Fig. S2. The quality of the ITC data is
described by the Wiseman c value, with a c value of 10 to 500
designating optimal curve fitting (49). In the current experiment,
the c value ranges from 55.16 to 278.09, indicating that the ITC
assay is reliable. It is noteworthy that the equilibrium dissocia-
tion constant kd of EP23 binding to EpCAM obtained from the
current ITC experiment (39.89 ± 3.37 nM, 95% CI) is similar to
that measured previously using flow cytometry (∼37 nM) (50),
further supporting the robustness of the ITC assay.
Enthalpy changes (ΔH) reflect the change in number and

strength of noncovalent bonding and can be measured by ITC. In
addition, the change in entropy (ΔS) from desolvation and con-
formational changes upon binding can be calculated as ΔS =
(ΔH – ΔG)/T, where ΔG is the Gibbs free energy change. Our ITC
results reveal that aptamer–EpCAM protein binding is mainly
driven by enthalpy contributions, ΔH. The stoichiometry N for the
binding of EP23, A5U, or G15U to EpCAM protein ranges from
0.458 to 0.474, close to 0.5, indicating one aptamer binds to ap-
proximately two EpCAM proteins. The reason that the N value is
lower than 0.5 may be due to the accuracy of the aptamer and/or
EpCAM protein concentrations or inactive EpCAM protein in the
solution. The N values obtained from the ITC experiment are in
accordance with published data that the EpCAM proteins form a
dimer in solution (34), and our computational modeling also in-
dicates that one aptamer binds to one EpCAM dimer.
Our experimental results overlap well within our predicted

affinity values (A5U ΔΔG: −0.48 ± 0.64 vs. −0.77 ± 0.12 kcal/mol

computed vs. experiment, and G15U ΔΔG: −1.92 ± 1.52 vs. −0.71 ±
0.10 kcal/mol computed vs. experiment; 95% CI), providing ad-
ditional evidence that the predicted dominant binding conforma-
tion is indeed representative of the experimental binding structure.
The relatively large error of the predicted G15U mutation is a
result of the broken G15-U4 base pair, resulting in larger
structural fluctuations than the A5U mutant. We also computed
mutational binding affinity changes for other binding confor-
mations (01 and 04; SI Appendix, Fig. S3); associated results were
inconsistent with experiments, further supporting conformation
02 as the dominant binding mode.

Discussion
Our in silico design of RNA aptamers for EpCAM binding is
exciting for several reasons. Starting from an RNA sequence, we
constructed a stable, folded RNA structure using only MD
simulations and secondary structure-predicted constraints. At
this time, numerous RNA structure prediction models exist, but
with varied accuracies and shortcomings (14). Accommodating
the dynamic nature of RNA structure, our physics-based RNA
structure-building framework allowed for appropriate fluctua-
tions in the RNA structure while still identifying stable, robust
RNA conformations. Given the importance of Mg2+ in RNA
folding, we selected folded RNA structures for advancement
based on the presence of long-lived Mg2+ binding sites rather
than more global metrics such as root-mean-square deviation.
This in silico selection criterion worked well to identify stable
RNA structures for our system, and future work will be necessary
to determine its utility for other RNAs.
We further identified how the designed RNA aptamer binds to

the in vivo-relevant and in vitro-relevant form of EpCAM: the
EpCAM dimer. Similar to other studies (38, 39), we used
docking to predict RNA binding conformations onto the
EpCAM monomer. However, the predicted docking conforma-
tions showed strong binding preference for the TY loop of the
EpCAM monomer. This result led us to conclude that aptamer
binding to the EpCAM monomer TY loop [as found by others
(38, 39)] is most likely not physiologically relevant, considering
the TY loop’s close proximity to the cell membrane and its lo-
cation at a strong [kd of 10 nM (37)] intracellular dimerization
interface. Hence, we conducted RNA aptamer docking onto the
EpCAM dimer instead. From EpCAM dimer docking, we found a
considerable preference for binding to the top and sides of the
EpCAM C-terminal domain, with some crossover onto the
N-terminal domain. These observed binding modes stood in stark
contrast to most antibody binding sites, which often bind the
N-terminal domain (33). The sides and top of the C-terminal
domain have numerous positively charged residues that form fa-
vorable electrostatic interactions with the negatively charged RNA
aptamer backbone; furthermore, the C-terminal domain is solvent
exposed, rather than being buried by the membrane similar to the
EpCAM TY loop. This domain thus represents a strong target for
EpCAM-focused aptamer binding (as confirmed by our free en-
ergy simulations and experiments on aptamer mutants).
Last, it is significant that we discovered two RNA sequences

that bound more strongly to EpCAM than the initial EP23
molecule identified via SELEX experiments. As Fig. 4C indicates,
the A5U and G15U mutants both bind to EpCAM at approxi-
mately four times the potency of EP23. While factors other than
affinity (e.g., binding specificity, toxicity, and deliverability) need
to be considered in evaluating aptamer drugs, the two sequences
presented in this work should certainly be explored as EpCAM-
targeted therapeutics in their own right. More generally, we illus-
trated that the SELEX procedure, while effective, is not completely
exhaustive in exploring RNA sequence space for particular targets,
and can be further optimized with in silico techniques such as those
applied in this work.
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Conclusions
In this work, we used a combined experimental and theoretical
approach to investigate the EP23 aptamer binding EpCAM and
discovered multiple aptamer sequences with increased binding
affinity. Aptamer binding conformations and favorable binding

affinity mutations were predicted in silico, using structure-based
techniques including MD simulations and FEP calculations.
Starting from a known aptamer sequence, we built the RNA
structure and used docking to predict EpCAM binding. Both
monomer and dimer forms of EpCAM were investigated, but the
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Fig. 4. EP23 mutation binding affinity. (A) Comparison of Mfold-predicted secondary structures for the original EP23 sequence, the A5U mutation, and the
G15U mutation. (B) The change in binding affinity for two mutations, both as predicted by FEP simulations and determined by ITC experiments. Error bars
represent 95% CIs. Starred values (*) indicate P < 0.05, and double-starred (**) experimental values indicate P < 0.0001 for a one-sided t test. (C) Isothermal
titration calorimetric analysis of the interaction of the 50-μM aptamer solutions from EP23, A5U, or G15U, with EpCAM protein (5 μM) in ITC buffer at 25 °C.
(Top and Bottom) Raw data and binding isotherm obtained over a series of injections of aptamer into EpCAM protein. (Top) Differential power (μcal/sec)
versus time is presented in the form of integrated heat values. The data were fitted using a one binding site model. BSA control data are presented in SI
Appendix, Fig. S2. (D) Structural comparison of bound EP23 (blue cartoon) with the A5U mutation (orange) and the G15U mutation (green). Bound Mg2+ ions
shown as pink spheres; EpCAM dimer is shown in a surface representation and colored cyan or gray for different monomers.
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EpCAM dimer was selected for further investigation because of
extensive experimental evidence of EpCAM existing in vivo and
in vitro as a dimer. MD simulations including nonequilibrium
steered MD simulations revealed one strong binding conforma-
tion, binding to the C-terminal domain of EpCAM. From FEP
calculations of EP23 aptamer mutations, we found that two
mutations resulted in stronger EpCAM binding affinity. The
binding affinity of these mutations was investigated experimen-
tally, using isothermal titration calorimetry, and was found to
agree with the in silico predictions, resulting in stronger binding
affinity with the mutated residues. This work confirms the utility
of using in silico structure-based techniques to design and de-
termine favorable RNA aptamers for physiological targets.

Materials and Methods
MD Simulations. All MD simulations were conducted using NAMD2 (51),
specifically configured for IBM Power systems. The RNA structure was initially
built as a single-stranded A-form helix. Mfold (28) base pair constraints were
implemented, and then the RNA was slowly heated up to 310 K, using Gen-
eralized Born implicit solvent. Then, solvent and ions (0.15 M Mg2+) were
added and MD was performed for 450 ns, using a 2 fs time step, with the first
150 ns maintaining base pair constraints. The Amberff14SB force field (52) was
used for RNA parameters. The EpCAM protein structure was taken from PDB
ID: 4MZV (33). All EpCAM simulations (both monomer and dimer, with and
without bound aptamer conformations) were run for 500 ns. The top binding
conformation for EpCAM dimer was further simulated for an additional 500
ns; in total, more than 7 μs of MDwere conducted. The CHARMM36 force field
(53) was used for protein parameters. MD simulations with protein were
conducted in the NPT ensemble, with a pressure of 1 atm and temperature of
310 K. Van der Waals interactions were cutoff at 12 Å, while long-range
electrostatics were treated with the Particle Mesh Ewald method.

FEP Calculations. FEP calculations were computed using NAMD2, as described
previously (54). Although dual topologies exist for amino acids, nucleotide
dual topologies had to be created using existing AMBERff14SB force field
(52) parameters. All FEP calculations were computed with at least 12 replicas
for each structure (up to 100+ replicas for each mutation), using 34 windows
with at least 400 ps/window.

DOT2 Docking. Dot2.0 (27) software was downloaded and run locally on IBM
Power systems. The top 200 conformations were saved and used to generate
the heat maps in Figs. 2 and 3. Three aptamer conformations (RNA + bound
Mg2+) were selected for docking. Ultimately, only one aptamer conforma-
tion resulted in plausible binding conformations and was selected for
analysis. Only unique EpCAM binding conformations were selected for ad-
vancement, and MD simulations were performed on the top 10 Dot2.0
predicted conformations.

EpCAM Reagents. Human EpCAM protein was purchased from Sino Biological
Inc. Australia (catalog number: 10694-H08H).

Aptamer Sequences. The original EpCAM aptamer EP23 and the mutant
aptamers A5U and G15U were synthesized by Suzhou Genepharma (Suzhou,
China), followed by HPLC purification. The sequences of EP23, A5U, and G15U
are shown here:

EP23 aptamer: 5′-A (2′-F-C) G (2′-F-U) A (2′-F-U) (2′-F-C) (2′-F-C) (2′-F-C) (2′-
F-U) (2′-F-U) (2′-F-U) (2′-F-U) (2′-F-C) G (2′-F-C) G (2′-F-U) A-3′

A5U aptamer: 5′-A (2′-F-C) G (2′-F-U) (2′-F-U) (2′-F-U) (2′-F-C) (2′-F-C) (2′-F-
C) (2′-F-U) (2′-F-U) (2′-F-U) (2′-F-U) (2′-F-C) G (2′-F-C) G (2′-F-U) A-3′

G15U aptamer: 5′-A (2′-F-C) G (2′-F-U) A (2′-F-U) (2′-F-C) (2′-F-C) (2′-F-C) (2′-
F-U) (2′-F-U) (2′-F-U) (2′-F-U) (2′-F-C) (2′-F-U) (2′-F-C) G (2′-F-U) A-3′

In these sequences, the uppercase letters A, U, G and C indicate RNAs and
2′-F represents a substitution of 2′-fluoro for 2′-hydroxyl group in an RNA
monomer. For all of the aptamers, an amino-modifier-C6-TFA phosphoramidite
group (6-[trifluoroacetylamino]hexyl-[(2-cyanoethyl)-(N,N-diisopropyl)]- phos-
phoramidite) and an inverted deoxythymidine group were added to the 5′-
and 3′-end of the aptamers, respectively, for enhanced nuclease resistance.

The aptamers were prepared using the dialysis buffer in which the major
components are PBS containing 5 mM MgCl2, as described in ITC, and then
folded by denaturation at 85 °C for 5 min, followed by 10 min incubation at
room temperature and 37 °C for at least 15 min.

ITC. ITC experiments were performed at 25 °C with a Microcal PEAQ-ITC
instrument (Malvern). The EpCAM proteins were dissolved in PBS contain-
ing 5 mMMgCl2 to achieve a final concentration of 5 μM. To minimize buffer
mismatch and remove small molecules including mannitol and trehalose,
which exist in the protein solution, the EpCAM protein solution was exten-
sively dialyzed against 1 L PBS containing 5 mM MgCl2, using a dialysis
cassette with a 10-kDa molecular weight cutoff (Thermo). Briefly, the sam-
ples were dialyzed at 4 °C for 2 h and the buffer was refreshed with 1 L PBS
containing 5 mM MgCl2. Then the protein samples were dialyzed against the
dialysis buffer at 4 °C overnight.

An aptamer solution (50 μM) in a syringe was injected into 300 μL of 5 μM
EpCAM protein in a sample cell. The volume of aptamer solution in each
injection was 2 μL, except for the first injection, which was 0.4 μL. The time
interval between injections was 150 s, and the syringe stirring speed was 750
rpm. The reference power was 10.0 μcal/s. As a control, the aptamer samples
were injected into the ITC buffer alone to subtract the heat of dilution of the
samples. Stoichiometry of binding (N), dissociation constant (Kd), and ther-
modynamic parameters including enthalpy change (ΔH), entropy change
(ΔS), and Gibbs free energy change (ΔG) were obtained according to a
single-site binding model using the MicroCal PEAQ-ITC analysis software
(Malvern). Data were from three independent measurements.

ITC Data Analysis. All data and results were analyzed using the Affinimeter
software (AFFINImeter, Spain) and are shown as mean ± SD (mean ± S. D.)
unless otherwise stated. The differences among multiple groups (n ≥ 3) and
between two specific groups were analyzed by one-way ANOVA and t test,
using GraphPad Prism 8.0.1, respectively. In all tests, P < 0.05 was considered
as statistically significant.

Data Availability. All data and analyses tools/scripts are available upon
request.
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