An RNA aptamer possessing a novel monovalent
cation-mediated fold inhibits lysozyme catalysis
by inhibiting the binding of long natural substrates

CAMILLE S. PADLAN, VLADIMIR N. MALASHKEVICH, STEVE C. ALMO, MATTHEW LEVY,’
MICHAEL BRENOWITZ," and MARK E. GIRVIN'

Department of Biochemistry, Albert Einstein College of Medicine, Bronx, New York 10461, USA

ABSTRACT

RNA aptamers are being developed as inhibitors of macromolecular and cellular function, diagnostic tools, and potential
therapeutics. Our understanding of the physical nature of this emerging class of nucleic acid—protein complexes is limited; few
atomic resolution structures have been reported for aptamers bound to their protein target. Guided by chemical mapping, we
systematically minimized an RNA aptamer (Lys1) selected against hen egg white lysozyme. The resultant 59-nucleotide
compact aptamer (Lys1.2minE) retains nanomolar binding affinity and the ability to inhibit lysozyme’s catalytic activity. Our
2.0-A crystal structure of the aptamer—protein complex reveals a helical stem stabilizing two loops to form a protein binding
platform that binds lysozyme distal to the catalytic cleft. This structure along with complementary solution analyses illuminate
a novel protein—nucleic acid interface; (1) only 410 A? of solvent accessible surface are buried by aptamer binding; (2) an
unusually small fraction (~18%) of the RNA-protein interaction is electrostatic, consistent with the limited protein phosphate
backbone contacts observed in the structure; (3) a single Na™ stabilizes the loops that constitute the protein-binding platform,
and consistent with this observation, Lys1.2minE-lysozyme complex formation takes up rather than displaces cations at low
ionic strength; (4) Lys1.2minE inhibits catalysis of large cell wall substrates but not catalysis of small model substrates; and (5)
the helical stem of Lys1.2minE can be shortened to four base pairs (Lys1.2minF) without compromising binding affinity,
yielding a 45-nucleotide aptamer whose structure may be an adaptable protein binding platform.
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INTRODUCTION (Ye et al. 1999), to large macromolecules such as thrombin
(Macaya et al. 1993). Of the hundred odd aptamer structures
that have been deposited into the PDB, only six are protein—
RNA aptamer complexes,” and only three of these represent
proteins that do not natively bind nucleic acids. Clearly our
understanding of how aptamers recognize and bind to specific
regions on the surface of proteins, the nature and range of their
structural folds, and the mechanism by which they inhibit
function lag behind advances in their applications.

Atomic resolution structures of aptamers and aptamer—
protein complexes have been determined by both X-ray
diffraction and nuclear magnetic resonance (NMR) spectro-
scopy. Although each technique has its strengths and challeng-
es (Lukavsky 2005; Tzakos et al. 2006; Obayashi et al. 2007),

RNA aptamers are structured single-stranded oligonucleo-
tides selected to specifically bind to a broad spectrum of bio-
molecular targets with nM to pM affinity (Jayasena 1999;
Bunka and Stockley 2006; Keefe et al. 2010). The structural
stability and binding specificity of aptamers are conducive
to their use as binding and catalytic inhibitors, diagnostic
tools, and potential therapeutic agents (Lee et al. 2005;
Pestourie et al. 2005). Aptamers are particularly attractive as
therapeutics since they are not immunogenic, can be chemi-
cally synthesized and are amenable to chemical modifications
(Kusser 2000). Target-specific aptamers are created through
SELEX (Hall et al. 2009; Piasecki et al. 2009) against many
types of targets, ranging from small organic molecules like
neomycin (Cowan et al. 2000), viral peptides like HIV-1 Rev
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the success rate of either approach increases with decreasing
aptamer size and flexibility. The size limitation is particularly
acute for NMR; RNA molecules must be <75 nucleotides
for facile 3D structure determination by this method. Con-
sequently, aptamer minimization to the smallest compact
structure that retains activity is an essential first step to-
ward the determination of any high-resolution aptamer or
aptamer-complex structure. Small aptamers also are advanta-
geous as diagnostics or therapeutics as they can be readily syn-
thesized in bulk.

The long-term goal of our studies is to develop an approach
that will facilitate the solution of sufficient numbers of
aptamer—target structures so that generalizations can be reli-
ably drawn about the range of accessible structural scaffolds
and the nature of the molecular interfaces that are obtained
by SELEX. We are particularly interested in the similarities
and differences between selected and evolutionarily derived
RNA molecules that bind proteins. We chose hen egg white
lysozyme (HEWL) for the development of a guided approach
to aptamer minimization for practical reasons; an aptamer
had been selected against it (Cox and Ellington 2001), the pro-
tein is inexpensive and easily purified by purchase, and is small
and readily crystallized (Alderton and Fevold 1946). We were
therefore surprised when the aptamer that had been selected
against this well-studied protein was revealed to have a novel
cation-stabilized structural fold, an unexpectedly small elec-
trostatic contribution to protein binding, and an unusual
form of inhibition of catalytic activity. These observations
support our overarching hypothesis that there is much to learn
by broadly surveying the structure and binding of nucleic acid
aptamers selected against macromolecular targets.

RESULTS

Determination of the aptamer secondary structure

SELEX against lysozyme by Cox and Ellington (2001) yielded
unrelated aptamer sequences. Thus, comparative M-fold
(Zuker 2003) analysis was unable to identify the correct sec-
ondary structure, and we therefore used chemical and enzy-
matic mapping (footprinting) to experimentally identify the
correct secondary structure of their Lysl aptamer from the
family of M-fold predictions. Three RNases and SHAPE anal-
ysis (Wilkinson et al. 2006; Deigan etal. 2009) were used to dis-
tinguish paired and unpaired nucleotides. RNase T; cleaves
unpaired G, RNase A cleaves the 3’ phosphate of unpaired
pyrimidines, and RNase I cleaves unpaired residues without
sequence specificity (Clarke 1999). The cleavage intensities
calculated from each footprinting probe were mapped onto
the predicted secondary structures (Fig. 1). A nucleotide was
annotated as a “hit” if the cleavage intensity is greater than
twice the standard deviation (i.e., all values above the dotted
black bars in Fig. 1). These results were codified using a simple
metric relating experimental “hits” to predicted structure.
“Percent agreement” is calculated by dividing the number
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of hits that agreed with the predicted secondary structure by
the total.

The lowest energy predicted structure (Lys1.1) is unequiv-
ocally excluded as RNase A cleaves nucleotides 14, 18, 26, 35,
50, and 54, and RNase T cleaves nucleotides 21, 39, 48, and 56
(Fig. 1). Nucleotides 24-76 are predicted to predominantly
reside inalong stemin Lys1.1 (Fig. 1). In contrast, these cleav-
age sites occur within predicted loops in Lys1.2 and Lys1.3
(Fig. 1) and to a slightly lesser degree in Lys1.4 and Lysl.5
(data not shown). Robust RNase I cleavage is detected within
the A/U-rich regions designated L2 and L3 in predicted struc-
tures Lys1.2 and Lys1.3 (Figs. 1, 2). SHAPE analysis produces
covalent adducts on nucleotides 15, 18—19, 32, 50, 54-55, 65,
and 68 that confirm the predicted single stranded loops of
structures Lys1.2-5 (Lys1.4 and Lys1.5 not shown). Overall,
the structures of Lys1.2 and Lys1.3 had the highest agreement
between prediction and experimental measure but are not
distinguishable from one another.

Minimizing the aptamer and identifying
the protein-binding interface

We distinguished structures Lys1.2 and Lys1.3 by trimming
nucleotides predicted by each to be largely unstructured.
Removal of nucleotides 1-30 (Lys1.3minA) eliminates detect-
able lysozyme binding, whereas deletion of nucleotides 1-23
(Lys1.2minB) has little effect on binding (Fig. 2A; Table 1).
Since nucleotides 1-30 and 1-23 are predicted to be unpaired
in Lys1.3 and Lys1.2, respectively, these results support Lys1.2
as the correct representation. This conclusion is confirmed by
deletion of nucleotides 77-80 (Lys1.2minC) and simultane-
ous deletion of nucleotides 1-23 and 77-80 (Lys1.2minD);
these aptamers bind lysozyme with affinity close to that of
the parent Lys1 (Fig. 2; Table 1). The helical stem formed by
the 3" and 5 nucleotides of the necessary and sufficient resi-
dues 24-76 was stabilized by engineering a Watson-Crick
base-paired extension to the stem to enhance its thermody-
namic stability (Lys1.2minE) (Fig. 2B, gray; Table 1).

The nucleotides of Lys1.2minE that contact lysozyme were
identified by hydroxyl radical (+OH) footprinting (Tullius and
Greenbaum 2005). Because *OH is comparable in size to wa-
ter, the susceptibility of a particular nucleotide to *OH reflects
its solvent accessibility. Footprinting Lys1.2minE using *OH
in the presence and absence of lysozyme reveals that nucleo-
tides 29—39 and 43—44 are protected from cleavage in the pro-
tein complex and the cleavage of nucleotides 6—13 is enhanced
(Fig. 3, black and gray, respectively).

Cation contributions to aptamer structure
and lysozyme binding

Cations are well-documented contributors to the stability
of RNA tertiary structure (Draper et al. 2005; Leipply et al.
2009) and equally well-documented competitors of protein
binding (Draper 2008). Both the parent Lysl and the
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FIGURE 1. Enzymatic and chemical footprinting-based determination of the correct Lysl secondary structure. (A) Enzymatic (RNase A, RNase I,
and RNase T)) cleavage and SHAPE modification of Lys1. Dotted horizontal bars represent two standard deviations from the mean cleavage intensity.
Nucleotides whose intensity lies above the bar denote cleavage hits. The M-fold predicted secondary structures of lowest energy are shown. (B) Lysl.1
with M-fold predicted AG = —12.3 kcal/mol and percent agreement with footprinting = 43; (C) Lys1.2 with AG = —11.8 kcal/mol and percent agree-
ment = 83; and (D) Lys1.3 with AG = —11.5 kcal/mol and percent agreement = 86. For each predicted secondary structure, open triangles indicate
RNase A cleavage sites, open arrowheads indicate RNase T, cleavage sites, and asterisks indicate RNase I cleavage sites. Nucleotides that readily react
with NMIA (SHAPE reagent), indicating flexible and single-stranded nucleotides, are marked with a crosshair.
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FIGURE 2. Binding affinities for Lys1 constructs. (A) Binding affinities of full-length aptamer

and deletion variants based on footprinting data. (B) Minimization of Lys1 using the predicted
secondary structure 1.3 (Lys1.3minA) and secondary structure 1.2 (Lysl.2minB). Residues in
gray were changed to CCC to form a thermodynamically stable stem in the Lys1.2minE construct.
Residues in bold compose the five Watson-Crick based stems of Lys1.2minF, where UCAGG was

replaced with GGGCG and AGUUC was replaced with CCCGC.

minimized Lys1.2minE become more compact at higher ion-
ic strength; in sedimentation velocity experiments, both S, ,,
and D, increase significantly when 100 mM Na™ is added
to the solution (Table 2). The addition of 10 mM Mg*" to this
solution further compacts the RNA. The magnitudes of the
changes are much smaller for Lysl.2minE compared with
the parent Lys1 (Table 2).

Since the selection of Lys1 was carried out in the presence
of both Mg**and Na*, we tested whether the divalent cation
is required for lysozyme binding. Eliminating Mg”* while re-
taining 100 mM Na" reduced lysozyme binding by Lys1 by
>67-fold (2 uM vs. 26 nM) (Table 1). Thus, at moderate ionic
strength, Mg”* is required for high affinity binding by the Lys1
aptamer. We followed the binding of Lys1.2minE to lysozyme
as a function of [NaCl] at constant 5 mM MgCl, in order
to estimate the electrostatic contribution to the RNA—protein
interaction. Linkage plots typically are linear with negative
slopes at moderate to high salt concentrations even in the
presence of Mg”* (Uchida et al. 2002; Blakaj et al. 2006).
In contrast, a biphasic linkage relationship is measured for
Lys1.2minE binding to lysozyme (Fig. 4). At concentrations
of Na" below 100 mM a positive slope of 0.28 is measured, in-
dicative of net monovalent cation uptake. Above 100 mM
the expected negative slope indicative of monovalent cation
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Having reduced the original Lysl ap-
tamer to the minimal features necessary
for stability and high affinity, we pro-
ceeded to crystallize Lys1.2minE in com-
plex with lysozyme and determined its
crystal structure at a resolution of 2.0 A
(Fig. 5; Table 3). An enduring generalization of nucleic
acid—protein interactions is that positive charges on the pro-
tein at the macromolecular interface balance the high nega-
tive charge of the phosphodiester backbone. Surfaces of
positive protein potential are typically the targets of selected
aptamers (Convery et al. 1998; Allain et al. 2000; Long et al.
2008; Reiter et al. 2008). Despite the small electrostatic
contribution to the formation of the Lysl.2minE-lysozyme
complex noted above, the complex fits within the paradigm.

TABLE 1. Measured lysozyme affinities for the Lys1 aptamer
variants

Construct Kp (nM)
Lys1 31+3
Lys1.3minA Nm?
Lys1.2minB 52+5
Lys1.2minC 25+2
Lys1.2minD 83+1
Lys1.2minE 19+2
Lys1.2minF 57+3
Lys1(-Mg) 1761510
Lys1 (KCI) 42 +3

4(NM) Not measurable.
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FIGURE 3. Hydroxyl radical footprinting of Lys1.2minE. The fractional hydroxyl radical cleav-
age for each nucleotide is shown in open bars for the free aptamer and in filled bars for the pro-
tein—aptamer complex. The secondary structure of Lys1.2minE is shown above, with regions of
minE showing lysozyme protection highlighted in black, whereas regions that are more suscep-

tein-binding platform formed by the
loops (Fig. 7A). Analysis of the coordina-
tion geometry is consistent with the pres-
ence of Na* rather than water or Mg”".
Bases in proximity to the bound cation
flip outward to mediate this interaction.
Specifically, O6 of G21 makes direct con-
tact with the monovalent cation, at a dis-
tance of 2.34 A. Although a systematic
analysis of cation specificity has not yet
been conducted, K" can substitute for
Na* with only a small loss in lysozyme
binding affinity (Fig. 7B). Thus, aptamer
selection in a buffer containing Na* and
Mg** did not select against species capa-

tible to cleavage in the presence of lysozyme are highlighted in gray.

Lysl.2minE binds to a basic patch formed by the N- and
C-terminal helices of lysozyme distal to the catalytic site
(Fig. 5C). Consistent with the small electrostatic contribution
calculated from the linkage analysis, only two phosphate-
protein salt bridges are observed to directly participate in me-
diating the protein—RNA interface (Fig. 6A).

The base of the aptamer is a canonical A-form helix that is
disrupted following the U15—A45 base pair by the formation
of loops L1 and L2. L1 comprises nucleotides A27—-A40, as
predicted by M-fold. L2 is composed of nucleotides A16—
U22 and is slightly smaller than predicted. Together, L1 and
L2 form the “platform” to which lysozyme docks, burying
410 A? of the protein’s solvent accessible surface and 377 A*
on the aptamer (Fig. 6B). The binding surface of the aptamer
in the crystal structure is consistent with that observed by *OH
footprinting in solution, in which nucleotides 29-39 and 43—
44 are protected against *OH cleavage (Fig. 3).

At the interface, a single arginine residue mediates multiple
interactions with Lysl.2minE. The guanidinium moiety of
Argl28is positioned at an optimal distance to form several hy-
drogen bonds with nucleotides A35 and G36 (Fig. 6C). Only
one additional hydrogen bond is evident at the protein—
RNA interface; the OE2 of Glu7 hydrogen bonds with O2’ of
U30. The bases of U30 and A35 form a platform that packs
against the side chains of Cys6 and Glu7, as well as the protein
backbone. Eight water molecules form bridging hydrogen
bonds between lysozyme side chains and Lys1.2minE nucleo-
tides (Fig. 6D). Residues Glu7, Cys6, Arg5, Argl25, and
Argl28 coordinate via water to nucleotides including G28,
U30-U33, A35-G36, and A40. As noted above, two salt brid-
ges are observed in the molecular interface (Fig. 6A). The Lys1
side chain forms a 2.5-A salt bridge with the phosphate of A31,
and the Arg5 side chain pairs with the backbone phosphate of
A35 at a distance of 2.9 A.

The origin of the monovalent cation uptake observed in
the binding linkage studies is readily rationalized by the struc-
ture. A single sodium ion coordinates residues from loops L1
and L2, thereby stabilizing the groove near the foot of the pro-

ble of utilizing cations of slightly greater

ionic radius. Two Mngr ions, one at the
base of L1 and the second in the central cavity of L2, are also
observed in the structure. These hydrated divalent ions appear
to neutralize the highly electronegative potential of the loops
of Lys1.2minE, as opposed to mediating base-specific contacts
(Fig. 7C). Only one Mg*" makes direct contact with a non-
bridging oxygen atom of the A17 phosphate.

The structure of lysozyme within the complex is indistin-
guishable from previously published structures of the protein
with an RMSD of 0.21-0.33 A for the 129 aligned Ca atoms
in 15 HEWL structures.” Although we have been unable to
crystallize the free aptamer, two independent lines of evi-
dence suggest that the structure of Lys1.2minE is only mod-
estly affected by complex formation: (1) The sedimentation
parameters calculated for the aptamer alone taken from the
structure are in close agreement with those measured for
the free aptamer (Table 2); and (2) the secondary structure
of the free aptamer mapped by chemical and enzymatic foot-
printing differs only slightly from the secondary structure
present in aptamer—protein complex. Thus, the global

TABLE 2. Analytical sedimentation velocity analysis of LysT and
minE

Buffer: 20 mM
Aptamer NaCacodylate plus Srow Dsow  Ru(A)
Lys1 Nothing 3.342+0.003 6.46+.04 30.6
100 mM NaCl 4.262 +0.005 8.6+0.08 24.0
10 mM MgCl, 5.358+.0.014 8.46+.019 19.1
minE Nothing 3.009+0.006 7.67+0.09 24.8
100 mM NaCl 3.347+0.005 8.26+0.07 22.3
100 mM NaCl 3.551+0.005 8.89+0.08 21.0
+ 10 mM MgCl,
Calculated from 3.2 9.2 21.1
structure
(Hydropro)

*PDB entries: 2WAR, 3EMS, 4AXT, 4B0D, 2YDG, 3RZ4, 3A8Z, 2VB1, 2HUB, 2B5Z,
1UCo0, 1H87, 1J1Y, 1DPX, 1LSZ.
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FIGURE 4. Ion uptake and displacement in the aptamer—lysozyme
complex. In the dual log plot of K, (affinity constant) vs. Na* concen-
tration a positive slope of 0.28 is measured at concentrations of Na* be-
low 0.1 M, indicating a net monovalent cation uptake. However, at
[Na'] above 0.1 M, the expected negative slope demonstrates a mono-
valent cation displacement upon complex formation. The slope of —1.43
is surprisingly small resulting in an abscissa intercept of log 6.3.

conformation of the aptamer does not appear to appreciably
change upon protein binding. However, the free aptamer is
more dynamic than when bound to lysozyme. The base pro-
tons signals in the 1D NMR spectrum of the free aptamer
are broad and overlapped (Fig. 8). On addition of lysozyme,
these resonances sharpen and become more disperse, saturat-
ing at a 1:1 lysozyme to aptamer stoichiometry.

An even smaller aptamer, Lys1.2minF binds lysozyme
with high affinity

After viewing the Lysl.2minE-lysozyme structure, we hy-
pothesized that the role of the helical stem was simply to
stabilize the cation-mediated protein binding platform com-
posed of loops L1 and L2. To test this hypothesis, the terminal
stem of Lys1.2minE was shortened to four Watson-Crick base
pairs. The 45 nucleotides of Lys1.2minF are sufficient for high
affinity lysozyme binding (Fig. 2B; Table 1). The Lys1.2minF—
lysozyme complex yielded crystals that diffract to 2.7 A.
The structures of the protein interfaces of Lysl.2minE
and Lys1.2minF are highly similar, with a backbone RMSD
of 0.64 A (Fig. 9). The shortened stem of Lys1.2minF stem
is more disordered than the longer stem of Lysl.2minE, as
might be expected from the reduced number of base pairs sta-
bilizing it. The high affinity binding of Lys1.2minF renders
moot the significance of enhanced *OH reactivity of nucleo-
tides 6—13 within the stem of Lys1.2minE to the mechanism
of lysozyme binding, since they are absent in Lysl.2.minF
(Fig. 2B, bold; Table 1).

Does aptamer binding affect lysozyme’s
catalytic activity?

Lysozyme hydrolyzes substrates that include the N-acetyl mu-
ramic acid (NAM) and N-acetyl glucosamine (NAG) copoly-
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mers that constitute the basic unit of bacterial cell walls. The
parent Lys1 aptamer was reported to inhibit lysozyme’s cata-
Iytic activity in vitro (Cox and Ellington 2001), an observa-
tion not readily rationalized with Lys1.2minE binding distal
to the protein’s active site (Fig. 10A) and the invariance of
the protein structure on aptamer binding. To directly correlate
the modulation of enzyme function with our structure, the ef-
fect of Lys1.2minE on enzymatic function was evaluated using
the standard cell wall hydrolysis assay for the enzyme (Gorin
et al. 1971; Grossowicz et al. 1979). As had been observed for
Lys1, addition of a stoichiometric amount of Lysl.2minE
completely inhibits lysozyme activity in this assay (Fig.
10B). The absence of any observable conformational change
argues against classic allosteric inhibition (Fenton 2008).

Alternative mechanisms are allosteric regulation through
modulation of protein dynamics (Bahar et al. 2007; Goodney
and Benkovic 2008) or steric inhibition of the binding of large
cell wall substrate by the bulky and highly charged aptamer.
Hydrolysis of a smaller substrate was used to distinguish be-
tween these alternatives. Lysozyme catalyzes the hydrolysis
of B(1,4) glycosidic bonds, which can be found in chitin deriv-
atives such as N,N’,N”,N"”",N""-pentaacetylchitopentaose, a
GIcNAcP1-4GlcNAc polymer. The lysozyme-catalyzed hy-
drolysis of chitopentaose was monitored by MALDI-TOF
mass spectrometry. Under conditions in which Lysl.2minE
fully inhibits cell wall hydrolysis, complete hydrolysis of dp5
(degree of polymerization [dp]) to shorter polymers was ob-
served within 15 min with no inhibition by the aptamer
(Fig. 10C). Thus, Lys1.2minE inhibits catalytic activity by in-
hibiting the binding of large natural substrates.

DISCUSSION

We combined chemical and enzymatic footprinting to identi-
fy the functional core of the nM affinity RNA aptamer Lysl
that had been selected against hen egg white lysozyme (Cox
and Ellington 2001). Our minimized aptamers (Lysl.2minE
and Lys1.2minF) retain both the high affinity binding and in-
hibition of cell wall hydrolysis of the parent aptamer. Solution
of the structure of the Lys1.2minE-lysozyme complex reveals
unexpected insights into the nature of aptamer—protein com-
plexes and their ability to modulate protein function. Clearly
there is much that can be learned from “old” aptamers select-
ed against “boring” proteins.

Since high-resolution structural analysis, as well the devel-
opment of diagnostic tools and potential therapeutics, bene-
fits from the identification of a minimally sized functional
aptamer, a variety of minimization methods have been used
for this purpose. The simplest method for aptamer minimiza-
tion is to “trim the ends,” ignoring the secondary structure
and the contribution of the constant regions that flank the
selected residues in stabilizing an aptamer’s structure. For
Lysl, truncation of the 3’ constant region compromises bind-
ing by approximately fivefold, whereas truncation of the 5
constant region obliterates protein binding (data not shown).
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FIGURE 5. Crystal structure of the Lysl.2minE-lysozyme complex. (A) Ribbon diagram with
Lys1.2minE shown in yellow (with the regions of protection and deprotection observed by hydrox-
yl radical footprinting shown in red and blue, respectively), lysozyme backbone shown in gray with
the side chains of catalytic residues Glu35 and Asp52 colored by atom type; (Na*) orange; (Mg*")
cyan. Black arrowheads indicate where stem has been trimmed for Lys1.2minF construct. (B) The
Lys1.2minE structure superimposed onto the simulated annealing omit electron density map con-
toured at 1 0. (C) Lys1.2minE binds to a basic patch on the surface of lysozyme, as observed by the
electrostatic potential surface map of hen egg white lysozyme. Arg128 anchors the inside loop of
minE, making several important contacts with neighboring nucleotides and water molecules.

Minimization based upon the RNA secondary structure is
a more nuanced approach in which constructs are designed
based on predicted folds or conserved motifs identified
from the sequences of active selected aptamers (Wilner et al.
2012). Cycles of minimization are iteratively designed and
tested following function analysis; this process typically takes
two or three cycles to achieve a final minimized construct.
However, the most stable predicted secondary structure is
often not the structure adopted by a molecule; this charac-
teristic of folded RNA can take cycles of minimization down
the wrong path, thus wasting time and resources. The correct

secondary structure can be efficiently
determined by chemical and enzymatic
structure mapping; this approach showed
that the actual secondary structure of Lys1
is not the one that is predicted to be the
most stable. In the present case, we were
unable to distinguish between the two
most probable structures, and thus used
a single round of truncation to conclu-
sively show that Lysl.2 is the correct
secondary structure (Fig. 1). Trimming
off and stabilizing “the loose ends” of
the predicted secondary structure result-
ed in the compact molecule Lys1.2minE
(Table 2), whose crystal structure was
determined. Hydroxyl radical footprint-
ing of Lysl.2minE against lysozyme
confirmed that the minimized aptamer
contained the protein-binding site. The
technical simplicity and straightfor-
ward analysis of enzymatic and chemical
mapping makes this approach adaptable
to large-scale analyses of RNA structures
that also provides solution structural
correlates to experimentally determined
crystal structures.

Our Lys1.2minE-lysozyme structure is
the seventh RNA aptamer—target protein
complex whose structure has been de-
termined at atomic resolution. The other
complexes that have been deposited in
the Protein Data Bank (PDB) to date
are nucleolin (Allain et al. 2000; Bouvet
et al. 2001), NF-xB (Huang et al. 2003),
bacteriophage MS2 (Convery et al. 1998;
Horn et al. 2004), thrombin (Long et
al. 2008), human IgG (Nomura et al.
2010), and the G protein-coupled recep-
tor kinase GRK2 (Tesmer et al. 2012).
A feature common to these specific ap-
tamer—protein interactions is the posi-
tive potential of protein surfaces to
which each aptamer binds (Fig. 11). This
observation supports the generally held
assumption that electrostatic interactions between the nega-
tively charged phosphate backbone and positively charged
side chains contribute to aptamer—protein stabilization.
However, the small area of the interface and the few direct
phosphate contacts observed in the Lysl.2minE-lysozyme
complex, together with the small number of displaced cations
and electrostatic contribution calculated from linkage analysis
(Fig. 4) shows that nM affinity aptamer—protein complex for-
mation is achieved without a dominant electrostatic driving
force. Thus, the selection of aptamers against targets lacking
extensive positive potential may be more feasible than has
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TABLE 3. Crystallographic data collection and refinement statistics

Complex Lys1.2minE Lys1.2minF
PDB 4M40 4M6D
Data collection

Wavelength (A) 1.075 1.075

Space group C2 P1

Unit cell dimensions (A) a=141.22 a=43.92
b=30.61 b=132.29
c=289.82 c=131.56
a=y=90° a=118.59°,

pf=122.45° £=96.39°,
7=96.27°

Resolution range (A) 38.0-2.0 38.0-2.7

Observed reflections 68,981 125,937

Unique reflections 22,172 67,209

Completeness (%)* 98.8 (90.3) 94.9 (90.9)

I/5 (1) 12.0 (3.0) 11.6 (3.0)

R-merge (I)® 0.056 (0.348)  0.067 (0.629)

Structure refinement

Reryst (%)° 0.181 (0.215) 0.212 (0.324)

Riree (%0)° 0.207 (0.273) 0.252 (0.340)

Total nonhydrogen atoms 2485 11,433

Protein 1001 6006
RNA 1261 5357
Water molecules 220 70

Heterogen atoms 3 0

Average B-factor (A? 41.1 99.6

Protein 27.7 79.0

RNA 51.7 123.2

Water molecules 41.8 70.1
RMS deviations from ideal value

Bonds (A) 0.008 0.005

Angles (°) 1.16 0.96

Torsion angles (°) 17.8 18.1

Overrall coordinate error based  0.037 0.163

on R-factor

Ramachandran plot most 97.6 89.1

favored (%)

“Values in parentheses indicate statistics for the highest resolution
shells: 2.05-2.00 for Lys1.2minE and 2.77-2.70 for Lys1.2minF.
mecrgc=ZE jllj(hkh = <I(hkD>|/ =X j|<I(hkD)>|, where [j is the in-
tensity measurement for reflection j and <I> is the mean intensity
over j reflections.

“Reryst/(Riree) =2 ||Fo(hkD)| = [Fe(hkD][|/ Z |Fo(hkl)|, where F, and F.
are observed and calculated structure factors, respectively. No
o-cutoff was applied. Five percent of the reflections were excluded
from refinement and used to calculate Ryce.

been presumed, although some positive charge may be re-
quired to form the initial protein—RNA encounter complexes.

Another unique characteristic of the Lys1.2minE-lysozyme
structure is its cation-stabilized protein-binding fold. The ob-
servation of clear electron density reflects site-specific rather
than delocalized cation binding. The essential role of this
monovalent cation is confirmed by the [Na*] dependence
of the aptamer-lysozyme association; the positive slope to
the linkage plot below 100 mM Na" reflects a cation uptake
reaction that counterbalances the cation displacement accom-
panying complex formation. Ten mM Mg** does not substi-
tute for the monovalent cation, suggesting valence specificity
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to the interaction. Equimolar substitution of K* for Na* re-
sults in only a 1.5-fold reduction of protein binding affinity;
the absence of a rigid size or charge density requirement to
binding of this cation can be rationalized by the structure as
there is evident plasticity to the organization of loops L1
and L2 that constitute the binding platform. Future studies
will explore in more detail the specificity, stability, and struc-
tural consequence of this functionally important cation. It
would also be of interest to explore whether aptamers of
this structural fold could be selected with specificity for a par-
ticular cation.

The mechanisms by which aptamers inhibit the activity of
their targets is presumed to be manifest through interactions
of the aptamer with the target’s catalytic or active site. Such di-
rect inhibition has been inferred from aptamer—protein struc-
tures such as NFkB or GRK2 (Reiter et al. 2008; Tesmer et al.
2012). However, Lys1.2minE (and Lys1.2minF) inhibits lyso-
zyme cleavage of large substrates by an unexpected mecha-
nism. The aptamer neither occludes the catalytic site nor
induces an allosteric transition. Indeed, bound aptamer has
no effect on catalysis of small substrates. Rather the bound
aptamer precludes access of the enzyme to the M. lysodeikticus
cell walls that are an appropriate mimic of natural substrates.
Whether inhibition of large substrate cleavage is due to the
electronegativity of the aptamer or that its binding site over-
laps a key contact surface to which the substrates bind is not
presently known. However, this observation suggests that cat-
alytic sites may not need to be exclusively targeted if the goal is
alteration of enzymatic or binding activity by an aptamer.

Although the binding of Lys1.2minE to lysozyme causes
no changes in the conformation of the protein, the RNA be-
comes more structured upon protein binding. Reduction of
conformational heterogeneity is typically observed when
aptamers bind to their targets. For example, the loop regions
of the 22-nucleotide nucleolin aptamer and the 29-nucleotide
NFkB RNA aptamer in the unbound state exchange between
different conformations (Bouvet et al. 2001; Reiter et al.
2008). It is unsurprising that aptamer-protein recognition is
mediated in part by flexible regions in the unbound aptamer
that provide adaptability in binding. Once the aptamer is
bound, a well-ordered structure is formed.

The first hint of RNA conformational change was seen
in the *OH footprinting analysis as nucleotides in the helical
stem of Lysl.2minE become more accessible upon lyso-
zyme binding (Fig. 4). NMR titration data revealed that
Lys1.2minE is less structured when it is not bound to its target
protein, as observed by broadened, unresolved resonances in
the aromatic region of the 'H spectra (Fig. 8). The addition of
stoichiometric amounts of lysozyme results in sharpening and
dispersal of the aromatic proton chemical shifts that is clear
evidence of further structuring of the aptamer upon complex
formation. These changes are best described as “structuring”
rather than “folding” as the sedimentation velocity analysis
shows the global structure of the free aptamer to be indistin-
guishable from when it is bound to lysozyme (Table 2). The
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FIGURE 6. The lysozyme-Lys1.2minE interface. (A) The anionic phosphates of A31 and A35 bind with positively charged side chains of Lys1 and
Arg5. (B) The binding surface area (highlighted in pink) is surprisingly small in comparison to other protein-RNA aptamer complexes. (C,D) Eight
water molecules (red spheres) coordinate lysozyme residues with minE bases at the binding interface.

flexibility of the unbound aptamer explains our inability to
crystallize free Lys1.2minE crystals for diffraction analysis.

Lys1.2minE achieves its nanomolar affinity for lysozyme via
amodest 410-A” binding surface that makes use of only two di-
rect ionic interactions, four direct hydrogen bonds, and eight
bridging hydrogen bonds from water molecules, a n-n stacking
interaction between Argl28 and G28, and weaker van der
Waals packing. How does this interface compare with those
from other aptamer—protein complexes? Nucleolin, NF-«B,
and bacteriophage MS2 all naturally bind nucleic acids in
vivo, whereas Human IgG Fcl (hFcl), thrombin, and GPCR
kinase 2 (GRK2) do not. Although we note that both the
thrombin and the IgG aptamers are composed of non-natural
2'F RNA, the interactions between human IgG, thrombin,
GRK2, and their selected RNA aptamers are the appropriate
comparisons for analyzing the interaction of aptamer RNA
with sites not evolved to interact with nucleic acids.

The 2.15-A crystal structure of an aptamer-IgG hFcl
complex (Kp =110 nM; Ky, =3 X 10* M s Ky =3.3 %

1072 s7!) (Nomura et al. 2010) also shows a relatively small
binding interface of moderate positive charge density that is
comparable to the Lysl.2minE-lysozyme interface in size
(580 A® vs. 410 A% respectively). Like Lysl.2minE, the
aptamer—IgG complex does not appear to rely heavily on elec-
trostatics; the RNA—protein contacts are mediated by multiple
weak forces supported mainly by van der Waals contacts, two
protein-RNA and four bridging water hydrogen bonds, and
only a single salt bridge. Binding of the aptamer results in
no significant change in the hFcl structure, with an RMSD
of 1.1 A of the backbone Ca atoms. Similar to our full-length
Lys1 aptamer, divalent ions play an important role in stabiliz-
ing the IgG aptamer structure. In the absence of Mg”*, Lysl
binds to HEWL with a 60-fold lower affinity (Table 1). Ca?t
was present during the selection of the IgG aptamer, and
this hydrated ion is located in the major groove in the aptamer
crystal structure. Similar to Lysl.2minE, the divalent ion
makes limited contact with the RNA, binding only to a non-
bridging phosphate oxygen of G7. In the crystal structure,
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The higher affinity (Kp = 562 pM) an-
ti-thrombin RNA aptamer also binds to a
basic region on the surface of thrombin
(exosite-2), but contacts a considerably
larger 1193 A of accessible surface area
(Long et al. 2008). This interface involves
a greater number of direct protein-RNA
polar interactions, including 10 direct
and three indirect hydrogen bonds and
six salt bridges, and employs an unusual
feature—an extended adenine—arginine
zipper, where the n-7 stacking of the con-

served adenine bases with the arginine
side chains contributes to affinity and
specificity and accounts for the bulk of
the interfacial surface area. In the crystal
structure of the aptamer—thrombin com-
plex, a single Mg”>" ion was observed near
the stacking interface. Mg>" was present
at high concentrations in the crystalliza-
tion conditions that ultimately gave rise
to the crystals. As previously observed
in the IgG aptamer, the divalent ion in
the thrombin structure does not bind

A
B
|
2
=
e
2
w
w
=
[
2
°
2
('8
0.0 8 e ]
101° 10 10 107 10
[Lysozyme] (M)
C
| =
-40

FIGURE 7. Cation binding sites in Lys1.2minE. (A) Coordination geometry of Na* to surround-
ing atoms that stabilize loops 1 and 2. (B) The effect of monovalent cation type on lysozyme af-
finity. (C) Locations of the two ordered Mg*" ions in the regions of the most negative electrostatic
potential in the loops of the RNA. Water molecules are depicted as purple spheres.

G7 stacks on the side chain of Tyr373. Therefore, the Ca*"ion
serves to maintain a unique conformation of G7 to allow for
proper hEcl binding. A Mg®* ion may also presumably occu-
py the same site, as the aptamer could bind to IgG in the pres-
ence of Mg”*. Addition of a chelating agent such as EDTA
reversibly inhibits binding of the IgG aptamer. Clearly, diva-
lent ions play an important role in modulating hFc1 affinity.
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10° base-specifically to the aptamer. Rather,
it coordinates to four water molecules,
as well as the nonbridging oxygen atoms
of phosphates A8 and A9, which do not
form the absolutely conserved adenine—
arginine zipper.

More recently, an aptamer family
(C13.28 and C13.18) in complex with
GRK2 was structurally characterized by
crystallography. In this more specialized
case, the aptamer targets the substrate
ATP binding of the enzyme, with A51 of
the aptamer and a Mg** ion forming the
contacts normally made by ATP and
one of the two Mg”* required for catalysis.
A detailed analysis of all of the RNA-
protein interactions is not possible, since
only a small portion (nucleotides 47-52)
of the aptamer is well-ordered in the
structure. However it is clear that the
aptamer binds to a positively charged re-
gion of the protein, buries at least 1140 A?
of accessible surface on the protein, and,
as observed previously for some small
molecule ligands, induces a change in inter-lobe orientation
in the kinase on binding.

Although the structural terrain of RNA aptamer—protein
interactions is only beginning to be explored, it is already ap-
parent that aptamers can achieve high binding affinity using
a variety of architectures that can differ significantly from
those typically seen in native protein—nucleic acid complexes.
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MATERIALS AND METHODS
RNA preparation

The primers required to synthesize the RNA
molecules that we analyzed were obtained
from Integrated DNA Technologies. Apta-
mers were transcribed in vitro using T7 RNA
polymerase, purified on an 8% polyacryl-
amide gel containing 7 M urea, ethanol pre-
cipitated, and resuspended in folding buffer
(20 mM Tris-HCI, pH 7.5, 100 mM NaCl, 5
mM MgCl,) (Nilsen and Rio 2012). After their
purification, the RNA aptamers were heated
for 5 min to 70°C and then allowed to cool
to room temperature for 15 min prior to the
experiment.

Chemical mapping
(footprinting)

Lys1 was 5'-kinased with [y->*P] ATP, gel pu-
rified, and the recovered RNA was resuspend-
ed in folding buffer. Ribonuclease (T1, A,
and I) reactions were conducted for 15 min
at room temperature and quenched by etha-
nol precipitation (Ehresmann et al. 1987;
Parker and Steitz 1989). The RNA reaction
products were separated using a 15% denatur-
ing polyacrylamide gel. The sites of ribonucle-
ase cleavage were mapped by comparison

H

FIGURE 8. 1D "H NMR spectra of 150 uM Lys1.2minE in the presence of increasing amounts of
lysozyme. The Lys1.2minE base proton signals are overlapped in the absence of lysozyme but are
increasingly resolved on the addition of 0.5 and 1.0 equivalents of lysozyme. There are no further
differences in the aromatic region of the RNA spectra at higher lysozyme concentrations.

The aptamer binding interface can be remarkably small and
make only minor use of electrostatic interactions, as demon-
strated here for Lys1. Divalent cations can neutralize regions
of high negative charge density to stabilize loops or other
local conformations that help form or buttress the binding
site. Other components of the selection buffer can be incor-
porated into the target—aptamer complex as an essential
structural element, such as the required Na™ ion in Lys1, sug-
gesting the possibility of selecting aptamer switches that re-
quire a particular ion or other small molecule for binding
to their target (Di Palma et al. 2013; Smestad and Maher
2013). With only a limited number of examples, our view
of the range of aptamer—protein interactions is far from com-
plete. Hopefully a robust method for identifying compact
aptamer cores suitable for structural study, such as the foot-
printing approach developed here, will lead to both a more
comprehensive understanding of these interactions and po-
tential improvements in library design biased toward suc-
cessful fold elements.

T against an RNase T, cleavage ladder.

' Selective 2’'-hydroxyl acylation by primer
extension (SHAPE) was used to map single
stranded nucleotides (Wilkinson et al. 2006;
Deigan et al. 2009). Ten picomoles Lysl was
modified with N-methylisatoic anhydride
(NMIA) for 45 min at 37°C. The modified
RNA was recovered by ethanol precipitation
and reverse transcribed using Cy5-labeled primer. cDNA fragments
were resolved by single capillary electrophoresis (Beckman CEQ
8000). The peak areas from the raw electropherogram were integrat-
ed and transformed into SHAPE reactivities using ShapeFinder soft-
ware (Vasa et al. 2008).

Hydroxyl radical (*OH) footprinting was carried out following
published protocols (Shcherbakova and Mitra 2009). Briefly, the
reaction was initiated by adding 5 pL “reaction buffer” to 95 pL
of 1x10° cpm Lysl to a final concentration of 0.1 mM Fe
(NH,4)»(SO4)5, 0.11 mM EDTA, and 6.6 mM sodium L-ascorbate.
Oxidation of the RNA was allowed to proceed for 30 min at
25°C. The reaction was quenched with absolute ethanol, and the
oxidized RNA products were precipitated and separated by de-
naturing gel electrophoresis using a 15% denaturing PAGE. The
reaction products were visualized by exposure of the gel to a phos-
phor screen and scanned on a Molecular Dynamics Storm 820
Phosphorimager. The program SAFA (semi-automated footprint-
ing analysis) (Das et al. 2005), was used to quantitate the intensity
of the individual bands. The band densities were normalized to frac-
tional protection. The peak profile was analyzed using GraphPad
Prism 6.
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FIGURE 9. Superposition of Lysl.2minE-HEWL (gray) and Lysl.
2minF-HEWL (black) crystal structures. Lys1.2minE and F superim-
pose with an RMSD of 0.64 A for the backbone atoms.

Equilibrium binding

RNA aptamers were internally labeled with [a-**P]-GTP and al-
lowed to bind to lysozyme for 1 h at room temperature. The bound
complex was passed through a dual filter dot blot system attached
to a vacuum manifold. The nitrocellulose membrane captures the
aptamer—protein complexes while unbound aptamers are trapped
by the nylon filter directly beneath. Both filters are visualized by
phosphor storage imaging, and the fraction protein bound was cal-
culated by determining the volume of radioactivity retained on the
nitrocellulose divided by the total radioactivity retained by both fil-
ters. Although dual filters were used, we fit these data to fractional
saturation (Y) by

R
f= 1+ KgH[L]n" [LL+ (UL — LL)], (1)

where fis the integrated band density; Ky is the equilibration disso-
ciation constant; [L] is the ligand concentration; ny is the Hill coef-
ficient; and LL and UL are the lower and upper limits, respectively
(Senear et al. 1998). Since ny was equal to one within experimental
error in all of the data analyzed, this parameter was fixed to 1.0 in the
analysis of all of the binding curves shown.

Salt uptake and release is a stoichiometric component of protein—
nucleic acid interactions. The Wyman linkage relationship provides
a general formalism for the determination of the thermodynamic
average of the number of ions (SK) taken up or released upon com-
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plex formation (Blakaj et al. 2006). Lysozyme—aptamer binding
isotherms obtained in buffer containing NaCl at concentrations
ranging from 0.005 to 0.60 M were used to determine SK from

SK = d(log K)

~ d(log m*)’ £

where K is the equilibrium association constant, and m* is the
monovalent cation activity. Values of SK were determined by linear
regression using GraphPad Prism 6. Extrapolation of the regression
to the ordinate yields the electrostatic contribution to the binding
reaction.
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FIGURE 10. Effect of Lys1.2minE on catalytic activity of lysozyme. (A)
Crystal structure of Lys1.2minE-lysozyme complex depicting the active
site catalytic residues (Glu35 and Asp52) of lysozyme in black and the
aptamer binding interface in gray. (B) Lysozyme activity against M. lyso-
deikticus cell walls. The turbidity (ODys) from the cell wall material
remaining after 60 min in the presence of 0.3 pM lysozyme is shown
for increasing aptamer stoichiometries. (C) MALDI-TOF activity assay
monitoring lysozyme hydrolysis of chitopentaose after 15 min in the
absence and presence of equimolar Lys1.2minE.
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FIGURE 11. Electrostatic surface potentials of protein-binding aptamer structures that have been solved: NF-KB (100A), MS2 (1U1Y), Nucleolin
(IFJE), Thrombin (3DD2), hIgG-Fcl (3AGV), GPCR kinase 2 (3UZT), and Lysozyme-minE (4M40).

Analytical ultracentrifugation

Sedimentation velocity experiments were performed on a Beckman
XL-I using a standard procedure (Cole et al. 2008; Mitra 2009). The
rotor speed was 33,300 rpm, and data were collected at a wavelength
of 260 nm. The program SEDNTERP was used to estimate the values
of several hydrodynamic parameters including the density (p) and
viscosity (n) of the buffer used (Laue et al. 1992). The data from
each AUC cell was individually analyzed in DCDT+, using 0.53
cm’/g as the partial specific volume (v) of the RNA, to determine
the S50, and D, values of the RNA aptamers under each buffer
condition specified in Table 2 (Philo 2000).

Enzymatic activity

Turbidimetric assays

A standard lysozyme activity assay was used (Gorin et al. 1971;
Grossowicz et al. 1979). Briefly, lyophilized Micrococcus lysodeikticus
cells (Sigma-Aldrich) were suspended in the aptamer selection buft-
er at an ODys50 = 0.6. An aliquot (250 uL) of suspended cells was
placed in a microplate tray in which either nothing, HEWL (0.3
uM), RNA, or combination of HEWL and RNA was added (total
volume 300 pL). Assay wells were measured for their absorbance
at 450 nm for 1 h in a Synergy H4 Hybrid multimode microplate
reader (Bio-Tek Instruments).

Chitopentaose hydrolysis assays

All hydrolysis assays were performed in 10 mM sodium acetate pH
5.2, 5 mM MgCl, containing 1 mM of the N-acetyl chitopentaose
substrate and 100 pM HEWL or a 1:1.1 HEWL:Lys1.2minE com-

plex. Reactions were initiated by the addition of the substrate and
were allowed to proceed for 15 min. The reaction was quenched
with an equal volume of MALDI matrix (saturated 2,5-dihydroxy-
benzoicacid [2,5-DHB] in acetonitrile) and cocrystallized on a con-
ventional stainless steel target. MALDI-TOF mass spectra were
recorded on a 4800 Plus MALDI TOF/TOF Analyzer (Applied
Biosystems).

X-ray diffraction data collection and crystallographic refinement

The lysozyme-Lys1.2minE complex was screened for crystallization
by sitting drop vapor diffusion. The best diffracting crystals were
grown from 0.17 M sodium acetate, 0.085 M Tris-HCI pH 8.5,
25.5% (w/v) PEG-4000, and 15% (v/v) glycerol. Crystals with overall
dimensions 0.03 x 0.05 x 0.3 mm® were mounted in cryoloops
directly from the crystallization droplet and flash-cooled in liquid ni-
trogen. Diffraction data were collected on a Quantum 315 CCD
detector (Area Detector Systems Corporation) with 1.075 A wave-
length radiation on the X29A beamline (National Synchrotron
Light Source, Brookhaven National Laboratory). Intensities were in-
tegrated using the HKL2000 program and reduced to amplitudes us-
ing the SCALEPACK2MTZ program (Collaborative Computational
Project 1994; Otwinowski and Minor 1997). The structure of the ly-
sozyme—-minE complex was determined using the molecular replace-
ment method with PHASER (Storoni et al. 2004) and the PDB 3EMS
lysozyme structure as a search model. Model building and refine-
ment were performed with the programs COOT and REFMAC
(Collaborative Computational Project 1994; Emsley and Cowtan
2004). The quality of the final structures were verified with compos-
ite omit maps, and stereochemistry was checked with the program
MolProbity (Chen et al. 2010). LSQKAB and SSM algorithms were
used for structural superpositions (Collaborative Computational
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Project 1994; Krissinel and Henrick 2004). Structural figures were
prepared using PYMOL (Schrédinger, LLC) and Chimera (Pettersen
et al. 2004).

NMR spectroscopy

NMR spectra were acquired at 600 MHz on a Bruker DRX spec-
trometer and processed using Xwinnmr. All 1D 'H spectra were ac-
quired at 298K using 128 transients. For the NMR samples, 150 pM
Lysl.2minE and 5 mM lysozyme stock solutions were separately
prepared in folding buffer made up in *H,O. Samples of the
Lys1.2minE:HEWL complex were generated by direct mixing of
HEWL with the aptamer to give aptamer:lysozyme ratios of 1:0,
1:0.5, 1:1, 1:1.5, 1:2, and 1:3.

DATA DEPOSITION

The structure factors and atomic coordinates for the Lysl.2minE—
lysozyme and Lys1.2minF-lysozyme complex have been deposited
into the Protein Data Bank as entries 4M40O and 4M6D, respectively.
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