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ABSTRACT

Structured RNAs have a central role in cellular function. The capability of structured RNAs to adopt fixed architectural structures
or undergo dynamic conformational changes contributes to their diverse role in the regulation of gene expression. Although
numerous biophysical and biochemical tools have been developed to study structured RNAs, there is a continuing need for the
development of new methods for the investigation of RNA structures, especially methods that allow RNA structure to be
studied in solution close to its native cellular conditions. Here we use osmium tetroxide (OsO,4) as a chemical probe of RNA
structure. In this method, we have used fluorescence-based sequencing technologies to detect OsO, modified RNA. We
characterized the requirements for OsO, modification of RNA by investigating three known structured RNAs: the M-box,
glycine riboswitch RNAs, and tRNA*P. Our results show that OsO, predominantly modifies RNA at uracils that are
conformationally exposed on the surface of the RNA. We also show that changes in OsO, reactivity at flexible positions in the
RNA correlate with ligand-driven conformational changes in the RNA structure. Osmium tetroxide modification of RNA will
provide insights into the structural features of RNAs that are relevant to their underlying biological functions.
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INTRODUCTION probes react at single-stranded or “flexible” regions in RNA
(Soukup and Breaker 1999; Wilkinson et al. 2006; Tijerina
et al. 2007). Probing techniques such as “in-line” probing
(Soukup and Breaker 1999), SHAPE (selective 2’-hydroxyl
acylation analyzed by primer extension) (Wilkinson et al.
2006; Kenyon et al. 2014), and hydroxyl radical footprinting
(Tullius and Greenbaum 2005; Shcherbakova et al. 2006) that
probe access to the sugar phosphate backbone of the RNA
have been used to map the structural transitions of regulatory
RNA molecules at nucleotide resolution (Dann et al. 2007).
Additional chemical probes for RNA include DMS, diethyl
pyrocarbonate, 1-cyclohexyl-3-(2-morpholinoethyl) carbo-
diimide metho-p-toluene sulfonate, and kethoxal (for re-
view, see Tijerina et al. 2007; Weeks 2010; Xu and Culver
2013). Such probing methods provide complementary data
to enzyme probes for the analysis of RNA structures (for re-
view, see Tijerina et al. 2007; Weeks 2010). By their nature,
each probe explores different aspects of the tertiary structure
of the RNA because different positions on the nucleosides are
targeted. For these reasons there is always a requirement for
the development of new chemical probing methods to study

Structured RNAs have key roles in the regulation of gene ex-
pression. Novel RNA classes have been identified, including
riboswitches, microRNAs, and promoter- or termini-associ-
ated short RNAs and large intergenic noncoding RNAs
(lincRNAs) of unknown function (Ambros 2001; Kapranov
et al. 2007; Guttman et al. 2009; Mauger and Weeks 2010).
An important aspect of the function of regulatory RNA mol-
ecules is the intrinsic capacity of the structured RNA to un-
dergo dynamic changes in response to fluctuations in
cellular conditions (Cruz and Westhof 2009; Dethoff et al.
2012). A number of enzyme and chemical probing methods
have been developed to study RNA structures in solution
(Tijerina et al. 2007; Mauger and Weeks 2010; Weeks 2010;
Westhof and Romby 2010). Chemical probes are usually
small, can access RNA with little steric hindrance, and react
with RNA in a structure-specific manner. They can also be
used under conditions in which enzymes would not be func-
tional. Certain RNA structures may not be accessible to rela-
tively bulky enzyme probes, and enzymes may also induce
anomalous structures in RNA. In general, structural informa-
tion can be inferred from the relative reactivities of particular
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RNA structure, especially when the new probe provides novel
insights into RNA tertiary structure that complements exist-
ing methods.

Osmium tetroxide (OsO,) was first used to make heavy
atom derivatives of tRNA for X-ray diffraction studies
(Schevitz et al. 1972) and has been used to probe DNA struc-
tures such as helical junctions (Duckett et al. 1990; Grainger
et al. 1998), cruciform loops (McClellan et al. 1990), B-Z
junctions (Aboul-ela et al. 1992), and structures in super-
coiled DNA (Furlong et al. 1989) in vitro and in vivo
(McClellan et al. 1990). Osmium tetroxide modifies the
unsaturated 5-6 double bond of the thymine base (Neidle
and Stuart 1976). In DNA-specific structural states such as
single-stranded DNA, base mismatches, bulges, or base
unstacking may change the accessibility of the unsaturated
5-6 double bond of thymines toward osmium tetroxide.
Osmium tetroxide has proved to be a useful chemical
probe for a number of specific DNA structures (Furlong
et al. 1989; Duckett et al. 1990; McClellan et al. 1990;
Aboul-ela et al. 1992; Grainger et al. 1998). The pyrimidine
residues in RNA, uracil (U), and cytosine (C) contain an un-
saturated 5—-6 double bond (Fig. 1A); indeed, uracil in RNA
(although lacking the 5-methyl group of thymine [T]) closely
resembles T and may potentially be modified by osmium
tetroxide. However, to date no study has shown that
osmium tetroxide can be used as a chemical probe of RNA
structure. Here we have adapted an established method for
probing DNA structure with OsO, to the probing of RNA.
In this method, we show that OsO, reacts predominantly
with uracil nucleotides in structured RNAs and can detect
RNA conformational changes in solution. The formation of
the osmate adducts between OsO, and uracil is detected by
primer extension using a fluorescent primer and automated
DNA sequencing. The principle of the assay is illustrated in
Figure 1B.
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Osmium tetroxide predominantly modifies uracil
residues when the unsaturated 5-6 double bond
is exposed on the external surface of RNA

To establish OsO, as a potential probe of RNA structure, we
selected three different RNAs: the M-box riboswitch RNA,
the glycine riboswitch RNA, and tRNA™P (Wilkinson et al.
2006; Dann et al. 2007; Wang et al. 2008). These RNAs con-
tain a variety of tertiary structure motifs including helical
RNA junctions, hairpin loops, bulged (unpaired) nucleo-
tides, and double helical RNA, which allowed us to investi-
gate and characterize the essential requirements for OsO,
modification of RNA. The riboswitch RNAs adopt complex
tertiary structures and function through changes in RNA
conformation induced by ligand binding. They provide a
model system that enables us to understand how the modifi-
cation of RNA by OsOj relates to conformational changes in
the RNA structure. Here we investigated OsO, as a potential
probe to study RNA structure transitions in solution.

Osmium tetroxide modification of RNA was detected by
fluorescence-based capillary gel electrophoresis in the follow-
ing protocol. Briefly, in vitro transcribed RNAs were folded in
the appropriate buffer and incubated with OsO,/pyridine.
After ethanol precipitation, the OsO, modified RNA was
then reverse transcribed with a fluorescein (FAM)-labeled
primer, and analyzed by capillary gel electrophoresis. The
sites of modifications were detected by the position and inci-
dence of abortive reverse transcripts compared to sequence
markers and unmodified RNA. Sequence markers were
generated by reverse transcription of the unmodified RNA
in the presence of individual dideoxynucleotides.

The M-box riboswitch couples intracellular magnesium
levels to the expression of bacterial metal transport genes.
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FIGURE 1. The principle of the assay; detection of osmium tetroxide modification on RNA by primer extension. (A) Osmium tetroxide modification
at the 5-6 double bond of thymine in DNA and uracil in RNA generates an osmium—pyridine adduct. (B) Reverse transcription of modified RNA with
a fluorescent primer leads to premature termination at the site of modification and allows automated sequencing techniques to be used to map con-

formationally sensitive positions on the RNA.
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We first performed reverse transcription on the M-box RNA
at different Mg2Jr concentrations (0—10 mM) and in the ab-
sence of OsO,. The obtained capillary electrophoresis profiles
ruled out any effect of the metal ion ligand itself on reverse
transcription termination (Supplemental Fig. Sla). We car-
ried out OsO, modification experiments on the M-box and
glycine riboswitch RNAs in the presence of ligand, and also
on tRNA*P, 0sO4 modification of RNA yielded a set of elec-
tropherograms composed of a series of fluorescent peaks
(Fig. 2A—C). The fluorescence signals reflect the reactivity
of OsO, modification at each nucleotide. For the M-box
RNA, we detected a total of 20 fluorescent peaks, 13 of which
correspond to uracils that are modified by OsO, (Fig. 2A).
The glycine riboswitch RNA sequence has a lower uracil con-
tent (13 U out of total 88 nucleotides [nt]), therefore only 6
nt were modified by OsO, and the 4 most reactive nucleo-
tides were uracils (Fig. 2B). In the tRNA™P, we observed a
total of 22 fluorescent peaks, 12 of which were assigned to

0Os0, modification at uracils (Fig. 2C). From the peak signals,
the modified nucleotides were classified as highly reactive
(greater than fivefold increase in signal intensity compared
to unmodified RNA) or of intermediate reactivity (two- to
fivefold increase in signal intensity relative to unmodified
RNA) (Table 1). The majority of highly reactive nucleotides
were uracils, although modification was also observed at C,
G, and A residues. These data show that OsO, modifica-
tion predominantly takes place at the uracil residues of
RNA (Table 1; Fig. 2A—C). Of the 41 uracil residues in the
M-box RNA, only 19 uracils were modified by OsO, (e.g.,
Ul13-Ul16, U132, U133), and some uracil residues showed
no modification at all (e.g., U34, U109). Two crystal struc-
tures of the M-box RNA are available (Dann et al. 2007;
Ramesh et al. 2011). Based on the crystal structures, we
then compared the conformation and the surrounding envi-
ronment of the uracils that were highly reactive with those
that were nonreactive toward OsO,, focusing particularly
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FIGURE 2. Osmium tetroxide modification of the RNAs; M-box riboswitch RNA, glycine riboswitch RNA, and tRNA**?. (A) Electropherogram of
0s0,4 modification of M-box riboswitch RNA with magnesium ions; primer extension profiles are shown for OsO, modified RNA in the presence of
10 mM magnesium (red) compared to the unmodified RNA (green). (B) Electropherogram of OsO, modification of glycine riboswitch RNA in the
presence of added glycine; primer extension profiles are shown for OsO, modified RNA in the presence of 10 mM glycine (red) compared to unmod-
ified RNA (green). (C) Electropherogram of OsO, modification of tRNAAP RNA with magnesium ions; primer extension profiles are shown for OsO,
modified RNA in the presence of 10 mM magnesium (red) compared to unmodified RNA (green).
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TABLE 1. Analysis of osmium tetroxide modifications at each nucleotide in the M-box riboswitch, glycine riboswitch, and tRNA*P RNAs

Level of modification

Total number of Numbers of

RNA name Base High* Intermediate® each base modified base
M-box riboswitch U 104, 113, 114, 115, 125, 132, 116 41 13
133, 135, 153, 159, 166, 167
C 131 152 33 2
G 120, 134 = 38 2
A 103, 165 162 47 3
Glycine riboswitch ] 18,19,20, 87 23 13 5
C 24 = 20 1
G = 17,29 28 2
A 21 22 27 2
tRNA U 11,12,13,19, 32, 35, 47, 54, 58, 59 65 18 11
C 20, 36, 55 73 20 4
G 34 37 25 2
A 21 14, 56 12 3

The total number of nucleotides modified, the identity, level of modification, and the position of each modified nucleotide are tabulated. The
level of the osmium tetroxide modification at each position is classified as high when the signal intensity compared to the unmodified RNA
increases greater than fivefold, or intermediate when the signal intensity (compared to unmodified) increases between two- and fivefold.
“Signal intensity of modified nucleotide is more than five times stronger than unmodified.

bSignal intensity of modified nucleotide is between two times and five times stronger than unmodified.

on the OsQO, reactive unsaturated 5-6 double bond. We ob-
served that for uracils that are modified by OsO,, the 5-6
double bond of the uracil (U113-U116 and U132-U133) is
exposed on the surface of the folded RNA and is likely to
be available for an out-of-plane attack by OsO,/pyridine. In
contrast, the 5-6 double bonds of the uracil residues that
remained unmodified by OsOy (e.g., U109) are screened by
the tertiary structure of the RNA such that they are inacces-
sible to an out-of-plane attack by OsO,/pyridine (Fig. 3A),
and this was also the case for the glycine-sensing RNA (Fig.
3B). Therefore, the accessibility of the 5-6 double bond on
U is a critical factor for OsO, modification. We also observed
a small number of G and A modifications in the M-box RNA,
although the exact sites of OsO4 modification on the purines
G and A are not as well characterized as for the pyrimidines
and will require further investigation. Nevertheless, it is ap-
parent that these nucleotides also occupy positions and adopt
conformations that render them highly reactive toward
0s0,. We observed that OsO, also modified a small number
of C’s such as C131 and C152. The level of OsO, modifica-
tion at these positions was significantly smaller compared
to U. Nevertheless, on examination of the crystal structures
it became apparent that the main determinant for modifica-
tion at C by OsO,4 was also the accessibility of the 5-6 double
bond of the C.

To further investigate the accessibility of bases within
the M-box structure we used the program Surface Racer
(Tsodikov et al. 2002). The P6 region of the M-box RNA
with magnesium is disordered in the crystal and appears as
a gap in the structure. We therefore used the manganese-
bound structure of the M-box RNA (Ramesh et al. 2011)
to calculate the accessibility of bases within the M-box struc-

486 RNA, Vol. 23, No. 4

ture. The approximate radius of the OsO,—pyridine complex
is 5 A (Neidle and Stuart 1976). We used 5 A and 1.5 A radii
probes to calculate the accessible surface area on the struc-
ture. We found that for the bases that were more reactive
to OsO, (U113, U114, U115, or U132), the accessible surface
area remained relatively unchanged for 1.5 A and 5 A radius
probes. In contrast, the bases that were unreactive to OsO,
(such as U34) showed a significant reduction in the accessible
surface area using a 5 A radius probe compared to a 1.5 A
radius probe (Table 2). These observations held for each
monomer of the manganese-bound structure (the crystal is
dimeric). This analysis provides an objective assessment of
the accessibility of bases in the structure and the result is in
good agreement with our OsO, probing. A number of bases
appear to adopt an “unstacked” conformation in the crystal
structure although they are unreactive toward OsO,. For ex-
ample, C86 at the point of strand exchange between helices
P4 and P5, although ostensibly unstacked, remained unmod-
ified by OsO,. The surface racer analysis showed that C86 is
indeed inaccessible to the OsO,—pyridine complex (Table 2).
Careful examination of the environment around C86 shows
the 5-6 double bond of C86 to be oriented internally
and thus completely buried and inaccessible to solvent.
Similarly, U47 is located adjacent to the terminal 3" end of he-
lix P3 on the exchanging strand between helices P2 and P3
and is also not reactive to OsO,. Further analysis showed
that the accessible surface of U47 was also shielded from
the 5 A probe relative to the 1. 5 A probe (Table 2). Close in-
spection of the position of U47 within the tertiary structures
(Dann et al. 2007; Ramesh et al. 2011) shows that although
it appears to be conformationally flexible, it adopts a series
of conformations that are “sandwiched” between the ends
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FIGURE 3. The prime determinant for OsO, modification of RNA is
the accessibility of the 5-6 double bond of uracil within the tertiary
structure of the RNA. (A) The external surface of the crystal structure
of the M-box RNA. The top panel denotes the local environment at
the positions corresponding to U116-U113 with the OsO, reactive un-
saturated 5-6 double bond marked in red. Note that the 5-6 double
bonds of U116-U113 that are modified by OsO, are relatively exposed
on the surface of the folded RNA. In contrast, the Jower panel shows the
unsaturated 5-6 double bond of U109 that is not reactive to OsQ, to be
buried inside of the tertiary fold of the RNA. Graphics were generated
using PyMOL (The PyMOL Molecular Graphics System, Version 1.8,
Schrédinger, LLC). (B) The external surface of the crystal structure of
glycine riboswitch RNA. The top panel shows the exposed 5-6 double
bonds of U19-U20 in red. The unsaturated 5-6 double bonds of
U19-U20 are exposed on the surface of the folded RNA and are highly
modified by OsO,. The lower panel shows that the 5-6 double bond of
U67 (in red) is blocked by the tertiary structure of the folded RNA so
that although U67 adopts an unstacked conformation, it remains
unreactive toward OsO,. Graphics were generated using PyMOL.

of helices P2 and P3 and the P6 loop in the crystal structures,
such that out-of-plane electrophilic attack by the bulky
OsO, —pyridine complex at the 5-6 bond of U47 would be
impeded. These analyses therefore establish some of the cri-
teria for OsO, modification of RNA.

Osmium tetroxide as a probe of RNA conformational
change in solution

Our data showed that OsO, modification occurs at the unsat-
urated 5-6 double bond of uracil and the accessibility of
the unsaturated 5-6 double bond is important for the
0s0, modification. RNA conformational changes such as
base mismatches, bulges, base unstacking, or distortion at he-
lical junctions may change the accessibility of the unsaturated
5-6 double bond of U or C to the OsO, probe. We next in-
vestigated how OsO, modification of the RNA reflects con-
formational changes in the RNA. The M-box riboswitch
RNA and the glycine riboswitch RNA undergo significant
conformational changes in the presence of their ligands.
We therefore analyzed osmium tetroxide modification of
the two riboswitch RNAs upon addition of their ligands
(magnesium and glycine).

For the M-box riboswitch RNA, the electropherograms of
fluorescent peaks, corresponding to the reactivity of OsO, to
the nucleotides, changed over the range of the magnesium ti-
tration. The reactivity of OsO, to nucleotides may increase,
decrease, or remain relatively unchanged in response to titra-
tion of Mngr (Table 3; Fig. 4A,B). The M-box RNA structure
contains six helical domains (P1-6), a three-way junction
(formed by P3, P4, and P5), hairpin loops, bulged (unpaired)
nucleotides, and interstrand hairpin—bulge interactions, that
combine to form high occupancy binding sites for magne-
sium ions (Dann et al. 2007). The M-box RNA structure is
illustrated in Figure 4C. At low Mg>* concentrations, high
fluorescent peaks are observed at nucleotides U113-U116
(Fig. 4A; Supplemental Fig. S1b). On titration of increasing
amounts of Mg”" the reactivity of U113-U116 becomes pro-
gressively reduced (Fig. 4A,B; Supplemental Fig. S1b). Helical
junctions are points at which RNA can undergo confor-
mational changes. The nucleotides U113-U116 are located
at the point of strand exchange that links helices P5 and
P3 in the three-way helical junction formed by P3, P4, and
P5. Helices P3 and P5 adopt an extended conformation
with U113-U116 exposed at the helical junction under low
Mg** conditions. At high Mg®*concentrations, P3 and P5 be-
come compact such that U113-U116 becomes more hidden
(Fig. 4C). The reduction in reactivity to OsO4 at U113-U116
in response to added Mg”* suggests that the 5-6 double
bonds of U113-U116 are more accessible to OsQ, in the
low Mg*" conformation but become progressively less avail-
able to OsO, in the high Mg** conformation. Interhelical
stacking between P5 and P3 would block attack on the 5-6
double bond of U113-U116 by OsO,. Thus the changes in
the reactivity toward the OsO, probe at U113-U116, i.e.,
the accessibility of the unsaturated 5-6 double bonds of
U113-U116, correlates closely with the conformational
changes at the P5/P3 junction in response to changes in the
Mg** concentration. Uracil 133 displays consistently high
levels of modification by OsO, in the presence or absence
of Mg** and in fact the reactivity to OsO4 shows a slight
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TABLE 2. Accessible surface area (ASA) (A?) of the OsO, reactive nucleotides on the M-box RNA

Probe radius=1.5 A

Probe radius =5 A

Base ASA on molecule 1° ASA on molecule 2 ASA on molecule 1 ASA on molecule 2
OsO, reactive U113 165.6 171.36 103.38 93.85
U114 178.89 179.19 133.89 123.82
U115 184.13 179.45 168.3 162.45
U129 179.84 188.74 113.63 92.79
U132 170.55 202.33 139.11 188.05
U133 192.56 220.67 295.36 314.74
OsO, unreactive U34 149.89 157.97 0 0
U109 93.53 93.51 0 0
u47 247.34 237.45 75.6 87.5
C86 188.87 236.03 12.83 15.19

The computer program “Surface Racer” (Tsodikov et al. 2002) was used to analyze the accessibility of U’s within the M-box RNA in the pres-
ence of manganese (Mn?*) (PDB:3PDR). (Because the stem—loop P6 is disordered and appears as a gap in the magnesium [M%“]—bound
M-box structure, it was not suitable for analysis.) The RNA is dimeric and the accessible surface area (ASA) for each nucleotide (A%) was cal-
culated for each monomer. By comparing the exposed surface from an initial screen using a 5 A radius probe size (5 A is the approximate
radius of the Os—pyridine complex) with a smaller 1.5 A radius probe, “buried” bases within the structure can be identified.

The Mn?*-bound M-box crystal structure is dimeric. The constituent RNA monomers adopt slightly different structures at some nucleotides.

increase with Mg>". U133 is located in the terminal loop L6 of
helix P6 (Fig. 4C); the consistently high levels of modification
by OsO, suggest that the 5-6 double bond of U133 is freely
accessible and remains a part of the loop during the RNA
conformational changes upon binding of Mg*". The small in-
crease in reactivity at U133 may reflect a minor restructuring
of the loop due to the global conformational change. The
reactivity of U153, A154, U159, and A165 on helix P2 near
the Mg®" binding sites is progressively repressed upon
Mg** titration as the RNA folds. At low Mg”* concentrations,
P2, P3, and P5 are openly extended with high reactivity of
0sO, toward U153, A154, U159, and A165 on P2. In con-
trast, at high Mg”" concentrations, P2, P4, and P5 are folded
and U153, A154, U159, and A165 on P2 consequently be-
come more hidden and partially buried inside the folded
structure, which accounts for the reduced OsO, reactivity
of these nucleotides. Similarly, the nucleotides U135-A149,
U161, and A162 on P2 also show reduced OsO, reactivity
at high Mg”* concentrations although the modification levels
are considerably lower; this is also consistent with the idea
that P4, P5, and P2 folding blocks accessibility of OsO,.

TABLE 3. Osmium tetroxide reactivity correlates with conformational
changes in the M-box RNA

Stem Signal down Signal up

P1, P2 G141-A165 =

P3 — G120

P4 - -

P5 U113-U116, U125 A103

P6 G134-A139 C131, U132, U133

The location and identity of nucleotides within the secondary
structure of the M-box RNA that show an increase or decrease in
reactivity toward osmium tetroxide on addition of Mg”* ions.

488 RNA, Vol. 23, No. 4

The suppression of reactivity at nucleotides along the length
of helix P2 reflects that P4 and P5 fold onto P2, which plays
an important role in the assembly of the Mg*" ion-bound
M-box RNA. OsO, reactivities are generally reduced upon
Mg*" titration, reflecting the change in conformation of the
M-box RNA from an extended to a compact structure (Fig.
4C; Supplemental Fig. S2). The changes in OsO, reactivity
correlate with the known conformational changes of the
M-box RNA.

For the glycine riboswitch RNA, upon OsO,4 modification
the electropherograms of the fluorescent peaks only change
at positions U19-U20 in the presence or absence of glycine
(Supplemental Fig. Slc). The fluorescent signals at U19—
U20, which are located in a stem loop, increased progressively
on titration with glycine. In the absence of glycine, the ribos-
witch RNA with the U19-U20 loop may adopt an intermedi-
ate prefolded structure. However, analysis of the glycine
riboswitch structures (Huang et al. 2010) showed that upon
glycine binding, the RNA adopts a compact conformation in
which U19-U20 in the stem—loop are unstacked and become
particularly accessible to an out-of-plane attack by OsO,.
This explains the changes in the OsO, reactivity at U19-
U20 with or without glycine. The increase in OsO, reactivity
in the loop at U19-U20 on glycine binding is somewhat
similar to the increase in reactivity at U133 in the P6 loop
of the M-box RNA on magnesium ion binding, suggesting
that these loops undergo further minor structural rearrange-
ments upon ligand binding.

DISCUSSION

We have shown that osmium tetroxide can be used as a reli-
able probe to study RNA tertiary structure and RNA con-
formational changes in solution. The following evidence
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FIGURE 4. The relationship between osmium tetroxide reactivity and conformational transitions in the M-box RNA. (A) The electropherograms of
fluorescent peaks of the M-box RNA in the absence of magnesium ions (black) and the presence of 10 mM magnesium ions (red). The nucleotides
corresponding to each fluorescent peak are indicated; for clarity, the positions of multiple peaks that show significant changes are boxed. The colored
bar represents the strands of the helical domains of the folded RNA secondary structure denoted in C. (B) The electropherograms of the fluorescent
peaks for nucleotides U113-116, U132-U133, or G151-A154 of the M-box RNA upon titration of magnesium ions (0, 0.02, 0.1, 0.2, 1, 10 mM). (C) A
cartoon of the secondary structure transition of the M-box RNA on the addition of magnesium. The constituent strands of the folded RNA correspond

to the colored bar shown in A. Component helical stems are labeled P1-P6.

supports our conclusions: First, we have used three known
structured RNAs to characterize osmium tetroxide modi-
fication to RNA and establish the principles of RNA modi-
fication by OsO,. We show that osmium tetroxide
modification of RNA predominantly takes place at uracil
nucleotides under conditions where the unsaturated 5-6
double bond of U is exposed on the surface of the RNA.
Consequently, the availability and relative reactivity of osmi-
um tetroxide toward the unsaturated 5-6 double bond of U
can be diagnostic of the tertiary folding of the RNA structure
in solution. Secondly, we used osmium tetroxide to probe
the M-box and glycine riboswitch RNAs upon titration of
their ligands to test whether RNA conformational changes
in solution could be detected by OsO, modification. The
changes in the reactivity toward OsO, of specific nucleotides
within the riboswitch RNAs were found to be consistent with
the established RNA conformational transitions for both
riboswitch RNAs. Thus, osmium tetroxide is a valuable probe
for RNA conformational changes.

The crystal structures of the M-box and glycine riboswitch
RNAs enabled us to compare the chemical environment
of the reactive positions within the nucleotides that were
modified by osmium tetroxide and allowed us to establish
the conditions for OsO, modification of RNA. Although

the crystal structures have enabled us to identify the impor-
tant requirements for RNA modification by OsOy,, the appli-
cation of this method and the interpretation of the data can
be completely independent of high-resolution structures.
Osmium tetroxide probing may provide valuable informa-
tion when such structures are not available, or when folding
intermediates prove refractory to high-resolution techniques.

Osmium tetroxide is a valuable chemical probe for
DNA structures (Furlong et al. 1989; Duckett et al. 1990;
McClellan et al. 1990; Aboul-ela et al. 1992; Grainger et al.
1998). Although OsO, predominantly reacts with unstacked
thymine bases in DNA, it has also been reported to modify
guanines under particular conditions (in the presence of
CaCl, [Dobi et al. 1994]). Compared to OsO, modification
of DNA, we observe that OsO, also modifies pyrimidines,
primarily at the thymine analog uracil although cytosine is
also modified to a lesser extent and modifications are also
observed at guanine and adenine nucleotides, mostly at lower
levels. The modification by OsO, of cytosine probably takes
place at the unsaturated pyrimidine 5-6 double bond as
well. The sites of modification by OsO, on the purines
have yet to be determined and require further investigation.

Genome-wide analysis of RNA structure has been initiated
through the development of high-throughput methods for
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RNA structure determination by specific enzymes (Kertesz
et al. 2010) or chemical probes (Ding et al. 2014; Rouskin
et al. 2014; Spitale et al. 2015). These methods enable
determination of RNA secondary structures on a genomic
scale simultaneously in one experiment (Mortimer et al.
2014; Kwok et al. 2015; Lu and Chang 2016). We have
used fluorescence-based capillary electrophoresis sequencing
techniques to detect OsO4 modification of structured RNAs.
This method has potential for high sample capacities and
can be further developed into a high-throughput method
using OsO, as a probe for genome-wide investigation of
RNA structure. Osmium tetroxide has been shown to
modify DNA in situ (Rahmouni and Wells 1989; McClellan
et al. 1990) and is also a potential probe of RNA structure
inside cells.

In general, probing a structured RNA with the OsO,—
pyridine complex can contribute structural information
about the RNA of interest at two levels: It can provide infor-
mation on ligand-dependent RNA folding, and also informa-
tion on the conformations and solvent accessibility of
particular nucleobases in the folded RNA. Nucleotides that
experience significant changes in reactivity either through
an increase or decrease in modification upon ligand binding
are likely to sample conformations that become open or
closed to out-of-plane nucleophilic attack. A number of
structured motifs can be identified within the RNA, includ-
ing stem—loops, helical junctions, and mispaired bases.
Because long structured RNAs like the M-box RNA tend to
fold to minimize solvent accessibility to the RNA, in their
folded form the reactive bonds tend to be located on the out-
side of the helix in the major groove with the reactive bond
facing outwards.

As a chemical probe OsO, presents a number of clear
points of difference to existing chemical probes. The primary
site of modification in RNA is the 5-6 double bond of
uracil on the major groove side of the RNA, secondary sites
of modification also occur at the analogous position on
cytosine, and modifications may also take place at purine
nucleotides, mostly at low levels. Because uracil is the main
site of OsO4 modification, the probing data are relatively sim-
ple to interpret. Osmium tetroxide, in combination with
phylogenetic data and predictive computational folding
methods, may be used to analyze the folding and secondary
structure of novel regulatory RNAs at nucleotide resolution.
Osmium tetroxide as a chemical probe of RNA tertiary struc-
ture provides novel information that complements existing
methods.

MATERIALS AND METHODS

RNA synthesis and purification

The RNAs were prepared by in vitro transcription using T7 RNA
polymerase. T7 promoter sequence was included in the primer
sequence. The primer sequence and the template sequence for
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the in vitro transcription of the three RNAs can be found in
Supplemental File 3S. The in vitro transcription containing 2.5
mM rNTPs, 1X transcription buffer (40 mM Tris—-HCI, pH 7.9,
0.01 % [v/v] Triton X-100, 20 mM MgCl,, 2 mM spermidine), 10
mM DTT, 500 ng-5 ug DNA template, 100 U of RNase Inhibitor,
and 250 U of T7 RNA polymerase in a total of 100 uL was incubated
at 42°C for 4-5 h. DNA template was digested by adding 10 U DNase
I at 37°C for 45 min. RNA was then gel purified by 10% denaturing
polyacrylamide gel electrophoresis extracted by electroelution and
recovered by ethanol precipitation. RNA samples were incubated
in buffer (50 mM Tris—HCI [pH 8], 100 mM KCl) at 65°C for 5
min and then cooled to room temperature.

OsO, probing

Approximately 20 pmol of RNA was incubated in buffer (50 mM
Tris—HCI [pH 8], 100 mM KCI) containing the desired concen-
tration of MgCl, in a total volume of 10 pL in an eppendorf tube.
RNA was modified with OsO,/pyridine at a final concentration of
1 mM/0.76 mM at 25°C for 1 h (Lukdsova et al. 1984; Duckett
et al. 1990; Aboul-ela et al. 1992). The reaction was stopped by eth-
anol precipitation and the RNA was recovered and taken up in
reverse transcriptase buffer (first-strand synthesis buffer: 50 mM
Tris-HCl [pH 8.3 at room temperature], 75 mM KCl, 3 mM
MgCl,, 0.01 M DTT, 40 U [RNase inhibitor]) for 20 pL reverse tran-
scription reactions. The control sample (—-OsO,) was not treated
with OsO,/pyridine for modification, but was otherwise treated
identically to the OsO,/pyridine modified sample. N.B. Both
0s0, and pyridine are highly toxic chemicals. Concentrated stock
solutions of OsO, were stored in glass vials. Reactions were per-
formed in a fume hood and gloves, eye protection, and a laboratory
coat worn at all times. Material Safety Data Sheet information is
available at http:/www.sigmaaldrich.com.

The first-strand cDNA synthesis (FSS) and sequencing

The fluorescein (FAM)-labeled primer sequence (Watts et al. 2009)
is given in S5. For each RNA sample an FSS reaction was prepared by
mixing 5 pL of the modified RNA in TE buffer, 2 pmol FAM-specific
primer, 10 pmol dNTPs in 13 pL. Sequencing markers were pre-
pared in parallel from unmodified RNA, FAM-specific primer, 10
pmol dNTPs, and 40 pmol ddNTPs. The mixture was incubated
at 65°C for 5 min; then cooled on ice for 1 min to anneal the
RNA and primer. For all reverse transcription reactions first-strand
synthesis buffer (50 mM Tris—HCI [pH 8.3 at room temperature],
75 mM KCl, 3 mM MgCl,, 0.01 M DTT, 40 U RNase inhibitor)
was added and cDNA synthesis initiated by adding 200 U Super-
script III reverse transcriptase to a final volume of 20 pL, and the
reaction was incubated at 55°C for 60 min. Reverse transcrip-
tion was terminated by addition of 1 pL 4 M NaOH and heating
at 95°C for 5 min, cDNAs were recovered by ethanol precipitation
and the pellet resuspended in 5 pL water. cDNA samples were
analyzed with an ABI 3730x] DNA analyzer.

Data processing

Electropherograms of ¢cDNAs corresponding to the modified
and unmodified RNA samples and sequence markers were ana-
lyzed using peak scanner software (v1.0) (ABI). Raw capillary
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electropherograms were normalized using the Sizing Default analy-
sis method provided with the peak scanner software. The positions
of premature termination of primer extension at modified nucleo-
tides were identified by manual alignment with the sequence mark-
ers. Normalized electropherogram plots of the modified samples
were compared with the unmodified samples through nucleotide
position alignment.

Surface racer analysis

The computer program Surface Racer (Tsodikov et al. 2002) was
downloaded from: (http:/pharmacy.uky.edu/research-innovation-
and-discovery/faculty-labs/tsodikov-laboratory/software) and was
used to analyze the accessibility of the nucleotides within the
M-box RNA in the presence of manganese (PDB:3PDR). The acces-
sible surface area (ASA) for each nucleotide (A?) was calculated by
using 5 A and 1.5 A radius probes (5 A is the approximate radius
of the OsO,—pyridine complex).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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