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Quantitative Analysis of RNA Solvent Accessibility by N-Silylation of Guanosine
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ABSTRACT: An important unmet experimental objective is to analyze local RNA structure in a way that is
strictly governed by solvent accessibility. Essentially all chemical probes currently used to evaluate RNA
(and DNA) structure via formation of stable covalent adducts employ carbon-based electrophiles, which
undergo nucleophilic attack from limited spatial orientations and via highly polar transition states. Reaction
by these classical electrophiles is therefore gated by both solvent accessibility and additional electrostatic
factors. In contrast, silicon electrophiles react via their d-orbitals and consequently can undergo nucleophilic
attack from many spatial orientations. In this work, we explore the use of silanes to react indiscriminately
with RNA such that the primary factor governing reactivity is solvent accessibility. We show that N,N-
(dimethylamino)dimethylchlorosilane (DMAS-CI) reacts at the guanosine N2 position to yield a near-
perfect measure (r = 0.82) of solvent accessibility in an RNA with a complex tertiary structure. This
silane-based chemistry represents a direct and quantitative approach for probing solvent accessibility at
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the base pairing face of guanosine in RNA.

Higher order RNA structures are built up from a base-
paired secondary structure augmented by local and long-
range tertiary interactions (/—3). The ability to analyze
structure in solution at both secondary and tertiary structure
levels is necessary to understand the structure—function
relationships that govern RNA folding, catalysis, and interac-
tions with small molecules and protein ligands.

A valuable approach for analyzing RNA structure has been
the use of small molecules that react to form covalent adducts
with specific functional groups in the nucleobases (4—6).
For example, guanosine reacts with dimethyl sulfate (DMS)
to form an adduct at the N7 position and with kethoxal to
form a cyclic adduct at the N1 and N2 positions (5). A recent
advance has been the development of SHAPE (selective 2’-
hydroxyl acylation analyzed by primer extension) which uses
hydroxyl-selective electrophiles to react at the 2’-ribose
position at conformationally flexible positions in RNA (7—11).
Because almost all RNA nucleotides have a free 2"-hydroxyl,
all nucleotides in an RNA can be interrogated in a single
experiment, regardless of base identity.

An important, but incompletely met, experimental objec-
tive is the ability to map solvent accessibility in RNA, also
at single nucleotide resolution. As Lavery and Pullman
pointed out in 1984, none of the widely used nucleobase-
selective reagents, including DMS, kethoxal, or carbodiim-
ides, measure RNA solvent accessibility exclusively. Instead,
these carbon-based electrophiles are sensitive to a mixture
of steric accessibility and electrostatic factors (/2). This
dependence on electrostatic factors for classic reagents, like
DMS and kethoxal, likely reflects (i) that nucleophilic attack
must originate from a precise spatial orientation and angle
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relative to the electrophilic carbon atom (73, I4) and (ii)
that the resulting transition states are highly polar.

Solvent accessibility at the RNA backbone can be esti-
mated using hydroxyl radical footprinting (/5), which makes
use of an Fe(II)-EDTA?" catalyst and an oxygen source to
induce cleavage in the RNA backbone. Hydroxyl radical
footprinting has been advantageously used to map RNA
tertiary structure (/6—18). The hydroxyl radical reacts at
multiple backbone positions (/9) to induce strand cleavage.
However, the Fe(II)-EDTA moiety carries a net —2 charge,
and both steric and electrostatic factors contribute to reactiv-
ity of this reagent as well (20). Absolute correlations between
hydroxyl radical reactivity and solvent accessibility are good
but imperfect (21, 22). We therefore sought to develop new
chemical probes of RNA structure whose reactivity is strictly
governed by solvent accessibility.

Our initial step in this direction was to explore silicon-
based electrophiles. Silyl chlorides are electrophilic species
capable of reacting with both oxygen and nitrogen nucleo-
philes (23), including those present in RNA. Attack of a
nucleophile on the silicon d-orbital leads to formation of a
discrete, negatively charged, pentacoordinate intermediate
that breaks down with loss of a leaving group (24). In this
work, we explore the reactivity of N,N-(dimethylamino)dim-
ethylchlorosilane (DMAS-Cl) and show that this reagent
reacts at the N2 position of guanosine to quantitatively report
solvent accessibility in a folded RNA (Figure 1).

EXPERIMENTAL PROCEDURES

Synthesis of Wild-Type Bacillus subtilis mgtE Aptamer
Domain (M-Box) and Inosine M-Box RNAs. A DNA template
for transcription of the B. subtilis mgtE M-box, inserted in
the context of 5" and 3’ flanking structure cassette sequences
(7), was generated by PCR [1 mL, containing 20 mM Tris
(pH 8.4), 50 mM KCI, 2 mM MgCl,, 75 uM each dNTP,

© 2009 American Chemical Society

Published on Web 02/18/2009



2110  Biochemistry, Vol. 48, No. 10, 2009

DMAS-CI
o}

T ~
N ~N
: ¢TI " TN

=p— A2 cl

O—I‘;’ (@) N N NH,
o- 0]

Mortimer et al.

FIGURE 1: Reaction of N,N-(dimethylamino)dimethylchlorosilane (DMAS-CI1) with the guanosine N2 position in RNA.

115 nM each forward and reverse primer, 10 pM template,
and 0.025 unit/ul. Taq polymerase; denaturation at 95 °C,
30 s, annealing at 55 °C, 30 s, and elongation at 72 °C, 45 s;
30 cycles]. The PCR product was recovered by ethanol
precipitation and resuspended in 20 uL of sterile H,O.
Transcription reactions for the native RNA (1 mL, 37 °C,
6 h) contained 50 mM HEPES (pH 8.0), 20 mM MgCl,, 40
mM DTT, 2 mM spermidine, 0.01% Triton X-100, 2 mM
each NTP, 10 uL of PCR-generated template, 20 uLL of
SuperRNaseIN (Ambion), and 0.1 mg/mL T7 RNA poly-
merase. For the inosine M-box RNA, transcription reactions
(1.5 mL, 37 °C, 4 h) contained 40 mM Tris (pH 8.0), 10
mM MgCl,, 10 mM DTT, 2 mM spermidine, 0.01% (v/v)
Triton X-100, 4% (w/v) poly(ethylene) glycol 8000, 2 mM
ATP, CTP, UTP, and ITP (Trilink), the PCR-generated
template, and T7 RNA polymerase. RNA products were
purified by denaturing polyacrylamide gel electrophoresis
(8% polyacrylamide, 7 M urea, 29:1 acrylamide:bisacryla-
mide), excised from the gel, and recovered by passive elution
[0.5 M potassium acetate (pH 6.5), 1 mM EDTA, ~12 h, 4
°C)] and ethanol precipitation. The purified RNA (~3000
pmol) was resuspended in water (40 uM) and stored at
—80 °C.

Structure-Selective N-Silylation of RNA. RNA (5 pmol)
in 6 uL of sterile water was heated at 95 °C for 2 min, cooled
on ice, treated with 3 uL of 3x folding buffer [333 mM
NaCl, 333 mM HEPES (pH 8.0), 33.3 mM MgCl, (or no
MgCl,)], and incubated at 37 °C for 20 min. For reactions
performed under denaturing conditions, the RNA was instead
treated with 3 uL of 3x buffer (333 mM HEPES, pH 8.0)
and incubated at 70 °C for 5 min. The RNA solution was
treated with V,N-(dimethylamino)dimethylchlorosilane (DMAS-
Cl, from Gelest; 1 4L, 600 mM in anhydrous DMSO) and
allowed to react for 1 h at 37 °C or 0.5 h at 70 °C. No-
reagent control reactions contained 1 uL. of DMSO. The
reaction was quenched with an equal volume (10 uL) of
buffered methoxylamine (100 mM, pH 6.0; Sigma-Aldrich).
Modified RNA was recovered by ethanol precipitation [90
uL of sterile H,O, 5 uL. of NaCl (5 M), 1 uL of glycogen
(20 mg/mL), 400 uL of ethanol; 30 min at —80 °C] and
resuspended in 10 uL of sterile water.

RNA Modification with Kethoxal. RNA was refolded in
buffer either containing or omitting MgCl,, as described for
the DMAS-CI reaction. The RNA solution was then treated
with kethoxal (1 uL, 20 mM in sterile water; from USB)
and allowed to react for 5 min at 37 °C. No-reagent control
reactions contained 1 L. of H,O. The reaction was quenched
with an equal volume of boric acid (10 mM) followed by
ethanol precipitation and resuspended in 10 uL of sterile
water.

Primer Extension of Modified RNA. The general procedure
was that outlined previously (/0). Briefly, a fluorescently
labeled DNA primer (5” VIC- or NED-labeled GAA CCG

GAC CGA AGC CCG; 3 uL, 0.3 uM) was annealed to the
RNA (10 uL, from the previous step) by heating to 65 °C
(6 min) and placing on ice. Reverse transcription buffer and
Superscript III were added, and reactions were incubated at
45 °C for 1 min, 52 °C for 20 min, and 65 °C for 5 min.
Primer extension reactions were quenched with 4 uLL of a
1:1 mixture containing EDTA (100 mM, pH 8.0) and sodium
acetate (3 M, pH 5.2); the resulting cDNAs were recovered
by ethanol precipitation, washed twice with 70% ethanol,
vaccuum-dried for 10 min, and resuspended in 10 uL of
deionized formamide. Dideoxy sequencing markers were
generated using unmodified RNA and primers labeled with
unique fluorophores (6-FAM or PET, 0.6 uM) and by adding
1 uL of 2’,3’-deoxythymidine (10 mM) or 2’,3’-dideoxyad-
enosine (10 mM) triphosphate after addition of reverse
transcription buffer. cDNA extension products were separated
by capillary electrophoresis using an Applied Biosystems
3130 genetic analyzer.

Reaction of DMAS-CI with 2’-Deoxyguanosine Monophos-
phate (2’-dGMP). Equal volumes of DMAS-CI (800 mM,
DMSO) and 2’-dGMP (400 mM, H,0) were combined in a
0.6 mL Eppendorf tube and allowed to react at 37 °C for
~3 h. Solvent and excess DMAS-CI] were removed under
reduced pressure at elevated temperatures using a SpeedVac
concentrator. The isolated white powder was resuspended
in D,O (Cambridge Isotopes). NMR spectra were recorded
with a Bruker 400 MHz DRX spectrometer (in D,O, 400
MHz, 298 K). 'H NMR DMAS-Cl: 6 = 2.51 (s, 6H,
HCH,N), —0.035 (d, 6H, HCH,Si). 'H NMR 2’-dGMP: 6
=7.99 (s, 1H, HCNy), 6.14 (t, 1H, HCCNO), 4.54 (s, 1H,
HCC,0), 4.04 (s, 1H, HCC,0), 3.77 (t, 2H, HCHCO), 2.64
(m, 1H, HCHC,), 2.33 (m, 1H, HCHC,). '"H NMR DMAS-
C1—2’-dGMP adduct: 6 = 7.94 (s, 1H, HCN,), 6.25 (t, 1H,
HCCNO), 4.43 (s, 1H, HCC,0), 4.07 (s, 1H, HCC,0), 3.84
(t, 2H, HCHCO), 2.74 (m, 1H, HCHC,), 2.44 (m, 1H,
HCHG,), 2.06 (s, 6H, HCH,N), 0.01 (s, 6H, HCH,Si).

Data Analysis. Raw traces from the AB 3130 were
processed using ShapeFinder (32); reactivities are reported
as a percentage of the most reactive nucleotide after
subtracting background from the (—) reagent trace. Solvent
accessibility calculations for the M-box RNA (PDB ID
2QBZ) (25) were performed with CNS (26) using probe sizes
of 1.0, 1.2,1.4,1.6,1.8,24,28,3.5,42,5.0,5.5, 6.0, 6.5,
and 7.0 A. M-box nucleotides 127 and 171 were excluded
because they are adjacent to an undefined loop in the crystal
structure and at the end of the RNA, respectively.

RESULTS

Silylation at the Guanosine N2 Position. We explored the
ability of DMAS-CI to form stable covalent adducts with
RNA nucleotides by treating the B. subtilis mgtE aptamer
domain (termed the M-box RNA) with DMAS-CIL. The



RNA Solvent Accessibility by N-Silylation of Guanosine
DMAS-CI
r +
N —
< )\ |
e ‘HJL‘ , X ’ .ll '

Q M-box RNA

Ll

A
U

Biochemistry, Vol. 48, No. 10, 2009 2111

UL

o

Aol atfilia i My mnuuﬂmk il 1U L4 D

5
20 30 40 50 60 70

80

3

90 100 110 120 130 140 150

Nucleotide position

FIGURE 2: Visualizing RNA—DMAS-CI adducts by primer extension, resolved by capillary electrophoresis. Experiments were performed
under denaturing conditions using the M-box RNA (upper panel) and using an M-box RNA containing inosine in place of guanosine
(middle panel). Sequencing ladders (G and U) were used to assign peak positions.

M-box RNA was chosen because it is a relatively large RNA
(154 nt) with a known three-dimensional structure solved to
good resolution (2.6 A) (25). This RNA contains numerous
typical base pairing, base stacking, and higher order tertiary
interactions.

We initially assessed whether DMAS-CI reacts to form
stable, covalent adducts with RNA. The M-box RNA was
treated with DMAS-CI under denaturing conditions (no
added ions, 70 °C) where all functional groups in the RNA
should be accessible to the reagent. Sites of potential adduct
formation were detected by their ability to inhibit primer
extension by reverse transcriptase. Extension products,
visualized using a fluorescently labeled primer, were resolved
to single nucleotide resolution by capillary electrophoresis.
Potential adducts at any base functional group are reported
as strong peaks in the resulting electropherogram (Figure
2).

The strongest sites of reactivity occurred at guanosine
nucleotides in the RNA (upper panel, Figure 2). To assess
whether DMAS-CI forms a covalent adduct at the guanosine
N2 position, we tested an M-box RNA in which inosine
replaced guanosine (termed the inosine RNA). The inosine
RNA is chemically identical to the native RNA except that
it lacks the single exocyclic N2 amine functional group in
guanosine (structures, Figure 2). The inosine RNA was
treated with DMAS-CI under denaturing conditions identical
to those used for the M-box RNA experiment: no reactivity
above background was observed at any position (middle
traces, Figure 2). These experiments strongly support the
interpretation that DMAS-CI reacts selectively at the gua-
nosine N2 position in RNA.

We further characterized the product formed between
guanosine and DMAS-CI by forming an adduct between 2’-
deoxyguanosine 5’-monophosphate and DMAS-CI1 under
conditions similar to those used for the experiments per-
formed with the M-box RNA. The structure of the resulting
adduct was established by NMR (see Experimental Proce-
dures). Comparison of the NMR data for the reactants (2’-
deoxyguanosine 5’-monophosphate and DMAS-CI) compared
to those for the N2 adduct indicates that the dimethylamino
group remains bound to silicon. The NMR data, taken
together with the result of the inosine RNA experiment, are
consistent with the reaction product postulated in Figure 1.

Structure-Selective Reaction of DMAS-CI with RNA. The
M-box RNA was treated with DMAS-CI at 37 °C both under
conditions where the RNA is expected to form only its
secondary structure (100 mM NaCl, pH 8.0) and also under
conditions (+Mg?") that stabilize the native tertiary fold (10
mM MgCl,, 100 mM NaCl, pH 8.0) (25). For both experi-
ments, reactivity at every position was quantified by primer
extension followed by resolution using capillary electropho-
resis.

Again, reaction occurred at guanosine residues in the RNA.
Overall, guanosine residues in the M-box RNA are more
reactive in the absence of Mg?", where the RNA lacks most
tertiary structure, and are substantially less reactive in the
presence of Mg, where the RNA forms extensive higher
order tertiary interactions (compare upper and lower histo-
grams, Figure 3A). The reactivity of each guanosine residue
in the RNA was calculated as a percentage of the most
reactive residue. Guanosine residues could then be divided
into three categories based on their reactivity patterns: those
that are unreactive (<20%) under both conditions; those that
are reactive only in the absence of Mg®"; and those that
remain reactive in the presence of Mg?" (Figure 3B).

We compared DMAS-CI reactivities with the solvent
accessibility of the guanosine N2 position in the native RNA
as a function of spherical probe sizes with diameters ranging
from 1.0 to 7.0 A (26). There is a strong correlation between
reactivity and N2 solvent accessibility that reaches a
maximum at a 5.0 A probe size (open circles, Figure 4A).
The correlation coefficient, r, is 0.82 for all residues and
0.98 if position G76 (indicated with an asterisk) is excluded.
In contrast, no correlation exists at other possible reactive
sites in guanosine; for example, the correlation between
reactivity and solvent accessibility at N1 is near zero (r =
0.04). Excluding G76 (to obtain the » = 0.98 correlation) is
justified because this nucleotide forms a G-U base pair,
analogous to those at several other reactive positions in the
RNA. The low calculated accessibility at this one position
may reflect constraints in the crystal that do not occur in
solution. An effective probe size of 5.0 A is consistent with
the overall molecular dimensions of the DMAS-CI molecule
(27) (Figure 4B).

Furthermore, guanosine residues that become reactive in
the absence of Mg?" all either lie in single-stranded regions
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FIGURE 3: Structure-selective reaction of DMAS-CI with RNA. (A)
Guanosine reactivity toward DMAS-CI in the absence and presence
of Mg?*. (B) Guanosine reactivity superimposed on the secondary
structure of the M-box RNA (25). Hydrogen-bonding interactions
involving the bases (33) are illustrated explicitly. Guanosine residues
with >20% reactivity toward DMAS-CI are taken to be solvent
accessible.

or form G-A or G-U base pairs. These are exactly the
nucleotides most likely to preferentially sample solvent-
accessible states in the partially denatured RNA. Thus, the
differential reactivity patterns we observe correlate with
the expectation that DMAS-CI maps solvent accessibility at
the guanosine N2 position in RNA, both in the presence and
in the absence of Mg?".

Comparison of DMAS-CI and Kethoxal Reactivity. An
alternate, classic, chemical probe for RNA structure that is
also selective for the guanosine N2 position is kethoxal (f3-
ethoxy-o-ketobutyraldehyde) (5). Kethoxal reacts at both N1
and N2 positions in guanosine to form a cyclic adduct. Model
studies indicate that the reaction occurs in two steps. The
first step is attack of the guanosine N2 amino group on the
kethoxal aldehyde, followed by reaction of the second
carbonyl group in kethoxal with the guanosine N1 to form

Mortimer et al.

A
100}-@ Reagent r
—O— DMAS-CI 0.82(0.98)
=@ - Kethoxal 0.35
S -
2
=
I3} °
©
Q
o
0
1 1 1 1
0 5 10 15 20
Guanosine N2 accessibility (A2)
B

DMAS-CI

FIGURE 4: Correlation between solvent accessibility and guanosine
reactivity with DMAS-CI and with kethoxal at the N2 position.
(A) Solvent accessibility correlation using a 5 A probe size.
Nucleotide G76 (asterisk) was not included for the r-value indicated
in parentheses. (B) Molecular dimensions of DMAS-CI.

the cyclic adduct (28, 29). Thus, both DMAS-CI and kethoxal
react initially at the guanosine N2 position.

We evaluated the reactivity of kethoxal by treating the
M-box RNA with this reagent, both in the presence and in
the absence of MgCl,, under conditions similar to those used
for DMAS-CI (Figure 5A). These reactivities were then
superimposed on the secondary structure of the M-box RNA
(Figure 5B). Despite that both kethoxal and DMAS-CI react
initially at the same N2 functional group in guanosine, the
observed reactivity patterns differ (compare Figures 3B and
5B). The determinants that govern the reactivities of these
two reagents must therefore also be different.

Correlation between kethoxal reactivity and solvent ac-
cessibility at the guanosine N2 position reaches a maximum
at probes sizes >3 A but is very poor in all cases (r < 0.35,
closed circles, Figure 4A). The lack of a good correlation
between kethoxal reactivity and solvent accessibility using
the M-box RNA is consistent with the poor correlation seen
previously with tRNA (72).

DISCUSSION

At present, there are very few ways to probe RNA solvent
accessibility in a direct and quantitative way. The correlation
between solvent accessibility and hydroxyl radical-induced
cleavage appears to be modest, with r-values of only ~0.6
(unpublished data). This work shows that, with the right
chemistry, it is possible to create chemical probes of RNA
structure that yield near-perfect measures of solvent acces-
sibility (Figure 4A).

DMAS-CI demonstrates very strong selectivity for reaction
with the guanosine exocyclic N2 position. Adenosine and
cytidine nucleotides also possess exocyclic amine groups (N6
in adenosine and N4 in cytidine). A feature that distinguishes
the guanosine N2 versus the N6 and N4 positions in
adenosine and cytidine is that, while there are hydrogen bond
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FIGURE 5: Reaction of kethoxal with RNA. (A) Guanosine reactivity
toward kethoxal in the absence and presence of Mg>". (B)
Superposition of kethoxal reactivities on the secondary structure
of the M-box RNA (25).

acceptors adjacent to the exocyclic amines in adenosine and
cytidine (N1 and N3, respectively), only guanosine has a
hydrogen bond donor adjacent to N2 (at N1) (Figure 6). Two
plausible mechanisms follow that can account for the
guanosine selectivity of DMAS-CI. The nitrogen atom in
DMAS-CI may form a transient hydrogen bond with the N1
hydrogen bond donor in guanosine. This interaction would
then function to position silicon for nucleophilic attack by
the N2 group and also decrease the electron density on silicon
to enhance its electrophilicity (Figure 6B). Alternatively, the
N1 hydrogen may facilitate ionization of the chlorine leaving
group and thereby enhance the electrophilicity of the silicon
center (Figure 6C) (30). Both models posit formation of a
pentacoordinate intermediate in the silyl SN2 reaction that
initially involves N2 and that is subsequently stabilized by
a transient six-membered ring (Figure 6). The requirement

Biochemistry, Vol. 48, No. 10, 2009 2113

6
A NH, B‘le
N N N
a8 (X
NS\ NS0
I I
adenosine cytidine
B o C o)
~ N /H\N/_ ~ N /H‘"'Cl
TS s sl R 5 .
c|) N N/ N7 \I\ ? N N/ +N \I\
0=pP-0 o W o 0=p-0 o Wl N
(on o /
Cl) OH CI) OH

FIGURE 6: Mechanisms consistent with guanosine selectivity of
DMAS-CI reactivity. (A) Structures of adenosine and cytidine
nucleobases highlighting the exocyclic amine and adjacent hydrogen
bond acceptor. (B, C) Models for selective reaction with the
guanosine N2 position, requiring an adjacent hydrogen bond donor.

for initial reaction at the guanosine N2 yields the observed
correlation with solvent accessibility at this functional group.

Reaction at the guanosine N2 position by DMAS-CI and
kethoxal is clearly sensitive to different local features in RNA
as evidenced by the distinct reactivity patterns for these two
electrophiles. These reactivity differences likely reflect the
distinctive features of carbon- versus silicon-based electro-
philic chemistry. A carbonyl-based electrophile like kethoxal
reacts via a strongly polar transition state and requires that
nucleophilic attack occur from a precise orientation at 107°
either above or below the plane of the carbonyl moiety (/3).
The lack of correlation between reactivity and solvent
accessibility for kethoxal is readily rationalized by consider-
ing that the rate-determining step in kethoxal chemistry, the
nucleophilic attack of the N2 on the aldehyde carbonyl to
form a tetrahedral transition state (29, 31), is sensitive not
only to the accessibility of the N2 position but also on the
orientation of the carbon electrophile relative to the nucleo-
philic N2. In contrast, nucleophilic attack at silicon occurs
via bonding between lone pairs in the nucleophile and an
empty d-orbital in silicon to form a stable pentacoordinate
intermediate (24). Silicon-based electrophiles can attract a
nucleophile from many spatial orientations due to the ionic
nature of the bonding interactions and the participation by
silyl d-orbitals (/4). Thus, solvent accessibility plays a much
larger role in governing the reactivity of DMAS-CI (silicon
electrophile) than for kethoxal (carbonyl electrophile).

These differences assume a critical importance in the
practical analysis of RNA structure in solution. Protection
from DMAS-CI reactivity precisely reports those guanosine
residues that are involved in tertiary interactions or are in
the interior of the molecule. In contrast, kethoxal reactivity
is complex: some guanosine residues that are involved in
tertiary interactions remain reactive, whereas other guanosine
nucleotides that are not involved in higher order interactions
are unreactive (compare blue circles, Figures 3 and 5). These
data indicate that DMAS-CI represents the best reagent
choice for quantitatively analyzing RNA interactions involv-
ing the base pairing face of guanosine.
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