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ABSTRACT

Metabolic labeling of RNAs with noncanonical nu-
cleosides that are chemically active, followed by
chemoselective conjugation with imaging probes
or enrichment tags, has emerged as a powerful
method for studying RNA transcription and degra-
dation in eukaryotes. However, metabolic RNA la-
beling is not applicable for prokaryotes, in which
the complexity and distinctness of gene regula-
tion largely remain to be explored. Here, we re-
port 2’-deoxy-2’-azidoguanosine (AzG) as a non-
canonical nucleoside compatible with metabolic
labeling of bacterial RNAs. With AzG, we de-
velop AIR-seq (azidonucleoside-incorporated RNA
sequencing), which enables genome-wide analysis
of transcription upon heat stress in Escherichia coli.
Furthermore, AlR-seq coupled with pulse-chase la-
beling allows for global analysis of bacterial RNA
degradation. Finally, we demonstrate that RNAs of
mouse gut microbiotas can be metabolically la-
beled with AzG in living animals. The AzG-enabled
metabolic RNA labeling should find broad applica-
tions in studying RNA biology in various bacterial
species.

GRAPHICAL ABSTRACT

e P W (Az6)
s Metabolic RNA Labeling

Bacteria or Gut Microbiotas

®

X

o RNAseq m Enrichment oy e
kel o

® -somn

PON 08

AZG-abeled ranscripts. @

INTRODUCTION

Cellular RNA levels result from the interplay of RNA
transcription, processing and degradation (1-3). To dissect
these tightly regulated processes, it is desirable to selectively
analyze nascent RNAs in addition to measurements on to-
tal RNAs. Several complementary methods with nascent
RNA-specificity have been developed and have greatly fa-
cilitated the understanding of gene regulation networks (4).
One of the methods exploits chemically active nucleoside
analogs (i.e. noncanonical nucleosides) that can serve as
surrogates of natural nucleosides and be used for RNA
synthesis in living cells (5). The noncanonical nucleoside-
incorporated RNAs are then chemically conjugated with
fluorophores for imaging or affinity tags for enrichment and
sequencing. Since the noncanonical nucleosides can only
be incorporated into newly transcribed RNAs, this method
allows for studying transcription by separation of nascent
RNAs from the pre-existing populations. Furthermore, by
applying noncanonical nucleosides in pulse-chase labeling
experiments, RNA degradation can be quantified and pro-
filed by monitoring the decay of pulse-labeled RNAs (6—
8). A variety of nucleoside analogs have been developed for
metabolic RNA labeling in various eukaryotic cells (9-16).
Among them, 4-thiouridine (4SU) and 5-ethynyluridine
(EU) are two most widely used noncanonical nucleosides
that can be conjugated via thiol coupling chemistry and
click chemistry, respectively (9,10). Although the metabolic
RNA labeling technique has been instrumental for studying
RNA dynamics in eukaryotes, it is not applicable to bacte-
ria.

For a long time, prokaryotic transcriptomes were gen-
erally considered to be much simpler. As a result, whole-
transcriptome studies in bacteria lagged behind eukaryotes
until recently (17). For the past two decades, transcrip-
tomics has re-shaped our view on the complexity, dynam-
ics, and regulatory mechanisms of bacterial transcriptomes
(18). For example, bacterial mRNAs are now known to be
generally regulated by hundreds of small noncoding RNAs
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(ncRNAs), which rivals the scope of microRNA regulation
in eukaryotic cells (19,20). Furthermore, mRNA expres-
sion in bacteria dynamically changes in responses to cellu-
lar and environmental stimuli by regulation of transcription
initiation and regulatory elements such as riboswitches and
RNA thermometers (21-23). However, methods for analyz-
ing prokaryotic nascent RNAs remain limited. It is there-
fore of great interest to develop a metabolic RNA labeling
strategy for studying bacterial RNA biology.

Here, we report 2'-deoxy-2’-azidoguanosine (AzG) as a
noncanonical nucleoside for bacterial labeling. AzG enables
the development of AIR-seq (azidonucleoside-incorporated
RNA sequencing), in which bacterial RNAs are metabol-
ically labeled with AzG, click-labeled, and selectively en-
riched for analysis. We first apply AIR-seq for a genome-
wide analysis of transcription upon heat stress in E. coli.
AIR-seq reveals heat shock-induced transcripts that were
not apparent by RNA-sequencing (RNA-seq) analysis of
total RNAs. Furthermore, AIR-seq coupled with the pulse-
chase labeling strategy allows for global analysis of mRNA
degradation in E. coli, with no need of transcription inhi-
bition. The results categorize bacterial transcripts with dif-
ferent decay rates. Finally, we demonstrate that metabolic
RNA labeling with AzG can be applied to various bacterial
species as well as the gut microbiotas in living mice.

MATERIALS AND METHODS
Bacterial strain and culture condition

Escherichia coli K12 (HfrH) was purchased from China
Center of Industrial Culture Collection (Beijing, China).
Acinetobacter baumannii ATCC 19606 and Staphylococcus
aureus ATCC 6538 were kindly provided by Xiaoguang
Lei’s lab at Peking University. Salmonella typhimurium
SL1344 was kindly provided by Xiaoyun Liu’s lab at
Peking University. Rhodococcus erythropolis ATCC 4277
and Bacillus subtilis W800 were kindly provided by Xiaolei
Wu’s lab at Peking University. Klebsiella pneumoniae was
clinically isolated and kindly provided by Xiaoguang Lei’s
lab at Peking University. Bacteria were grown in nucleoside-
free medium [M9 + 0.4% (wt/vol) glucose + 10 g/1 tryptone]
at 37°C with shaking at 220 rpm.

Metabolic labeling of RNA with nucleoside analogs

For bacterial labeling, overnight cultured bacteria were di-
luted 1:100 in fresh medium and grown to an ODgg of ~0.3.
The bacteria were incubated with nucleoside analogs in-
cluding EU, 4SU, AzA, AzU, AzC or AzG with indicated
conditions. For mammalian cell labeling, HeLa cells were
grown to ~80% confluence and incubated with EU at the
indicated concentration for 12 h.

Rifampicin inhibition, RNase treatment, and guanosine com-
petition

The bacteria were incubated with 100 M AzG and
500 ng/pl rifampicin. The DBCO-Cy5-reacted RNA was
treated with 0.5 pg/wl RNase A and 1 U/l RNase I for
1 h at 37°C before loading to the agarose gel. The bacteria
were treated with 100 .M AzG in the presence of guanosine
at varied concentrations for 2 h.
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Cell viability and proliferation assay

For proliferation analysis, the bacteria were incubated with
indicated nucleoside analogs, during which the ODygq val-
ues were measured every 2 h. For cell viability analysis, bac-
teria cultures were centrifuged, washed by PBS, and resus-
pended in PBS by the same volume. Then, the bacteria were
incubated with 50 wM propidium iodide at room tempera-
ture for 10 min, washed by PBS for three times, and anal-
ysed by flow cytometry. Live and dead bacteria cells showed
different fluorescence intensity using a 488-nm laser and a
670-LP filter. The cell viability was calculated as the ratio of
live cells to all cells.

Fluorescence microscopy

The AzG-treated bacteria were harvested by centrifugation
and washed for three times by PBS, fixed with 4% PFA for
15 min at r.t. After washing for three times with PBS, the
bacteria were permeabilized with 0.1% Triton X-100 for 15
min at r.t., and washed three times with PBS. The bacteria
were reacted with 200 wM CuSOy, 800 uM THPTA, 50 pM
alkyne-Cy5, and 2.5 mM freshly prepared sodium ascorbate
in PBS for 1 h at r.t., followed by washing three times with
PBS containing 1% Tween-20 and imaged by fluorescence
microscopy on a Zeiss LSM 700 laser scanning confocal mi-
croscope under 63X magnification.

Extraction of RNA and DNA

The bacteria were harvested by centrifugation. The total
RNA was extracted by TRIzol (Ambion) following the
manufacturer’s instructions. Extraction of DNA was per-
formed following the manufacturer’s instructions of Easy-
Pure Bacteria Genomic DNA kit (Transgen Biotech).

In-gel fluorescence scanning of RNA

For SPAAC coupling, 30 g RNA in 20 pl DEPC-treated
water was reacted with 50 uM DBCO-CyS5 (stock solution
in RNase-free DMSO) for | h at r.t. For CuUAAC, the RNA
was reacted with 100 wM alkyne-Cy5 (or azide-Cy5), 500
pM CuSOy4, 2 mM THPTA, and 5 mM freshly prepared
sodium ascorbate for 1 h at r.t. After extraction by TRIzol
to remove the excess dye and re-suspension in 10 wl DEPC-
treated water, the reacted RNA was mixed with 5 pl 50%
glycerol, followed by separation by 1% agarose gel with or
without GelRed and scanning on a ChemDoc MP imaging
system (Bio-Rad) and a Typhoon FLA 9500 laser scanner
(GE Healthcare).

In-gel fluorescence scanning of DNA

For SPAAC coupling, 2 wg DNA in 10 pl water was re-
acted with 50 uM DBCO-CyS5 for 1 h at r.t. For CuAAC, the
DNA was reacted with 100 wM azide-Cy5, 500 wM CuSOy,
2 mM THPTA, and 5 mM freshly prepared sodium ascor-
bate for 1 h at r.t. The reacted DNA was extracted with 1
vol. of PCI. After centrifugation at 20 000 g for 10 min,
the upper aqueous phase was washed with 1 vol. of chloro-
form, precipitated with 1 vol. of isopropanol and 0.1 vol. of
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3 M NaCl aqueous solution at r.t. for 10 min. The precip-
itation was washed with 1 ml 75% ethanol, air dried, and
resuspended in 10 pl DEPC-treated water. The DNA was
mixed with 5 pl 50% glycerol, followed by separation by
1% agarose gel with or without GelRed and scanning on
a ChemDoc MP imaging system (Bio-Rad) and a Typhoon
FLA 9500 laser scanner (GE Healthcare).

Total RNA-seq

Total RNA extracted from AzG or vehicle-treated bacte-
ria were sequenced with rRNA depleted on an Illumina
HiSeq X Ten platform in Novegene Co. Reads with 150 bp
paired-end were generated for each sample. RNA-seq was
performed on biological replicates.

AIR-seq

For heat shock experiments, the bacteria were incubated
with 100 wM AzG for 10 min at 37°C or 42°C, followed by
extraction of total RNA with TRIzol. For the pulse-chase
experiments, the bacteria were incubated with 100 uM AzG
for 2 h, harvested, cultured with 100 wM guanosine for 0,
5 or 10 min, one-tenth volume of a ‘stop solution’ composed
of 10% buffer-saturated phenol in ethanol were added and
then chilled rapidly, followed by extraction of total RNA
with TRIzol. The extracted total RNA was reacted with
50 .M DBCO-PEG4-biotin at r.t. for 1 h. After extraction
with 1 vol. of PCI and centrifugation at 20 000 g for 10 min,
the upper aqueous phase was washed with 1 vol. of chloro-
form, precipitated by 3 vol. of ethanol and 0.1 vol. of 3 M
NaCl aqueous solution at —80°C overnight. The precipi-
tation was washed with 75% ethanol, air dried, and resus-
pended in DEPC-treated water. After washing twice with
PBS containing 0.1% Tween-20, Dynabeads Myone strep-
tavidin C1 beads were added and incubated on an orbital
shaker at 1200 rpm for 1 h at r.t. After washing three times
with high-salt wash buffer [100 mM Tris—-HCI (pH 7.5),
1.5 mM EDTA, 0.15% SDS, 0.075% sarkosyl, 0.02% Na-
deoxycholate] for 10 min, the beads were resuspended in bi-
otin elution buffer [12.5 mM biotin, 75 mM NaCl, 7.5 mM
Tris-HCI (pH 7.5), 1.5 mM EDTA, 0.15% SDS, 0.075%
sarkosyl, 0.02% Na-deoxycholate] and incubated on an or-
bital shaker at 1500 rpm for 20 min at r.t., followed by heat-
ing at 65°C for 10 min on a thermo shaker. The solution was
collected and the beads were eluted one more time. Then,
the RNA was precipitated by 3 vol. of ethanol, 0.1 vol. of 3
M NaCl aqueous solution and 150 ng/wl glycogen at —80°C
overnight. After centrifugation at 20 000 g for 50 min at 4°C,
the RNA was washed with 1 ml of 75% ethanol, air dried,
and resuspended in DEPC treated water. The samples were
then fragmented and subjected to RNA-seq along with the
input RNA. The samples were sequenced on an Illumina
HiSeq X Ten platform and 150 bp paired-end reads were
generated for each sample. In this study, rRNA was not de-
pleted for AIR-seq. AIR-seq was performed in duplicates.

RNA metabolic labeling of mouse gut microbiotas

C57BL/6 mice were treated with 50 pl of 20 mM AzG by
oral gavage for three times with an interval of 1.5 h. After
three times of gavage, the mice were sacrificed and the gut

microbiotas were collected according to a published proce-
dure (24). The microbiotas were resuspended in R Nase-free
PBS, and adjusted to an ODgg of approximately 1.0. 500
wl of microbiotas were used for RNA extraction and in-gel
fluorescence scanning. 500 wl of microbiotas were used for
fluorescence imaging.

RNA dot blot

60 g RNA in 20 pl DEPC-treated water was reacted with
50 oM DBCO-PEG#4-biotin (stock solution in RNase-free
DMSO) for 1 h at r.t. After extraction by TRIzol to remove
the excess reagent, the resulted RNA was dissolved in 10
wl DEPC-treated water. 2 pl of RNA was loaded to a ny-
lon membrane (hybond—N+) and crosslinked by irradia-
tion with 254-nm UV light at 0.15 J/cm? twice using a UV
crosslinker (CL-1000, UVP). The membrane was blocked
by 10% SDS for 1 h and washed by TBST for three times.
Then, the membrane was stained with streptavidin-HRP
(0.5 pg/ml) for 1 h and followed by washing with 10% SDS,
5% SDS, 1% SDS, and three times of TBST for 5 min each.
The blot was acquired using HRP substrate and peroxide
solution (Millipore) on Tanon-5200 Multi.

Data processing

The nucleotide sequences of all transcripts on E. coli
reference genome were downloaded from Ensemble
(ASM584v2) with transcript types marked. The raw
data were filtered by TrimGalore v0.6.5 (https://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/).
Reads with a mapping quality score Q < 30 were filtered
out. The cleaned data were mapped to the whole genome
using HISAT2 v2.0.5 with default parameters and no
spliced alignment (25). The resulting SAM files were
converted to BAM format by SAMtools v1.3 (26). The
mapped reads were then counted to different genes by
featureCounts v1.6.3 with multiple overlap allowed (27).
FPKM values were calculated by StringTie v2.1.4 (28).
The replication analysis was performed with those genes
with an FPKM > 1. The differential expression analysis
was performed using DESeq2 v1.20.0 (29). The Gene
Ontology analyses were performed using DAVID (30).
For RNA stability analysis, the highly expressed rRNAs
including rrlG, rrsD, rrlC, rrlD, rrlH, rrsC, rrlA, rrsG,
rrsH and rrIB were selected for normalization. The FPKM
of each transcript at different time points was adjusted
by normalizing the total FPKM of the 10 rRNAs. The
relative abundance (RA) of each transcript at 5 min or 10
min was calculated as the ratio of FPKM to that at 0 min.
Then, we set up a high-confidence filter to exclude outliers
by considering: (i) the standard derivation (STD) of RA
should be < 0.4 at both 5 and 10 min; (ii) the RA at 5 min
and the ratio of RA at 10 min to RA at 5 min should be
< 1.2.

RESULTS

Design and synthesis of bacteria-compatible noncanonical
nucleosides

Aiming to develop nucleoside analogs compatible with bac-
terial RNA labeling, we first set out to evaluate the two
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nucleoside analogs widely used in eukaryotic cells. E. coli
cells were incubated with 4SU or EU at varied concentra-
tions for 2 h, which resulted in no detectable labeling even at
high concentrations (Supplementary Figure S1A, B). More-
over, severe suppression of bacterial growth was observed
with both 4SU and EU (Supplementary Figure S1C, D),
which was in agreement with previous observations that
4SU impaired cellular metabolism in E. coli (31). Cell via-
bility was significantly impaired with 4SU at concentrations
higher than 100 wM, while EU did not induce significant
decrease in cell viability (Supplementary Figure S1E, F).
In addition, tRNAs of bacteria contain endogenous 4SU
generated via thiolation of uracil (32), which may interfere
with metabolic labeling if exogenous 4SU would be used.
Of note, although EU does not incorporate into DNA in
mammalian cells (10), significant labeling of DNA was ob-
served in EU-treated E. coli, presumably due to metabolic
conversion of EU to EQAUTP (Supplementary Figure S1G).
Together, these results demonstrate that 4SU and EU are
not applicable for bacteria.

Based on previous reports on 2’-modified nucleosides
(33-36), we then turned our attentions to 2'-deoxy-2'-
azidonucleosides, including 2'-deoxy-2'-azidoadenosine
(AzA), 2'-deoxy-2'-azidouridine (AzU), 2'-deoxy-2'-
azidocytidine (AzC), and AzG, in which the hydroxyl
group at the C2' position of ribose was substituted with
an azide (Figure 1A). We reasoned that the 2’-azido group
(1) could mimic 2'-hydroxyl for RNA incorporation in
bacteria based on the recently reported metabolic incor-
poration of AzA and AzC in mammalian cells (13,16),
(i) should block conversion to deoxynucleotides, (iii)
might alleviate the cytotoxicity in bacteria and (iv) would
enable conjugation via strain-promoted azide-alkyne
cycloaddition (SPAAC or copper-free click chemistry)
(37) to avoid RNA degradation by copper-induced
radicals (38).

The chemical synthesis of the four 2'-deoxy-2'-
azidonucleosides has been previously reported (39-41).
AzA, AzU and AzC were commercially obtained and the
purity was confirmed by NMR analysis. For AzG, we
synthesized by adapting a synthetic route for 2’-deoxy-
2'-chloroguanosine (42). Using guanosine as the starting
material, AzG was chemically synthesized in eight steps
with an overall yield of 1.8% (Supplementary Scheme S1).

To evaluate 2'-deoxy-2'-azidonucleosides for labeling
bacterial RNAs, E. coli were treated with 100 wM 2’-deoxy-
2'-azidonucleosides for 2 h, followed by isolation of the to-
tal RNA and reaction with the aza-dibenzocyclooctyne-
Cy5 conjugate (DBCO-Cy5) via copper-free click chem-
istry. In-gel fluorescence scanning showed significant RNA
labeling with AzG, but not with the other three analogs
(Figure 1B). The labeling was observable with the reac-
tion time of 10 min and the fluorescence intensity increased
gradually by extending the reaction time to 1 h (Supple-
mentary Figure S2A). Importantly, copper-free click chem-
istry maintained the RNA integrity (Supplementary Figure
S2B). In contrast, CuAAC labeling of AzG-incorporated
E. coli RNA resulted in significant RNA degradation (Sup-
plementary Figure S2C). Furthermore, AzG as well as the
other 2’'-deoxy-2'-azidonucleosides did not affect E. coli
growth (Figure 1C). As expected, AzG did not label DNA,
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indicating that the 2’-azido group of AzG could effectively
block its conversion to deoxyguanoside (Figure 1D). The
AzG-labeling of RNAs was abolished by competition with
guanosine (G), transcription inhibition, or RNase diges-
tion, further confirming the RNA labeling specificity of
AzG (Figure 1E, F). Interestingly, G was able to compete
off the AzG labeling with high efficiency, which might be
attributed to weakened base paring of AzG with C (33).
Another possibility might be that the enzymes converting
guanosine to guanosine triphosphate do not well tolerate
the 2’-azide modification. Moreover, metabolic incorpora-
tion of AzG did not affect transcription at the transcrip-
tome level as analyzed by RNA-seq (Figure 1G and Sup-
plementary Figure S3). These results demonstrate that AzG
can serve as a surrogate for guanosine and be efficiently
and specifically incorporated into newly transcribed E. coli
RNA:s.

Optimization of metabolic RNA labeling using AzG in E. coli

A series of experiments were performed to optimize the
AzG-labeling procedure for E. coli. After the reaction of
AzG-incubated E. coli cells with alkyne-Cy5 via click chem-
istry, the metabolic labeling of RNAs with AzG were vi-
sualized by confocal fluorescence microscopy. Fluorescence
signals distributed in the cells were observed with the AzG
concentration as low as 10 pM and gradually increased with
increasing the AzG concentration (Figure 2A). The AzG la-
beling could be detected with labeling time as short as 5 min,
which allows for detection of RNA dynamics on a time scale
of minutes (Figure 2B). The labeling increased upon pro-
longing the incubation time up to 2 h. Further extending
the incubation time to 4 h decreased the labeling intensity
and adding AzG again at 2 h did not result in higher labeling
(Supplementary Figure S4). This could be attributed to the
effects of bacterial density on AzG labeling. Interestingly,
lower bacterial density resulted in higher labeling efficiency
(Figure 2C). Importantly, AzG did not induce cytotoxicity
as showed by the permeability and proliferation assay (Sup-
plementary Figure S5).

We then sought to determine the incorporation efficiency
of AzG. The incorporation ratio of nucleoside analogs can
be determined by nuclease digestion of the incorporated
RNA into single nucleosides, followed by UPLC-MS/MS
quantification. However, the 2'-azide of AzG was found to
impair nuclease digestion to single nucleosides (33). To cir-
cumvent this issue, we compared AzG-incorporated E. coli
RNA with EU-incorporated HeLa RNA by in-gel fluores-
cence scanning (Supplementary Figure S6). In agreement
with previous reports (10), the incorporation efficiency of
EU was determined by UPLC-MS/MS as approximately
1.0%, based on which the incorporation efficiency of AzG at
100 wM for 2 h was estimated to be 0.2%. For RNA tran-
scripts with an average length of 1,000 nts, approximately
one molecule of AzG was incorporated into every two tran-
scripts. Considering that 0.2% substitution of G labels a
sufficient amount of transcripts for detection while induc-
ing minimum perturbation to RNA structure, we therefore
chose treating E. coli at ODygq of 0.3 with 100 pM AzG for
the following experiments.
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Figure 1. AzG is compatible with metabolic RNA labeling in E. coli. (A) Chemical structures of four 2’-deoxy-2'-azidonucleosides. (B) In-gel fluorescence
scanning showing total RNA that were isolated from E. coli treated with 100 wM individual 2’-deoxy-2’-azidonucleosides for 2 h, and reacted with DBCO-
Cy5. (C) Growth curves of E. coli treated with vehicle or 100 wM individual 2'-deoxy-2'-azidonucleosides. Error bars represent mean =+ s.d. Results are
from three independent experiments. (D) In-gel fluorescence scanning showing total RNA and DNA that were isolated from E. coli treated with 100 puM
AzG for 2 h, and reacted with DBCO-CyS5. (E) In-gel fluorescence scanning showing total RNA that were isolated from E. coli treated with 100 uM AzG in
the presence of guanosine at varied concentrations, and reacted with DBCO-CyS5. (F) E. coli were cultured with 100 wM AzG in the presence or absence of
the transcription inhibitor rifampicin. Total RNA were extracted and reacted with DBCO-CyS5 followed by treatment with or without RNase and detected
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coli treated with or without AzG.
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AIR-seq for profiling transcription upon heat stress in E. coli

Based on metabolic labeling of RNAs with AzG, we
developed AIR-seq (azidonucleoside-incorporated RNA
sequencing) for probing transcription in E. coli upon heat
stress (Figure 3A). E. coli grown under normal condition at
37°C or under mildly heat shocked condition at 42°C were
metabolically labeled with AzG for 10 min, followed by ex-
traction of total RNA. After reacting with DBCO-biotin,
the newly transcribed RNAs were isolated by streptavidin
beads and subjected to RNA-seq. In parallel, the total RNA
samples were analyzed by RNA-seq for comparison. The
sequencing results exhibited high correlation between two
biological replicates, indicating overall good reproducibil-
ity of AIR-seq (Supplementary Figure S7TA). We next tested
whether the number of guanosines in a transcript influenced
the extent of enrichment, given that transcripts with more
guanosines might have a better chance to be labeled. The
number of guanosines was plotted against the enrichment
ratio of individual transcripts, which showed no correlation
(Supplementary Figure S7B).

As expected, both AIR-seq and RNA-seq identified var-
ious types of RNAs, including mRNAs, tRNAs, pseudo-
genes, and other ncRNAs (Figure 3B and Supplementary

Figure S7C). The relative abundance of individual genes
were then compared between the heat shock and normal
samples. Both RNA-seq and AIR-seq identified heat shock-
induced and suppressed genes (Supplementary Figure S8
and Supplementary Table S1). Gene Ontology (GO) analy-
sis indicated the enrichment of genes involved in ‘response
to heat’ (Supplementary Figure S9). The enrichment ra-
tios for individual genes were generally higher in AIR-seq,
demonstrating the superior sensitivity of AIR-seq owing to
selective enrichment of the newly synthesized transcripts
(Figure 3C). Importantly, AIR-seq revealed heat shock-
induced transcripts that were not apparent in RNA-seq.
This distinction between two methods could result from
transcripts already abundant before heat shock. For exam-
ple, hypC and pgaA exhibited 2.2- and 1.0-fold increase in
RNA-seq of the total transcript pool, while AIR-seq re-
vealed 4.9- and 2.1-fold increase in the new transcript pool
(Figure 3C, D and Supplementary Figure S10).

Genome-wide profiling of RNA degradation in E. coli

We next applied AIR-seq to study RNA degradation. Dis-
secting RNA degradation from RNA synthesis is essen-
tial for understanding the dynamics of gene expression. To
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tracks in total RNA seq and AIR-seq upon heat shock.

study RNA degradation by RNA-seq, global inhibition of
transcription has to be performed in order to measure RNA
decay without interference from RNA synthesis (43,44).
However, transcription inhibitors are generally toxic, can
affect the abundance of many transcripts, and cause delay
in RNA decay by residual RNA synthesis (44,45). We envi-
sioned that AIR-seq, in conjunction with the pulse-chase la-
beling, would enable genome-wide analysis of RNA degra-
dation in E. coli with no need of transcription inhibition
(Figure 4A). After pulse labeling with AzG for 2 h, the E.
coli cells were chased with guanosine for 0, 5 and 10 min,
respectively, followed by AIR-seq analysis. Decay profiles
of individual transcripts during the chase phase were de-
termined by normalizing to rRNAs (Figure 4B and Supple-
mentary Figure S11). Among 3052 transcripts, rRNAs, and
tRINAs exhibited a relative longer half-life comparing to the
mRNAs, pseudogenes, and other types of ncRNAs (Supple-

mentary Figure S12). The list of 3052 transcripts were clas-
sified into three groups: highly stable transcripts with >85%
remained at 5 min, highly unstable transcripts with <25%
remained at 5 min, and the rests which degraded between
25% and 85% (Figure 4B and Supplementary Table S2).
GO analysis indicated that the highly stable mRNAs were
enriched in pathways such as oxidative phosphorylation,
carbon metabolism, fatty acid biosynthesis, and fatty acid
metabolism (Figure 4C and Supplementary Figure S13).
Conversely, the highly unstable mRNAs were related to
pathways including phosphotransferase system, butanoate
metabolism, and fructose and mannose metabolism. Fur-
thermore, we found that transcripts from genes in same
pathways tended to have similar degradation profiles (Fig-
ure 4D). For example, the cold shock response genes in-
cluding ¢spA, cspB, ¢spG and cspl all degraded quickly in
a similar manner. In agreement with our results, csp4 was
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previously shown to have a short half-life at 37°C (23).
Genes involved in peptidoglycan biosynthesis, including
mur B, mur C, mur D, mur E, murF and murG, all degraded at
a moderate rate (about 50% remained at 5 min). A group of
eight genes including atpA, atpB, atpC, atpD, atpE, atpF,
atpG and atpH, which are involved in ATP biosynthesis
and oxidative phosphorylation, were highly stable and all
had about 90% remained at 5 min. In eukaryotes, includ-
ing dinoflagellate and mouse embryonic stem cell, tran-
scripts involved in oxidative phosphorylation are very stable
(46,47). Taken together, these results indicate that house-

keeping genes in various species from prokaryotes to eu-
karyotes tend to decay at low rates.

Metabolic RNA labeling in mouse gut microbiotas

The gut microbiotas is a collection of extremely diverse mi-
croorganisms, which play essential roles in regulating var-
ious physiological and pathological processes (48). In hu-
man, this microbial community consists of a comparable
number of cells as human cells, with variations between in-
dividuals. Remarkably, it is estimated that the gut micro-
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loading. (D) Confocal fluorescence microscopy images showing gut microbiotas from mice treated with 50 pl of 20 mM AzG by oral gavage for three
times with an interval of 1.5 h, followed by click reaction with alkyne-CyS5. Scale bars, 2 wm. For (C) and (D), representative results are shown from three

independent experiments.

biota contains 100 times more genes than human (49). We
envisioned that AzG might be a generic for labeling RNAs
in various bacteria species, which should enable labeling of
nascent RNAs in gut microbiota (50).

Toward this goal, we first evaluated the generic ap-
plicability of AzG by using three representative Gram-
negative (Acinetobacter baumannii, Klebsiella pneumoniae,
and Salmonella typhimurium) and three representative
Gram-positive bacteria (B. subtilis, S. aureus and R. ery-
thropolis). All six bacteria were successfully labeled with
100 wM AzG for 2 h, in a manner similar to E. coli (Fig-
ure SA and Supplementary Figure S14). Interestingly, AzC
was also metabolically incorporated into RNAs in B. sub-
tilis (Supplementary Figure S14).

Next, we sought to demonstrate metabolic RNA label-
ing of gut microbiotas in living mice (Figure 5B). C57BL/6
mice were administered with AzG by gavage and the intesti-
nal microbiotas were collected after three gavages. In-gel

fluorescence scanning, dot blotting, and confocal fluores-
cence imaging showed that the nascent RNAs in the mi-
crobiotas were successfully labeled by AzG (Figure 5C,D
and Supplementary Figure S15). These results indicate that
AzG is compatible for metabolic labeling of nascent RNAs
of gut microbiotas in vivo.

DISCUSSION

Metabolic labeling of RNAs with noncanonical nucleosides
bearing a reactive group has enabled genome-wide analy-
sis of RNA dynamics in ways that are difficult to achieve
by conventional RNA-seq. Although its broad applications
in various eukaryotes including vertebrates, insects, and
yeasts, no bacterium-compatible noncanonical nucleoside
is available until this work. We designed AzG by considering
possible differences between eukaryotes and bacteria in the
tolerance of unnatural modification on nucleosides by the



RNA metabolism enzymes. Using E. coli as a model bacte-
rial system, we have demonstrated that AzG-based AIR-seq
can be used for genome-wide analysis of RNA transcription
and degradation. Furthermore, AzG is applicable for vari-
ous kinds of bacteria, even for complex microbial commu-
nities such as the gut microbiotas.

It is important to consider whether noncanonical nucle-
osides may affect RNA function and dynamics. For AzG, it
was found to induce resistance to nuclease digestion when
incorporated into siRNA (33). It is possible that mRNA
and other types of RNA with AzG are more resistant to
nucleases. In this work, we minimized the effects of AzG
by controlling only one molecule of AzG in a single labeled
transcript. Given the typical length of mRNA, AzG should
not induce significant perturbation to RNA transcription
and degradation.

It is an interesting observation that among the four
2'-deoxy-2'-azidonucleosides only AzG can be metaboli-
cally incorporated into RNAs of E. coli and most bacte-
rial species tested. This is probably because nucleoside ki-
nases in these bacteria have varied tolerance toward the
2'-azide modification on the cognate nucleosides. Interest-
ingly, B. subtilis can metabolize both AzG and AzC, which
indicates that the tolerance of noncanonical substrates is
species-dependent. Moreover, this argue against that only
AzG can be transported into bacteria. In fact, recombinant
expression of B. subtilis uridine kinase in E. coli resulted in
metabolic labeling of E. coli RNA with AzC (Supplemen-
tary Figure S16), further supporting this argument.

Engineered nucleoside kinase-noncanonical nucleoside
pairs have been exploited for cell-selective metabolic RNA
labeling in mammalian cells (16,51). Based on our results in
bacteria, it should be possible to engineer bacterial nucleo-
side kinases for cell-selective AIR-seq, which would facili-
tate investigation of inter-species communications of bacte-
ria and host-pathogen interactions.

A variety of variants of the metabolic RNA labeling tech-
niques have been developed in eukaryotic systems, which
possess desirable characteristics. For example, chemical
derivatization of the incorporated 4SU can induce point
mutations in RNA-seq, which has been exploited for analy-
sis of nascent RNA with no need of enrichment (47,52,53).
It will be of great interest to develop such a chemistry for
AzG and AIR-seq of microbiotas.
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