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In this study, we use native polyacrylamide gel elec-
trophoresis and one-dimensional NMR spectroscopy
to analyze small RNA hairpins containing a UUCG
tetraloop. The aggregation state of one RNA 16-mer
(6’-CGGCUUCGGUCGACCA-3') in the presence of
Mg** was confirmed by laser light scattering. Although
it is widely known in the RNA field that some RNAs
tend to aggregate, especially when present at high
concentrations, the sequence elements responsible for
this effect are rarely identified. In this work, we show
that Mg®'-induced aggregation of the 16-mer RNA
hairpin is sensitive to the presence of the 3'-terminal
base and a specific 2'-hydroxyl group. Our study high-
lights the fact that even small changes in a particular
RNA sequence can increase its tendency to undergo
Mg®*-dependent aggregation in an unpredictable man-
ner. Our analysis also shows that native gel electro-
phoresis is a sensitive probe of RNA conformation
with the capability to detect differences apparently
caused by subtle base stacking effects at the ends of
helices. © 1999 Academic Press
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It is well established that divalent metal ions such as
Mg®" play an important role in the structure and fold-
ing of RNA. For this reason, it is of great interest to
include metals in structural analyses of RNAs by solu-
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tion NMR or X-ray crystallography. However, small
sequence differences can induce rather significant con-
formational or topological changes in RNA in the pres-
ence of magnesium (1). We have observed this in our
functional studies of small RNA helices that mimic the
acceptor stem of tRNAs. In particular, as reported
here, a single base pair transversion (5'-G:C to 5’-C:G)
causes a dramatic change in the mobility of an RNA
hairpin containing a UUCG tetraloop (16-mer) on both
denaturing and native polyacrylamide gels, as well as
significant broadening of the resonances revealed by
NMR spectroscopy. Using laser light scattering, we
confirmed that Mg”*-dependent aggregation of the C:G
RNA variant was responsible for the anomalous gel
mobility and the appearance of the NMR spectra. Al-
though it is widely known in the field of RNA research
that some RNAs aggregate at high concentrations,
careful documentation of the causes of aggregation is
lacking in the literature. In the present work, we
sought to identify specific sequence elements that are
responsible for the apparent conformational heteroge-
neity induced by the base pair transversion. This anal-
ysis also shows that native gel electrophoresis is a
useful probe of sequence-dependent conformational
differences in small RNAs, including those caused by
subtle stacking effects at the end of a helix.

MATERIALS AND METHODS
RNA Synthesis and Purification

RNA synthesis chemicals, the 2’'-deoxyguanosine
phosphoramidite, and the controlled pore glass solid
supports were from Glen Research (Sterling, VA). All
other RNA phosphoramidite monomers were pur-
chased from Chemgenes (Waltham, MA). Ultrahigh
purity acetonitrile and dichloroethane were obtained
from J. T. Baker. MgCl, (99.995%) was from Aldrich.
All buffers were prepared using diethylpyrocarbonate-
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treated water to reduce RNase contamination (2). RNA
oligonucleotides were synthesized using the phos-
phoramidite method on a Gene Assembler Special
(Pharmacia), deprotected, gel purified on denaturing
16% polyacrylamide-TBE gels, eluted, and desalted in
the usual manner (3, 4). *P-end-labeled RNA was pre-
pared using [y-*PJATP according to a published pro-
cedure (2), purified on 16% polyacrylamide gels, and
worked up in the same manner as unlabeled RNA. The
RNA used for NMR analysis was further purified by
extensive buffer exchange with the NMR buffer (100
mM NaCl, 10 mM NaPO,, pH 6.2) using Centricon 3
concentrators (Amicon). The Centricons were prepared
by shaking overnight at 250 rpm in the NMR buffer
and then centrifuged with 1 mL NMR buffer at 6750g
15 times. RNA was then applied to the Centricons and
washed first with 5 X 1 mL 0.1 M EDTA followed by
5 X 1 mL NMR buffer. The volume was reduced to 630
pnL, D,O was added to 700 uL final volume, the sample
was annealed according to the procedure below, and
was transferred to the NMR tube. RNA concentrations
were determined using the following extinction coeffi-
cients: 9-mer, 8.90 X 10* 13-mer, 10.7 X 10*; 14-mer,
11.5 X 10* 15-mer, 12.0 X 10* 16-mer, 13.0 X 10%
22-mer, 17.1 X 10* M ' cm .

Native Gel Electrophoresis

Native gel electrophoresis was carried out with 16%
polyacrylamide-Tris—glycine-MgCl, gels at 4 or 20°C
(2, 5). In some experiments MgCl, was omitted from
the gel. RNA hairpin samples were annealed in 50 mM
Hepes (pH 8.0) by heating at 80°C for 2 min, cooling to
60°C for 2 min, ddding MgCl, to 10 mM, and cooling
slowly to room temperature before finally placing them
on ice. Equimolar amounts of each strand of RNA du-
plex samples were annealed in 50 mM Hepes (pH 8.0)
by heating at 80°C for 2 min, cooling to 60°C for 2 min,
adding MgCl, to 10 mM, and immediately placing them
on ice. Immediately before loading onto the gel, glyc-
erol was added to 40% final concentration. Unless oth-
erwise indicated, 190-280 uM (20-30 pg in 20 uL)
RNA was loaded per lane and bands were visualized by
UV-shadowing. When autoradiography was used to vi-
sualize the RNA, *P-end-labeled RNA was combined
with the appropriate concentration of unlabeled RNA
before annealing.

Light Scattering

Laser light scattering experiments were performed
using a Lexel Model 95-3 argon-ion laser operating at a
wavelength of 488 nm and a power output of 100-250
mW. The laser beam was focused on a cylindrical scat-
tering cell immersed in a thermostatically controlled
oil bath. RNA samples were freshly annealed at a
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concentration of 410 uM in 50 mM NaCl and 10 mM
NaPO, (pH 7.0) and passed through a 0.2-um filter
directly into acid-washed cells. Scattered light was de-
tected with an ITT FW-130 photomultiplier tube at
scattering angles of 30-90°. MgCl, was added from a
0.625 M stock. Apparent molecular weights were cal-
culated using benzene as a reference scatterer. The
refractive index increment was taken as 0.201 mL/g

(6).

Nuclear Magnetic Resonance Spectroscopy

"H NMR spectroscopy was performed either at 500 or
600 MHz on Varian Inova spectrometers. Observation
of the imino protons was accomplished with the use of
pulsed-field gradients. RNA samples contained 1 mM
oligomer in 700 uL of 90% H,0/10% D,O buffer con-
taining 100 mM NaCl, 10 mM NaPO, (pH 6.2) and
2.5 uM 2,2,3,3-tetradeuterio-3-trimethylsilylpropionic
acid as a reference. The 16K spectra with 64 transients
were routinely collected. Free induction decays were
either transferred to a Silicon Graphics computer and
analyzed using Felix 3.5 or transferred to a Sun work-
station and analyzed using VNMR. Imino protons were
assigned by comparison of data reported for similar
sequences (7-10) and confirmed by the observation of
interresidue NOEs as will be described in detail else-
where.

RESULTS

Using model RNA duplex substrates that mimic the
acceptor stem of tRNA**, we previously showed that a
single transversion at the terminal G:C base pair elim-
inated aminoacylation by alanyl-tRNA synthetase (11).
Small RNA hairpins containing UUCG tetraloops are
also substrates for alanyl-tRNA synthetase (Fig. 1,
TL-I) (12), and a base pair transversion at position 1:12
eliminates aminoacylation (Fig. 1, TL-II). In the course
of preparing large quantities of these small RNA hair-
pins for structural studies, we noticed that TL-I and
TL-II had different electrophoretic mobilities even on a
denaturing polyacrylamide gel. This result prompted
us to use native gel electrophoresis to examine poten-
tial conformational differences between the two RNA
samples. On a native polyacrylamide gel containing
190 uM (20 pg in 20 uL) RNA per lane and 10 mM
MgCl, in both the gel and the running buffer, we ob-
served a striking difference in the migration pattern of
TL-I and TL-II (Fig. 2A). TL-I (G1:C12) migrates faster
and runs as a single, compact band (Fig. 2A, lane 1),
whereas TL-II (C1:G12) migrates as a smeared band
significantly slower than TL-I (Fig. 2A, lane 2). We
observe this difference regardless of whether electro-
phoresis is at 4 or 20°C. When similar amounts of TL-I
and TL-II were electrophoresed on native gels in the
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FIG. 1. The sequences of the chemically synthesized RNA hairpins
and duplexes used in this study. The boxed base pair in TL-I indi-
cates the position of interest in this study. All of the changes made in
the RNA hairpins relative to TL-I are boxed and shaded. Dup-I and
Dup-II are 9-base-pair duplexes derived from TL-IV and TL-V, re-
spectively.

absence of MgCl,, the two samples co-migrated (Fig.
2B). A similar result was obtained when the MgCl, in
the gel was replaced with 15-30 mM NaCl (data not

A TLd

TL-II

1 2

B TL-l TL-HI

1 2

FIG. 2. Native polyacrylamide gel electrophoresis of the hairpin
variants. Electrophoresis was at 4°C with 190 uM (20 ug in 20 uL)
RNA loaded per lane. Lane 1, G1:C12 hairpin (TL-D); lane 2, C1:G12
hairpin (TL-II). (A) With 10 mM MgCl, in the gel and in the running
buffer; (B) without MgCl,. RNA was visualized by UV-shadowing.
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FIG. 3. Native polyacrylamide gel electrophoresis of varying con-
centrations of TL-I and TL-II. The **P-labeled RNAs were combined
with nonradioactive RNA at the final concentrations indicated in a
volume of 25 uL and annealed before electrophoresis in the presence
of 10 mM MgCl, at 20°C. Lanes 1-7: TL-II at 0.1 uM (lane 1), 1 uM
(lane 2), 5 uM (lane 3), 10 uM (lane 4), 50 uM (lane 5), 100 uM (lane
6), 200 uM (lane 7); lanes 8 and 9: TL-I at 200 uM (lane 8), 50 uM
(lane 9). RNA was visualized by autoradiography.

shown). Therefore, the observed difference in gel mo-
bility is Mg**-dependent, and a monovalent cation does
not induce this effect. The retarded mobility and
smeared appearance of the C1:G12-containing hairpin
in the presence of Mg** suggests a significant degree of
conformational heterogeneity and/or aggregation.

To assess the aggregation state of the species present
in the smeared band observed for TL-II, we **P-end-
labeled both TL-I and TL-IT and electrophoresed sam-
ples of various concentrations (0.1 to 200 uM) on a
native gel. We found that TL-II comigrated with TL-I
at low concentrations (0.1 to 10 uM; Fig. 3, lanes 1-4),
but that the gel mobility of TL-II decreased with in-
creasing sample concentrations (50 to 200 uM; Fig. 3,
lanes 5-7), behavior that is consistent with aggrega-
tion. In contrast, TL-I migrated as a single, compact
band and was apparently a monomer at all concentra-
tions examined (Fig. 3, lanes 8 and 9).

The conclusions from the native gel analysis were
supported by solution NMR spectroscopy. The imino
proton signals provide a convenient assay of base pair-
ing, as each Watson—Crick base pair contributes one
imino proton to the downfield region of the spectrum.
The imino protons in the UUCG tetraloop are not nor-
mally observed (except occasionally at temperatures
below 10°C and at pH values that minimize proton
exchange). The imino proton spectra as a function of
magnesium concentration are illustrated in Fig. 4. At
all concentrations examined, Mg®* has little effect on
the appearance of the TL-I spectrum (Fig. 4A). We note
that the resonances assigned to G1 and G2 are shifted
slightly upfield in the presence of Mg®*. Addition of
Mg*" to duplexes that resemble the top portion of TL-I
was previously shown to result in small line-shift
changes (8). This may be the due to the presence of a
specific divalent metal binding site between the second
and third base pairs (8, 13). For TL-II, each base-
paired imino proton is observable at 0 mM Mg®>*. As the
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FIG. 4. The imino region of the proton NMR spectrum of TL-I and TL-II in the presence of varying amounts of Mg®*. (A) The G1:C12 and
(B) C1:G12 hairpins in the presence of 0 (top), 5 mM (middle), and 10 mM (bottom) MgCl,.

concentration of Mg®" increases, the imino proton
peaks decrease in size and eventually (at 10 mM Mg*")
nearly disappear (Fig. 4B). In the aromatic and ribose
sugar regions of the TL-II spectra, most of the peaks
are also broadened and/or significantly reduced in size.
Therefore, the disappearance of the imino proton sig-
nals does not appear to signify unfolding of TL-II, but
rather suggests that the molecular weight of the sam-
ple has increased beyond the detection limits of NMR.
These spectra are consistent with the interpretation
that Mg®" induces aggregation of TL-II.

We also used laser light scattering to assess the
aggregation state of the samples, and to try to quantify
the number of RNAs associating in the slower migrat-
ing bands on the native gel shown in Fig. 2A. Figure 5
shows a plot of the intensity of scattered light for both
RNA hairpins (410 uM) as a function of magnesium
concentration. Our analysis of this data indicates that
TL-I is a monomer at all Mg®" concentrations exam-
ined (0-25 mM). However, the weight-average molec-
ular weight of TL-II is slightly larger than the pre-
dicted molecular weight of a monomer at Mg** = 2.5
mM, about a “1.5-mer”; this RNA forms aggregates of
increasing size at Mg”" concentrations above 2.5 mM
(Fig. 5). At 10 mM MgCl,, conditions routinely em-
ployed in the native gel experiments, the light scatter-
ing data indicate that TL-II forms particles approxi-
mately four times the monomer molecular weight.

Particles approximately eight times the monomer mo-
lecular weight are present when the concentration
reaches 25 mM MgCl,.

To begin to investigate the role of the C1:G12 base
pair in the Mg”*-dependent aggregation of TL-II, we
replaced G12 with 2’-dG12. This substitution, which
results in specific deletion of the 2'-hydroxyl of G12,
causes the RNA to migrate as a compact band slightly
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FIG. 5. Plot of the raw scattering intensities from the G1:C12
sample (TL-I) and C1:G12 sample (TL-II) as a function of added
MgCl,. The data plotted here were obtained at a scattering angle of
90°. The intensity values are given in the units of kilophoton counts
per second (kent/s).
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FIG. 6. (A) Native polyacrylamide gel electrophoresis of TL-I (lane
1), dG12-TL-II (lane 2), and TL-II (lane 3). (B) Effect of helical stem
on native gel mobility of small RNAs. Lane 1, TL-V; lane 2, TL-1V;
lane 3, TL-II; lane 4, TL-I; lane 5, Dup-II; lane 6, Dup-I. Electro-
phoresis was at 25°C in the presence of 10 mM MgCl, with 190 uM
(20 pg in 20 pL) RNA loaded per lane. RNA was visualized by
UV-shadowing.

faster than TL-I (Fig. 6A, lane 2). Therefore, the ag-
gregation of TL-II depends on the 2’'-hydroxyl at posi-
tion 12 in addition to the presence of Mg** (Fig. 2).

The TL-I and TL-II sequences both have a G:U pair
at the third position of the helix. Substitution of G:C at
this position in TL-II (Fig. 1, TL-III) also resulted in an
RNA that migrated as a smeared band on a native gel,
similar to TL-II (data not shown). Therefore, the ag-
gregation does not depend on the presence of a wobble
base pair at the third position.

To determine the effect of the length of the helical
stem on these observations, we prepared RNA hairpins
with three additional base pairs inserted between G3:
U10 and the closing base pair of the tetraloop. We
analyzed both G1:C18 (Fig. 1, TL-IV) and C1:G18 (Fig.
1, TL-V) variants in this context. In contrast to the
shorter hairpins (Fig. 6B, lanes 3 and 4), the RNAs
with longer helices essentially comigrated as single
compact bands at high concentrations and in the pres-
ence of Mg*" (Fig. 6B, lanes 1 and 2). In particular, no
aggregation of the C1:G18 variant was observed. The
slightly increased migration of the C1:G18 variant
(TL-V) is presumably due to differences in stacking of
the single-stranded A19 over the first base pair (see
below). We observed a similar result in a comparison of
the native gel migration of nine base pair duplexes that
did not contain a loop (Fig. 1, Dup-I and Dup-II), but
that had similar sequences to TL-IV and TL-V (Fig. 6B,
lanes 5 and 6). Thus, the length of the stem appears to
be an important factor in the aggregation phenomenon.
Based on these experiments, we cannot rule out the
possibility that the identity of the fourth base pair,
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which is C:G in the shorter hairpins and G:C in the
longer variants, also contributes to the observed behav-
ior.

To further explore the RNA sequence elements re-
sponsible for TL-II aggregation, we designed a series of
native gel electrophoresis experiments using variants
of both hairpins. First, we analyzed truncated hairpin
samples prepared without the single-stranded
ACCA-3' overhang. The two truncated hairpins (12-
mer) migrated similarly on a native gel in the presence
of Mg** (Fig. 7, lanes 1 and 10). We also synthesized
hairpins with A-3’, AC-3’, and ACC-3’ overhangs (13-,
14-, and 15-mer, respectively). These variants were
analyzed on the same native gel as the 12-mer and
full-length 16-mer hairpins. Upon addition of A13 (13-
mer), the distance that the two samples migrated dif-
fered slightly, apparently due to differences in stacking
a 3'-purine onto a closing G:C versus a C:G base pair
(Fig. 7, lane 2 versus lane 9). After addition of each of
the next two C residues, the two RNAs essentially
comigrated in the native gel (Fig. 7, lanes 3 versus 8,
and lane 4 versus lane 7). Only when the last adeno-
sine residue (A16) was present at the 3’ terminus was
the large difference in migration between the G1:C12
and C1:G12 variants observed (Fig. 7, lane 5 versus
lane 6). This experiment shows that the presence of
A16 somehow induces the aggregation of the C1:G12-
containing hairpin.

1 2 3 4 5 6 7 8 9 10

FIG. 7. Native polyacrylamide gel electrophoresis of full-length
and truncated hairpin variants. The sequence of each hairpin is
shown above each lane, with black dots representing nucleotides
conserved in each variant (see Fig. 1). Lanes 1 and 10, 12-mer; lanes
2 and 9, 13-mer; lanes 3 and 8, 14-mer; lanes 4 and 7, 15-mer; lanes
5 and 6, 16-mer. Electrophoresis was at 20°C in the presence of 10
mM MgCl, with 190-250 uM (20 pg in 20 pL) RNA loaded per lane.
RNA was visualized by UV-shadowing.
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FIG. 8. Electrophoresis of 13-mer RNA sequence variants analo-
gous to those run in lanes 2 and 9 in Fig. 7. Lane 1, A1:U12; lane 2,
U1:A12; lane 3, G1:C12; lane 4, C1:G12. Electrophoresis conditions
were the same as those in Fig. 7.

Figure 7 also shows that native gel electrophoresis
appears to be a very sensitive probe of sequence-depen-
dent stacking differences at the ends of helices. The
13-mer containing a G1:C12 base pair (lane 2) migrates
significantly faster than the C1:G12-containing 13-mer
(lane 9). Both of the RNAs end with a 3’-A single base
overhang. Similar differences are observed for 13-mer
containing A:U versus U:A terminal base pairs and a
3'-A overhang (Fig. 8).

DISCUSSION

Divalent metal ions are an important physiological
component of folded RNAs in vivo and can induce both
subtle and dramatic changes in RNA structure in vitro
(1, 14-20). For example, Lilley and co-workers have
shown that there is a specific backbone 2'-hydroxyl and
base requirement at position G5 for proper magnesium
ion-dependent folding of the hammerhead ribozyme
into an active conformation (1). It should be noted that
RNASs containing the UUCG tetraloop used in the stud-
ies reported here have not been shown to associate via
loop—loop interactions (21, 22). While it is of interest to
include metal ions in structural analyses of RNA, di-
valent ions often induce RNA aggregation, especially at
the high RNA concentrations required for solution
NMR or crystallography studies. In our study, the
Mg**-induced structural heterogeneity and apparent
aggregation of TL-II, which we first observe using a
native gel assay and one-dimensional solution NMR,
was confirmed to be aggregation using laser light scat-
tering techniques. While structural details remain un-
known, we show that specific sequence elements (in-
cluding the 3’-terminal A16 and the 2'-hydroxyl of
G12) and magnesium influence the tendency of RNA
TL-II to adopt different aggregation states. Our study
of small RNA hairpins supports the notion that even
subtle changes in base or backbone composition can
induce (or prevent) magnesium-dependent structural
heterogeneity and aggregation of RNAs.

Previous studies have also demonstrated that the
stability of RNA-RNA interactions does not vary sim-
ply with the number of Watson—Crick base pairs that
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can form, but depends on other factors such as base
stacking effects (23-25). According to nearest neighbor
free energy parameters (24, 26), the G1:C12 13-mer
derived from TL-I, which contains a 3’-A single base
overhang, is predicted to have greater stability than
the analogous C1:G12 variant (AAG = 1.5 kcal/mol).
This difference is significant, and is presumably due to
more favorable stacking of a 3’-A over the terminal
G1:C12 base pair. Our analysis shows that native gel
electrophoresis is sensitive to conformational varia-
tions apparently caused by subtle 3’'-base stacking dif-
ferences (Figs. 6B, 7, and 8). A recent high-resolution
NMR structure of microhelix** (Fig. 1, TL-IV) predicts
a stacking interaction in which A73 (analogous to A19
in TL-IV) stacks over G1 on the opposite strand (27).
Although the structure of the C1:G18 variant (Fig. 1,
TL-V) is unknown, based on our gel electrophoresis
analysis, differences in 3'-base stacking interactions
are predicted relative to those observed in TL-IV. Mo-
lecular dynamics simulations and NMR studies are
currently underway to further define the structural
differences between these RNAs.
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