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ABSTRACT One of the earliest living systems was likely based on RNA (‘‘the RNA world’’). Mineral surfaces have been postu-
lated to be an important environment for the prebiotic chemistry of RNA. In addition to adsorbing RNA and thus potentially
reducing the chance of parasitic takeover through limited diffusion, minerals have been shown to promote a range of processes
related to the emergence of life, including RNA polymerization, peptide bond formation, and self-assembly of vesicles. In addi-
tion, self-cleaving ribozymes have been shown to retain activity when adsorbed to the clay mineral montmorillonite. However,
simulation studies suggest that adsorption to minerals is likely to interfere with RNA folding and, thus, function. To further eval-
uate the plausibility of a mineral-adsorbed RNA world, here we studied the effect of the synthetic clay montmorillonite K10 on the
malachite green RNA aptamer, including binding of the clay to malachite green and RNA, as well as on the formation of second-
ary structures in model RNA and DNA oligonucleotides. We evaluated the fluorescence of the aptamer complex, adsorption to
the mineral, melting curves, Förster resonance energy transfer interactions, and 1H-NMR signals to study the folding and func-
tionality of these nucleic acids. Our results indicate that while some base pairings are unperturbed, the overall folding and bind-
ing of the malachite green aptamer are substantially disrupted by montmorillonite. These findings suggest that minerals would
constrain the structures, and possibly the functions, available to an adsorbed RNA world.
SIGNIFICANCE Life on earth is believed to have progressed through an intermediate stage in which RNA took on
multiple roles, including genetic material and biocatalysts. It has been suggested that certain clay minerals, such as
montmorillonite, may have facilitated the emergence of RNA-based life by promoting chemical processes and enforcing
spatial segregation that limited the spread of parasitic sequences. At the same time, interactions between a mineral
surface and adsorbed RNA are expected to perturb RNA structure and function. Here we studied the effect of
montmorillonite on the folding of model oligonucleotides, including an aptamer. While some base-pairing interactions were
preserved, tertiary structure and function were disrupted by montmorillonite. The results indicate that mineral association
would constrain an RNA world.
INTRODUCTION

The establishment of RNA as a genetic and functional mole-
cule, heralding the ‘‘RNA world,’’ is hypothesized to have
been a critical transition during the origin of life (1–7).
The emergence of RNA would require at least the abiotic
provision of activated nucleotide building blocks (8,9),
polymerization of nucleotides to create ribozyme or aptamer
sequences capable of exhibiting chemical activity (10–13),
and the generation of folded, functional forms. However,
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probable niches for RNA that would support its survival
and activity are not understood well. The effects of environ-
mental conditions such as metal ions, temperature, pH, pres-
sure, freezing, and dehydration on ribozyme catalysis were
recently reviewed (14). Intriguingly, the involvement of clay
minerals has been suggested to facilitate multiple prebiotic
processes. From a theoretical evolutionary perspective, sur-
face attachment can provide a solution to the problem of
parasites in a cooperative system, as individual locales on
the surface form groups that are relatively insulated from
parasitic invasion (15). Surfaces may thus provide an alter-
native to cell-based life, in which a conceptually similar
resistance to parasitism is achieved through compartmental-
ization (16).
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Minerals, particularly clays, can adsorb nucleobases, nu-
cleosides, nucleotides, and RNA, depending on the clay it-
self as well as a variety of environmental factors including
pH, temperature, and cation concentrations (17). Interest-
ingly, longer RNA molecules have been observed to be pref-
erentially bound to the minerals hydroxyapatite, pyrite,
pyrrhotite, magnetite, and calcite (18). The interactions of
nucleotides with minerals are complex (17,19–21). For the
smectite clay minerals montmorillonite and nontronite,
two types of interactions with mononucleotides are
observed, namely ligand exchange of -OH groups on the
clay edge surfaces with the phosphates of the nucleotides
and cation-mediated interactions between the nitrogenous
base and the negatively charged basal plane (20). Montmo-
rillonite is a smectite clay consisting of sheets of silica sand-
wiching alumina, with sheets being separated by a cationic
hydration layer (17). The lattice includes a triple-sheet
structure, with an aluminum-oxygen and aluminum-hydrox-
yl octahedral sheet sandwiched between two silicon-oxygen
tetrahedral sheets. The layers of the triplet sheet are associ-
ated by van der Waals forces (22), and the interlayers consist
of water and substitutable metal ions (e.g., Kþ). Although
RNA is negatively charged, both anionic and cationic clay
minerals are known to bind RNA. For negatively charged
mineral surfaces, cations in solution are required to
neutralize the charges, with divalent cations being more
effective than monovalent cations (23). Perhaps counterintu-
itively, in studies of the clay montmorillonite, the sites of
interaction on the RNA appear to be the nucleobases rather
than the backbone, based on molecular dynamics simulation
(24). Nitrogen-containing groups appear to be implicated in
the adsorption of adenosine and 50-adenosine monophos-
phate to montmorillonite, based on infrared spectroscopy
(25). In simulations, RNA constructs, including a hammer-
head ribozyme and an RNA duplex, are predicted to bind the
mineral surface via a single, tethered terminal base, which is
bound through a combination of van der Waals and electro-
static interactions. Thus, under chemical conditions support-
ing these interactions (17,26,27), a substantial fraction of
RNAs in a prebiotic milieu in which minerals are present
might be expected to be adsorbed.

In addition to exhibiting stable adsorption of RNA, clay
minerals, particularly the phyllosilicate montmorillonite,
have attracted considerable attention for its additional prop-
erties relevant to the prebiotic emergence of RNA. Clay
minerals are ubiquitous on our planet, with more than 33
different minerals thought to be present during the Hadean
and early Archean when life originated (28), although the
physical and chemical properties of specific clays may or
may not be relevant to an RNAworld. Their prebiotic pres-
ence is supported by the observation of minerals that appear
to be derived from clay on Mars greater than 3.5 billion
years old (29). A variety of minerals, including montmoril-
lonite, and other surfaces have also been found to catalyze
the self-assembly of vesicles from fatty acids, suggesting
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a possible route for transition from a surface-associated sys-
tem to a compartmentalized system (30). Interestingly, pho-
tocatalytic minerals present in extracellular vesicles can
utilize light energy to drive a multistep transmembrane elec-
tron transfer reaction, resulting in the generation of a proton
gradient (31), demonstrating the potential for a protometa-
bolic pathway in a mixed mineral-vesicle system. A sur-
face-mediated scenario for the origin of life (32) has been
studied experimentally in terms of the chemical processes
that minerals can facilitate. Mineral surfaces have been
found to concentrate prebiotic building blocks and act as
heterogeneous catalysts (33,34). For example, minerals
can concentrate, align, and act as adsorption templates for
amino acids and promote abiotic peptide bond formation
(35). Thus, minerals have attracted significant attention as
a potential local environment for prebiotic processes.

With respect to RNA, montmorillonite has been exten-
sively studied for its ability to catalyze RNA polymerization
from imidazolide-activated nucleotides (36–40), resulting in
RNA oligomers as long as some aptamers and ribozymes
(up to approximately 50-mers). Based on comparison with
zincite, interactions between the montmorillonite surface
and the nitrogenous bases, rather than the phosphates,
appear to be important for catalyzing RNA polymerization
(21). Furthermore, prebiotically plausible a-amino acids
may act as coenzymes in enhancing montmorillonite-cata-
lyzed RNA polymerization in an Mg2þ-independent mech-
anism, compatible with protocell stability (41). Other
prebiotically feasible minerals, namely amorphous and
crystalline quartz and mica, have been reported to host the
polymerization of 30,50 cyclic GMP, although calcite,
olivine, and serpentine-group minerals did not, possibly
due to their basic nature (42). At the same time, RNA poly-
mers are also stabilized against nonspecific degradation. UV
radiation would have been an important prebiotic source of
chemical damage to RNA, particularly in active sites, sin-
gle-stranded regions, and random coil structures (43,44).
Adenosine and RNA adsorbed by montmorillonite appear
to be protected from radiation damage (45); for example,
a self-cleaving ADHR1 ribozyme in the presence of mont-
morillonite was three times more resistant to UV damage
than ribozyme lacking the mineral (46). Mineral-adsorbed
RNAs can also persist in the presence of degrading agents
and retain the ability to template enzymatic reactions such
as RT-PCR, albeit with reduced efficiency and processivity
(47). Thus, mineral adsorption could support both RNA syn-
thesis and survival in the physical environment (relevant
studies are summarized in Table S1).

Despite these favorable features of minerals, particularly
montmorillonite, for an RNA world it is unclear whether
RNA sequences could retain complex folding and chemical
activities on minerals. On one hand, some experimental and
theoretical studies suggest that at least some RNA folds and
activities are stable when bound to montmorillonite. Molec-
ular dynamics simulations showed that a duplex remains
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intact while tethered to the surface via a single terminal base
(24). Experimental studies confirmed that poly(A) retained
the ability to complex with poly(U) and that an adsorbed
RNA was still capable of acting as a template for RT-PCR
(47), indicating that duplex formation was possible. In addi-
tion, studies of the hammerhead ribozyme showed measur-
able self-cleavage efficiency on montmorillonite, although
the activity was reduced to 20%, possibly due to reduced
mobility after adsorption (48). Higher amounts of montmo-
rillonite lead to greater inhibition (up to a 30-fold drop in ac-
tivity at 50 mg/mL of clay) (49). Consistent with the studies
on duplex formation, the hammerhead ribozyme also re-
tained the ability to anneal to an oligonucleotide that pro-
moted activity (48). A systematic comparison of two
parallel in vitro selections for self-cleaving ribozymes, per-
formed in the presence or absence of montmorillonite,
showed little difference in the outcome. While the presence
of the clay inhibited the ribozymes somewhat, consistent
with the earlier results on the hammerhead ribozyme, the
in vitro selection study indicated that montmorillonite did
not affect the overall fitness landscape of the RNAs (50).
These studies suggest that montmorillonite does not greatly
perturb the RNA, at least with respect to duplex formation or
self-cleavage activity.

On the other hand, molecular dynamics simulations also
predict that three-dimensional folding would be signifi-
cantly altered by the presence of montmorillonite (51).
Unlike free aqueous solution, which accommodates
extended conformations and exploration of conforma-
tional space, montmorillonite appears to cause rapid
compaction of the RNA into a globular form, analogous
to a ‘‘molten globule’’ in protein folding. RNA compac-
tion upon attachment to a surface is consistent with the
excluded volume effects, including from macromolecular
crowding and confinement in vesicles, which have been
previously observed in multiple RNA systems (52–54).
Such effects can stabilize intermolecular associations
and structure formation and indirectly promote evolu-
tionary adaptation (53,55,56). In simulations with mont-
morillonite, these effects may have a positive or
negative effect on native folding, as the metastable com-
pacted globule, which is stabilized by hydrogen bonding
and suboptimally folded substructures, may then undergo
a slow rearrangement to a folded or misfolded state
(24). In contrast, such metastable states appear to be lack-
ing in simulations in bulk water. Molecular dynamics sim-
ulations of the hammerhead ribozyme, in particular,
showed a compacted ribozyme that excluded Mg2þ from
the active site, closing the catalytic pocket such that an
alternative, Mg2þ-independent mechanism for self-cleav-
age would be adopted (51), possibly explaining the slower
rate observed experimentally (48). These considerations
suggest that although self-cleaving ribozymes appear to
be relatively tolerant of montmorillonite, other functional
RNAs might be prominently affected by interaction of the
RNA with montmorillonite (e.g., if the tertiary folds are
sensitive to compaction, significant misfolded structures
exist, or the activities lack alternative mechanisms avail-
able to a compacted state).

In the present work, we studied how montmorillonite
affected the folding and function of the malachite
green RNA aptamer, which binds to and increases the
fluorescence of the small molecule malachite green by
approximately 2360-fold by restricting its vibrational deexci-
tation (57). A synthetic mineral, montmorillonite K10
((K0.25Na0.118Ca0.022) (Al1.06Fe0.206Mg0.166) (Si7.39Al0.61)O20

(OH)4),which is not naturally occurring, was used, since the
higher homogeneity would allow greater uniformity in the in-
teractions compared to natural clay samples (58). In addition
to monitoring aptamer adsorption, activity, and folding, we
also studied three model nucleic acid systems (an RNA
duplex, a DNA duplex, and a DNA hairpin structure) to probe
adsorption and the effect ofmontmorillonite on their structural
stability. The results indicate that the tertiary structure and
function of the aptamer, but not certain secondary structures
or duplexes, were substantially perturbed bymontmorillonite.
These studies expand our understanding of how the presence
of montmorillonite might affect the emergence of an RNA
world.
MATERIALS AND METHODS

Materials

Malachite green (MG) chloride from Sigma-Aldrich was used as received.

The MG aptamer RNA (50-GGA UCC CGA CUG GCG AGA GCC AGG

UAA CGA AUG GAU CC-30), hairpin DNA (50-/50 fluorescein dT/GG

AAT GGA ATT TTT ATT CC/i6-TAMRA/ATT CC-30), RNA hybrid se-

quences (50-/50 fluorescein dT/GG AAU GGA AU-30 (donor RNA strand),

50-AUU CC/i6-TAMRA/AUU CC-30 (acceptor RNA strand)), and DNA

hybrid sequences (50-/50 fluorescein dT/GG AAT GGA AT-30 (donor

DNA strand), 50-ATT CC/i6-TAMRA/ATT CC-30 (acceptor DNA strand))

labeled with paired Förster resonance energy transfer (FRET) dyes were

obtained by chemical synthesis and HPLC-purified by IDT (San Diego,

CA). MG aptamer was fluorescently labeled using a 50 EndTag DNA/

RNA Labeling Kit (Vector Laboratories, Newark, CA) and either fluores-

cein maleimide (TCI Chemicals, Tokyo, Japan) or Alexa Fluor 647 C2

maleimide (Thermo Fisher Invitrogen, Waltham, MA). Other chemicals

not mentioned above were purchased from Fisher Scientific (Waltham,

MA).
Preparation of montmorillonite stock suspension

Isolation of fine particles of montmorillonite K10 (Sigma, St. Louis, MO)

was performed according to a previous report (30). To remove large parti-

cles, 5 g of the sample was added to 45 mLMilli-Q water, mixed by vortex-

ing, and allowed to settle for 1 h. Approximately 30 mL of the supernatant

suspension of montmorillonite was then removed to a new tube and centri-

fuged at 5000� g for 30 min. The supernatant was discarded, and 45 mL of

100% ethanol was used to disperse the pellet. Centrifugation (at 5000 � g,

30 min) of the dispersion allowed pelleting of the fine particles of montmo-

rillonite. The supernatant was discarded, and the pellet was dried overnight

using a lyophilizer. A stock suspension of 50 mg/mL montmorillonite par-

ticles was prepared in Milli-Q water.
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Preparation of oligonucleotide solutions with
montmorillonite

The DNA or RNA stock solutions (2 mM in 50–200 mL of 2.5–5 mM Tris-

Cl, pH 8.5) were heated to 90�C for 3 min and cooled on ice for 10 min. The

cooled RNA solutions were added to buffer and salt solutions to obtain a

final concentration of 0.2 mM RNA in 0.25–3.3 mM Tris, 10 mM

HEPES, 1 mM Mg-citrate, 100 mM KCl, 0.2 M bicine, pH 8.5, with a spe-

cific amount of montmorillonite added. For DNA, the final solution con-

tained 0.2 mM DNA in either buffer containing MgCl2 (0.25–3.3 mM

Tris, 1 mMMgCl2, 15 mM KCl, 0.2 M bicine, pH 8.5) or buffer containing

Mg-citrate (3.0 mM Tris, 10 mM HEPES, 1 mM Mg-citrate, 100 mM KCl,

0.2 M bicine, pH 8.5) in the presence of a specific amount of montmoril-

lonite. The solutions were tumbled overnight. To assess whether RNA ad-

sorbed onto montmorillonite was able to hybridize, the donor strands were

initially mixed with montmorillonite and tumbled overnight, after which

the acceptor RNA strand was added, followed by overnight tumbling.

For experiments including MG, MG was added after overnight tumbling

of montmorillonite with RNA followed by additional tumbling for at least

6 h to achieve equilibration of the dye (Fig. S1). Fluorescence of the super-

natant after centrifugation (5000 � g, 30 min) or the bulk solution was re-

corded using a Fluoromax 4c (Horiba, Kyoto, Japan) or a Tecan

(M€annedorf, Switzerland) M200 Pro plate reader (lex ¼ 617 nm and

lem ¼ 660 nm).
Quantification of RNA release from
montmorillonite

50-Alexa 647-labeled 0.2 mM MG aptamer (folded in 0.5 mM Tris, 10 mM

HEPES, 1 mM Mg-citrate, 100 mM KCl, 0.2 M bicine, pH 8.5) was mixed

with and without montmorillonite (1 mg/mL) and was tumbled overnight

(1 mL total solution). The next day, the whole solution was centrifuged

(14,000 rpm, 15 min), supernatant was removed through filtration (with

0.2 mm centrifugal filter), and the pellet was washed with 100 mL of buffer.

The amount of bound RNA fluorescence (Fb) was calculated from the su-

pernatant fluorescence (Fsup) (unbound RNA) compared to the total RNA

fluorescence F0 (measured before addition of montmorillonite) (Fb ¼ F0

� Fsup). Subsequently the pellet was dispersed in 1 mL of buffer for

RNA desorption, and the fluorescence of the supernatant (Ft, after centrifu-

gation at 14,000 rpm, 15 min) was checked (day 1). The supernatant was

returned to the stock solution and tumbled overnight, and supernatant fluo-

rescence was similarly checked for RNA release on day 2 and so on. The

bound fraction released (Frel) was calculated from Ft according to Frel ¼
Ft/Fb.
Measurement of binding of oligonucleotides to
montmorillonite

Montmorillonite was mixed with the DNA or RNA oligonucleotide (with

Alexa Fluor 647, fluorescein, or TAMRA label) as described above, and the

bound fraction (fb) of the oligonucleotide after overnight mixing was calcu-

lated as 1 � Fsup/F0, where Fsup is the fluorescence of the supernatant after

centrifugation (5000� g, 30 min) and F0 is the fluorescence of the montmo-

rillonite-free solution. The bound fraction of an oligomeasured over the range

of experimental montmorillonite concentrations (0–30 mg/mL) yielded a

binding isotherm. The curves were fitted to a linear form using the following

equation (59):

M

Fb

¼ M

FN

þ 1

Ka � FN

;

where M is the montmorillonite concentration (mg/mL), Fb is the bound

fluorescence (Fb ¼ fb � F0) at a given montmorillonite concentration,
FN is the fluorescence at binding saturation with montmorillonite, and Ka
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is the apparent equilibrium binding constant. The linear fit of the graph

(M/Fb vs. M) yields parameters FN from the slope (slope ¼ 1/FN) and

Ka from the intercept (intercept ¼ 1/(Ka � FN)). Direct nonlinear fitting

used the equation fb ¼ fmax
M

KDþM. For first-order adsorption, the relation-

ship for apparent KD ¼ 1/Ka was used.
Melting curves of FRET-labeled oligonucleotides

The ratio of donor-to-acceptor fluorescence (lex ¼ 450 nm, donor lem ¼
520 nm, acceptor lem ¼ 585 nm) of either the DNA hairpin (0.2 mM) or

the duplex DNA or RNA (0.2 mM donor to 0.4 mM acceptor strand), in

the presence or absence of 10 mg/mL montmorillonite, was recorded while

stirring. Measurements were taken in 2�C–3�C increments from 1�C to

92�C, with a 5-min incubation at each interval (Fluoromax 4C with Peltier

attachment, described below). Fluorescence intensity ratios (F520/F585)

were normalized to minimum of 0 and a maximum of 1. Melting curves

were fitted in Origin Pro 2015 software using the Boltzmann sigmoidal

equation F520

F585
¼ Amin þ

�
Amax � AminÞ =ð1þexp

�
T�Tm

s

��
, where F refers

to fluorescence and Amin and Amax are the minimum and maximum fluores-

cence ratios, respectively, T is temperature, Tm is the melting temperature,

and s is a fitting parameter (slope to allow fitting of cooperative transitions)

(60).
Melting transition of the MG aptamer

The fluorescence of the MG aptamer was measured at different tempera-

tures using a Fluoromax 4C (Horiba) with a Peltier-controlled temperature

attachment (Model F-3004, Horiba). The fluorescence of the aptamer-dye

complex (0.2 mM MG RNA and 12 mM MG dye) in presence (1 mg/mL)

and absence of montmorillonite was recorded while stirring, in 3�C incre-

ments from 1�C to 70�C, with a 5-min incubation at each interval. Fluores-

cence intensities for MG (lex ¼ 617 nm, lem ¼ 660 nm) were recorded and

normalized to a minimum of 0 and a maximum of 1. As in the previous sec-

tion, melting curves were fitted in Origin Pro 2015 software using the Boltz-

mann sigmoidal equation

F ¼ Fmin þ ðFmax � FminÞ
��

1þ exp

�
T � Tt

s

��
;

where F refers to fluorescence and Fmin and Fmax are the minimum and

maximum fluorescence, respectively, T is temperature, Tt is the transition
temperature, and s is a fitting parameter.
FRET measurement of MG-aptamer folding

The MG aptamer was 50-labeled by fluorescein maleimide using the DNA/

RNA labeling kit from Vector Laboratories. The RNA aptamer solutions

were folded in 3.3 mM Tris, 10 mM HEPES, 1 mM Mg-citrate, 100 mM

KCl, 0.2 M bicine, pH 8.5, with a concentration of montmorillonite of

1 mg/mL. The 50-labeled fluorescein-RNA (1.05 mM) was excited at

480 nm, and the steady-state fluorescence was monitored at 519 nm using

a Fluoromax 4C (Horiba), in the presence (FDA) or absence (FD) of the

acceptor dye (23.6 mM MG). The FRET efficiency (E) was estimated using

the following equation (61):

E¼ 1� FDA

FD
:

NMR of the MG aptamer

The MG aptamer RNA used in NMR spectroscopy was synthesized by

in vitro T7 transcription reactions using the synthesized DNA template



FIGURE 1 Adsorption of MG aptamer onto

montmorillonite. (a) Fluorescence of 50-labeled
MG aptamer showing increasing fraction of bound

RNA (fb) with montmorillonite concentration. Data

were fit directly to a binding curve (apparent Ka ¼
0.11 5 0.05 mL/mg; apparent KD ¼ 9.1 mg/mL)

(adj. R2 ¼ 0.98). (b) The linearized plot according

to the Langmuir model, plotted with respect to the

montmorillonite concentration (Fb denotes bound

fluorescence; M denotes montmorillonite). From

linear fitting, apparent Ka ¼ 0.13 5 0.06 mL/mg,

apparent KD ¼ 7.7 mg/mL (adj. R2 ¼ 0.996). Error

bars represent standard deviation of three indepen-

dent experiments (N ¼ 3).

Effect of montmorillonite on RNA
50-GGTACCATT CG TTACCTGGC TCT CGCCAG TCGGG TAC CTA

TAG TGAGTC GTATTA ATT TC-30 annealed to 50-GAA ATTAATACG

ACT CAC TAT A-3’ (IDT). The underlined sequence denotes the T7 pro-

moter sequence. The MG-aptamer sequence was chosen to allow matching

of specific resonances to previously published data (62). The in vitro RNA

synthesis was carried out at 37�C for 3 h in an 18-mL reaction solution con-

taining 40 mM Tris-HCl (pH 8.0), 5 mM dithiothreitol, 10 mM spermidine,

0.01% Triton X-100, 25 mM MgCl2, 20 mL of RNase inhibitor (40 U),

0.05% dimethyl sulfoxide, and 1 mM NTP. The reaction was quenched

with 25 mM EDTA and 1 M urea, mixed with 10% glycerol, and run on

15% denaturing acrylamide gels at 16 W overnight. RNA was visualized

by UV light, extracted from the gel through electroelution (Elutrap; What-

man, Little Chalfont, UK), and washed in Amicon ultracentrifugal filters.

The MG-aptamer samples were prepared (200–300 mM) and prefolded

by heating in 10 mM dTris-HCl, pH 7.5 at 90�C for 3 min and cooling

on ice for 10 min. The folding buffer was added into the RNA sample to

reach the final concentration of 200 mM RNA, 10 mM dTris-HCl (pH

7.5), 1 mM MgCl2, and 100 mM KCl. The RNA solution was then incu-

bated with equimolar of MG at 37�C for 30 min, 0.4–4 mg/mL montmoril-

lonite slurry was titrated into the RNA:MG mixture, and 1D 1H-NMR

spectra were collected. Two-dimensional 1H-1H nuclear Overhauser effect

spectroscopy (NOESY) data were collected for the MG-aptamer RNA

alone, and RNAwas mixed with equimolar of MG and 4 mg/mL montmo-

rillonite. To improve the spectral quality, the montmorillonite-containing

sample was centrifuged at 12,000 rpm for 1 min to remove the insoluble

mineral. All the NMR data were collected in D2O (99.96%; CIL, Tewks-

bury, MA) at 308 K on a Bruker Avance III 800 MHz spectrometer equip-

ped with TCI cryoprobe (NMR Core, University of Missouri). The NMR

data were processed by NMRPipe (63) and analyzed by NMRViewJ (64).
RESULTS

Binding of the MG aptamer to montmorillonite

Binding of the MG-aptamer RNA to montmorillonite in the
absence of MG was measured using fluorescent labeling of
the 50 end of the RNAwith a maleimide derivative of Alexa
Fluor 647 (Thermo Fisher). The labeled RNA was mixed
with a variable amount of montmorillonite. The mixture
was incubated overnight for equilibration (Fig. S1 a) and
separated by centrifugation. The fraction of bound RNA
(fb) was calculated from the supernatant fluorescence
(Fsup) (unbound RNA) compared to the total RNA fluores-
cence F0 (measured before addition of montmorillonite)
(fb ¼ 1 � Fsup/F0). The fraction of bound RNA increased
with montmorillonite concentration and could be fit to a
ligand-receptor model (Hill coefficient ¼ 1; or equivalently,
the Langmuir isotherm model for adsorption), yielding an
apparent association constant (Ka) value of 0.11 5
0.05 mL/mg (apparent dissociation constant KD ¼ 1/Ka ¼
9.1 mg/mL, i.e., half-maximal RNA bound at 9.1 mg/mL
montmorillonite) (Fig. 1). At [montmorillonite] ¼ apparent
KD, the mass equivalent of an approximately 0.06 mM RNA
solution was bound, corresponding to a density of roughly
7 nmol of RNA bound per gram of montmorillonite.

Desorption and equilibration with montmorillonite were
observed by measuring the amount of fluorescently labeled
RNA aptamer released into free solution over 4 days. The
amount of RNA in solution remained around 4%–8% over
time (Fig. S1 b). The saturable binding (Fig. S1 a) and little
change in amount of free RNA suggest equilibration of the
mixture.
Decreased fluorescence of the MG aptamer in the
presence of montmorillonite

Binding of MG by the aptamer restricts the vibrational deex-
citation of MG, resulting in a �2360-fold increase in fluo-
rescence (57). Aptamer binding activity can thus be
monitored by MG fluorescence (43,57). We measured the
fluorescence of the MG-aptamer complex at different con-
centrations of montmorillonite (Fig. 2), with a near-satu-
rating amount of MG ([RNA] ¼ 0.2 mM, [MG] ¼ 12 mM,
given an apparent KD of 2.5 mM for the MG-aptamer com-
plex in aqueous buffer (52)). The apparent KD of the MG-ap-
tamer complex was also determined in the presence of
buffer that was preincubated with montmorillonite and
then centrifuged to remove montmorillonite, giving a value
of 2.4 5 0.4 mM (Fig. S2 a), indicating that solutes poten-
tially leaching from montmorillonite did not cause a change
in MG-aptamer KD. The fluorescence of the MG-aptamer
complex decreased with increasing montmorillonite
(Fig. 2), suggesting that montmorillonite interfered with
binding between the aptamer and MG. However, this trend
was observed at concentrations of montmorillonite well
Biophysical Journal 123, 451–463, February 20, 2024 455



FIGURE 2 MG fluorescence in the presence of

montmorillonite. Fluorescence of the bulk MG-ap-

tamer solution decreased with increased montmo-

rillonite concentration (red curve; normalized to 1

at [montmorillonite] ¼ 0.25 mg/mL in a; unnor-

malized in b). In contrast, MG fluorescence of the

control solution without aptamer (gray) increases

with increasing montmorillonite (b; one representa-

tive series is shown). Curve shown in (a) was fit to

F ¼ 0.55 � exp(�M/0.65) þ 0.63, where F is fluo-

rescence and M is [montmorillonite]; red curve in

(b) was fit to F ¼ 593 þ 487 � exp(�M/0.58), to

guide the eye; gray curve was fit to isotherm F ¼
757M/(2.48 þ M). RFU, relative fluorescence

units; a.u., arbitrary units. Fluorescence was

measured by excitation at 617 nm and emission at

660 nm. Error bars in a represent standard devia-

tion of three independent experiments (N ¼ 3).
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below the apparent KD of the montmorillonite-aptamer
binding equilibrium (Fig. 1; measured in the absence of
MG), so the decreasing fluorescence (in the presence of
MG) could not be explained only by reduced MG binding
by montmorillonite-bound aptamer. We hypothesized that
relatively low concentrations of montmorillonite may bind
directly to MG and thus reduce fluorescence of the ternary
aptamer-MG-montmorillonite system.

To determine whether montmorillonite had the potential
to bind MG in competition with aptamer, MG was also
added to increasing concentrations of montmorillonite in
the absence of aptamer. Without aptamer, MG fluorescence
increased with increasing concentration of montmorillonite
(Fig. 2 b (gray), Fig. S2 b), indicating that MG can bind
directly to montmorillonite. Therefore, in the presence of
[montmorillonite], MG may bind to the aptamer or to mont-
morillonite itself.

While the observedMG fluorescence increase without ap-
tamer indicated that the turbidity caused by the montmoril-
lonite suspension was relatively limited, nevertheless a
technique that did not rely on absolute fluorescence was
preferable to avoid potential confounding by turbidity ef-
fects. Thus, to study the possible change in binding of
MG, we measured the emission spectrum of MG when
bound to the aptamer or when bound to montmorillonite
(Fig. 3 a, black vs. green line). The peak position was red-
shifted by >20 nm when bound to montmorillonite
compared to the MG-aptamer complex, so the peak position
could be used to discriminate between montmorillonite-
bound MG and aptamer-bound MG. In the ternary system,
addition of montmorillonite to the MG-aptamer solution
led to gradual red shifting, with the emission spectrum at
higher [montmorillonite] resembling the spectrum of MG
bound to montmorillonite in the absence of aptamer
(Fig. 3 a). The spectral change indicates a change in the
local environment of MG, from aptamer-bound to montmo-
rillonite-bound, as the montmorillonite concentration
increased. Interestingly, the concentration of montmoril-
lonite resulting in half-maximal peak shift (0.6 mg/mL;
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Fig. 3 b) was more than an order of magnitude lower than
the apparent KD of aptamer-montmorillonite adsorption
(9.1 mg/mL; Fig. 1), indicating that MG release from the
aptamer and uptake by the mineral occurs at �10-fold
lower [montmorillonite] compared to RNA binding to
montmorillonite.
Effect of montmorillonite on the aptamer-dye
interaction monitored by FRET

To confirm the release of MG by the aptamer in the presence
of relatively low concentrations of montmorillonite (below
the apparent KD of the aptamer-montmorillonite interac-
tion), we employed FRET between a 50 donor label (fluores-
cein; emission at �520 nm) and the MG dye itself as
acceptor (emission at �655 nm). Presence of an FRET
signal would depend on MG dye being bound and in prox-
imity to the 50 donor label (Fig. 4 a). When a saturating con-
centration of MG was added to the aptamer, donor emission
intensity decreased while a new peak at the acceptor wave-
length was observed, consistent with FRET (Fig. 4 b; FRET
efficiency E ¼ 22.3% 5 1.5%, based on the decrease of
donor intensity). The FRET signal was decreased upon ther-
mal melting of the aptamer, as expected, confirming the use
of FRET to monitor proximity in this context (Fig. S3).
When montmorillonite (1 mg/mL) was present, addition
of MG showed reduced FRET with no detectable acceptor
signal (Fig. 4 c) (E¼ 15%5 1%), indicating RNA denatur-
ation and/or dissociation of the dye.
Melting transition of the MG aptamer in the
presence of montmorillonite

The observation that low concentrations (e.g., 1 mg/mL) of
montmorillonite caused aptamer-dye dissociation, without
substantial RNA binding to montmorillonite that was stable
to washing, raised the intriguing possibility that montmoril-
lonite may have a denaturing effect on RNA folding, even
when not tightly bound to RNA. To characterize aptamer



FIGURE 3 Emission spectra of MG with ap-

tamer and montmorillonite. (a) Steady-state emis-

sion spectra of MG with aptamer in 0 (black), 1

(red), 6 (blue), or 10 (magenta) mg/mL concentra-

tions of montmorillonite (see legend, inset). The

emission peak at 10 mg/mL montmorillonite

(magenta) is similar to the aptamer-free solution

with 1 mg/mL montmorillonite (green). [MG] ¼
12 mM, [aptamer] ¼ 0.2 mM. (b) Change in peak

wavelength of emission, plotted against montmoril-

lonite concentration, fitted by the Hill equation

(apparent KD ¼ 0.61 (n ¼ 2.50) and 0.64 mg/mL

(n ¼ 2.56) for replicates 1 and 2, respectively;

n ¼ Hill coefficient). RFU, relative fluorescence

units. Fluorescence was measured by excitation at

617 nm.
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stability at a relatively low concentration of montmorillonite
(below the aptamer-montmorillonite apparent KD of 9.1 mg/
mL), the melting curve of the aptamer-MG complex was
measured at 1mg/mLmontmorillonite.At this low [montmo-
rillonite], a measurable fraction of theMG-aptamer complex
appeared to be intact at room temperature (Fig. 2). The
melting transition of the MG-aptamer complex was moni-
tored by fluorescence of MG, which reports on structural
changes affecting MG binding (e.g., changes in the ligand-
binding site) (43,52). The transition temperature (Tt) of the
MG-aptamer complex was 34.2�C 5 2.3�C in mineral-free
solution, but decreased to 15.8�C 5 1.3�C in the presence
of 1mg/mLmontmorillonite (Fig. 6 a), indicating that the ap-
tamer-MG interaction was destabilized in the presence of
1 mg/mL montmorillonite. The melting curve was similar
when repeated again with the same sample, indicating an
equilibrium measurement (Fig. S4 a). The fluorescence of
MG itself bound to montmorillonite (without aptamer) was
insensitive to temperature changes in the same range
(Fig. S4 b). Thus, while multiple observations described
above (reduction of MG-aptamer fluorescence intensity, the
fluorescence peak shift, and FRET reduction), made at rela-
tively low montmorillonite concentrations, indicated that
MGwas released from the aptamer and bound to the mineral,
it had not been clear whether these observations were due
only to competitive binding or whether the presence ofmont-
morillonite might additionally destabilize the aptamer-dye
interaction to facilitate release. The observed change in the
melting transition indicated that the MG-aptamer interaction
was indeed perturbed by the presence of montmorillonite
(1 mg/mL).
MG-aptamer contacts analyzed by NMR

The structure of the MG aptamer consists of two stems, an
internal GAGA stem-loop and a stem formed from anneal-
ing of the 30 and 50 terminal regions, which bracket either
side of the binding pocket (62). In the absence of montmo-
rillonite, the MG-bound aptamer RNA exhibited sharp and
dispersed peaks in the 1D 1H spectrum (Fig. 5 a), indicating
that the RNA folded into a stable structure. Addition of 0.4–
4 mg/mLmontmorillonite resulted in substantial broadening
of peaks, suggesting possible denaturation of the MG-ap-
tamer RNA upon montmorillonite titration. To characterize
the structural changes of MG aptamer induced by montmo-
rillonite, 2D 1H-1H NOESY data were collected. Resonance
assignment of aromatic protons in the MG-aptamer-identi-
fied NOE patterns that support the formation of the terminal
stem (G1-C5: G34-C38) and internal stem (U11-C14: G19-
A22) with a GAGA tetraloop, consistent with previous
NMR studies of the MG aptamer (Fig. 5, b and c) (62). In
the presence of a moderate concentration of montmoril-
lonite (4 mg/mL), the signals corresponding to the terminal
stem and the bulge of the binding pocket were undetectable
or substantially broadened, while signals corresponding to
the internal stem and GAGA tetraloop remained intact
(Fig. 5 b). These results indicate that 4 mg/mL montmoril-
lonite denatured the terminal stem and the bulge to abolish
MG binding, while the GAGA-containing stem-loop re-
mained unaffected (Fig. 5 c).
Adsorption and melting of an RNA duplex on
montmorillonite

As seen for the RNA aptamer, a fluorescently labeled single-
strand RNA (ssRNA) oligonucleotide (10 bases in length)
adsorbed strongly to the montmorillonite surface
(Fig. S5). Interestingly, the apparent Ka value of 11.1 5
2.3 mL/mg (apparent KD ¼ 0.09 mg/mL), determined
from the binding curve, was �100-fold higher than the
apparent Ka observed for the RNA aptamer (Fig. 1 and
Table 1), indicating substantially stronger binding of the
oligonucleotide to montmorillonite.

Given that the data from the MG aptamer indicated desta-
bilization of the binding pocket in the presence of montmo-
rillonite, we tested whether the secondary structure of an
RNA duplex would also be destabilized when adsorbed
onto montmorillonite. Although light scattering from the
mineral particles interferes with monitoring of secondary
structure by circular dichroism, FRET can be used to probe
Biophysical Journal 123, 451–463, February 20, 2024 457



a b c

FIGURE 4 FRET between fluorescein label at the 50 end of the MG aptamer (donor) and the MG dye (acceptor). (a) Schematic representation of the FRET

between the 50-fluorescein label and MG present at the binding pocket of the aptamer. (b) In the absence of montmorillonite, no acceptor signal was observed

without MG (blue), but an FRET signal (indicated by an arrow) was observed whenMGwas added (red). Control (black)¼MG dye alone. (c) In the presence

of 1 mg/mL montmorillonite, the acceptor signal was not detectable. [MG] ¼ 23.6 mM, [aptamer] ¼ 1.05 mM. a.u., arbitrary units. Fluorescence emission

spectra were measured with excitation at 480 nm.
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duplex formation of a doubly labeled RNA duplex (Fig. 6 b).
The melting temperature (Tm) of the RNA oligonucleotide,
annealed as a duplex with a complementary RNA oligonu-
cleotide, was determined by monitoring the ratio of donor-
to-acceptor fluorescence with increasing temperature. In so-
lution without montmorillonite, the Tm of the preannealed
duplex was found to be 24.3�C5 2.3�C, and with montmo-
rillonite (10 mg/mL) the Tm was not significantly changed
(22.8�C 5 1.2�C; Table 2 and Fig. 6 c). Therefore, in
contrast to the aptamer binding pocket, adsorption to mont-
morillonite did not appear to destabilize the RNA duplex
significantly. Adsorption to montmorillonite was confirmed
by incubating the RNA duplex with montmorillonite and
checking for depletion of both strands from the supernatant,
at both room temperature and 37�C (Fig. S6). To determine
whether the RNA duplex could also become hybridized in
the presence of montmorillonite, we first adsorbed one
RNA strand to montmorillonite and then added the second
strand. The resulting RNA exhibited a similar melting tem-
perature (25�C; Fig. 6 c), indicating that ssRNA adsorbed to
montmorillonite was capable of hybridizing with its com-
plementary strand.
Adsorption and melting of DNA on
montmorillonite

To probe the generality of nucleic acid adsorption onto
montmorillonite, we also studied how montmorillonite
affected a DNA duplex and a DNA hairpin using FRET
(Fig. 7, a and b). These structures are analogous to each
other, sharing the same base pairs, except that the DNA
hairpin includes a poly(T) tetraloop. The apparent Ka values
were estimated to be 0.32 5 0.02 mL/mg (apparent KD ¼
3.13 mg/mL) for an ssDNA oligonucleotide and 0.032 5
0.005 mL/mg (apparent KD ¼ 31.3 mg/mL) for the DNA
hairpin in the presence of Mg-citrate (Figs. S7 and S8; Ta-
ble 1). The ssDNA apparently bound more weakly than
the ssRNA oligonucleotide to montmorillonite, and the
458 Biophysical Journal 123, 451–463, February 20, 2024
DNA hairpin bound more weakly than both single-stranded
oligonucleotides or the aptamer to montmorillonite. Howev-
er, binding of both DNAs was greater in the presence of
MgCl2 compared to Mg-citrate (Figs. S7 and S8; Table 1).
As observed for the RNA duplex, the melting temperatures
of both the DNA duplex and the DNA hairpin were not
significantly perturbed by binding to montmorillonite
(10 mg/mL) (Table 2), although the shapes of the melting
curves were somewhat altered (Fig. 7, a and b), suggesting
possible changes in the cooperativity of the melting transi-
tions. Adsorption to montmorillonite was confirmed by
incubating the DNA duplex with montmorillonite and
checking for depletion of both strands from the supernatant,
at both room temperature and 37�C (Fig. S6).
DISCUSSION

The predicted presence and possible importance of minerals
during early prebiotic evolution creates a need to understand
how minerals affect RNA folding and function. The known
adsorption of nucleic acids to minerals raises the possibility
that folding and, thus, function could be substantially per-
turbed by minerals, an expectation that has been supported
by simulation studies. While self-cleaving ribozymes were
found to be relatively tolerant of montmorillonite (48), mo-
lecular dynamics studies suggested that the reason for this is
that the mineral promotes an alternative catalytic mecha-
nism for the ribozyme, a feature that might not be available
more generally to functional RNAs (51). Here we expanded
the scope of experimental work to understand the effect of
montmorillonite on nucleic acids, including both secondary
and tertiary structure, by studying the MG aptamer, an
ssRNA oligonucleotide, an RNA duplex, a DNA duplex,
and a DNA hairpin.

Adsorption of each nucleic acid to montmorillonite could
be fit to a Langmuir adsorption isotherm model, yielding an
apparent association constant Ka. Certain mineral surfaces
have been shown to selectively enrich longer RNA
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FIGURE 5 Structural changes in the MG ap-

tamer probed by NMR. (a) The aromatic proton re-

gion of 1D NMR spectra collected for MG aptamer

upon montmorillonite titration is shown. (b) Aro-

matic region of 2D NOESY NMR spectra in the

absence (left) or presence (right) of montmoril-

lonite (4 mg/mL) are shown. The NOE connectiv-

ities between ribose H10 proton and aromatic H8/

H6 proton in the internal stem and the terminal

stem are denoted as blue and orange dashed lines,

respectively. H2 protons of adenosines (A4, A22,

and A36) are labeled vertically (denoted as

‘‘.h2’’). NMR signals from the terminal stem

broadened or disappeared in the presence of mont-

morillonite, suggesting the base pairings were no

longer formed. The signal intensity of U11 and

A22 are weaker than the intensities without mont-

morillonite, indicating partial denaturation of U11-

A22-A26 base interactions (indicated by lighter

color). (c) Schematic representation of the second-

ary structure of MG aptamer in presence and

absence of 4 mg/mL montmorillonite.

Effect of montmorillonite on RNA
molecules due to the free energy penalty for covering the
same surface with smaller oligomers (18). For example,
the Azoarcus recombinase ribozyme can self-assemble to
produce multiple products, the longest of which (300–350
nt) could be accumulated on mineral surfaces (18). If ad-
sorbed RNAs were functional, this effect could provide a
chemical selection for increasing the information content
of the adsorbed RNAs. However, here we observed that
although ssRNA (10 nt) bound strongly to montmorillonite,
the binding affinities of ssDNA and the structured nucleic
acids, namely the DNA hairpin (24 nt) and the MG RNA ap-
tamer (38 nt), to montmorillonite were relatively weak,
despite being longer sequences. The relative weakness of
structured nucleic acids binding to montmorillonite might
be understood to be due to electrostatic considerations. Cat-
ions are required to mediate the interaction between the
negatively charged mineral surface and the negatively
charged phosphate backbone of the nucleic acids (65). For
example, in one study, divalent Caþ2- or Mgþ2-montmoril-
lonite was more effective for adsorption of polyadenylic
acid, polyuridylic acid, polydeoxyadenylic acid, polydeoxy-
thymidylic acid, and chromosomal DNA compared to
monovalent Naþ-montmorillonite (23). Montmorillonite
K10, used in the present study, is a commercially available
acid-treated preparation containing a mixture of cations
including Kþ, Naþ, and Ca2þ. While the acid treatment is
expected to replace exchangeable cations by protons (66–
68), buffers used in these experiments also contained mono-
valent and divalent cations, and the pH change associated
with montmorillonite addition was relatively small (<0.1
pH unit change given up to 20 mg/mL montmorillonite
K10; Table S2). Due to its pretreatment, montmorillonite
Biophysical Journal 123, 451–463, February 20, 2024 459



TABLE 1 Ka values of binding with montmorillonite

Sample Apparent Ka for montmorillonite (mL/mg)

Apparent KD (1/Ka) for montmorillonite (mg/

mL)

MG aptamer 0.11 5 0.05 9.1

ssRNA (TAMRA-labeled) 11.1 5 2.3 0.09

ssDNA (TAMRA-labeled) 0.32 5 0.02 (Mg-citrate) 3.13

ssDNA (fluorescein-labeled) 1.22 5 0.15 (MgCl2) 0.82

DNA hairpin 0.032 5 0.005 (Mg-citrate) 31.3

0.32 5 0.04 (MgCl2) 3.13

MG 0.35 5 0.10 2.86

Results from direct nonlinear fitting to the binding curve are given for all entries except MG (Fig. S2 b).
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K10 lacks interlayer channels of smectite clays, which may
inhibit the ability to catalyze RNA polymerization
(26,40,69), and does not occur naturally. While adjustment
of the montmorillonite preparation and salt and buffer con-
ditions would likely influence its binding properties, the
comparisons among different nucleic acids in the present
study pertain to the same clay preparation and solution con-
ditions. Double-stranded nucleic acids, having increased
negative charge per molecular length unit compared to sin-
gle-stranded nucleic acids, are known to be less well ad-
sorbed (23), consistent with the pattern of apparent Ka

values observed here. This difference might be mitigated
by higher cation concentrations resulting in greater charge
shielding. In addition to electrostatic interactions, hydrogen
bonding and van der Waals forces can contribute to adsorp-
tion of nucleic acids to montmorillonite (17,26), possibly
contributing to the difference noted between ssRNA and
ssDNA. For large DNAs, structural configuration also plays
an important role, as closed circular plasmid DNA adsorbs
more poorly than linear double-stranded DNA due to the
difference in accessibility of interacting groups (70).
Although the experiments reported here were not designed
to study the mechanism of nucleic acid binding to montmo-
rillonite, ssDNA and ssRNA adsorbed to montmorillonite
a b

FIGURE 6 Melting studies with RNA and montmorillonite. (a) Bulk fluoresc

absence (gray squares) of 1 mg/mL montmorillonite at various temperatures. A

ples. Fluorescence was normalized to the value at 1�C (excitation at 617 nm, em

with montmorillonite and 34.2�C5 2.3�C without montmorillonite.) (b) Schem

curves of the RNA duplex, formed through stepwise addition of the two strands (

morillonite. Fluorescence was measured with excitation at 450 nm and emissio

(Tm ¼ 22.8�C 5 1.2�C with montmorillonite and 24.3�C 5 2.3�C without mo
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were found to be capable of forming a stable duplex with
the complementary strand, consistent with earlier reports
(47), and the melting temperature of the adsorbed DNA
hairpin was not affected by adsorption to montmorillonite.
These observations indicate that secondary structures may
still form and remain intact on montmorillonite, consistent
with the retention of certain ribozyme activities, at least at
a low level, and templating ability (as described above).
Thus, although adsorption of structured nucleic acids is rela-
tively weak compared to single strands, some secondary
structures appear to be relatively unperturbed on
montmorillonite.

At the same time, certain secondary and tertiary struc-
tures and, thus, function were sensitive to adsorption. The
MG aptamer is an RNA consisting of a ligand-binding
loop between two helical regions. The ligand-binding site
includes base pairs, a base triple, and a base quadruple, as
well as orthogonal interactions between bases and the ligand
(71). Binding of the ligand relies primarily on stacking and
electrostatic interactions and includes an entropic penalty
due to restriction of the MG ligand (72). Although MG bind-
ing does not require Mg2þ (71), the binding pocket is stabi-
lized by monovalent or divalent metal ions, permitting a
contrast to the case of the hammerhead ribozyme, where
c

ence of the MG aptamer was monitored in the presence (red triangles) or

representative plot is shown; data were obtained for three independent sam-

ission at 660 nm). RFU, relative fluorescence units. (Tm ¼ 15.8�C 5 1.3�C
atic representation of the 10-bp RNA duplex with FRET labels. (c) Melting

dotted line), with (red triangles) or without (gray squares) 10 mg/mL mont-

n at 520 and 585 nm. The ratio F520/F585 was normalized between 0 and 1.

ntmorillonite.).



TABLE 2 Melting temperatures of oligonucleotides adsorbed

on montmorillonite

Sample Buffer only Montmorillonite (10 mg/mL)

RNA duplex 24.3�C 5 2.3�C 22.8�C 5 1.2�C
DNA duplex 10.5�C 5 0.6�C 9.8�C 5 0.2�C
DNA hairpin 68.4�C 5 1.9�C 69.1�C 5 2.5�C
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simulations indicated that the loss of Mg2þ upon binding to
clay could be compensated by adoption of a new Mg2þ-in-
dependent mechanism (51). Here, multiple observations
(decreased fluorescence, red-shifted emission spectrum,
decreased FRET, lower melting transition temperature) indi-
cated a loss of MG-aptamer binding in the presence of mont-
morillonite. In addition, 2D NOESY NMR spectra collected
in the presence and absence of montmorillonite showed that
while the GAGA stem-loop was intact in the presence of
montmorillonite, the terminal stem and bulge residues of
the binding pocket were denatured. Given that the terminal
stem anchors one end of the binding pocket, this structural
disruption is the likely cause of decreased aptamer activity.
Prior studies suggest that the terminal base could tether the
RNA to the montmorillonite (24), in addition to electrostatic
interactions with the mineral that can cause conformational
changes in ssRNA (65). Thus, interaction of the RNA termi-
nus with montmorillonite appears to lead to denaturation of
the terminal stem, disrupting binding activity, although the
GAGA tetraloop hairpin was relatively unperturbed. Inter-
estingly, the GAGA tetraloop belongs to the GNRA tetra-
loop (N ¼ A, U, G, C; R ¼ A, G) family known to lower
the Gibbs free energy of the internal stem, forming an un-
usually stable structure that includes a G-A wobble pair,
additional H-bonds, and extensive base stacking (73–75),
perhaps enabling its preservation in the presence of
montmorillonite.

These results suggest that while some processes involving
duplexes, such as hairpin formation and templating for repli-
a b
cation, may tolerate adsorption of the RNA to montmoril-
lonite, functional RNAs may or may not be compatible
with adsorption depending on whether binding to montmo-
rillonite disrupts functionally important contacts. Whether
an aptamer or ribozyme retains activity would depend on
details of its mechanism and on the specifics of its interac-
tions with the surface as well as dissolved salts and solution
conditions. While self-cleaving ribozymes have been shown
to tolerate adsorption with only moderate loss of activity,
this tolerance is not generalizable, as the present studies us-
ing the MG aptamer demonstrate. If montmorillonite, or
other clay minerals, were the site of the RNAworld, the sur-
face itself would be a limiting factor in determining which
activities and mechanisms could emerge.
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FIGURE 7 Melting of DNA constructs with

montmorillonite. Melting curves for the DNA

duplex (a) and DNA hairpin (b) with (red triangles)

or without (gray squares) 10 mg/mL montmoril-

lonite show little effect of montmorillonite on

melting temperature. Schematic diagrams of the

DNA constructs are shown with FRET labels in

respective insets. Fluorescence was measured

with excitation at 450 nm and emission at 520

and 585 nm. The ratio F520/F585 was normalized

between 0 and 1. (Tm for DNA duplex: 9.8�C 5

0.2�C with montmorillonite, 10.5�C 5 0.6�C
without montmorillonite; Tm for hairpin:

69.1�C 5 2.5�C with montmorillonite, 68.4�C 5

1.9�C without montmorillonite).
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