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Abstract

There are large differences between the intracellular environment and the conditions widely used
to study RNA structure and function in vitro. To assess the effects of the crowded cellular
environment on RNA, we examined the structure and ligand-binding function of the adenine
riboswitch aptamer domain in healthy, growing Escherichia coli cells at single-nucleotide
resolution on the minute timescale using SHAPE. The ligand-bound aptamer structure is
essentially the same in cells and in buffer at 1 mM Mg?2*, the approximate MgZ* concentration we
measured in cells. In contrast, the in-cell conformation of the ligand-free aptamer is much more
similar to the fully folded ligand-bound state. Even adding high Mg2* concentrations to the buffer
used for 7n vitro analyses did not yield the conformation observed for the free aptamer in cells.
The cellular environment thus stabilizes the aptamer significantly more than does Mg2* alone. Our
results show that the intracellular environment has a large effect on RNA structure that ultimately

favors highly organized conformations.
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The intracellular environment is vastly different from the simple buffered solutions used in
most in vitro explorations of biological macromolecular structure and function. For example,
macromolecules reach concentrations of 300 g/L and occupy up to 30% of the total cellular
volume! and cells contain complex mixtures of metabolites, ions, and polyamines.?* The
highly crowded intracellular environment increases the importance of two types of
interactions between macromolecules: hard-core repulsions and chemical interactions.
Hard-core repulsions reflect the impenetrable nature of atoms. These interactions reduce the
available conformational space, thus favoring compact states.® 7 Chemical interactions can
be attractive or repulsive. Repulsions arise from contacts between like charges and reinforce
the stabilizing hard-core effect. Attractive interactions include hydrogen-bonding,
juxtaposed complementary charges, and hydrophobic contacts, and binding by numerous
cellular proteins. Attractive interactions that expose more interacting surface to the crowding
molecules destabilize folded, compact states,® ? whereas specific protein binding will be
stabilizing. Low molecular weight species in the cytoplasm including metabolites,
polyamines and magnesium ion, also impose a combination of hard-core repulsions, non-
specific chemical interactions, and direct binding that are difficult to recapitulate in vitro.

RNA molecules are responsible for diverse cellular functions, many governed by precise
features of their three-dimensional structures. /n vitro studies show that crowding by
synthetic polymers has dramatic consequences on RNA folding.19-12 In addition, the
negatively charged backbone of RNA makes folding highly sensitive to cation and
polyamine concentrations.!3- 14 Despite these considerations, most explorations of RNA
structure and function employ purified RNAs and simple buffered solutions at Mg2+
concentrations significantly higher than those in cells. Studies of RNA structure 7n vitro have
yielded many important insights into the roles of structural motifs in RNA function;
however, a critical goal is to quantitatively monitor and understand the structure of RNA and
its interactions with small molecule and protein ligands in the cellular environment.

The most widely used approach to probe RNA structure in cells has employed the reagent
dimethyl sulfate (DMS) and these studies have yielded important insights into the
intracellular structure of several RNAs.!5 10 However, DMS reacts with only a few
functional groups, primarily adenosine (N1), to a lesser extent cytosine (N3), and with
guanosine (N7, although this adduct is not generally assayed in in vivo studies). In vivo
DMS probing studies are therefore best coupled with other information. 1©

Here, we apply SHAPE (selective 2/-hydroxyl acylation analyzed by primer extension) using
the fast-acting 1M7 reagent, which reacts nearly equally with all four RNA nucleotides,!” to
probe the effect of the intracellular environment on RNA structure. SHAPE yields
quantitative information on the degree to which a nucleotide is constrained by base pairing
or other interactions and has been widely used to develop secondary structure models and to
detect complex conformational changes in RNA in vitro'3-22, within membrane-
encapsulated viruses®* 2% and in cells.25 Applying SHAPE chemistry to living cells
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promises to improve our understanding of how the intracellular environment affects RNA
structure.

Riboswitch RNAs regulate gene expression by undergoing ligand-induced conformational
changes that ultimately enhance or inhibit expression of a linked gene.2® The add adenine
riboswitch structure has been well characterized in vitro. Its function in vivo depends on
binding the small metabolite adenine with high specificity. In the absence of ligand, the
aptamer domain has a disordered binding pocket; upon ligand binding, stable tertiary
interactions form (Figure 1A).26-31

We probed the ligand-bound and ligand-free states of the adenine riboswitch aptamer
domain in live E. coli cells. Although many non-specific RNA interactions occur in cells,
adenine binding to the aptamer is highly specific and causes large and well defined changes
SHAPE reactivity. The conformations of the ligand-bound aptamer in cells and in buffer
were highly similar; in strong contrast, the ligand-free form was generally less reactive in
cells than in buffer. Moreover, the pattern SHAPE reactivity in cells could not be achieved in
buffers containing 30 times the intracellular MgZ* concentration. The results show that the
net effect of the intracellular environment is to stabilize RNA tertiary structure, and
emphasize the importance of studying and understanding RNA structure in cells.

EXPERIMENTAL PROCEDURES

Concentration of Mg2* in E. coli Cells

Free Mg2* was measured using the intracellular chelator, mag-fura-2, acetoxymethyl (AM).
The free Mg2* concentration was obtained from the ratio of the fluorescence intensities of
the free and complexed dyes at 510 nm measured using excitation 380 nm and 340 nm,
respectively. Methods were adapted from those described previously.33 E. coli BL21(DE3)
cells were grown in LB at 37 °C, with shaking, until the optical density at 600 nm (ODgq)
reached ~1. Aliquots (12 mL) were centrifuged at room temperature for 15 min at 1500 x g,
washed once, and resuspended in 1.5 mL Mg2+-free buffer [10 mM HEPES (pH 7.4), 200
mM potassium acetate, 5 mM NaCl]. Cells were incubated with shaking at 37 °C for 10 min,
then 500 pl of dye mixture containing 20 uM mag-fura-2 AM and 60 pM Pluronic F-127
(Molecular Probes) was added. Dyes were prepared in MgZ*-free buffer from mag-fura-2
AM (5 mM, in anhydrous DMSO) and Pluronic F-127 [20% (w/v) in DMSO] stocks. After
dye addition, cells were incubated for 70 min at 37 °C with shaking. Cells were then
washed, resuspended in 2 mL of Mg2*-free buffer, and incubated for 30 min to ensure
hydrolysis of the intracellular dye. Cells were then washed twice and resuspended in MgZ*-
free buffer to yield an ODggg ~0.5 (~2 x 108 cells/mL). Cell viability was determined by
plating serial dilutions of cell suspensions on LB-agar plates containing 1 mg/mL ampicillin.

The fluorescence of cell suspensions (2.4 mL in a 3 mL cuvette with stirring) was measured
at 37 °C using a Varian Cary Eclipse fluorimeter. Excitation at 340 nm and 380 nm was
alternated at 1 s intervals, and emission was measured 510 nm. To quantify Mg2*-dependent
changes in fluorescence, MgZ* was added to cells at 100 s intervals (Figure SIA of
Supporting Information). The intensities and 340 nm/380 nm ratios were used to calculate

the internal Mg2* concentration:34
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[Mg**] =K., (Fo/Fe) (R = Rynin) / (Ruaz =R)

where Kp is the dissociation constant of the mag-fura-2/Mg%* complex (2.5 mM, see
below), Fy/Fs is the ratio of intensities with 380 nm excitation for no added Mg2* and
saturating Mg2*, R is the ratio of 510 nm emission from excitation at 340 nm and 380 nm at
a given external Mg2* concentration, and Ry, and Ryay are the minimum and maximum
ratios determined at 0 mM and saturating Mg2*, respectively. Rpni, and Ry,,x Were obtained
at the end of each experiment by adding Mg2* to a final concentration of 30 mM, then
adding SDS [to 0.1% (w/v) final] to lyse the cells; lysis causes mag-fura-2 to be released
from cells and to be saturated with extracellular Mg?* (Figure S1B of Supporting
Information). This step was followed by addition of EDTA to a final concentration of 60
mM to chelate Mg2* and achieve a free Mg2* measurement. The Kp was determined by
recording MgZ*-dependent fluorescence changes for hydrolyzed mag-fura-2 (0.4 uM) in
buffer and fitting the 510 nm intensities from 340 nm excitation to a one-site binding curve
(Figure S2 of Supporting Information). Emission from cells in Mg2*-free buffer was
constant over time (Figure S1A of Supporting Information). Intensities were corrected for
autofluorescence, which was also constant and lower than that of dye-loaded cells by a
factor of 13 for excitation at 340 nm and a factor of 20 for excitation at 380 nm (Inset to
Figure S1B of Supporting Information). Serial dilution and plating of cells confirmed that
~90% of the dye-loaded cells were viable.

Vector Construction

The sequence encoding the adenine riboswitch aptamer domain was inserted between the
T¥C and D stem-loops of human tRNAS3 as a synthetic gene in a pIDTSMART vector
(IDT) (Figure S3 of Supporting Information). The gene was inserted into pET21a(+) using
Hind 1l (5") and Xbal (3’) cloning sites for expression under the control of a T7 promoter
(Figure S3 of Supporting Information). The transcript is a chimeric tRNA in which the anti-

codon stem is replaced by the adenine riboswitch aptamer domain.33- 36

RNA Expression

The aptamer-tRNA construct (Figure 1B) was expressed in BL21(DE3) E. coli cells in LB
medium at 37 °C. When the ODg( reached 0.6, RNA expression was induced by addition of
isopropyl-f-D-1-thiogalactopyranoside (1 mM). Expression was allowed to proceed for 30
min, at which time aliquots were removed and added to 2-aminopurine, 2,6-diaminopurine,
or 3-methyladenine dissolved in LB (final concentration 1 mM) or to LB alone. Expression
was continued for 1 h, at which time cell aliquots were subjected to either in-cell or in vitro
SHAPE.

In-Cell SHAPE

The aptamer construct was expressed in the presence or absence of ligand as described
above. Following RNA expression, cellular RNA was modified by adding aliquots of cells (1
mL) to 20 pL of 300 mM 1M?7 in DMSO or to neat DMSO (2% vol/vol final co-solvent).
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The samples were incubated with shaking for 3 min at 37 °C. Total cellular RNA was
recovered from protoplasts and isolated as described.3” RNA was precipitated with ethanol,
washed three times with 70% (vol/vol) aqueous ethanol, and resuspended in 15 pL of
deionized H,O. Primer extension of the aptamer construct was achieved using sequence-
specific primers, containing locked nucleic acid (LNA) nucleotides, and 5’ fluorescent labels
as outlined below. cDNA products were resolved by capillary electrophoresis.

To measure the concentration of aptamer construct in the cellular RNA, aliquots of total
RNA and serial dilutions of purified construct were analyzed by denaturing polyacrylamide
gel electrophoresis. Gels were stained with SYBR Gold (Invitrogen) and a standard curve
was constructed using the band intensities of samples corresponding to the purified
construct. The standard curve was used to determine the concentration of the aptamer
construct in the total RNA samples. The aptamer construct (~7 g/L) was ~7% of the total
RNA concentration (100 g/L determined by UV spectroscopy). We estimated the
concentration of the aptamer construct in cells as 7% to the total RNA in E. coli (75-120 g/
L38). From the molecular weight of the construct (43.4 kD), the concentration of construct in
cells is 120-190 uM.

In Vitro SHAPE

Following expression, RNA was recovered from protoplasts and isolated as described3’ and
incubated in 50 mM HEPES (pH 8.0), 200 mM potassium acetate (pH 8.0) and 1 to 30 mM
MgCl, for 30 min. The aptamer construct was purified by anion exchange, fast performance
liquid chromatography. Ligand (1 mM) was added after folding and incubation was
continued for 10 min. The aptamer construct (8 pmol) was then added to 1/50 volume 300
mM IM7 in DMSO or to neat DMSO. The samples were incubated at 37 °C for 3 min. RNA
was precipitated with ethanol, washed three times with 70% (vol/vol) aqueous ethanol, and
resuspended in 15 uL deionized H,0.37 Primer extension and capillary electrophoresis were
then used to determine sites of adduct formation.

Primer extension

A 12-nt DNA primer (Exiqon) complementary to the 5 end of the acceptor stem and
containing three locked nucleic acid (LNA) nucleotides (5'- 7G GCGCCCGAAC-3’; italic
font indicates LNA nucleotides) was used. The primer was labeled with either a 5’ 6-FAM or
5-HEX fluorescent dye. The 6-FAM labeled primer was used for the (+) or (=) 1IM7
channels; the 5-HEX was used for the sequencing channel. RNA (1.5 pg) and primer (2
pmol) were mixed and diluted to 13 uL with H,O. The sample was then incubated for 5 min
at 65 °C and then on ice for 3 min. The reaction mixture contained 4 puL of 5x SuperScript
first-strand buffer, 1 uL 0.1 M dithiothreitol, 1 p. dNTPs (10 mM each), and 1 U
SuperScript III (Invitrogen). For sequence analysis, the reactions were prepared as described
above, except the RNA was not treated with IM7 or DMSO, the RNA-primer mixture was
diluted to 12 pL, and 1 pL of 10 mM ddATP was added prior to adding SuperScript II1.
Reactions were incubated at 55 °C for 60 min, and then at 70 °C for 15 min. cDNA was
recovered by ethanol precipitation and washed three times with 70% (vol/vol) aqueous
ethanol. Pellets were dried under vacuum and resuspended in 10 uL of deionized formamide.
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The products were resolved by capillary electrophoresis on an Applied Biosystems 3500
DNA capillary electrophoresis instrument.

SHAPE Data Analysis

RESULTS

Electropherograms were analyzed with QuShape.3? After baseline and mobility shift
corrections, peaks in the (+) and (=) 1M7 channels were aligned, and Gaussian integration
was used to quantify peaks areas. The SHAPE reactivity is reported as the area of the (+)
IM7 peaks minus the area of the no-reagent background peaks. The absolute amount of
adduct formation 7n vitro and in cells was calculated based on the probabilities of

termination of primer extension, as described.3?

Intracellular Mg2* Concentration

RNA tertiary structure depends on the MgZ* concentration.!3- 31 We measured the free Mg2+
concentration in E. coli cells using a ratiometric Mg2*-selective fluorophore (Figure 2,
Figures S1 and S2 of Supporting Information)34 to ensure that relevant concentrations were
used for in vitro experiments. Cells were grown to late-log phase, and the intracellular Mg+
concentration was quantified as a function of external Mg2*+ concentration. At an external
concentration corresponding to that in LB medium (0.3 mM, calculated from the MgZ*
content of Tryptone and yeast extract*?), the intracellular Mg?* concentration was 0.8 + 0.2
mM (Figure 2, arrow). The intracellular free Mg2* concentration increased only slightly
with increasing extracellular concentration; the concentration did not rise above 1 mM until
the extracellular concentration was S mM and reached 2.2 £ 0.5 mM at an external
concentration of 10 mM (Figure 2). Our measurement of the free Mg2+ concentration in £,
coli cells (0.8 £ 0.2 mM) is consistent with measurements of free Mg2+ in other cell
types.41-43. 33

In-Cell SHAPE

To study the aptamer domain in E. coli cells, we expressed the RNA as a chimera in which
the aptamer domain was inserted into the anticodon loop of tRNAYS (Figure 1A and Figure
S3 of Supporting Information). These chimeric RNAs fold stably in cells and are processed
by nucleases that cleave tRNAs to yield an intact and monodisperse product.3?- 3¢ The RNA
containing the aptamer was processed into a product of approximately 143 nucleotides
(Figure 1B).

In-cell SHAPE probing was achieved by adding 1-methyl-7-nitroisatoic anhydride (1M7)**
in dimethyl sulfoxide (DMSO) to late log-phase cells, under conditions compatible with
normal cell growth and viability (Figure S4 of Supporting Information). 1M7 has a half-life
of 24 s under conditions corresponding to those in culture media at late log phase (37 °C and
pH 7.0, Figure S5 of Supporting Information). A wide variety of experiments, spanning
roughly 30 years of experimental work, suggest that small, slightly hydrophobic molecules
penetrate cellular membranes and diffuse over the dimensions of an E. coli bacterium on a
timescale of roughly 30-100 ms.*>47- 23. 24, 48,49 Thys, the half-life of 1M?7 is roughly 1000-
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times longer than the time required to diffuse the length of an E. coli cell. In-cell RNA
probing with 1M7 yields structural snapshots on the minute timescale.

We have consistently found that 1M7 is straightforward to use in cells, including bacterial
cells. Reagents like IM7 that react rapidly with RNA and reagents that react slowlyZ> probe
different structural features. In general, reagents that react on the minute timescale provide

50-52 whereas slower reagents are

quantitative measurements of intrinsic RNA structure,
sensitive to additional slower dynamic features of RNA, some of which vary with the ion
environment. One consequence of this difference is that slow reagents are highly sensitive to
in vitro ion concentrations,** whereas fast reagents are not. Thus, fast-reacting reagents like
IM7 are to be strongly preferred for making direct comparisons of in-cell and in vitro

measurements without need for corrections based on ion sensitivity.

After modification with 1M7, total cellular RNA was isolated, and sites of aptamer
modification were detected by primer extension analyzed by capillary electrophoresis.” In-
cell SHAPE probing with 1M7 yielded electropherograms comparable or better in quality to
those obtained from in vitro experiments (Figures 3A and 3B). SHAPE reactivities were
highly reproducible for both in vitro and in-cell experiments (Figure S6 of Supporting
Information). Little or no degradation of the adenine riboswitch RNA was observed in the
cells or in vitro upon treatment with DMSO. We also calculated the absolute amount of
adduct formation for the free RNA, both in dilute solution and in cells, by integrating all
observed peaks and calculating the amount of unmodified, full-length product.3® The
numbers of adducts per RNA were identical at 0.60 and 0.61, respectively. This corresponds
to one modification every ~105 nucleotides both 7n vitro and in cells, or roughly one adduct
per RNA. Thus, signals reflected reactivity of the RNA with 1M7 and, as

expected, #3747 23.24.48.49 the 1M7 reagent readily diffuses across the double walled
membrane of the Gram-negative E. coli bacterium.

In the in-cell reactivity profile for the aptamer in the absence of added ligand (Figure 3C and
Figure S6 of Supporting Information), nucleotides expected to form helices P1, P2, and P3
(Figure 1A) had low reactivity, consistent with stable base pairing in these structures. Most
nucleotides that form the ligand binding pocket (J1-2, J2-3, J3-1) were moderately ( X).4) or
highly (>0.8) reactive as were nucleotides in the loop regions L2 and L3. Nucleotide U48
was hyper-reactive. The in-cell SHAPE reactivity profile for the free aptamer suggests the
three major RNA helices are formed and that the ligand-binding pocket is flexible and
partially disordered.

The Ligand-Free RNA Is More Highly Organized in Cells Than in Buffered Solution

We observed large differences between the structure of the unliganded aptamer in cells and
its structure in buffer at 1 mM Mg?2* (Figure 3C). We subtracted the two SHAPE profiles
from each other and identified statistically significant nucleotide reactivity differences (two-
tailed Students t-test; p < 0.02, n=3) (Figure 3D). Nucleotides G37 and G38 in L2 and C61
and C62 in L3 were significantly more reactive in vitro than in cells, suggesting that tertiary
interactions involving loops L2 and L.332 3! were largely absent in buffered solution but

were at least partially formed in cells.
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Most nucleotides in the adenine binding pocket (regions J2-3 and J3-1) were also less
reactive in cells than in vitro, consistent with formation of stacking and base pairing
interactions in these regions in cells and the lack of these interactions in buffer. The major
exceptions were two nucleotides in J1-2, which were more reactive in cells than in buffered
solution. This higher reactivity may arise from increased solvent accessibility due to tertiary
collapse and ordering of J2-3 and J3-1 or to attractive chemical interactions with other
cellular components. Nucleotide U48 was hyper-reactive in cells but only highly reactive in
buffer. In the crystal structure of the ligand-bound RNA, U48 is flipped into the solvent32
and constrained in one of the rare conformations that activates the ribose 2’-hydroxyl group
for SHAPE chemistry (Figure S7 of Supporting Information).>? Thus, hyper-reactivity at
U438 is also indicative of a more highly structured RNA in cells.

Overall, as judged by nucleotide reactivities that report the L2-L3 tertiary interaction and the
organization of the ligand-binding pocket, the aptamer features more nucleotides whose
conformations are similar to the fully folded ligand bound state, suggesting it is more
structured and has a more highly organized binding pocket in cells than in buffer at a
physiological Mg2* concentration.

Ligand Binding in Cells

The addriboswitch recognizes 2-aminopurine (2AP) (Figure 4A) and adenine with similar
affinities (Kq ~117 nM and 60 nM, respectively2’- 34 53)_ and both ligands induce large
conformational changes in the riboswitch RNA 26,54, 55 2 AP, however, is not found in
detectable quantities in E. coli, and the expression level of our RNA construct is ~100 times
the intracellular concentration of adenine (~10‘6 M).4 Thus, using 2AP, it is possible to
examine the in-cell consequences of ligand binding without interference by endogenous
cellular metabolites.

We observed numerous changes in SHAPE reactivity for the aptamer expressed in E. coli
when 2AP was added to the growth medium (Figure 4A). Significant differences (two-tailed
Students t-test; p < 0.02, n = 3) are consistent with ligand-mediated conformational changes
in the RNA and formation of the intricate network of base-pairing and stacking interactions
observed both crystallographically32 and by NMR3C (Figure 4C, black bars). Specifically,
reactivities in the binding pocket decreased (Figure 4A, regions J1-2 and J3-1), whereas
reactivities increased at U62 and U63, consistent with the crystal structure that shows that
these nucleotides are unpaired and likely highly dynamic in the ligand-bound state.32 The
reactivity of U48 increased two-fold upon addition of 2AP (Figure 4A; p < 0.04, also
consistent with the crystal structure of the ligand-bound RNA, which shows that this
position is constrained in a conformation that facilitates SHAPE reactivity (Figure S7 of
Supporting Information).32 33

Addition of 2AP to the aptamer in vitro also induced large conformational changes in the
RNA (Figures 4B and 4C). The SHAPE profiles of the ligand-bound RNA in cells and in
buffer with Mg2* were similar (Figure S8 of Supporting Information; also compare Figures
4A and 4B). Because the starting structures of the RNA in cells and in buffer are different,
the degree of conformational change induced by ligand binding in cells is different (and
generally smaller than) than the ligand-induced change in buffer (Figure 4C). In cells, there
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were only small changes in regions L2, J2-3, and J3-1 upon ligand binding. In buffer, the
aptamer underwent substantial reactivity changes in these regions. In contrast,
conformations of nucleotides in regions J1-2 and L3 changed more dramatically upon ligand
binding in cells than in buffer. Overall, these observations indicate that the equilibrium
between the free and bound aptamer states is different, and likely more favorable, in cells
than in buffer.

We assessed the specificity of the conformational changes induced by 2AP with two
additional ligands. 2,6-Diaminopurine binds the aptamer with high affinity (Kp ~ 2 nM).5>
As expected, this ligand also induced large changes in the in-cell aptamer SHAPE reactivity
profile, and these changes were comparable to those induced by 2AP (Figure S9 of
Supporting Information). In contrast, N6, No-dimethyl-adenine does not bind the aptamer
(Kp > 300 uM),26 and the in-cell SHAPE profile obtained from cells grown in the presence
of this molecule was similar to that of the free aptamer (Figure S9 of Supporting
Information). These results emphasize that conformational changes induced by 2AP reflect
specific binding in the ligand-binding pocket of the riboswitch.

Differences Between In-Cell and Dilute Solution Structures Reflect Intrinsic Properties of
the Riboswitch RNA

To confirm that differences between in-cell and in vitro SHAPE reactivity profiles of the free
aptamer were not due to binding by endogenous adenine, we investigated a non-binding
mutant of the aptamer. U74 forms a canonical base pair with the adenine ligand that is
critical for both ligand affinity and specificity.2% 4 We reasoned that a U74G mutation
should disrupt binding to adenine, 2AP, and related molecules. The profiles of the U74G
mutant in buffer at 1 mM Mg?* in the absence and presence of 1 mM 2AP were essentially
identical (Figure S10 of Supporting Information), indicating that the mutant does not bind
2AP in vitro, even at high ligand concentrations.

In-cell analysis of the U74G mutant in the absence and presence of added 2AP also yielded
nearly identical profiles (Figure 5A), indicating that the mutant does not bind ligand in cells.
Critically, the non-binding mutant exhibits differences between in-cell and in vitro states
similar to those observed for the native sequence aptamer (Figures 5B and 5C). Thus, the
non-binding mutant and the native sequence aptamer adopt the same organized structure in
cells, even in the absence of ligand. Therefore, the in-cell structure of the unliganded native
sequence aptamer does not reflect binding by endogenous adenine. Instead, these data
emphasize a critical role for the intracellular environment in governing the structure of this
RNA.

High Mg?2* Concentrations Do Not Induce the Structure Observed In Cells

We attempted to induce the aptamer domain to adopt the in-cell conformation in vitro by
increasing the added Mg2* concentration. We probed the aptamer structure as a function of
Mngr concentration and calculated the Pearson correlation coefficient (R) between in-cell
and 7n vitro SHAPE reactivities (Figure 6). The correlation between the in-cell reactivities
and those measured in buffer at | mM Mg2* was low (0.55, inset in Figure 6), consistent
with large differences in RNA structure under these two conditions. At a Mg2* concentration
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of 2 mM, the coefficient was 0.69. At 5 mM, the coefficient was 0.75, and no additional
increase was observed up to the highest concentration tested, 30 mM Mg2*. These data
emphasize that, even in the presence of high Mg2* concentrations, the ligand-free aptamer
structure 7n vitro is different from that observed in cells. In summary, the conformation of
the free aptamer RNA in cells features significantly more nucleotides whose conformations
are similar to the fully folded ligand-bound state than to the structure that predominates
under typical dilute solution conditions. Importantly, the in-cell state cannot be recapitulated
in buffer by addition of a high concentration of MgZ* ion.

DISCUSSION

The adenine riboswitch controls expression of an adenosine deaminase gene in response to
adenine levels. Like many non-coding RNAs, riboswitch function is mediated by the higher-
order structure of the RNA. The crowded and unique ion environment in cells is likely to
have a strong impact on RNA structure-function relationships, but these effects remain
largely unexplored. We probed the reactivities of individual nucleotides in the aptamer RNA
with the SHAPE reagent, IM7, which readily diffuses through the E. co/i bacterium,
modifies RNA 7n vitro and in cells with roughly equal probability, and measures RNA
structure on the timescale of minutes. We found that the cellular environment induces a
conformation in the unbound adenine riboswitch aptamer RNA that is different from both
the unliganded structure 7n vitro, even in buffer at high Mg2* concentrations, and from the

ligand-bound structure.

We visualized differences between structures of the adenine riboswitch aptamer domain in
cells with other states examined here by superimposing statistically significant reactivity
differences on the structure of the fully folded, ligand-bound RNA. For the in-cell, ligand-
free RNA (Figure 7, left-most structure), SHAPE reactivities suggest that long-range
interactions between L2 and L3 are partially formed but that the J1-2 and J3-1 strands in the
ligand-binding pocket are relatively unstructured (compare Figures 7A and 7C). In buffer at
1 mM Mg?*, nucleotides throughout the aptamer domain, including those in both the
binding pocket and loop regions, are more reactive by SHAPE than in cells (Figure 7B, red
regions). Nucleotides that form the L.2-L3 tertiary interaction stabilize a collapsed form of
the adenine aptamer that reduces the radius of gyration of the RNA by ~3 A 3! These data
indicate that the RNA in healthy living cells is less reactive, likely more compact, and more
highly structured than the purified RNA in buffer at 1 mM Mg?* (Figures 7A and 7B).

In cells, the non-binding U74G mutant has SHAPE reactivities virtually identical to those of
the ligand-free, native sequence aptamer (Figure 5), emphasizing that the decrease in
reactivity in cells does not arise from endogenous ligand binding. Addition of 2AP to the
native sequence RNA in cells induced changes in SHAPE reactivity that fell largely in
binding pocket (J1-2 and J3-1) regions (Figure 7C). The localized changes that differentiate
the in-cell and plus-ligand states emphasize that much of the global RNA structure is at least
partially stable in cells and that effects due to 2AP binding occur predominately in the
ligand-binding pocket (compare Figures 7A and 7C).
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Strikingly, in buffer at 30 mM Mg+, SHAPE reactivities indicate that the aptamer domain
structure is more similar to the structure in 1 mM Mg?2* than to the in-cell state (Figure 7D).
Therefore, the cellular environment stabilizes the ligand-free aptamer to yield a higher-order
structure that is not replicated by ligand binding or by high MgZ* concentrations in vitro.

In summary, we examined the structure of the adenine riboswitch aptamer RNA in living
cells at single-nucleotide resolution on the minute timescale using the fast-acting 1M7
SHAPE reagent.*+ 30 53. 52 The intracellular environment induces a less SHAPE-reactive
(and thus more highly conformationally constrained) conformation in the ligand-free
aptamer, indicating that the unliganded RNA is significantly less structured 7n vifro than in
cells. Widely used standard 7n vitro conditions, even at high MgZ* concentrations, do not
recapitulate the aptamer structure in cells. The complex cellular environment contains
diverse small and large molecules that impose a combination hard-core repulsions and
repulsive and attractive chemical interactions on RNA.% Our observation that, in cells, the
aptamer RNA is characterized by significantly more nucleotides whose conformations are
similar to the fully folded ligand-bound state suggests that, overall, the in-cell environment
exerts a strong net stabilizing effect on RNA structure. These differences in levels of RNA
organization, readily detectable by SHAPE in-cell probing, are likely to have wide ranging
consequences for RNA structure and function.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Expression of the adenine aptamer domain in E. coli. (A) Structure of the aptamer-tRNA

construct. The adenine ligand is shown as a large A. Numbering corresponds to the add
aptamer domain.32 (B) Total cellular RNA 3 h after inducing aptamer expression, visualized
by denaturing polyacrylamide gel electrophoresis. The 143-nt aptamer-tRNA chimera
product is marked with an asterisk.
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Figure2.
Free Mg2* concentration in E. coli cells measured using the ion-selective fluorophore, mag-

fura-2. The free concentration in cells at late-log phase is 0.8 + 0.2 mM in standard LB
media at 37 °C (arrow). The external concentration in standard LB media is 0.25 mM. Error
bars show the standard deviation of the mean from three trials.
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In-cell SHAPE. Electropherograms showing SHAPE reactivity profiles for the native
sequence adenine aptamer domain obtained (A) in buffer at a near-physiological MgZ* (1
mM) and (B) in cells. (C) Processed SHAPE reactivity profiles for the adenine aptamer
domain in cells (black) and in buffer at 1 mM Mg2* (orange). (D) Difference plot comparing
SHAPE reactivities in cells compared to buffer. Only statistically significant differences are
shown (two-tailed Students t-test; p < 0.02, n = 3). Open box indicates that U48 is
constrained in a rare hyper-reactive conformation (Figure S7 of Supporting Information);

thus, a positive difference at this position reflects a higher level of structure in cells.
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Figureb.
SHAPE reactivity profiles for the U74G non-binding mutant (A) in the absence (gray) and

presence (blue) of ligand in cells and (B) in the absence of ligand in cells (gray) and in
buffer (red). (C) Significant reactivity differences in cells compared to buffer with 1 mM
MgZ* for the wild-type (solid black bars) and U74G mutant (open gray bars) (two-tailed
Students t-test; p < 0.02, n=3).
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Figure 6.
Correlation between in-cell and in vitro SHAPE reactivities for the ligand-free aptamer

domain as a function of Mg2* concentration. Data shown are from single-stranded and
terminal base-paired nucleotides (A21-U25, U31-U39, A45-C54, G59-C67, and G72-U75)
because these nucleotides show the largest structurally diagnostic changes. This correlation
represents an upper limit. Inclusion of helix nucleotides, most of which have larger percent
errors, results in an even poorer correlation (Figure S11 of Supporting Information). The
open triangle represents the correlation between in cells and 7n vitro reactivities for the
ligand-bound aptamer domain in 1 mM MgZ*. Inset: In vitro reactivities at 1 mM Mg2+
plotted against in-cell reactivities in the absence of ligand.
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Figure7.
Nucleotide-resolution effects of the intracellular environment on adenine riboswitch aptamer

domain RNA structure superimposed on the accepted ligand-bound structure (PDB ID
1y2632) (A) The in-cell structure with no added ligand is defined as the reference state.
Significant increases and decreases in nucleotide-resolution SHAPE reactivities relative to
the in-cell RNA are emphasized in red and blue, respectively. Comparisons of the in-cell
state with the aptamer RNA (B) in buffer at 1 mM Mg2+, (C) in cells with added 2AP ligand,
and (D) in buffer at 30 mM MgZ*. The 2AP ligand, present in panel C, is shown in black.
The inverted blue triangle in panel C indicates that U48 is constrained in a hyper-reactive
conformation (Figure S7 of Supporting Information); thus, a higher (red) reactivity at this
position reflects increased (blue) structure in cells.
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