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ABSTRACT

Many biological functions performed by RNAs arise from their in vivo structures. The structure of the same RNA can differ
in vitro and in vivo owing in part to the influence of molecules ranging from protons to secondary metabolites to proteins.
Chemical reagents that modify theWatson–Crick (WC) face of unprotected RNA bases report on the absence of base-pair-
ing and so are of value to determining structures adopted by RNAs. Reagents have thus been sought that can report on the
native RNA structures that prevail in living cells. Dimethyl sulfate (DMS) and glyoxal penetrate cell membranes and inform
on RNA secondary structure in vivo throughmodification of adenine (A), cytosine (C), and guanine (G) bases. Uracil (U) bas-
es, however, have thus far eluded characterization in vivo. Herein, we show that the water-soluble carbodiimide 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) is capable of modifying the WC face of U and G in vivo, favoring the former
nucleobase by a factor of ∼1.5, and doing so in the eukaryote rice, as well as in the Gram-negative bacterium Escherichia
coli. While both EDC and glyoxal target Gs, EDC reacts with Gs in their typical neutral state, while glyoxal requires Gs to
populate the rare anionic state. EDCmay thus bemore generally useful; however, comparison of the reactivity of EDC and
glyoxal may allow the identification of Gs with perturbed pKas in vivo and genome-wide. Overall, use of EDC with DMS
allows in vivo probing of the base-pairing status of all four RNA bases.
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INTRODUCTION

Structures of RNAs are essential to every step of gene reg-
ulation. During the eukaryotic mRNA lifecycle, structure
regulates alternative polyadenylation and splicing (Ding
et al. 2014), is integral to miRNA maturation (Teixeira
et al. 2004; West et al. 2004), modulates mRNA turnover
(Wan et al. 2012), and contributes to translational control
(Kumari et al. 2007; Kwok et al. 2015a). RiboSNitches that
affect RNA structure and are associated with disease phe-
notypes (Wan et al. 2014) illustrate the importance of
RNA structure to human health. Catalytic RNAs, such as
self-splicing introns and RNase P, are examples wherein a
highly specific structure is requisite for biological function
(Guerrier-Takada et al. 1983; Zaug and Cech 1986;
Fedorova and Zingler 2007; Mitchell and Russell 2014).
Prokaryotes also possess an abundance of mechanisms of

structure-based gene regulation. For example, in transcrip-
tion attenuation, terminator structures halt transcription of
the operon, while antiterminator structures reverse this ef-
fect (Yanofsky 1981; Babitzke 1997; Naville and Gautheret
2010). Ligand-binding riboswitches can exert control of
gene expression at the transcriptional and translational lev-
el, enabling facile response to altered metabolic states
(Winkler et al. 2002; Peselis and Serganov 2014), while spe-
cific RNA-based thermometers in 5′-UTRs control transla-
tion in response to temperature (Altuvia et al. 1989;
Kortmann et al. 2011; Barnwal et al. 2016). These examples
demonstrate the essential nature of RNA structure to both
eukaryotes and prokaryotes, andmotivate development of
methodologies to reveal RNA structure, particularly as it
prevails in vivo.
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Traditionally, probes of RNA structure in vitro include
both enzymes that cleave the RNA backbone specifically
at single- or double-stranded regions, and chemicals that
modify RNA in a structure-specific manner. Because en-
zymes are essentially membrane-impermeant, in vivo
methods of RNA structure determination have relied on
chemical reagents that can enter living cells. These re-
agents, which tend to be small, hydrophobic, and neutral
compounds, covalently modify nucleotides to allow reten-
tion of in vivo structural information after the RNA is extract-
ed (Bevilacqua and Assmann 2018). Covalent modification
at certain positions terminates reverse transcription (RT), al-
lowing identification of the modified nucleotide one base
upstream of the site of the RT stop. This strategy was orig-
inally applied to individual RNA species, with RT stops read
out by primer extension followed by denaturing PAGE.
More recently, this strategy has been coupled with next-
generation sequencing techniques to provide a global
snapshot of the RNA structurome (Kwok et al. 2015b;
Bevilacqua et al. 2016).

Reagents that modify different positions of the nucleo-
tides have been used in in vivo structure-probing. SHAPE
reagents, which react with the ribose sugar, have the
advantage of modifying all four nucleotides, and can pro-
vide structural information because reactivity is strongly di-
minished by base-pairing (Merino et al. 2005). While the
original SHAPE reagents are not strongly membrane-per-
meant, the SHAPE reagent NAI crosses cell membranes,
allowing in vivo application (Spitale et al. 2013; Lee et al.
2017). Other reagents modify the Watson–Crick (WC)
face of nucleotides such that the presence of reactivity
directly indicates that the nucleotide is not engaged in
standard base-pairing or interaction with proteins. Di-
methyl sulfate (DMS) alkylates the N1 of adenines (A) and
the N3 of cytosines (C) and was the first reagent used to
provide a genome-wide picture of the RNA structurome
(Ding et al. 2014; Rouskin et al. 2014). Recently, our labora-
tory developed glyoxal and its hydrophobic derivatives,
methylglyoxal and phenylglyoxal, as in vivo probes that
block RT throughmodification of theWCamidine function-
ality of guanine (G), with significant but lesser reactivity on
the amidine faces of A and C (Mitchell et al. 2018). Methyl-
and phenylglyoxal proved more effective than glyoxal,
likely because their more hydrophobic character allows
increased permeation through the lipid bilayer. Finally,
the recently developed LASER reagent nicotinoyl azide
(NAz) reacts via a light-triggered nitrene at the C8 position
of purines, which is away from theWC face, and induces an
RT stop (Feng et al. 2018). This reagent is of special interest
because it is sensitive to protein protection and tertiary
structure but is not generally influenced by base-pairing.

Missing within this arsenal of in vivo structure-probing
reagents is one that modifies the WC face of uracils (U),
which make unique and important contributions to RNA
structure. For instance, A–U pairing in the 3′-UTR is espe-

cially important in gene regulation (Wan et al. 2012;
Rabani et al. 2017). Moreover, U tends to pair with both
A and G, making absence of U base-pairing particularly
notable. The carbodiimide 1-cyclohexyl-3-(2-morpholi-
noethyl)-carbodiimide methyl-p-toluenesulfonate (CMCT)
has been used for many years to probe Us and Gs in vitro
(Harris et al. 1995; Ziehler and Engelke 2001), but is not
generally amenable to in vivo work. Cellular application
of CMCT has been described but requires either soni-
cation, cell lysates, or cell-damaging agents such as
DMSO, high concentrations of CaCl2, or sodium borate
(Noller and Chaires 1972; Harris et al. 1995; Balzer and
Wagner 1998; Antal et al. 2002; Incarnato et al. 2014).
Therefore, currently only As, Cs, and Gs can be probed
directly in vivo without cellular damage.

In this work, we demonstrate that the water-soluble
carbodiimide 1-ethyl-3-(3-dimethylaminopropyl)carbodii-
mide (EDC) can enter intact, nonpermeabilized cells and
react with theWC face of Us and Gs in RNAs with high spe-
cificity. EDC is a common reagent that is often used to cat-
alyze the formation of peptide bonds (Wiliams and Ibrahim
1981; Nakajima and Ikada 1995; Madison and Carnali
2013). We show that EDC can enter intact plant and bacte-
rial cells without previous disruption of the cell wall or cell
membrane and covalently modify accessible Us and Gs on
the WC face at neutral pH, marking novel use of this re-
agent as a valuable in vivo RNA secondary structure probe.
Paired with glyoxal, EDC also provides a probe for identi-
fying pKa-perturbed Gs in vivo and genome-wide.

RESULTS AND DISCUSSION

While in vitro reactions with RNA-modifying reagents typ-
ically are inapplicable to a biological context, they can of-
ten provide valuable information on the efficacy of the
reagent and conditions for in vivo probing. We initially de-
termined the U modification activity of the carbodiimide
EDC in vitro, using primer extension and denaturing
PAGE of rice 5.8S rRNA. Selected buffers spanned a pH
range of 6–9.2 and contained 50 mM K+ and 0.5 mM
Mg2+ to mimic typical cytoplasmic cation concentrations
(Walker et al. 1996; Karley and White 2009; Gout et al.
2014). In the examined region of G53 to C143, EDC dis-
played robust and specific modification of Us andGs to dif-
ferent extents that reflect RNA structure (Fig. 1A; also see
Supplemental Fig. S1, where the same EDC concentra-
tions are tested for a shorter reaction time). EDC did not
modify any As or Cs throughout the examined region, con-
sistent with the known chemistry of carbodiimide reagents
(Fig. 2). Increasing the concentration of EDC increased
the extent of reaction and resulted in several new sites
(Fig. 1B).

In comparing our current in vitro studies of EDC to our in
vitro study of glyoxal (Mitchell et al. 2018), we found that
∼10× more EDC was required to achieve observable
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basemodifications in the same timeframe of 5min (2.5mM
for glyoxal, methylglyoxal, and phenylglyoxal vs. >28 mM
for EDC). Notably, EDC concentrations above 85 mM led
to excessive modification of the RNA and resultant loss
of single-hit kinetics (Fig. 1A). We observed a slight pH
dependence for in vitro EDC reactivity when using low
(28 mM) concentrations of EDC; reactions at pH 6 (Supple-
mental Fig. S2) and pH 7 (Fig. 3; also see Supplemental
Fig. S2) gave no observed modifications while reactions
at pH 8 or pH 9.2 resulted in modifications, which might
reflect deprotonation of the carbodiimide moiety (Fig. 3;
also see Supplemental Fig. S2). Notably, increasing the
EDC concentration eliminated this pH dependence. Final-
ly, across all of the in vitro conditions tested, while EDC
readily modifies both Us and Gs, it appears to favor mod-
ification of Us by a factor of ∼1.6.
Interestingly, one intense region of EDC reactivity aligns

with a long-range phylogenetically predicted four base he-
lical strand containing U104 to G107, and another is found
along a local stem–loop spanning G111 to G119 (Figs. 1,
3). For the long-range pairing, U106 forms a wobble pair
with G46, and G107 forms a sheared pair with A45 (Heus
and Pardi 1991; SantaLucia and Turner 1993). The sheared
G–A pair exposes the WC face of the G to EDC, while the
G•U wobble is significantly weaker than WC base pairs

(Turner 2000). The two remaining base pairs are A–U pairs,
which are relatively weak leading to a high probability of
transient unwinding of the helix, which would allow access
to EDC. For the local stem–loop of G111 to G119, while
U117 is shown paired with A113 in the secondary structure
derived from comparative analysis (Cannone et al. 2002;
Gutell et al. 2002), it is unpaired and flipped outward in
the homologous yeast cryo-EM structure (see Supplemen-
tal Fig. S3; Schmidt et al. 2016). This is not unlike the highly
reactive G107 being flipped out in its sheared base pair.
On the other hand, the 10-bp stem–loop spanning G120
to C143, analogous to the G-C rich 9-bp stem–loop in
the yeast cryo-EM structure, did not give anymodifications
except for a single base in the loop (Fig. 1B), indicating that
Gs in strong helices do not react with EDC.
Upon determining that EDC specificallymodified Us and

Gs in vitro, we next exposed rice tissue to EDC to test
whether the reagent could probe RNA structure within in-
tact cells without artificially permeabilizing the cell wall or
membrane with detergents or other reagents (Holmberg
et al. 1994; Incarnato et al. 2014). As in our previous study
with glyoxal and its derivatives, we incubated the excised
shoots of 2-wk-old rice seedlings for 15 min in buffers con-
taining 50 mM K+, 0.5 mM Mg2+, and EDC ranging from
113 to 565 mM. Similar to the aforementioned in vitro

A B

FIGURE 1. In vitro modification of rice 5.8S rRNA by EDC analyzed by denaturing page of cDNAs after reverse transcription. (A) Reactions with
the indicated EDC concentrations for 5 min. Dideoxy sequencing lanes, a control reaction lacking EDC, and reactions with EDC are shown. Blue
text to the left indicates nucleotides within the sequence of the examined range of G53 to C143. (B) Reactive nucleotides in either 57 mM or
85mM EDCmapped as hexagons and circles, respectively, onto the relevant portion of the rice 5.8S rRNA comparative structure. Colors indicate
the level of modification for nucleotides exceeding the calculated significance value for which a base is consideredmodified (defined inMaterials
and Methods) after normalization and scaling such that all values fall between 0 and 1.

In vivo probing of uracil base-pairing

www.rnajournal.org 149

 Cold Spring Harbor Laboratory Press on August 9, 2022 - Published by rnajournal.cshlp.orgDownloaded from 

http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.067868.118/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.067868.118/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.067868.118/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.067868.118/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.067868.118/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.067868.118/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.067868.118/-/DC1
http://rnajournal.cshlp.org/
http://www.cshlpress.com


results, EDC modified almost all Us and Gs within single-
stranded loops and weak helices when probing 5.8S
rRNA in vivo (Fig. 4A). No modification is observed at As
or Cs, indicating that EDC is base specific in vivo. EDC con-
centrations above 283 mM led to a sharp decrease in the
intensity of the full-length band and of the bands for
many of the modified nucleotides (Fig. 4A), indicating ex-
cessive modification. As such, all subsequent in vivo ex-
periments in rice used a maximum EDC concentration of
283 mM. Similar to the in vitro conditions tested above,
varying the external buffer pH from 6 to 9.2 had no effect
on modifications in 113 mM and 283 mM EDC (Fig. 4B).

Again, EDC preferably reacted with U over G, with a U-to-
G reactivity ratio of 1.4 in vivo, similar to the value of 1.6
found in vitro. Varying the EDC reaction time from 2 min
to 10 min revealed a time dependence for in vivo base
modification, with increasing reactivity observed at longer
times (Fig. 4C; also see quantitation of reactivity time de-
pendence in Supplemental Fig. S4B).

In vivoprobingof both rice 5.8S rRNA (Fig. 5A,B) and28S
rRNA (Fig. 5C,D; also see Supplemental Fig. S5 for addi-
tional data on 28S rRNA) reveals EDC modification of al-
most all unpaired Us and Gs within loops or within or
immediately adjacent to relatively unstable helices, con-
firming that EDC reports on RNA secondary structure.
While some nucleotides are denoted as unmodified as a
result of uncertainty owing to natural RT stops, the vast ma-
jority of unmodifiedbases formWCbasepairs within stable
helices. For example, Gs present within helices H16–H20,
which are predicted to be base-paired, are not modified
by EDC or phenylglyoxal (Fig. 5D). H15 provides a stark il-
lustration of high EDC reactivity within a subregion of an
otherwise stable and unreactive helix. Specifically, the
subregion G115 to U124 has five noncanonical WC in-
teractions near the base of the stem and is quite reactive
with EDC, while the apex of the stem is mostly GC base
pairs and is unreactive. Figure 5 and Supplemental Figure
S4 confirm by several approaches that the reaction is
quenched prior to RNA extraction. Thus, EDC is capable
of reporting on RNA secondary structure in vivo.

To test whether EDC can probe RNA structure in vivo
within multiple domains of life, we treated Gram-negative
E. coli strain MG1655 with EDC and probed 16S rRNA.
Examining a range of EDC concentrations from 28 mM
to 141 mM revealed that EDC successfully entered cells
and modified RNA (Fig. 6A). Treatment with ≥57 mM
EDC led to an excessive number of bands upon separation
of RT products by denaturing PAGE, including As and Cs
that EDC cannot modify, that we attribute to degradation
of the RNA. Separation of in vivo EDC-treated total RNA
on an agarose gel confirmed degradation of the RNA at
≥57mMEDC, with the loss of the discrete rRNA bands and
the formation of a broad smear (Fig. 6B). Furthermore,
treatments with EDC concentrations above 57 mM severe-
ly diminished yields fromRNAextraction and led to the for-
mation of an unidentified precipitate upon quenching the
EDC reaction with DTT.

Basedon these initial results, we then tested in vivomod-
ification of E. coli cells in a range of 6 mM to 28 mM EDC.
We detected EDC modification specifically at Gs and Us
(Fig. 6C). At the tested concentration of 28 mM, EDC fa-
vored modification of Us in E. coli, giving a U-to-G ratio
of 1.5, similar to the in vitro and in vivo ratios with rice.
Lower EDC concentrations resulted in ratios <1, with the
value skewed by unusually strong EDC modification of
G68—aG that forms a sheared pair with A101 and exposes
its WC face in what is apparently a highly reactive

FIGURE 2. Reaction scheme for base modification by EDC, shown in
red. In the first step, EDC abstracts a proton from the endocyclic N3 of
U. The resulting anionic lone pair on the nucleobase attacks the cat-
ionic carbodiimide moiety, leading to neutralization and covalent at-
tachment of the EDC adduct to the base. EDC reacts with the
endocyclic N1 of G in a similar fashion.
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conformation, as described above for rice 5.8S rRNA.Upon
mapping themodified bases onto theE. coli 16S rRNA sec-
ondary structure derived from comparative analysis (Can-
none et al. 2002), we observed that the nucleotides with
highest EDC reactivity were the sheared G68 and the hair-
pin loop nucleotides U84, U85, andG86 (Fig. 6D). All other
EDC-modified nucleotides are positioned adjacent to
bulges (G39, U56, and U70) or are involved in a G•U wob-
ble pair (G62), presumably providing access to modifica-
tion. Interestingly, EDC did not modify four Gs and Us
(G31, G38, U49, and G64) shown as single-stranded within
the 16S rRNA secondary structure (Fig. 6D). Examination of
the E. coli 70S ribosome crystal structure revealed that the
base of G31 and the entirety of U49 are buried within the
interior of the ribosome and thus are solvent inaccessible,
consistent with their observed lack of modification (see
Supplemental Fig. S6). Conversely, G38 and G64 are sol-
vent exposed. However, all four unmodified nucleotides
exhibit interactions involving the endocyclic N1 of G or

N3 of U that would inhibit deprotonation by EDC (see Sup-
plemental Fig. S6; also see Fig. 2 for EDC reaction scheme).
G31 and G38 each are in position to hydrogen bond with
the bridging O5′ of C48 and the nonbridging oxygen of
A397, respectively, with the bonding distances being
∼3Å for eachpair (see Supplemental Fig. S6). U49 is further
protected by base-pairing between its WC face and the
sugar edge of G362. A similar interaction exists between
the WC face of G64 and the Hoogsteen face of G68 (see
Supplemental Fig. S6).
It is of interest to compare the properties of EDC with

glyoxal, which also reacts with Gs in vivo (Mitchell et al.
2018). In the G50 to C143 region of rice 5.8S rRNA, EDC
modified 34 out of 47 possible nucleotides, consisting of
16 out of 29 Gs and 18 out of 18 Us (Fig. 5B). By compar-
ison, phenylglyoxal only modified three nucleotides (G82,
G89, G99) within that same region. The larger examined
region for 28S rRNA, spanning from G35 in H11 to C270
just upstream of H21, provides another example of this

A B

FIGURE 3. In vitro EDC modification of rice 5.8S rRNA at various pH and EDC concentrations. (A) Denaturing PAGE analysis of cDNAs gen-
erated after RT. Reaction conditions at pH 7, pH 8, and pH 9.2 are shown along with dideoxy sequencing lanes. (B) Comparison of band in-
tensities for all Us and Gs within the examined range of G55 to G138; reactions at 113 mM EDC are excluded due to excessive modification of
the RNA. Colored boxes represent U or G modification above the calculated significance value (S); green boxes represent S to 3 S; yellow
boxes represent >3 S to 6 S; orange boxes represent >6 S to 10 S; and dark red boxes represent >10 S. White boxes represent Us or Gs
that are not significantly modified by EDC.
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effect. Here, 54 out of 113Gs and Us aremodified by EDC,
consisting of 35 out of 80 Gs and 19 out of 33 Us (Fig. 5D).
Conversely, phenylglyoxal only modified three Gs (G121,
G134, and G260) within this extended region of 28S
rRNA. Only N1-deprotonated anionic Gs can react with
glyoxals, since glyoxal is an electrophile, which likely ac-
counts for the lower reactivity of glyoxal compared to
EDC. Moreover, Gs typically have a pKa of 9 on the N1,
which is further elevated in WC base pairs (Legault and
Pardi 1997; Wilcox et al. 2011). Given that the cytosol of
most cells is at a pH of ∼7, any sites of glyoxalation may
arise from Gs with pKas shifted toward neutrality. When
comparing EDC, a nucleophilic reagent that reacts with
N1-protonated neutral Gs (Fig. 3), with glyoxal, unpaired
Gs with shifted pKas may thus become apparent.

In conclusion, we present a novel application of the wa-
ter-soluble carbodiimide EDC as an in vivo probe of RNA
secondary structure. EDC targets the WC face of unpaired
Us and to a lesser extent Gs with high specificity at neutral
pH and within intact cells across multiple domains of life.
Importantly, EDC finally resolves the information gap
that has existed for 30 yr for in vivo structural probing of
base-pairing interactions. The combined application of
WC-specific probes in EDC and DMS, along with sugar-
reactive SHAPE reagents and the C8-A/G reactive rea-
gent NAz, will provide a once-unattainable comprehensive
picture of in vivo base-pairing, backbone flexibility, sec-
ondary structure formation, and protein protection for all
four RNA bases.

MATERIALS AND METHODS

Plant materials and growth conditions

Standard 100mm×15mmpetri dishes were inverted and the lids
(now on the bottom) were lined with filter paper (VWR; Catalog
#28320-187) prior to the addition of ∼30–40 Oryza sativa (rice)
seeds per 100 mm dish or ∼50–60 seeds per 150 mm dish.
Approximately 100 mL of tap water was added and the seeds
were covered with the bottom of the dish. The seeds were incu-
bated in a 30°C–37°C greenhouse under light of intensity ∼500
µmol photonsm−2 s−1 supplied by natural daylight supplemented
with 1000 W metal halide lamps (Philips Lighting Co.) for 7–8
d. Seedlings then were transferred to pre-moistened Sunshine
LC1 RSi potting soil (SunGro Horticulture) in 15 cm tall pots so
that the seeds were ∼1 cm below the soil surface and the radicle
or roots were completely buried within the soil. Water was added
to an underlying plastic tray to ∼6 cm depth and the level was al-
lowed to drop during the course of the growth incubation, since
excessivewatering of the seedlings can inhibit growth. A spoonful
(∼0.5–1 g) of Sprint 330 powdered iron chelate (BASF) was added
to the water to prevent seedling iron deficiency. The seedlings
were illuminated with ∼500 µmol photons m−2 s−1 light intensity
as above for another 7–8 d until attaining a height of ∼8–12 cm.

E. coli growth conditions

E. coli (strain MG1655) was inoculated in liquid LB media and in-
cubated overnight at 37°C without shaking. The overnight culture
was diluted 1:100 into 125 mL side-arm flasks each containing 19
mL of fresh LBmedia for each reaction condition and incubated at

A B C

FIGURE 4. In vivo EDC modification of rice 5.8S rRNA analyzed by denaturing PAGE of cDNAs after RT. (A) Reaction conditions at buffer pH 8
with 113mM, 283mM, and 565mMEDCare shown alongwith dideoxy sequencing lanes. (B) Reaction conditions at buffer pH from6 to 9.2 and at
113 mM or 283 mM EDC are shown along with dideoxy sequencing lanes. Reactions with 113 mM EDC at buffer pH 9.2 are shown twice, in lanes
12 and 13. (C ) Reaction conditions at buffer pH 7 and 283 mM EDC with 2 min, 5 min, and 10 min durations are shown along with dideoxy se-
quencing lanes. The sequencing lanes were run on a different portion of the samegel as the experimental lanes, as indicated by the gray brackets.
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A B

C D

FIGURE 5. Comparison of in vivo EDC and phenylglyoxal modification of rice 5.8S and 28S rRNAs analyzed by denaturing PAGE of cDNAs after
RT. (A) Comparison of EDC andphenylglyoxal (PG)modification of rice 5.8S rRNAunder conditionswhere either awater wash (W) or 1 g of DTT (D)
was used as a reaction quench, along with dideoxy sequencing lanes. Rice tissue not treated with reagent nor subjected to quenching is shown as
NRT in lane 11. The three Gsmodified by phenylglyoxal are indicated in purple text, while Gs modified by both EDC and phenylglyoxal are in red
text. The section fromC122 to C133was run on a different portion of the samegel. (B) Nucleotides reactivewith phenylglyoxal or EDCmapped as
hexagons or circles, respectively, onto the relevant portion of rice 5.8S rRNA comparative structure. Colors indicate the level of modification after
normalization and scaling such that all values fall between 0 and 1. The quench composition (water wash or DTT; see Supplemental Information)
had no effect on observed EDC reactivity. (C ) Comparison of EDC and phenylglyoxal modification of rice 28S rRNA. Conditions are the same as in
panelA. (D) Nucleotides reactive with EDC or phenylglyoxal mapped onto the relevant portion of rice 28S rRNA comparative structure. Red discs
indicate nucleotides modified solely by EDC while cyan discs indicate nucleotides modified by both EDC and phenylglyoxal. Data between 280
and 270 are omitted as too close to the primer, which ends at 280.
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37°C in a shaking water bath until attaining a Klett value of 80
(mid-exponential growth phase).

In vitro EDC probing of rice RNA

All reactions involving 1-Ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDC) were performed in a chemical fume hood. For all
in vitro experiments, untreated rice seedlings that were grown
for 14–16 d as described above were cut 5–10 mm above the
soil line, and total RNA was extracted from these plants using
the procedure described below. Reaction buffer was added to
1 µg total RNA to give a final total volume of 5 µL containing
50 mM pH buffer (one of the following: MES for pH 6, HEPES for
pH 7–8, or CHES for pH 9.2), 50 mM KCl, and 0.5 mM MgCl2.
The reaction was mixed thoroughly and incubated at room tem-
perature for 5 min to allow equilibration. EDC stock solution
(5.65M; Sigma-Aldrich; 39391-10ML [listed as N-(3-Dimethylami-
nopropyl)-N′-ethylcarbodiimide]) was diluted to twice the desired
final concentration in deionized water, and 5 µL of this diluted
stock was added to the reaction mixture to give the desired final
EDC concentration in a final reaction volume of 10 µL. In the con-
trol (–EDC) treatment, an equivalent volume of deionized water
was added to the reactionmixture in place of EDC. Reactions pro-
ceeded for 2 min, 5 min, or 15 min at room temperature (∼22°C)
before being quenched by the addition of 3 µL of 1 M sodium

acetate (pH 6), 1 µL glycogen, and 35 µL 95% ethanol, followed
immediately by freezing on dry ice for 1 h and subsequent ethanol
precipitation of the RNA. For reactions testing a dithiothreitol
(DTT) quench, three separate quench solutions were prepared:
DL-1,4 dithiothreitol (Acros Organics; 16568_0250) dissolved to
2.5 M in deionized water; 1 g of DTT dissolved in 5 mL of 1 M
sodium acetate (pH 5); or 1 M sodium acetate (pH 5). With
each quench condition, 20 µL of the quench solution was added
either prior to the addition of 5 µL EDC or after a 5 min reaction
with EDC.

In vivo EDC probing of rice

All reactions involving EDC were performed in a chemical fume
hood. Rice seedlings grown for 14–16 d as described above
were cut 5–10 mm above the soil line. For reactions in a desired
EDC concentration, 4–6 excised seedlings were placed in a 50
mL Falcon tube that contained buffer (HEPES, pH 7, HEPES, pH
8, or CHES, pH 9.2), KCl, and MgCl2 such that the addition of
EDC diluted in deionized water gave a final total volume of
10 mL containing 50 mM pH buffer, 50 mM KCl, 0.5 mM MgCl2,
and EDC of the desired final concentration (110–565mM). In con-
trol (–EDC) reactions, equivalent volumes of deionized water were
added in place of EDC. For all experimental and control condi-
tions, the reactions occurred for 15 min at room temperature

A

B

C D

FIGURE 6. In vivo EDCmodification of E. coli 16S rRNA. (A) EDC concentration assays. Denaturing PAGE analysis of cDNAs generated after RT.
Reactions in EDC from 28mM to 85mM are shown alongwith sequencing lanes. Blue text inset in the gel shows the true position of the sequence
in relation to the experimental lanes, as part of the sequencing lanes were shifted by a crease in the gel. Red text indicates Gs andUs, while orange
text indicates As and Cs. (B) Agarose gel analysis of rRNA extracted from E. coli after treatment with 28 mM to 113 mM EDC. (C ) Lower EDC
concentration trials. Denaturing PAGE analysis of cDNAs after RT. Reactions in EDC from 6mM to 28mM are shown along with sequencing lanes.
Red text indicates modified nucleotides. (D) Nucleotides reactive with EDC mapped onto the relevant portion of E. coli 16S rRNA comparative
structure. Arrows pointing to the reactive nucleotides show reactions in 17 mM, 23 mM, and 28 mM EDC in separate segments, with the 17 mM
EDC segment located closest to the arrow head. The color within each segment indicates the relative extent of modification above the signifi-
cance value (S).
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with periodic shaking and swirling. For treatments using only a
water wash, the reaction buffer was decanted and the seedlings
were washed six times with ∼20 mL deionized water each wash
before immediate drying and freezing in liquid N2. For treatments
using a DTT quench, 1 g of DL-1,4 dithiothreitol (Acros Organics;
16568_0250) was added to the tube, which was then shaken vig-
orously for 2 min. Then, the reaction buffer was decanted and the
seedlings were washed three times with ∼20 mL deionized water
for each wash before immediate drying and quick freezing in liq-
uid N2. Frozen seedlings then were subjected to total RNA extrac-
tion as described below, with separate mortars and pestles used
for each treatment.

In vivo phenylglyoxal probing of rice

All reactions involving phenylglyoxal were performed in a chem-
ical fume hood. Control and experimental treatments with phe-
nylglyoxal were performed as described previously (Mitchell
et al. 2018). For treatments using only a water wash, the reaction
buffer was decanted and the seedlings were washed six times
with ∼20 mL deionized water each wash before immediate drying
and freezing in liquid N2. For treatments using a DTT quench, 1 g
of DL-1,4 dithiothreitol (Acros Organics; 16568_0250) was added
to the tube, which was then shaken vigorously for 2min. Then, the
reaction buffer was decanted and the seedlings were washed
three times with∼20mL deionizedwater each wash before imme-
diate drying and quick freezing in liquidN2. Frozen seedlings then
were subjected to total RNA extraction as described above, with
separate mortars and pestles used for each treatment.

Total RNA extraction from rice

Untreated or EDC-treated rice seedlings were quickly frozen in
liquid nitrogen and stored at −80°C until use. Frozen tissue was
ground to fine powder using a mortar and pestle pre-cleaned
with RNase Zap (Ambion). In an Eppendorf tube, 80–100 mg of
powder was added to 350 mL of lysis buffer (Macherey-Nagel)
and 35 mL of 500 mM dithiothreitol (DTT), then centrifuged for
1 min at >11,000 rpm. The supernatant was then subjected to to-
tal RNA extraction following the protocol described in the
NucleoSpin RNA Plant kit (Macherey-Nagel).

In vivo EDC probing of E. coli

All reactions involving EDC were performed in a chemical fume
hood. EDC diluted in distilled water was added to E. coli cells
grown as described above to give final concentrations of EDC
ranging from 5.7 to 113 mM in a total volume of 20 mL. The reac-
tions were allowed to proceed for 5 min at 37°C with continuous
shaking, followed by the addition of 0.8 g DTT and additional
shaking for 2 min at 37°C to quench the reaction. Cell growth
was arrested by removing 6 mL of treated cells and adding to
6 mL of a frozen slurry buffer containing 10 mM Tris-HCl (pH
7.2), 5 mM MgCl2, 25 mM NaN3, 1.5 mM chloramphenicol, and
12.5% ethanol, followed by incubation on ice for 10 min. Cell pel-
lets were washed twice in the same buffer. Total RNAwas extract-
ed from the final cell pellets using the RNeasy Mini kit (Qiagen),
and the extracted RNA was subjected to phenol chloroform ex-

traction and ethanol precipitation after treatment with Turbo
DNase (Ambion).

Gene-specific reverse transcription

RT was performed on in vitro or in vivo total RNA extracted from
rice or E. coli as previously described (Mitchell et al. 2018), using
32P-radiolabeled primer targeting rice 5.8S rRNA (5′-GCGTGA
CGCCCAGGCA-3′), rice 28S rRNA (5′-GGACGCCTCTCCAGAC
TACAATTCGG-3′), or E. coli 16S rRNA (5′-TTACTCACCCGTCC
GCCACTCG-3′).

Gene-specific reverse transcription for E. coli

E. coli total RNA extracted as described above was combined
with 10× First-Strand Synthesis buffer (Invitrogen) and nuclease-
free water to give 2 μg of total RNA in a 4.5 μL volume. Next,
1 µL of ∼500,000 cpm/µL 32P-radiolabeled primer complementa-
ry to 16S rRNA (shown above) was added to the total RNA sample.
The solution was incubated at 95°C for 1 min then cooled to 35°C
for 1 min to anneal the primer. Once cooled, 3 µL of RT reaction
buffer was added to a final concentration of 8 mMMgCl2, 10 mM
DTT, and 1 mM dNTPs. The solution was heated to 55°C for
1 min, 0.5 µL of 200 U/µL Superscript III reverse transcriptase
(Invitrogen) was added to the reaction, and RTwas allowed to pro-
ceed at 55°C for 15min. Next, 1 µL of 1MNaOHwas added to the
solution, which was then heated to 95°C for 5 min to hydrolyze all
contaminating RNAs and to heat denature reverse transcriptase.
Lastly, an equal volume (11 µL) of 2× stop solution containing
100% deionized formamide, 20 mM Tris-HCl, 40 mM EDTA,
0.1% xylene cyanol, and 0.025% bromophenol blue was added
to the reaction. The mixture was loaded onto a 6% denaturing
polyacrylamide gel (8.3 M Urea) and run at a constant 80 W for
∼90min. The resulting data were analyzed using semi-automated
footprinting analysis software (SAFA) (Das et al. 2005).

Calculation of significant EDC modification

Chemical modification was calculated essentially as previously
described (Mitchell et al. 2018). Briefly, in all plots constructed
from SAFA results, significant EDC modification was calculated
in the followingmanner. The background-corrected band intensi-
ty for all residues within the examined nucleotide range—except
for Us, Gs, and the largest and smallest values for each reaction
condition—were averaged and their SD was calculated. Next,
the value for significant EDC modification (S) for a number of re-
action conditions nwas calculated as the grand average of the av-
erages (Ai) plus three times the SD for each reaction condition (σi),
as shown below:

S =

∑
(Ai + 3si )

n
.

Here, as most reaction conditions give bands of light inten-
sity even in the absence of modification by a reagent, three
SDs from the mean ensure sufficient separation between such
background bands and bands genuinely caused by modified
nucleotides.
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