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Abstract: In contrast to sophisticated high-throughput sequencing tools for genomic DNA, analytical
tools for comparing secondary structure features between multiple single-stranded DNA sequences
are less developed. For single-stranded nucleic acid ligands called aptamers, secondary structure is
widely thought to play a pivotal role in driving recognition-based binding activity between an aptamer
sequence and its specific target. Here, we employ a competition-based aptamer screening platform
called CompELS to identify DNA aptamers for a colloidal target. We then analyze predicted secondary
structures of the aptamers and a large population of random sequences to identify sequence features
and patterns. Our secondary structure analysis identifies patterns ranging from position-dependent
score matrixes of individual structural elements to position-independent consensus domains resulting
from global alignment.
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1. Introduction

Explosive progress in high-throughput DNA sequencing has driven advances in analytical tools
to identify base consensus motifs among subgroups of DNA sequences [1,2] as well as to identify
evolutionary connections between larger groups of sequences using global alignment [3–5] approaches.
First reported in 1994, ClustalW [3] endures as one of the most cited [6] multiple sequence alignment
tools. Over the last 25 years, updated algorithms continue to refine the alignment process [7,8] to
accommodate analysis demands for large datasets of biologically relevant sequences to identify any
shared genomic aspects. These sequence analysis tools can also be employed to identify patterns
among nongenomic yet functional oligonucleotides called aptamers. Aptamers are single-stranded
oligonucleotide sequences that bind to a particular target (small molecules, proteins, etc.,) with
high affinity and specificity with applications ranging from sensors [9–12] to therapeutics [13–15].
Traditionally, aptamers are identified via an evolutionary selection process first reported separately by
three groups in 1990 [16–18]. The term “systematic evolution of ligands by exponential enrichment”,
or SELEX, was coined by Tuerk and Gold to describe their screening process [16]. In the decades
that followed, numerous groups have reported new aptamer sequences identified via SELEX for a
variety of non-nucleotide targets. Though aptamers are nongenomic sequences, tools built for genomic
sequence analysis can still be useful, as demonstrated in studies with RNA aptamers [19–23].
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In contrast to advances in sequence analysis tools, progress lags in predictive secondary structure
tools for self-hybridized, single-stranded DNA (ssDNA). Published literature (e.g., Dunaway et al. [24])
typically employs modeling tools such as mfold [25] to predict and illustrate the overall 2D
self-hybridized conformations of individual aptamer sequences. Relatively few studies [13,26,27],
however, identify specific patterns in individual secondary structure features or elements among
multiple self-hybridized DNA structures. Similarly, experimental work to verify secondary structure
predictions from these models is generally lacking for single-stranded DNA. Exceptions to this
information gap tend to reside with historically popular DNA aptamers such as Bock’s thrombin
aptamer [28–30] or with studies focused on identifying potentially shared binding motifs [26,27]
among different DNA aptamer sequences for the same target. Such structural information can allow
guided DNA aptamer truncation efforts [27,31,32] or strategic extension of hybridized segments to
stabilize self-hybridized structures [27]. In the absence of such information, one must otherwise
undertake arduous trial-and-error experiments to unmask the binding motifs in shortened, often
higher affinity [31,33] DNA aptamer segments.

In contrast to DNA aptamers, structural analysis has informed design strategies for RNA-based
aptamers using comprehensive three-dimensional structural databases both for RNA alone [34,35]
and also RNA–protein complexes [36–38]. Moreover, studies by Hoinka et al. [19] on RNA aptamer
systems expand their analysis by considering both primary structure and secondary structure. Using
this approach, they can identify base consensus motifs among unhybridized bases present in the loop
segment of a self-hybridized RNA hairpin. Despite the abundance of aptamer SELEX screening studies,
the paucity of structure-function information in DNA aptamer systems can be attributed, at least in
part, to two interconnected challenges: (1) The nontrivial nature of these characterization pursuits
(as demonstrated with multidimensional NMR spectroscopy studies of RNA aptamers [39,40]) and
(2) the lack of three-dimensional databases and predictive tools for self-hybridized DNA sequences.

To begin closing this analytical gap in understanding the specific role that secondary structure
may play in DNA aptamer-target binding, Tapp et al. [41] defined a classification scheme to identify
shared features and patterns in predicted minimum or lowest free energy self-hybridized structures
among DNA aptamer sequences. Importantly, in contrast to employing traditional SELEX screening,
Tapp et al. [41] developed a non-evolutionary aptamer screening platform called competition-enhanced
ligand screening or CompELS in order to identify aptamer candidates for subsequent analysis. Here, the
current work expands on Tapp’s secondary structure analysis by adapting existing motif identification
and multiple protein sequence alignment tools in order to score the occurrence of both dominant
and suboptimal secondary structure elements and to identify shared domains where particular
secondary structure features predominate. Notably, while analytical tools for aligning pairs [42,43]
as well as groups [44–46] of RNA secondary structure features and even suboptimal self-hybridized
structures [47,48] are available, these tools generally presume an evolutionary connection between
biologically relevant RNA sequences [49]. Additionally, some RNA alignment programs take into
account secondary structure features such as pseudoknots [50] more widely reported in RNA sequences.
In light of the nonevolutionary nature of the CompELS screening process used in the current work
as well as the structural features better catalogued in previously mentioned RNA databases [34–37],
the analytical approach reported here strives to avoid introducing potential artifacts while still
leveraging the capabilities of existing well-cited analytical tools. Here, position-specific score matrices
(PSSM) [51,52] and ClustalW [3] are the analytical tools adapted to define if any correlations or patterns
in predicted self-hybridized structures exist between DNA aptamers identified via CompELS for gold
nanorod (AuNR) targets.
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2. Results and Discussion

2.1. DNA Aptamers for AuNR Identified Using CompELS Screening Platform

AuNR [53–59] possess an array of advantageous properties that allow for diverse bio-based
applications ranging from biosensing to therapeutics. Tunable radiative and nonradiative properties in
AuNR suspensions are attributed to both their anisotropic shape possibilities and their noble metal
composition. In the current work, AuNR serve as the colloidal targets for aptamer screening. UV-vis
spectroscopy of AuNR targets is provided in Figure S1 in supplementary materials. DNA aptamer
selection was performed in three separate CompELS screening sessions illustrated in Scheme 1 using
ssDNA random libraries with an equidistribution of A, T, C, and G bases for the first two screenings
(resulting in aptamer sequence sets 1XX and 2XX) and using a ssDNA A-rich random library for the
third screening (resulting in aptamer sequence set 4XX).
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Scheme 1. Competition-enhanced ligand screening (CompELS) aptamer selection for DNA aptamers
against gold nanorods (AuNR) that entails (A) addition of one single-stranded DNA (ssDNA) library
aliquot to (B) AuNR followed by (C) removal of unbound, weakly bound, or displaced DNA sequences.
Following the completion of 10 rounds of CompELS, (D) PCR is carried out in the presence of AuNR
and, finally, (E) cloning and sequencing of aptamer candidates is undertaken.

The concentration of ssDNA (in each library aliquot) was chosen to allow for excess ssDNA to
surround suspended AuNR (~1010 particles). Based on prior TEM characterization [60], seeded AuNR
synthesis yielded ~21 nm diameter rods with an average length of ~57 nm (aspect ratio ~2.7), which
gives an estimated surface area of ~4450 nm2 per AuNR available for DNA binding events. Using a
freely jointed chain model for a 69 base-long DNA strand with an overall random coil conformation,
the radius of gyration, Rg, is estimated to be ~3.32 nm for each ssDNA strand from the library. Based
on these estimates, the number of ssDNA strands used for panning in each CompELS round was
~100X excess of that required to form a monolayer of close-packed ssDNA random coils “spheres”
on AuNR in solution. After each incubation with a library aliquot, the suspension was centrifuged,
DNA strands remaining in the supernatant were removed, and a new aliquot of ssDNA library was
introduced to the AuNR for the next CompELS round. Importantly, no additional stringent wash
steps were undertaken to intentionally dissociate and then amplify the population of DNA strands
remaining from prior CompELS rounds. This screening approach differs from SELEX, in which bound
sequences are eluted, recovered, and then amplified via PCR during each screening round to enrich
the subsequent candidate pool with prior adsorbate species. After 10 selection rounds, six washes of
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AuNR suspensions with the aptamer binding buffer (ABB) were completed to remove any remaining
weakly bound DNA adsorbate species. Lastly, PCR was performed in the presence of the AuNR
for recovery, vector insertion, cloning, and sequencing of bound DNA strands. A total of 42 DNA
aptamer sequences from the three separate screenings are listed in Table S1 in supplementary materials
and collectively analyzed. Multiple sequence alignment results from T Coffee analysis on the central
40 base-long segments in Figure S2 in supplementary materials indicate up to 69% consensus in
select individual base identities. Separate MEME (Multiple EM (Expectation Maximization) for Motif
Elicitation) analysis (not shown), however, does not reveal any statistically significant consensus motifs
across two or more neighboring bases among the 42 aptamer sequences.

2.2. Assigning Subgroups of Aptamer sequeNces to a Secondary Structure Family (SSF)

Based on a prior classification scheme reported by Tapp et al. [41], each predicted self-hybridized
structure for an aptamer sequence was broken down into different secondary structure elements (SSE)
illustrated in Scheme 2. Two or more aptamer sequences were then assigned to the same secondary
structure family (SSF) if they shared the exact same numbers of each unique SSE. The dominant
and/or suboptimal secondary structures of a given aptamer sequence listed Table S2 in supplementary
materials can be members of an SSF. Finally, the base length, sequence content, and base position
of each SSE were not taken into account in assigning SSF. Based on these criteria described above,
11 groups of SSF listed in Table 1 were identified among the 42 AuNR aptamer sequences. Figure 1
shows color-coded schematics of the predicted secondary structures of three members of one family,
namely SSF2, that exhibit all SSE except multi-branched loops. Schematics of members of all 11 SSF are
shown in Figure S3 in supplementary materials. As detailed in the Experimental Methods section, the
one-letter abbreviation for each SSE shown in Scheme 2 also corresponds to the one-letter substitution
used to create secondary structure strings (SS$) for each predicted dominant and, if relevant, suboptimal
structure(s) for each aptamer sequence discussed next.
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Scheme 2. Color-coded illustrations and abbreviations of (a) six predicted secondary structure elements
(SSE) namely, single-stranded segment (purple), hairpin stem/loop (red), internal loop (green), bulge
(yellow), duplex (blue), and multi-branched loop (pink) used to identify each secondary structure
family (SSF) among AuNR aptamer candidates. (b) Each hairpin is further broken down into a hairpin
loop (gray) and hairpin stem (red) for multiple secondary structure string alignment (MSS$A) analysis.



Molecules 2019, 24, 1572 5 of 18

Table 1. List of secondary structure family (SSF) group number, structural element composition,
aptamer nomenclatures, total number of members, and the numbers of dominant and suboptimal
self-hybridized structures for all 11 SSF assigned among all AuNR aptamers identified via CompELS.

SSF No. Structural Element
Composition

Aptamer Nomenclature 1,2

of SSF Members
No. of SSF
Members

No.
Dominant

(Suboptimal)
Self-Hybridized

Structures

SSF1 2S 2H/L 1I 0G 1D 0M 111.S1, 116.S1, 116.S2 3 2 (1)

SSF2 2S 2H/L 1I 1G 2D 0M 101.S1, 117.S1, 418.S1 3 3 (0)

SSF3 3S 2H/L 0I 0G 0D 0M 111.S2, 111.S3, 120.S1,
214.S1, 403.S1, 412.S2 6 3 (3)

SSF4 3S 2H/L 0I 1G 1D 0M 401.S1, 420.S1 2 2 (0)

SSF5 3S 2H/L 1I 0G 1D 0M 108.S2, 112.S1, 406.S1 3 2 (1)

SSF6 3S 2H/L 2I 0G 2D 0M 110.S1, 115.S1, 416.S1 3 3 (0)

SSF7 4S 3H/L 0I 0G 0D 0M 102.S1, 212.S1, 217.S1, 219.S1,
404.S1, 412.S1 6 6 (0)

SSF8 4S 3H/L 0I 1G 1D 0M 101.S2, 118.S1, 201.S2, 210.S1 4 2 (2)

SSF9 4S 3H/L 1I 0G 1D 0M
105.S1, 108.S1, 114.S1, 119.S1,

204.S1, 204.S2, 402.S1,
413.S1, 415.S2, 421.S1

10 8 (2)

SSF10 5S 4H/L 0I 0G 0D 0M 217.S2, 410.S1, 417.S1, 419.S1 4 3 (1)

SSF11 5S 4H/L 1I 0G 1D 0M 409.S1, 414.S1 2 2 (0)
1 Secondary structures of aptamer are designated as dominant (*.S1) or suboptimal (*.S2 or *.S3); 2 Identical aptamer
sequences in the same SSF are underlined.
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Figure 1. Schematics of three members of self-hybridized AuNR aptamer sequences, namely, 101.S1,
117.S1, and 418.S1 of SSF2. As shown in Table 1, each member of SSF2 possesses two single-stranded
segments (purple); two hairpin stem/loops (red); one internal loop (green); one bulge (yellow); two
duplexes (blue); and zero multi-branched loops (dark pink).

2.3. Mapping Secondary Structure Elements (SSE) at Each Base Position

In contrast to assigning 36 (out of 42 total) dominant and 10 (out of 14 total) suboptimal secondary
structures to 11 distinct SSF groupings, the next analysis involves identifying global patterns among
all predicted secondary structures of the aptamer sequences. To undertake this global alignment
process (discussed in the next section), first the frequency for each SSE occurrence at each base position
is mapped for dominant-only self-hybridized structures in Figure 2a and dominant + suboptimal
self-hybridized structures in Figure 2b for all aptamers. To create a background for analytical purposes,
dominant-only self-hybridized structures in Figure 2c and dominant + suboptimal self-hybridized
structures in Figure 2d are also mapped for a large (103) random sequence population. Notably, the two
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fixed base segments (flanking the central 40 base-long variable segment) are identical for both aptamers
and the random sequence population. The percentage differences in SSE frequency (∆SSE(%)) between
the dominant-only and the dominant + suboptimal structures for aptamers and the random sequence
population are plotted in Figures S4 and S5, respectively, in supplementary materials. From collective
examination of all four cases shown in Figure 2a–d, Figures S4 and S5, some shared and unshared
trends in the distribution of SSE can be ascertained. Shared trends in the base position-dependent
distribution of SSE include the following: (1) Single-stranded segments occur at nearly every base
position and especially predominate near the 5’ end; and (2) hairpin stems and hairpin loops are the
next most frequent SSE with prevalence near the 3’ end. As a more specific example of this shared
pattern, a hairpin loop structure predominates at base positions 60–62 with the flanking hairpin stem
at base positions 55–59 and 63–67. As exhibited by several self-hybridized aptamers (e.g., 111.S3,
120.S1, 214.S1, 412.S2 in SSF3 in Figure S3 in supplementary materials) this hairpin at bases 55–67
includes a three adenine-long loop. Many of these shared features near the 5′ and 3′ ends are likely
due to their identical primary structure; however, base pairings also frequently occur between the fixed
base segment (bases 1–14 and 55–69) and central variable segment (bases 15–54) to form, for example,
duplexes (e.g., bases 8 and 45 in 101.S1 shown in Figure 1) or hairpin stems (e.g., bases 8 and 19 in
418.S1 in Figure 1).
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Figure 2. Distribution of secondary structure elements (SSE) as a function of numerical base position
for self-hybridized (a) dominant-only structures of the aptamers, (b) dominant + suboptimal structures
of the aptamers, (c) dominant-only structures of a random sequence population, and (d) dominant
+ suboptimal structures of a random sequence population. Each bar is color-coded to indicate the
relative fraction of multi-branched loops (dark pink); duplexes (blue); bulges (yellow); internal loops
(green); hairpin loops (gray); hairpin stems (red); and single-stranded segments (purple) at a given
base position. Numerical base positions corresponding to the two fixed base segments are highlighted
in gray on each x-axis.
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While there are numerous other examples of shared trends, there are also distinctions in SSE
distributions between the aptamers in Figure 2a,b and the random sequences in Figure 2c,d. These
distinctions occur in both in the fixed base segments as well as in the central variable base segments.
General differences are as follows: (1) The inclusion of suboptimal structures generally results in more
frequent occurrence of multi-branched loops and bulges in aptamers while these same SSE occur
frequently in both the dominant-only as well as dominant + suboptimal structures for the random
sequence population; and (2) a richer variety of SSE at nearly all base positions occurs in the random
sequence population than in the aptamer population. As just one example of this second generality,
base 21 is comprised of single-stranded segments, hairpin stems, hairpin loops, internal loops, and
duplexes among dominant as well as dominant + suboptimal aptamer structures, whereas the random
sequence population additionally includes a small fraction of both multi-branched loops and bulges at
this same base position for both dominant-only and dominant + suboptimal structures. More specific
examples of quantitative differences in the frequency of each SSE at several base positions for aptamers
and the random sequence population, particularly hairpin stems and single-stranded segments, are
evident in bar graphs shown in Figures S4 and S5 in supplementary materials.

2.4. Using Random Sequence Populations to Generate Position-Specific Score Matrices (PSSM) of SSE
in Aptamers

After examining strictly numerical differences in SSE occurrences at each base position in the
aptamer and random sequence populations, a more weighted approach was undertaken to compute
a position specific score matrix (PSSM) as detailed in Experimental Methods. The resulting PSSM
for aptamers are shown in Figure 3a for dominant-only structures, and in Figure 3b for dominant +

suboptimal structures.
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Figure 3. Position specific score matrix (PSSM) of SSE for (a) dominant-only and (b) dominant +

suboptimal structures of aptamers using the random sequence population as the background and
α = 1 in the additive smoothing function. A higher bit score either positive (i.e., stronger presence) or
negative (i.e., stronger absence) for one or more SSE at a particular numerical base position corresponds
to a greater height of the one-letter symbol for a given SSE. Numerical base positions with significant
differences in a given SSE determined separately using a one-tailed two proportion Z-test (shown in
Figures S4 and S5, respectively, in supplementary materials) are marked with an asterisk. (c) secondary
structure strings (SS$) for aptamer 201.S1 with highest scoring match to both PSSM shown above.
Individual position-specific matches in SSE between PSSM and 201.S1 SS$ are color-matched while
nonmatching SSE are shown in black text in (c).
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The PSSM for dominant-only secondary structures in Figure 3a shows close agreement overall in
trends to ∆SSE shown in Figure S4 in supplementary materials. It should be noted that there are fewer
potential SSE possibilities at and near the 5’ and 3’ ends (e.g., a bulge cannot occur at base 1 or 69);
however, each category of SSE shown in Scheme 2 appears in both PSSM plots. Thus, any differences
in SSE at these ends between the aptamer and the random sequence background become more heavily
weighted resulting in higher bit scores for the presence of single-stranded segments (indicated above
each x-axis) and absence of duplexes (indicated below each x-axis) at the 5’ end while both SSE are
present near and at the 3’ end. At several positions, the PSSM reveals a weighted prominence of an
element (e.g., internal loop at position 64 in Figure 3a) that may be overlooked due to its modest ∆SSE
value (e.g., see ∆SSE value for internal loops at position 64 in Figure S4 in supplementary materials).

For PSSM that accounts for dominant + suboptimal structures in Figure 3b, there is also overall
agreement with its related ∆SSE analysis shown in Figure S5 in supplementary materials. Figure 3a,b
show single-stranded segments and hairpin stems as the more prominent elements at several positions,
with other elements such as hairpin loops and internal loops only occasionally prominent. Overall,
strong overlap in SSE identities occur in many numerical base positions in Figure 3a,b; however,
occasional distinctions in SSE identities occur (e.g., internal loops at positions 64–65 in dominant-only
in Figure 3a extend further to position 66 in dominant + suboptimal in Figure 3b). Finally, Figure 3c
shows the SS$ for aptamer 201.S1 that has the closest match to both PSSM in Figure 3a,b.

2.5. Multiple Secondary Structure String Alignment (MSS$A) in Aptamers and Random Sequences

Finally, ClustalW was used to generate multiple sequence alignments of the four sets of SS$.
As detailed in the Experimental Methods sections, once aligned, consensus domains comprised of
a particular SS$ (present in ≥50% of the aligned secondary structures) are then represented using
two-dimensional heat maps as shown in Figure S6a,b in supplementary materials for the aptamer
dominant-only SS$ and the aptamer dominant + suboptimal SS$. To facilitate comparisons between the
four separate alignment sets, namely, (a) dominant-only SS$ for aptamers; (b) dominant + suboptimal
SS$ for aptamers; (c) dominant-only SS$ for random sequences; and (d) dominant + suboptimal SS$
for random sequences, collective information from each two-dimensional heat map is projected onto
a line as shown in Figure 4a–d. In addition to showing all secondary structure consensus domains
comprised of particular SS$ identities, these 1D representations also show where inserted gaps prevail
(in ≥50% of aligned SS$) and non-gaps (where neither a gap nor a particular SSE or SS$ prevails) occur.
In order to subsequently assess the base positions of these secondary structure consensus domains,
the gaps are then removed for all four cases and then replotted in Figure S7a–d in the supplementary
materials. The relative ratio of inclusion of each consensus domain as a function of base position is
plotted separately in Figure S8a–d in the supplementary materials. Additional numerical data for
each consensus domain are provided in Tables S3 and S4 in the supplementary materials. Collective
observations stemming from MSS$A data in these multiple figures and tables are highlighted next.

In Figure 4a, the MSS$A for the dominant-only SS$ of AuNR aptamers identifies six consensus
domains with the average number of consensus domains equal to 5.26 ± 0.99 per sequence. Overall,
secondary structure consensus domains occupy an average of 37.9% of a given aptamer SS$ with
the remainder comprised of non-gaps and gaps. Non-gaps are often next to or sandwiched between
consensus domains, while gaps are often found between non-gaps. In the dominant-only SS$ for the
random sequence population in Figure 4c, six consensus domains exist in the MSS$A with an average
number of consensus domains equal to 4.70 ± 1.05 per sequence. On average, these consensus domains
occupy only 23.7% of a given random sequence SS$ and may point to a larger degree of SS$ disorder in
the random sequence population compared to the aptamers. Unlike the PSSM shown in Figure 3a,b, in
which each SSE is present at one or more numerical base positions, the SS$ of each consensus domain
in all four sets of MSS$A in Figure 4a–d exclude duplexes, bulges, internal loops, and multi-branched
loops. As shown in Figure S8a–d, all consensus domains involve bases from a fixed base segment at
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either the 5′ or 3′ end—as high as 100% in consensus domain 1 for dominant + suboptimal aptamer
self-hybridized structures, as indicated in Table S3b in supplementary materials.
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Figure 4. Linear representation of MSS$A that includes all gaps (G1, G2, etc.); non-gaps (N1, N2, etc.) and
SS$ defining a given secondary structure consensus domain based on all (a) dominant-only structures
for AuNR aptamers; (b) dominant + suboptimal structures for AuNR aptamers; (c) dominant-only
structures for a random sequence population background; and (d) dominant + suboptimal structures
for a random sequence population.

Identical SSE, namely single-stranded segments, occur in first consensus domain near the 5’ end in
Figure 4a–d. For example, the SSE composition of consensus domain 1 is “SSSSSSSS” in the dominant
AuNR aptamers and “SSSSSS” in the dominant random sequence in Figure 4a,c. This composition
of these first consensus domains is not surprising given the prominence of single-stranded segments
near the 5’ end in both PSSM plots in Figure 3a,b. Subsequent consensus domains, however, generally
exhibit more diversity in compositions. For example, the structural element composition of consensus
domain 6 in the dominant aptamer structures in Figure 4a includes a series of hairpin loops, hairpin
stems, and single-stranded segments. Compositional differences in the last consensus domain of
all four sets of MSS$A closest to the 3’ end in Figure 4a–d appear more striking, considering the
fact that at least 84% of the SS$ in these last consensus domains occur in the fixed base segment,
as indicated in Table S3 in supplementary materials. For this fixed base segment near the 3’ end,
position-dependent mappings (Figure 1) and matrices (Figure 2) of SSE show the prominence of a
previously discussed hairpin stem/loop at bases 55–67. The frequent occurrence of this particular
hairpin with the three-adenine loop near the 3’ end in the aptamers may serve as a structural “anchor”
in subsequent global alignment analysis. While truncation experiments are beyond the scope of the
current work, future screening efforts can either intentionally include portions of this hairpin loop
(e.g., in the central variable segment) or intentionally avoid these potential structural anchors by
employing libraries consisting of duplex-flanked sequences, in which only the central variable yields
various self-hybridized structural elements.

3. Conclusions

One can describe aptamer screening efforts via SELEX as a black box of in vitro experiments
lacking design rules for including promising binding motifs within the screening library. In the absence
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of any design rules, one must screen through large random sequences to first identify promising
candidates for a particular target. In an effort to shine light on these black box experiments, aptamers
in this work were identified using CompELS and then analyzed and compared to a background of
random sequences. Using a classification scheme to break down predicted secondary structures into
smaller elements, this work identified features ranging from prominent individual structural elements
at particular base positions to multiple structural elements defining a consensus domain among
aligned sequences. Such analysis can enable data mining of first-generation aptamers emerging from
random sequence libraries to inform a rational design approach for subsequent libraries to find better
second-generation aptamers. As just one example, multi-branched loops found in a majority of base
positions in large random sequence populations were relatively rare in the aptamers. Thus, informed
by these comparative studies, the next screening libraries for the same target or for a related target
could intentionally incorporate promising shared motifs found in this first generation of aptamers
(e.g., include adenine-rich loop in the central segment) or intentionally exclude specific elements
absent among the first generation of aptamers (e.g., avoiding the likelihood of multi-branched loops by
using shorter candidate sequences). In addition to applying these analytical tools to self-hybridized
DNA aptamers, the analytical approaches reported here can be expanded to evaluate genomically
relevant single-stranded DNA segments that arise during cell processes such as replication and
DNA repair. Finally, combining CompELS with these analytical structural tools to find the best
aptamer candidates from designer libraries may help inform subsequent experimental validation of
self-hybridized aptamers, alone and bound to target species.

4. Materials and Methods

4.1. Materials

DNA screening libraries were comprised of 69 base-long template strands with a central 40 base
randomized segment flanked by constant or fixed sequence segments necessary for primer binding
during PCR (5’-GGG ACA GGG CTA GC-[40N]-GAG GCA AAG CTT CCG-3’). Equibase (25% A,
25% C, 25% T, 25% G) and A-rich (40% A, 20% C, 20% T, 20% G) template strands were synthesized
via hand-mixing and purified by the manufacturer (Integrated DNA Technologies, Coralville, IA,
USA). The motivation for using A-rich screening libraries stems from prior work indicating stronger
interactions between gold and adenine bases [60,61]. Reverse primer (5’-CGG AAG CTT TGC CTC-3’),
phosphorylated reverse primer (5’-Phos-CGG AAG CTT TGC CTC-3’), and forward primer (5’-GGG
ACA GGG CTA GC-3’) were also purchased from and HPLC purified by IDT.

The dNTP mix (10 mM), P/C/I or phenol:chloroform:isoamyl alcohol (25:24:1), ethidium bromide,
TOPO TA Cloning Kit for Subcloning, One Shot® TOP10 Chemically Competent E. coli, and X-gal
were purchased from Invitrogen (Grand Island, NY, USA). GoTaq DNA polymerase and 5X colorless
GoTaq reaction buffer were purchased from Promega (Madison, WI, USA). CaCl2, HEPES, MgCl2,
CaCl2, and KCl were purchased from BDH Chemicals (VWR Scientific, Radnor, PA, USA). S.O.C.
medium, ethanol, and Tris EDTA pH 7.4 were purchased from Fisher Scientific (Pittsburgh, PA, USA).
Hexadecyltrimethylammonium bromide, gold (III) chloride hydrate, silver nitrate, L-ascorbic acid,
ampicillin sodium salt, sodium borohydride, and dimethylformamide were purchased from Sigma
Aldrich (St. Louis, MO, USA). Agar (bacteriological), glycogen, and LB broth (Luria-Bertani) were
purchased from Amresco (Solon, OH, USA). Lambda exonuclease enzyme and 10X lambda exonuclease
reaction buffer were purchased from New England Biolabs (Ipswich, MA, USA). The MinElute PCR
Purification Kit was purchased from Qiagen (Gaithersburg, MD, USA). The pH 7.4 aptamer binding
buffer (ABB) used for CompELS-based selection consisted of 20 mM HEPES, 2 mM MgCl2, 150 mM
NaCl, 2 mM CaCl2, and 2 mM KCl. All buffers and synthesis were prepared using 0.2 µM filtered water
(18 MΩ-cm) from a Barnstead Nanopure Ultrapure water purification system (Barnstead, Thermo
Fisher Scientific, Inc., Pittsburgh, PA, USA).
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4.2. Synthesis of Gold Nanorods (AuNR)

A seeded gold nanorod (AuNR) synthesis approach was undertaken to prepare target
suspensions [53,62]. A CTAB solution (5 mL, 0.2 M) and a HAuCl4 solution (5 mL and 0.5 mM) were
mixed with a magnetic stirbar for 30 min at room temperature to feed a seed solution. At the 30 min
time point, a fresh solution of 10 mM NaBH4 was prepared in ice cold water, and 600 µL was added
to the seed solution. The magnetic stir speed was increased to high for 2 min, allowing the solution
to change to brownish yellow. For the nanorod growth solution, a CTAB solution (20 mL, 0.2 M)
was mixed with a freshly prepared AgNO3 solution (640 µL, 5 mM) and then a HAuCl4 solution
(20 mL, 1 mM) under gentle magnetic stirbar mixing conditions for 2 min. Ascorbic acid (216 µL,
0.1 M) was then added to the nanorod growth solution and continuously stirred until the solution
became colorless. Seed solution (48 µL) was then added to the nanorod growth solution and mixed
with a magnetic stirbar for 40 min. To inhibit further growth or aging of the AuNR and to remove
excess CTAB from solution, the nanorod solution was centrifuged at 21,100× g for 30 min, followed by
supernatant removal, and AuNR resuspension in 40 mL of nanopure water to complete one wash step.
This wash step was repeated once more for a total of two wash steps. Twice-washed nanorods were
aged for 3 days at room temperature in preparation for CompELS aptamer screening.

4.3. Preparation of ssDNA Library for CompELS Screening

Random sequences were amplified via polymerase chain reactions with either the equibase or
A-rich template sequences (0.17 pM), dNTPs (0.2 mM), forward primer (60 nM), reverse primers
(60 nM), GoTaq polymerase (0.05 U/µL), and 1X supplied colorless GoTaq buffer. PCR was carried out
on a G-Storm thermocycler with a 100 ◦C heated lid with a 2 min hold at 95 ◦C followed by 25 PCR
cycles (30 s denaturation at 95 ◦C; 30 s annealing at 47 ◦C; 30 s extension at 72 ◦C), and a final hold
at 4 ◦C. An ethanol precipitation was performed on the resultant PCR product. Resuspended PCR
product was digested with lambda exonuclease at 5 U/µg following the manufacturer’s instructions to
remove the phosphorylated hybridization partners. P/C/I extraction was performed on the digested
PCR product and followed with another ethanol precipitation. Final ssDNA product was resuspended
in aptamer binding buffer (ABB) and ssDNA concentration was adjusted to 2.5 µM and stored at 4 ◦C
until used for screening.

4.4. Competition-Enhanced Selection of Ligands (CompELS) Screening for DNA Aptamers against
AuNR Targets

Aptamer selection was performed in three separate CompELS sessions against the AuNR using
ssDNA random libraries with equivalent 25% distribution in bases for the first two screenings (sequence
sets 1XX and 2XX) and using an A-rich library for the third screening (sequence set 4XX). The prepared
ssDNA library was separated into 10 aliquots of 100 µL in PCR tubes and denatured in the thermocycler
with heated lid (100 ◦C); 90 ◦C for 10 min; 4 ◦C for 15 min; and 24 ◦C for 5 min. Then, 142 µL of
2X washed AuNR were aliquoted into a PCR tube and centrifuged at 21,100× g for 30 min and the
supernatant was removed (wash step). To minimize potential nonspecific binding of ssDNA template
strands, AuNR were resuspended in 100 µL of 2 µM dNTPs in ABB and incubated for 30 min on
a rotomixer. After the 30 min incubation with dNTPs, another wash step was performed. At this
point the AuNR had irreversibly aggregated into a visible pellet. A single aliquot of ssDNA library
was added to the AuNR, incubated for 30 min on rotomixer, and followed by a wash step. This
incubation-wash series was repeated until all 10 library aliquots had been incubated with AuNR
target. Following the last of 10 target-library incubation and wash cycles, 200 µL of ABB was added to
the AuNR suspension followed by centrifugation and supernatant removal. These wash steps with
ABB were repeated for a total of six washes. Following the six washes, nanopure water (74.7 µL), 5X
GoTaq buffer (20 µL), dNTPs (2 µL, 10 mM), nonphosphoylated reverse primer (1.2 µL, 5 µM), forward
primer (1.2 µL, 5 µM), and GoTaq (1 µL, 5 U/µL) were added to the AuNR. PCR cycling was carried
out (in the presence of AuNR target) as detailed previously for the ssDNA library preparation, and
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dsDNA PCR product was stored at 4 ◦C until purification for vector insertion steps were undertaken,
as described next.

A Qiagen (Gaithersburg, MD) PCR purification kit was used, and purified product was
resuspended in 10 µL of 10 mM Tris-HCl pH 8.5. The 10 µL of purified PCR product was placed on ice
and salt solution (2.5 µL, 1.2 M NaCl, 10 mM MgCl2) and 2.5 µL TOPO vector from TOPO TA Cloning
Kit (Invitrogen, Life Technologies, Grand Island, NY) was added. This ligation mixture was placed on
a thermomixer at room temperature for 15 min at 500 rpm. Then, 5 µL of the ligation mixture was
added to the TOP10 cells, gently mixed, and put on ice for 2 h. TOP10 cells and ligation mix were then
heat shocked at 42 ◦C for 30 s. Next, 250 µL of SOC (super optimal bath) medium was added to each
vial. Resulting cell suspensions were incubated on a shaker table incubator for 1 h 37 ◦C and 250 rpm.
Transformed bacteria were then plated on LB-agar medium supplemented with ampicillin and X-gal,
followed by overnight growth in a 37 ◦C incubator. Twenty-one positive bacterial colonies resulting
from CompELS using each of two screening libraries (i.e., normal or A-rich random ssDNA libraries)
were randomly picked. After standard plasmid purification following the manufacturer’s directions,
samples were sent to GENEWIZ Inc. for sequencing analysis (South Plainfield, NJ, USA).

4.5. Primary Structure Analysis of DNA Aptamers

The primary sequences of identified aptamer candidates were analyzed and aligned using
T-Coffee multiple sequence alignment of the 40-base central randomized regions (bases 15–54) of
the sequences to identify and compare position-dependent bases among all aptamers selected from
both the normal and A-rich libraries. T-Coffee analysis was carried out online using default settings
(http://www.ebi.ac.uk Accessed: 4/27/17). Alignment results were inserted into Microsoft Excel
2016 and analyzed and color-coded using a macro. MEME 4.9.1 (freely accessed in 7/20/2017 at
http://ebi.edu.au/ftp/software/MEME/) was then used to identify position-independent sequence
segment motifs that occur anywhere within the central 40 base variable segments of the aptamer
sequences [63,64].

4.6. Predictions of Dominant and Suboptimal Secondary Structures for DNA Aptamer Sequences and Random
DNA Sequences

Zuker’s mfold web server [65] was used to generate secondary structures of all sequences under
conditions mimicking that of the aptamer binding buffer (ABB) of [Na+] = 152 mM, [Mg++] = 4 mM at
23 ◦C and to calculate the difference in Gibbs free energy, dG, of self-hybridization. The secondary
structure of a given sequence with the lowest predicted dG value is designated with a nomenclature
extension of S1 (e.g., 101.S1) to identify it as the most thermodynamically favorable or dominant
secondary structure. Other secondary structures of the same sequence whose dG was within 5% of
the dominant secondary structure’s dG were also considered for analysis. These additional secondary
structures are referred to as suboptimal secondary structures with an assigned nomenclature extension
of S2 through S3 (e.g., 101.S2) in order of the next most favorable secondary structure (i.e., second most
negative dG value) to least favorable secondary structure (i.e., least negative dG value). In addition
to carrying out secondary structure analysis for the 42 AuNR aptamers resulting from CompELS
screening, this same analysis was also carried out for 1000 random DNA sequences in order to generate
a background for analytical purposes. While both the aptamers and random sequences share the same
fixed base segments as 5’-GGG ACA GGG CTA GC-[40N]-GAG GCA AAG CTT CCG-3’, the 40N
segment for the random DNA sequence populations were generated using the built-in RAND function
in Microsoft Excel 2016 [66,67].

4.7. Defining Secondary Structure Elements (SSE), Secondary Structure Families (SSF), and Secondary
Structure Strings (SS$) for Aptamers and Random DNA Sequences

Each secondary structure for a given sequence was broken down into distinct secondary structure
elements (SSE) illustrated in Scheme 2, namely, single-stranded segment(s), hairpin stem(s)/loop(s),

http://www.ebi.ac.uk
http://ebi.edu.au/ftp/software/MEME/


Molecules 2019, 24, 1572 13 of 18

internal loop(s), bulge(s), duplex(es), and multi-branched loop(s). Two or more aptamer sequences
were then assigned to the same secondary structure family (SSF) if they share the exact same numbers
of each unique SSE. SSF assignments did not take into consideration the base content, base length, or
base position of a given SSE.

The next set of analytical endeavors entailed converting each self-hybridized sequence into text
string or secondary structure string (SS$). Since DNA primary structure consists of four bases, most
sequence analysis tools limit input to a four-letter alphabet (corresponding to A, T, C, and G bases).
In order to use ClustalW to identify any global patterns among SS$ sets, the format of the sequences
was listed as amino acid residues instead of nucleic acid bases. The one-letter abbreviations for each
SSE shown in Scheme 2 corresponds to the one-letter amino acid substitution used in this analysis. For
example, each hairpin stem in a self-hybridized sequence was substituted with a histidine residue
in ClustalW. Each SSE was thus assigned to a unique amino acid residue (S, H, L, I, G, D, or M) for
converting secondary structures into SS$. The full-length SS$ (69 letters long) was used to map SSE as
a function of base positions. These SSE mappings, in turn, were then used to generate position-specific
score matrices (PSSM), as detailed in the next subsection.

4.8. Using SS$ to Generate Position Specific Score Matrices (PSSM)

In order to score each SS$ for a given sequence secondary structure, the position specific score
matrix (PSSM) for a particular SS$ of a sequence i over each base position j was calculated using
Equation (1) as follows:

Sk, j = H jWk, j (1)

in which

H j =
log2(7)∑

columns j log2

(
1
µk, j

)(
1
N

)∑N
i= j

(
Xi. j = k

)
and

Wk, j =
1
N

log2

(
θk, j

µk, j

) N∑
i=1

I
(
Xi. j = k

)
where

µk, j =
1
N

N∑
i=1

I
(
Xi. j = k

)
and

θk, j =
7αµk, j +

∑N
i= j I

(
Xi. j = k

)
7α+ N

where i ∈ (1, . . . , N), j ∈ (1, . . . , l), k ∈ (S,H,L,I,G,D,M); i is each 69 position-long SS$ in a sequence
population comprised of N dominant or N dominant + suboptimal SS$; j is the base position from
1 to length l (up to base position 69); Xi,j is the SS$ with an SSE identity of X at base position j; k
is the one-letter abbreviation for SSE (S, H, L, I, G, D, or M); I(Xi,j = k) is an identity matrix of the
seven SSE with a value of 0 (if SSE identities do not match) or 1 (if SSE identities do match); µk,j is
the background position frequency matrix; θk,j is the normalized position probability matrix; α is the
additive smoothing parameter; Hj is the normalization matrix; and Wk,j is the position weight matrix.

4.9. Using SS$ to Perform Multiple Secondary Structure String Alignment (MSS$A)

While ClustalW in MEGA7 [68] is protein sequence alignment program, ClustalW is employed in
the current work to globally align SSE found in dominant or dominant + suboptimal self-hybridized
structures in DNA aptamers to compare to analogous alignments for a random sequence population.
To distinguish this form of analysis from PSSM described above, this global alignment is referred to
as multiple secondary structure string alignment (MSS$A) in the current work. To prevent artifacts
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that can arise from default settings that allow amino acid substitutions (e.g., substituting one acidic
residue such as aspartic acid with glutamic acid) an identity matrix was used as the substitution matrix
for alignment along with removal of residue-specific penalties and hydrophilic penalties. Otherwise,
the default setting for all other field options in MEGA7 were employed using version 7.0.26 during the
date range of 7/4/2017-7/25/2017. Data were exported into MATLAB 2016 for analysis by developed
program algorithms, and output was charted using Microsoft Excel 2016.

4.10. Defining Secondary Structure Consensus Domains in MSS$A with Gaps Included

Following MSS$A analysis of each group of sequences, various consensus domains, gap regions,
and non-gap regions were identified and numbered, as described next. Consensus domains consisting
of a SS$ with ≥50% consensus were identified. In addition to consensus domains, regions within
MSS$A containing ≥50% inserted gaps were identified and numbered as gap regions. Regions consisting
of at least 50% SSEs, but lacking sufficient consensus were identified and numbered as non-gap regions.
After covering these possible categories of alignment regions, to display large datasets succinctly, 2D
global alignment maps were “compressed” into 1D lines to more easily distinguish and compare each
consensus domain, gap region, and non-gap region for aptamers and random sequences. The following
data are also provided for each MSS$A: Average length and standard deviation of length for each
domain or region in the alignment; the average number of consensus domains observed per sequence;
and the average percentage of SS$ associated with a given consensus domain. For consensus domains,
the following additional information is provided: Its SS$ identity; average consensus value across the
entire domain (referred to as conserved); statistical frequency of observation of a domain in a sequence
set (referred to as frequency); and the fraction of the domain associated with the fixed base regions
(referred to as fraction fixed base).

4.11. Removing Gaps to Determine Distribution of Consensus Domains in MSS$A

Following MSS$A to identify consensus domains, as described above, gap regions were
subsequently removed to determine the base position dependence of each consensus domain. Using
algorithms developed in MATLAB 2016, the SS$ associated with each consensus domain was plotted
as function of base position to then perform the following analyses: Base position-specific distribution
of each consensus domain, average distance from an identified domain n to domain n + 1 (d(n,n+1)),
average distance from a domain to the closest previously occurring domain or SS$ end 5’ to 3’ (dprior),
average distance from a domain to the next occurring domain or SS$ end 5’ to 3’ (dnext), and average
number of bases lost from the central portion of a domain (domain loss). Plots of the identified domain
distributions were created in Microsoft Excel 2016.

Supplementary Materials: The following are available online. Figure S1: UV-vis spectroscopy of AuNR; Table S1:
List of AuNR aptamers; Figure S2: Multiple sequence alignment of aptamers; Table S2: Gibbs Free Energy values
of dominant and suboptimal secondary structures of aptamers; Figure S3: Schematics of 11 SSF identified for
aptamers; Figure S4: Bar graphs of percentage difference in dominant-only SSE in aptamer and random sequence
populations; Figure S5: Bar graphs of percentage difference in dominant + suboptimal SSE in aptamer and random
sequence populations; Figure S6: Two-dimensional heat maps of aligned SSE for aptamers; Figure S7: SS$ for
aptamer and random sequence populations, Figure S8: Distribution of secondary structure consensus domains
determined from MSS$A of aptamer and random sequence populations; Table S3: Numerical information on
secondary structure consensus domains determined from MSS$A of aptamer and random sequence populations;
Table S4: Additional numerical information on secondary structure consensus domains determined from MSS$A
of aptamer and random sequence populations.
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Abbreviations

ABB aptamer binding buffer
AuNR gold nanorod(s)
CompELS competition-enhanced ligands selection
dsDNA double-stranded DNA
MEME Multiple EM (Expectation Maximization) for Motif Elicitation
MSS$A multiple secondary structure string alignment
P/C/I phenol:chloroform:isoamyl alcohol
PSSM position specific score matrix(ces)
SELEX systematic evolution of ligands by exponential enrichment
SOC super optimal bath
ssDNA single-stranded DNA
SSE secondary structure element(s)
SSF secondary structure family(ies)
SS$ secondary structure string(s)

References

1. Bailey, T.L.; Boden, M.; Buske, F.A.; Frith, M.; Grant, C.E.; Clementi, L.; Ren, J.; Li, W.W.; Noble, W.S. MEME
SUITE: Tools for motif discovery and searching. Nucleic Acids Res. 2009, 37, W202–W208. [CrossRef]
[PubMed]

2. Bailey, T.L.; Williams, N.; Misleh, C.; Li, W.W. MEME: Discovering and analyzing DNA and protein sequence
motifs. Nucleic Acids Res. 2006, 34, W369–W373. [CrossRef] [PubMed]

3. Thompson, J.D.; Higgins, D.G.; Gibson, T.J. CLUSTAL W: Improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice.
Nucleic Acids Res. 1994, 22, 4673–4680. [CrossRef] [PubMed]

4. Notredame, C.; Higgins, D.G.; Heringa, J. T-Coffee: A novel method for fast and accurate multiple sequence
alignment. J. Mol. Biol. 2000, 302, 205–217. [CrossRef] [PubMed]

5. Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res.
2004, 32, 1792–1797. [CrossRef] [PubMed]

6. Van Noorden, R.; Maher, B.; Nuzzo, R. The top 100 papers. Nature 2014, 514, 550–553. [CrossRef]
7. Di Tommaso, P.; Moretti, S.; Xenarios, I.; Orobitg, M.; Montanyola, A.; Chang, J.-M.; Taly, J.-F.; Notredame, C.

T-Coffee: A web server for the multiple sequence alignment of protein and RNA sequences using structural
information and homology extension. Nucleic Acids Res. 2011, 39, W13–W17. [CrossRef] [PubMed]

8. Wheeler, T.J.; Kececioglu, J.D. Multiple alignment by aligning alignments. Bioinformatics 2007, 23, i559–i568.
[CrossRef] [PubMed]

9. Liu, J.; Cao, Z.; Lu, Y. Functional nucleic acid sensors. Chem. Rev. 2009, 109, 1948–1998. [CrossRef]
10. Soukup, G.A.; Breaker, R.R. Engineering precision RNA molecular switches. Proc. Natl. Acad. Sci. USA 1999,

96, 3584–3589. [CrossRef] [PubMed]
11. Chávez, J.L.; Lyon, W.; Kelley-Loughnane, N.; Stone, M.O. Theophylline detection using an aptamer and

DNA-gold nanoparticle conjugates. Biosens. Bioelectron. 2010, 26, 23–28. [CrossRef] [PubMed]
12. Xiao, Y.; Lubin, A.A.; Heeger, A.J.; Plaxco, K.W. Label-free electronic detection of thrombin in blood serum

using an aptamer-based sensor. Angew. Chem. Int. Ed. 2005, 44, 5456–5459. [CrossRef]
13. Green, L.S.; Jellinek, D.; Jenison, R.D.; Östman, A.; Heldin, C.-H.; Janjic, N. Inhibitory DNA ligands to

platelet-derived growth factor B-chain. Biochemistry 1996, 35, 14413–14424. [CrossRef]
14. Ng, E.W.M.; Shima, D.T.; Calias, P.; Cunningham, E.T.; Guyer, D.R.; Adamis, A.P. Pegaptanib, a targeted

anti-VEGF aptamer for ocular vascular disease. Nat. Rev. Drug Discov. 2006, 5, 123–132. [CrossRef]

http://dx.doi.org/10.1093/nar/gkp335
http://www.ncbi.nlm.nih.gov/pubmed/19458158
http://dx.doi.org/10.1093/nar/gkl198
http://www.ncbi.nlm.nih.gov/pubmed/16845028
http://dx.doi.org/10.1093/nar/22.22.4673
http://www.ncbi.nlm.nih.gov/pubmed/7984417
http://dx.doi.org/10.1006/jmbi.2000.4042
http://www.ncbi.nlm.nih.gov/pubmed/10964570
http://dx.doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
http://dx.doi.org/10.1038/514550a
http://dx.doi.org/10.1093/nar/gkr245
http://www.ncbi.nlm.nih.gov/pubmed/21558174
http://dx.doi.org/10.1093/bioinformatics/btm226
http://www.ncbi.nlm.nih.gov/pubmed/17646343
http://dx.doi.org/10.1021/cr030183i
http://dx.doi.org/10.1073/pnas.96.7.3584
http://www.ncbi.nlm.nih.gov/pubmed/10097080
http://dx.doi.org/10.1016/j.bios.2010.04.049
http://www.ncbi.nlm.nih.gov/pubmed/20605714
http://dx.doi.org/10.1002/anie.200500989
http://dx.doi.org/10.1021/bi961544+
http://dx.doi.org/10.1038/nrd1955


Molecules 2019, 24, 1572 16 of 18

15. Rusconi, C.P.; Scardino, E.; Layzer, J.; Pitoc, G.A.; Ortei, T.L.; Monroe, D.; Sullenger, B.A. RNA aptamers as
reversible antagonists of coagulation factor IXa. Nature 2002, 419, 90–94. [CrossRef] [PubMed]

16. Ellington, A.D.; Szostak, J.W. In vitro selection of RNA molecules that bind specific ligands. Nature 1990, 346,
818–822. [CrossRef] [PubMed]

17. Robertson, D.L.; Joyce, G.F. Selection in vitro of an RNA enzyme that specifically cleaves single-stranded
DNA. Nature 1990, 344, 467–468. [CrossRef] [PubMed]

18. Tuerk, C.; Gold, L. Systematic evolution of ligands by exponential enrichment: RNA ligands to bacteriophage
T4 DNA polymerase. Science 1990, 249, 505–510. [CrossRef] [PubMed]

19. Hoinka, J.; Zotenko, E.; Friedman, A.; Sauna, Z.E.; Przytycka, T.M. Identification of sequence-structure RNA
binding motifs for SELEX-derived aptamers. Bioinformatics 2012, 28, 215–223. [CrossRef]

20. Pei, S.; Slinger, B.L.; Meyer, M.M. Recognizing RNA structural motifs in HT-SELEX data for ribosomal
protein S15. BMC Bioinform. 2017, 18, 298. [CrossRef]

21. Caroli, J.; Taccioli, C.; De La Fuente, A.; Serafini, P.; Bicciato, S. APTANI: A computational tool to select
aptamers through sequence-structure motif analysis of HT-SELEX data. Bioinformatics 2016, 32, 161–164.
[CrossRef]

22. Dao, P.; Hoinka, J.; Takahashi, M.; Zhou, J.; Ho, M.; Wang, Y.; Costa, F.; Rossi, J.J.; Backofen, R.; Burnett, J.; et al.
AptaTRACE elucidates RNA sequence-structure motifs from selection trends in HT-SELEX experiments.
Cell Syst. 2016, 3, 62–70. [CrossRef]

23. Berezhnoy, A.; Stewart, C.A.; Mcnamara, J.O.; Thiel, W.; Giangrande, P.; Trinchieri, G.; Gilboa, E. Isolation and
optimization of murine IL-10 receptor blocking oligonucleotide aptamers using high-throughput sequencing.
Mol. Ther. 2012, 20, 1242–1250. [CrossRef]

24. Dunaway, A.B.; Sullivan, R.S.; Siegel, K.J.; Milam, V.T. Evaluating the dual target binding capabilities of
immobilized aptamers using flow cytometry. Biointerphases 2015, 10, 019015. [CrossRef] [PubMed]

25. Zuker, M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids Res. 2003,
31, 3406–3415. [CrossRef]

26. Bing, T.; Yang, X.; Mei, H.; Cao, Z.; Shangguan, D. Conservative secondary structure motif of
streptavidin-binding aptamers generated by different laboratories. Bioorg. Med. Chem. 2010, 18, 1798–1805.
[CrossRef]

27. Shangguan, D.; Tang, Z.; Mallikaratchy, P.; Xiao, Z.; Tan, W. Optimization and modifications of aptamers
selected from live cancer cell lines. ChemBioChem 2007, 8, 603–606. [CrossRef] [PubMed]

28. Kelly, J.A.; Feignon, J.; Yeates, T.O. Reconciliation of the x-ray and NMR structures of the thrombin-binding
aptamer d(GGTTGGTGTGGTTGG). J. Mol. Biol. 1996, 256, 417–422. [CrossRef] [PubMed]

29. Macaya, R.F.; Schultze, P.; Smith, F.W.; Roe, J.A.; Feignon, J. Thrombin-binding DNA aptamer forms a
unimolecular quadruplex structure in solution. Proc. Natl. Acad. Sci. USA 1993, 90, 3745–3749. [CrossRef]
[PubMed]

30. Padmanabhan, K.; Padmanabhan, K.P.; Ferrara, J.D.; Sadler, J.E.; Tulinsky, A. The structure of alpha-thrombin
inhibited by a 15-mer single-stranded DNA aptamer. J. Biol. Chem. 1993, 268, 17651–17654. [PubMed]

31. Le, T.T.; Chumphukan, O.; Cass, A.E.G. Determination of minimal sequence for binding of an aptamer.
A comparison of truncation and hybridization inhibition methods. RSC Adv. 2014, 4, 47227–47233. [CrossRef]

32. Nonaka, Y.; Sode, K.; Ikebukuro, K. Screening and improvement of an anti-VEGF DNA aptamer. Molecules
2010, 15, 215–225. [CrossRef] [PubMed]

33. Kaur, H.; Yung, L.Y. Probing high affinity sequences of DNA aptamer against VEGF165. PLoS ONE 2012, 7,
e31196. [CrossRef] [PubMed]

34. Klosterman, P.S.; Hendrix, D.K.; Tamura, M.; Holbrook, S.R.; Brenner, S.E. Three-dimensional motifs from
the SCOR, structural classification of RNA database: Extruded strands, base triples, tetraloops and U-turns.
Nucleic Acids Res. 2004, 32, 2342–2352. [CrossRef] [PubMed]

35. Bindewald, E.; Hayes, R.; Yingling, Y.G.; Kasprzak, W.; Shapiro, B.A. RNAJunction: A database of RNA
junctions and kissing loops for three-dimensional structural analysis and nanodesign. Nucleic Acids Res.
2007, 36, D392–D397. [CrossRef]

36. Shulman-Peleg, A.; Nussinov, R.; Wolfson, H.J. RsiteDB: A database of protein binding pockets that interact
with RNA nucleotide bases. Nucleic Acids Res. 2009, 37, D369–D373. [CrossRef] [PubMed]

37. Yi, Y.; Zhao, Y.; Li, C.; Zhang, L.; Huang, H.; Li, Y.; Liu, L.; Hou, P.; Cui, T.; Tan, P.; et al. RAID v2.0: An updated
resource of RNA-associated interactions across organisms. Nucleic Acids Res. 2017, 45, D115–D118. [CrossRef]

http://dx.doi.org/10.1038/nature00963
http://www.ncbi.nlm.nih.gov/pubmed/12214238
http://dx.doi.org/10.1038/346818a0
http://www.ncbi.nlm.nih.gov/pubmed/1697402
http://dx.doi.org/10.1038/344467a0
http://www.ncbi.nlm.nih.gov/pubmed/1690861
http://dx.doi.org/10.1126/science.2200121
http://www.ncbi.nlm.nih.gov/pubmed/2200121
http://dx.doi.org/10.1093/bioinformatics/bts210
http://dx.doi.org/10.1186/s12859-017-1704-y
http://dx.doi.org/10.1093/bioinformatics/btv545
http://dx.doi.org/10.1016/j.cels.2016.07.003
http://dx.doi.org/10.1038/mt.2012.18
http://dx.doi.org/10.1116/1.4915107
http://www.ncbi.nlm.nih.gov/pubmed/25787142
http://dx.doi.org/10.1093/nar/gkg595
http://dx.doi.org/10.1016/j.bmc.2010.01.054
http://dx.doi.org/10.1002/cbic.200600532
http://www.ncbi.nlm.nih.gov/pubmed/17373017
http://dx.doi.org/10.1006/jmbi.1996.0097
http://www.ncbi.nlm.nih.gov/pubmed/8604127
http://dx.doi.org/10.1073/pnas.90.8.3745
http://www.ncbi.nlm.nih.gov/pubmed/8475124
http://www.ncbi.nlm.nih.gov/pubmed/8102368
http://dx.doi.org/10.1039/C4RA08243E
http://dx.doi.org/10.3390/molecules15010215
http://www.ncbi.nlm.nih.gov/pubmed/20110884
http://dx.doi.org/10.1371/journal.pone.0031196
http://www.ncbi.nlm.nih.gov/pubmed/22359573
http://dx.doi.org/10.1093/nar/gkh537
http://www.ncbi.nlm.nih.gov/pubmed/15121895
http://dx.doi.org/10.1093/nar/gkm842
http://dx.doi.org/10.1093/nar/gkn759
http://www.ncbi.nlm.nih.gov/pubmed/18953028
http://dx.doi.org/10.1093/nar/gkw1052


Molecules 2019, 24, 1572 17 of 18

38. Rockey, W.M.; Hernandez, F.J.; Huang, S.-Y.; Cao, S.; Howell, C.A.; Thomas, G.S.; Liu, X.Y.; Lapteva, N.;
Spencer, D.M.; McNamara II, J.O.; et al. Rational truncation of an RNA aptamer to prostate-specific membrane
antigen using computational structural modeling. Nucleic Acid Ther. 2011, 21, 299–314. [CrossRef] [PubMed]

39. Jiang, F.; Kumar, R.A.; Jones, R.A.; Patel, D.J. Structural basis of RNA folding and recognition in an AMP-RNA
aptamer complex. Nature 1996, 382, 183–186. [CrossRef]

40. Yang, Y.; Kochayan, M.; Burgstaller, P.; Westhof, E.; Famulok, M. Structural basis of ligand discrimination by
two related RNA aptamers resolved by NMR spectroscopy. Science 1996, 272, 1343–1347. [CrossRef]

41. Tapp, M.J.N.; Slocik, J.M.; Dennis, P.B.; Naik, R.R.; Milam, V.T. Competition-enhanced ligand selection to
identify DNA aptamers. ACS Comb. Sci. 2018, 20, 585–593. [CrossRef]

42. Mathews, D.H.; Turner, D.H. Dyalign: An algorithm for finding the secondary structure common to two
RNA sequences. J. Mol. Biol. 2002, 317, 191–203. [CrossRef]

43. Mathews, D.H. Predicting a set of minimal free energy RNA secondary structures common to two sequences.
Bioinformatics 2005, 21, 2246–2253. [CrossRef]

44. Carothers, J.M.; Oestreich, S.C.; Davis, J.H.; Szostak, J.W. Informational complexity and functional activity of
RNA structures. J. Am. Chem. Soc. 2004, 126, 5130–5137. [CrossRef]

45. Tabei, Y.; Kiryu, H.; Kin, T.; Asai, K. A fast structural multiple alignment method for long RNA sequences.
BMC Bioinform. 2008, 9, 33. [CrossRef]

46. Will, S.; Otto, C.; Miladi, M.; Möhl, M.; Backofen, R. SPARSE: Quadratic time simultaneous alignment and
folding of RNAs without sequence-based heuristics. Bioinformatics 2015, 31, 2489–2496. [CrossRef]

47. Rogers, E.; Heitsch, C. New insights from cluster analysis methods for RNA secondary structure prediction.
WIREs RNA 2016, 7, 278–294. [CrossRef]

48. Rogers, E.; Heitsch, C.E. Profiling small RNA reveals multimodal substructural signals in a Boltzmann
ensemble. Nucleic Acids Res. 2014, 42, e171. [CrossRef]

49. Kemena, C.; Bussotti, G.; Capriotti, E.; Marti-Renom, M.A.; Notredame, C. Using tertiary structure for the
computation of highly accurate multiple RNA alignments with the SARA-Coffee package. Bioinformatics
2013, 29, 1112–1119. [CrossRef]

50. Sorescu, D.A.; Mohl, M.; Mann, M.; Backofen, R.; Will, S. CARNA-alignment of RNA structure ensembles.
Nucleic Acids Res. 2012, 40, W49–W53. [CrossRef]

51. Schneider, T.D.; Stephens, R.M. Sequence logos: A new way to display consensus sequences. Nucleic Acids Res.
1990, 18, 6097–6100. [CrossRef] [PubMed]

52. Stormo, G.D.; Zhao, Y. Determining the specificity of protein-DNA interactions. Nat. Rev. Genet. 2010, 11,
751–760. [CrossRef] [PubMed]

53. Nikoobakht, B.; El-Sayed, M.A. Preparation and growth mechanism of gold nanorods (NRs) using
seed-mediated growth method. Chem. Mater. 2003, 15, 1957–1962. [CrossRef]

54. Huang, X.; El-Sayed, I.H.; Qian, W.; El-Sayed, M.A. Cancer cell imaging and photothermal therapy in the
near-infrared region by using gold nanorods. J. Am. Chem. Soc. 2006, 128, 2115–2120. [CrossRef]

55. Nusz, G.J.; Marinakos, S.M.; Curry, A.C.; Dahlin, A.; Hook, F.; Wax, A.; Chilkoti, A. Label-free plasmonic
detection of biomolecular binding by a single gold nanorod. Anal. Chem. 2008, 80, 984–989. [CrossRef]
[PubMed]

56. Funston, A.M.; Novo, C.; Davis, T.J.; Mulvaney, P. Plasmon coupling of gold nanorods at short distances and
in different geometries. Nano Lett. 2009, 9, 1651–1658. [CrossRef] [PubMed]

57. Huang, X.; Neretina, S.; El-Sayed, M.A. Gold nanorods: From synthesis and properties to biological and
biomedical applications. Adv. Mater. 2009, 21, 4880–4910. [CrossRef] [PubMed]

58. Lohse, S.E.; Murphy, C.J. The quest for shape control: A history of gold nanorod synthesis. Chem. Mater.
2013, 25, 1250–1261. [CrossRef]

59. Huang, J.; Wang, W.; Murphy, C.J.; Cahill, D.G. Resonant secondary light emission from plasmonic Au
nanostructures at high electron temperatures created by pulsed-laser excitation. Proc. Natl. Acad. Sci. USA
2014, 111, 906–911. [CrossRef] [PubMed]

60. Tapp, M.; Sullivan, R.; Dennis, P.; Naik, R.R.; Milam, V.T. Spectroscopic studies of nucleic acid additions
during seed-mediated growth of gold nanoparticles. J. Mater. Res. 2015, 30, 666–676. [CrossRef]

61. Mirau, P.A.; Smith, J.E.; Chavez, J.L.; Hagen, J.A.; Kelley-Loughnane, N.; Naik, R. Structured DNA aptamer
interactions with gold nanoparticles. Langmuir 2018, 34, 2139–2146. [CrossRef] [PubMed]

http://dx.doi.org/10.1089/nat.2011.0313
http://www.ncbi.nlm.nih.gov/pubmed/22004414
http://dx.doi.org/10.1038/382183a0
http://dx.doi.org/10.1126/science.272.5266.1343
http://dx.doi.org/10.1021/acscombsci.8b00048
http://dx.doi.org/10.1006/jmbi.2001.5351
http://dx.doi.org/10.1093/bioinformatics/bti349
http://dx.doi.org/10.1021/ja031504a
http://dx.doi.org/10.1186/1471-2105-9-33
http://dx.doi.org/10.1093/bioinformatics/btv185
http://dx.doi.org/10.1002/wrna.1334
http://dx.doi.org/10.1093/nar/gku959
http://dx.doi.org/10.1093/bioinformatics/btt096
http://dx.doi.org/10.1093/nar/gks491
http://dx.doi.org/10.1093/nar/18.20.6097
http://www.ncbi.nlm.nih.gov/pubmed/2172928
http://dx.doi.org/10.1038/nrg2845
http://www.ncbi.nlm.nih.gov/pubmed/20877328
http://dx.doi.org/10.1021/cm020732l
http://dx.doi.org/10.1021/ja057254a
http://dx.doi.org/10.1021/ac7017348
http://www.ncbi.nlm.nih.gov/pubmed/18197636
http://dx.doi.org/10.1021/nl900034v
http://www.ncbi.nlm.nih.gov/pubmed/19271775
http://dx.doi.org/10.1002/adma.200802789
http://www.ncbi.nlm.nih.gov/pubmed/25378252
http://dx.doi.org/10.1021/cm303708p
http://dx.doi.org/10.1073/pnas.1311477111
http://www.ncbi.nlm.nih.gov/pubmed/24395798
http://dx.doi.org/10.1557/jmr.2014.409
http://dx.doi.org/10.1021/acs.langmuir.7b02449
http://www.ncbi.nlm.nih.gov/pubmed/29283584


Molecules 2019, 24, 1572 18 of 18

62. Tsutsui, Y.; Hayakawa, T.; Kawamura, G.; Nogami, M. Tuned longitudinal surface plasmon resonance and
third-order nonlinear optical properties of gold nanorods. Nanotechnology 2011, 22, 275203. [CrossRef]

63. Bailey, T.L.; Elkan, C. Fitting a mixture model by expectation maximization to discover motifs in bipolymers.
In Proceedings of the 4th International Conference on Intelligent Systems for Molecular Biology, Palo Alto,
CA, USA, 14–17 August 1994; Volume 2, pp. 28–36.

64. Bailey, T.L.; Gribskov, M. Combining evidence using p-values: Application to sequence homology searches.
Bioinformatics 1998, 14, 48–54. [CrossRef] [PubMed]

65. Markham, N.R.; Zuker, M. UNAFold: Software for nucleic acid folding and hybridization. Methods Mol. Biol.
2008, 453, 3–31. [CrossRef] [PubMed]

66. Mélard, G. On the accuracy of statistical procedures in Microsoft Excel 2010. Comput. Stat. 2014, 29,
1095–1128. [CrossRef]

67. Farrance, I.; Frenkel, R. Uncertainty in measurement: A review of Monte Carlo simulation using Microsoft
Excel for the calculation of uncertainties through functional relationships, including uncertainties in
empirically derived constants. Clin. Biochem. Rev. 2014, 35, 37–61.

68. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for bigger
datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [CrossRef]

Sample Availability: Sample information for the compounds is available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1088/0957-4484/22/27/275203
http://dx.doi.org/10.1093/bioinformatics/14.1.48
http://www.ncbi.nlm.nih.gov/pubmed/9520501
http://dx.doi.org/10.1007/978-1-60327-429-6_1
http://www.ncbi.nlm.nih.gov/pubmed/18712296
http://dx.doi.org/10.1007/s00180-014-0482-5
http://dx.doi.org/10.1093/molbev/msw054
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	DNA Aptamers for AuNR Identified Using CompELS Screening Platform 
	Assigning Subgroups of Aptamer sequeNces to a Secondary Structure Family (SSF) 
	Mapping Secondary Structure Elements (SSE) at Each Base Position 
	Using Random Sequence Populations to Generate Position-Specific Score Matrices (PSSM) of SSE in Aptamers 
	Multiple Secondary Structure String Alignment (MSS$A) in Aptamers and Random Sequences 

	Conclusions 
	Materials and Methods 
	Materials 
	Synthesis of Gold Nanorods (AuNR) 
	Preparation of ssDNA Library for CompELS Screening 
	Competition-Enhanced Selection of Ligands (CompELS) Screening for DNA Aptamers against AuNR Targets 
	Primary Structure Analysis of DNA Aptamers 
	Predictions of Dominant and Suboptimal Secondary Structures for DNA Aptamer Sequences and Random DNA Sequences 
	Defining Secondary Structure Elements (SSE), Secondary Structure Families (SSF), and Secondary Structure Strings (SS$) for Aptamers and Random DNA Sequences 
	Using SS$ to Generate Position Specific Score Matrices (PSSM) 
	Using SS$ to Perform Multiple Secondary Structure String Alignment (MSS$A) 
	Defining Secondary Structure Consensus Domains in MSS$A with Gaps Included 
	Removing Gaps to Determine Distribution of Consensus Domains in MSS$A 

	References

