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Zhengfu Zhou,1* Wei Zhang,“® Ming Chen,” Jie Pan,” Wei Lu,”> Shuzhen Ping,”
Yongliang Yan,” Xiaoguang Hou,” Menglong Yuan,” Yuhua Zhan® and Min Lin**

Received 17th December 2010, Accepted 15th February 2011
DOI: 10.1039/c0mb00336k

Gram-negative bacterium Escherichia coli and the Gram-positive Deinococcus radiodurans
fundamentally differ in their cell structures and gene regulations. We have previously reported
that IrrE, a Deinococcus genus-specific global regulator, confers significantly enhanced tolerance
to various abiotic stresses. To better understand the global effects of IrrE on the regulatory
networks, we carried out combined transcriptome and proteome analysis of E. coli expressing
the IrrE protein. Our analysis showed that 216 (4.8%) of all E. coli genes were induced and

149 (3.3%) genes were repressed, including those for trehalose biosynthesis, nucleotides
biosynthesis, carbon source utilization, amino acid utilization, acid resistance, a hydrogenase and
an oxidase. Also regulated were the EvgSA two-component system, the GadE, GadX and PurR
master regulators, and 10 transcription factors (AppY, GadW, YhiF, AsnC, Betl, CynR, MhpR,
PrpR, TdcA and KdgR). These results demonstrated that IrrE acts as global regulator and
consequently improves abiotic stress tolerances in the heterologous host E. coli. The implication
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of our findings is discussed in relation to the evolutionary role of horizontal gene transfer in

bacterial regulatory networks and environmental adaptation.

Introduction

Bacteria have existed on Earth for more than three billion years
and are able to survive in very diverse and sometimes hostile
environments. Two extreme examples are the Gram-negative
Escherichia coli that tolerates varying osmolarities within
the anaerobic gastrointestinal tracts of mammals,' and the
Gram-positive Deinococcus radiodurans that survives extreme
conditions of drought, radiation, and scarcity of nutrients.’
The two species fundamentally differ with respect to their cell
structures and gene regulations. D. radiodurans was originally
identified as a contaminant of irradiated canned meat and has
been isolated worldwide from locations both rich and poor in
organic nutrients.®> All species of the genus Deinococcus are
extremely resistant to agents and conditions that damage
DNA, including IR (ionizing radiation), UV (ultraviolet) and
hydrogen peroxide.* Deinococci are the most radiation-resistant
organisms, 200 times more resistant to IR and 20 times more
resistant to UV than E. coli.’ E. coli is a variable species with a
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highly dynamic genome.®” It is known that metabolic networks
in E. coli evolve, in response to changing environments, by the
acquisition of heterologous genes and operons by horizontal
gene transfer (HGT).® Most analyses have, however, ignored
the influence of imported global regulators on the evolution of
host regulatory networks.

Transcriptome analysis of D. radiodurans revealed a group of
genes are induced or repressed by IR.” IrrE, a novel protein
identified in D. radiodurans, is a central regulator of some of
these genes.'® The IrrE homologue was detected exclusively in
Deinococcus, suggesting that it is a genus-specific regulator. Our
previous study has shown that the heterologous expression of a
single gene, IrrE, in E. coli induces significantly enhanced salt
tolerance and protected the cells against other abiotic stresses, such
as oxidative, osmotic and thermal shocks.!! Studies of E. coli K-12
played a pioneering role in our understanding of DNA replication,
transcription, translation, gene regulation, restriction enzymes and
horizontal gene transfer.'” Furthermore, E. coli K-12 is an
extensively used model to study the molecular mechanisms under-
lying the adaptive evolution and the global regulation of bacterial
metabolic networks. Here, we combine data from genome-wide
mRNA and protein profiling and metabolite measurements to
investigate the effects of the global regulator IrrE on the changes in
gene expression in the heterologous E. coli host. This may shed
light on the evolution of the regulatory network for environmental
adaptation. We were surprised by the profound global changes
IrrE made to E. coli gene expression.
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Material and methods
Strains, media and growth conditions

Escherichia coli JM109 harboring the IrrE-expressing plasmid
pMGI-IrtE and the control plasmid pMG1'' were used in
this study. Cells were grown aerobically in Luria—Bertani
(LB) broth or on Luria—Bertani agar at 37 °C. Ampicillin
(50 pg mL™") was added to the culture media as appropriate.
Overnight cultures were inoculated and sub-cultured to a
starting OD600 (optical density at 600 nm) of 0.0001. Cultures
were harvested at an OD600 = 0.4 after being maintained in
an exponential phase for at least eight generations.

Transcriptome analysis by DNA microarray hybridization

RNA extraction and processing. For microarray tests,
overnight bacterial cultures grown in rich medium (LB) at
37 °C were diluted 100-fold into fresh medium and incubated
until OD600 reached 0.4. Aliquots (15 mL) were separated for
RNA extraction. Each sample had three biological replicates.

For RNA manipulation, the cells in the broth were centri-
fuged at 10000 x g and quickly frozen in liquid nitrogen and
stored at —70 °C. RNA was extracted from thawed cells using
the TRIzol (Invitrogen) technique, and then purified with a
RNeasy Mini Kit (QIAGEN) and DNase I. To perform
this additional DNase digestion, RNA was precipitated and
redissolved in 85 pL of nuclease-free water. We then added
10 uL of 10X DNase I buffer and 5 uL of (1 U pL™") DNase I
(Ambion). The DNase reaction mixture was incubated at
37 °C for 30 min and then chilled on ice. A second RNeasy
column purification was then performed. The RNA was
finally resuspended in RNase-free water and quantitated
with a Bioanalyzer 2100 (Agilent). The Affymetrix GeneChip
E. coli Genome 2.0 Array was employed in this study.
This array chip contains more than 10000 probe sets that
cover all genes in the genomes of four types of E. coli
strains, K12 MG1655, O157:H7 EDL933, O157:H7 Sakali,
and the uropathogen, CFT073. Samples containing 10 pg
of RNA were reverse-transcribed and hybridized to the
GeneChip. cDNA synthesis, fragmentation, labeling and
washing and scanning of the E. coli GeneChip arrays were
performed according to the instructions of the manufacturer
(Affymetrix, Inc.).

Microarray data analysis. Data were scaled based on the
total signal intensity, and data analysis was performed using
Affymetrix software (MAS 5.0). Changes in gene expression were
represented by mean expression ratios (MER). The P values
were calculated by applying the Wilcoxon’s signed rank test.
Complete microarray data were registered at the National Center
for Biotechnology Information (NCBI), Gene Expression
Omnibus (GEO) and hybridization array data repository as
GSE17465[NCBI GEO] (http://www.ncbi.nlm.nih.gov/geo).

Quantitative real-time PCR. To verify microarray results,
gene expression was examined by quantitative real-time PCR
(qPCR) using an ABI 7500 Real-Time PCR System (Applied
Biosystems). Primers amplifying 100-200 bp of the target
genes were designed using Primer Premier. RNA was reverse-
transcribed into first-strand cDNA by a cDNA synthesis kit
(New England Biolabs). The SYBR green fluorescence dye

(Applied Biosystems) was used for the detection of the PCR
amplification. The 16S RNA gene rrs4 was used as reference
for the normalization of the samples.'?

Proteome analysis by two-D PAGE

The E. coli control strain carrying only vector pMGI1 and
the transformant strain expressing IrrE, respectively, were
grown to the mid-exponential phase (0.3 to 0.5, at
0D600) with shaking at 37 °C in the LB medium. Cells were
harvested by centrifugation (6000 x g, 10 min and 4 °C).
The pellet was washed twice with buffer (10 mM Tris, 0.4 M
sucrose, pH 7.0). The bacterial pellet was then suspended
in a lysis buffer (8 M urea, 2 M thiourea, 4% w/v CHAPS,
1% w/v DTT, 0.8% v/v carrier ampholyte, 1 mM PMSF,
350 mM Tris base and 5 mM EDTA) and cell disruption
was performed on ice with an ultrasonic homogenizer. The
protein extract was aliquoted and frozen at —80 °C after
cell debris was pelleted at 14000 x g, 4 °C for 30 min. The
protein concentration was then, measured using the Bradford
method. For each experimental condition at least three
samples were run in order to assess biological and analytical
variations.

Protein separation. Two-dimensional protein gel electro-
phoresis was performed as described by Pan er al.!' The
first dimension (IEF) was carried out using immobilized
pH gradient (IPG) strips (Amersham Pharmacia Biotech,
Uppsala, Sweden) with a linear pH gradient between 4 and 7
(13 cm) in a Multiphor II electrophoresis unit (Amersham
Pharmacia Biotech) at 12 °C. The strip was rehydrated for 12 h
at room temperature (8 M urea, 2 M thiourea, 0.5% w/v
CHAPS, 0.4% w/v DTT, 0.02% w/v Bromophenol blue and
0.52% v/v carrier ampholyte, pH 4 to 7). The same quantities
of sample were applied by cup-loading (2 cm from the anode).
The operating conditions were from 0 to 500 V in 2 h, 500 V
for 5 h, from 500 to 3500 V in 5 h, 3500 V for 12 h under
mineral oil. Thereafter, the IPG strips were incubated for
15 min in equilibration buffer I (6 M urea, 30% v/v glycerol,
2% w/v SDS, 0.02% w/v Bromophenol Blue and 1% w/v DTT
in 50 mM Tris-HCI buffer pH 6.8) followed by 15 min in
equilibration buffer II (6 M urea, 30% v/v glycerol, 2% w/v
SDS,0.02% w/v Bromophenol Blue and 4% w/v iodoacetamide
in 50 mM Tris-HCI buffer pH 6.8). The second dimension
(SDS-PAGE) was accomplished with vertical 12% gels
and sealed with 0.5% agarose. Electrophoresis was carried
out in a Bio-Rad Protean II xi unit (Bio-Rad Laboratories,
Hercules, CA). Protein spots were visualized by staining with
CBB G-250. Gels were scanned with a PowerLook 1000
(UMAX Technologies Inc., Dallas, TX). 2D protein patterns
were analyzed using the PDQuest V7.3.0 (Bio-Rad Laboratories)
software. Only spots with intensity levels greater than 2.0 or less
than 0.5 on stress treatments were considered.

Protein identification by MALDI-TOF MS. For MALDI-TOF
MS analysis, protein spots were excised from the gels, digested
with trypsin as described,'* and the peptides generated
were analyzed using a 4700 Proteomics Analyzer (Applied
Biosystems). Proteins were identified by automated peptide
mass fingerprinting using the Global Proteome Server Explorer
software (Applied Biosystems).

Mol. BioSyst.

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/C0MB00336K

Downloaded by University of Arizona on 09 March 2011
Published on 07 March 2011 on http://pubs.rsc.org | doi:10.1039/COMB00336K

View Online

Glycerol- PropionateTyr  GIt Ser
3P 3 Thr

) ) Eesd g o) (o) B
v v

v

\,
Thr Spr
TdeB 14cB
2-oxobytanoate TdcG
TdcE

Propipnate— Propanpyl-CoA
TdcD PrpC
ropiony|- PrpD
Cis-2-
methylaconitate

(2R 3s)-2-
methyligocitrate

Qiigo (* Oligo Yy
peptide peptide
3-(3-HP)
Galactose *{ Galactose }» propipnate
MhpA Succinate

3-(2,3DHP)
propifnate

Maltose----»- > Pyruvate &

’

2-oxopentenoate

g-hydroxy—2— Lpd

Niz+ - MhpD Oxo-valerate AceF
WhpE AceE
Acetyl-CoA

Fe-S cluster-

Ferric
dicitrate

Ferric

Ferric
dicitrate |  citrate

Ferric
dicitrate

\ceB
/ Glyoxylate

o
o
I-Tedr:oc- Ferri- Ferri Ferric oe8,
Y L Hydroxamate
Xxamate | chrome ydroxamate, complex
Isgeifrate
complex 0\0

H+ MQH2 MQH2 Multidrug  drug

Bk3 @
v - v
HZ

Nitit

) 8 (=) 0 fud

A

v

H, Xanthine "NitrateCholine

¥ D-sorbitol Trehalose D-glucose
do - 9!
i -acetyl
Manose| | Sorbitol muramic| frehalo 11Glg
: acid
Y 2 v
Y M
UDP-G g
Trehalpse-6P. —» Trehalose
OtsA TreC
‘: OtsB
D-sorb\to\-GF’Gluc =~ Trehalose
SriD S el
~ Ribulpge-5P
Fructoge-6P c-5P  Ribose-5p

Fructose-1,6-P2
Eda FbaB

> G-3-P «— Erythrose-4P

o TktB PurF \ .,.. nucleoside
\
PurD [y
PurT]PurN Pyrimidines <~-- cytosine
PurL
Formate PurM
PurkK
PurE
Ethanol B
PurB
BetA "
crgire o e
H BetB Inosipe-5P
; |
Non specific L 4
lon/ solute Purines
% i &

4
fesd (19 (a9 (o) (o8
v

v

Fig. 1 Up- and down-regulation of the metabolic pathway and the transport system genes E. coli expressing IrrE. The colour indicates significant
changes (P > 0.05) in gene expression or genes and pathways. Red, overexpression; blue, reduced expression; black, change < 1.8-fold. Dashed
arrows indicate multiple enzymatic steps. Ovals in the inner membrane, ABC-type transport systems; large squares, phosphotransferase permease
systems; small squares, multi-subunit transporters; large rectangles in the outer menbrane, iron transport systems; small rectangles, transport
proteins. Abbreviations: G-3-P, glyceraldehyde-3P; UDP-G, UDP glucose; CBDII, cytochrome bd-II terminal oxidase; DK-I, 5-keto-4-deoxy
urinate; DK-II, 2, 5-diketo-3-deoxygluconate; KDG, 2-keto-3-deoxygluconate; KDGP, 2-keto-3-deoxygluconate-6P. The pathway map was

adapted from the BioCyc database.

BIOLOG GN2 assays

Colonies from the test strains were inoculated from pregrowth
LB agar plates into Biolog inoculating fluid, and the optical
density of the inoculating suspension was adjusted to 60%
transmittance by use of a turbidimeter. Each suspension of
bacterial cells was grown in Biolog defined minimal medium in
BIOLOG GN2 plates (150 ml per well), which were then
incubated at 37 °C for 24 h. The OD595 was measured with
a microtiter plate reader (model Vmax; Molecular Devices
Corp., Menlo Park, Calif.) after 6 and 24 h of incubation.

Measurement of intercellular trehalose content

The cell cultures were sampled (100 ml each) and centrifuged
at 4 °C and 4000 x g for 10 min immediately after collection.
The bacterial pellet was washed twice with PBS buffer and
then resuspended in 10 ml of PBS buffer. In each instance,
a beaker with a layer of sample 5 mm thick was irradiated
in a microwave oven (750 w, 2450 MHz) for 30-300 s.'°
The samples were centrifuged for 10 min in a bench centrifuge
to remove cell debris, and the supernatants were stored

at —70 °C. The intracellular trehalose was determined by
high-performance liquid chromatography HPLC analysis of
the supernatant. Quantitative HPLC analysis of the trehalose
was performed as described.'® At the same time, the cultures
were diluted, plated in triplicate on LB agar plates, and
incubated for 1 day at 37 °C before scoring for colonies. Data
represent the means and standard errors of three replicate
experiments.

Results and discussion
Expression profiling analysis

IrrE of D. radiodurans acts as a global regulator that controls a
large set of genes encoding different metabolic and signaling
pathways. IrrE dramatically enhanced the salt tolerance in
heterologous hosts.'! Aiming for a comprehensive under-
standing of the transcriptional response of E. coli expressing
IrrE, we monitored the mRNA expression profile using
whole-genome microarrays. This identified 216 genes whose
expression was at least 1.8-fold induced in the IrrE-expressing

This journal is © The Royal Society of Chemistry 2011
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strain (MER > 1.8 P < 0.05), and 149 genes were repressed
by IrrE (MER < —1.8 P < 0.05) (ESI: Table S1 and S27).
These regulated genes were classified using the COG database.
Up-regulated genes were involved in carbohydrate metabolism
(20 of 216 induced genes, 9%), regulatory functions and signal
transduction (8%), and amino acid biosynthesis (7%), nucleotide
transport and metabolism (7%), the cell envelope (4%) and
energy production and conversion (4%). Down-regulated genes
were involved in amino acid biosynthesis (23 of 149 repressed
genes, 15%), energy production and conversion (14%), carbo-
hydrate metabolism (10%), regulatory functions and signal
transduction (8%), and nucleotide transport and metabolism
(4%). Note that IrrE significantly repressed 90 contiguous
E. coli genes (b0260 to b0349). About 20% of the up-regulated
and 8% of the down-regulated genes encoded proteins of
hypothetical or unknown functions. No functional COG
categories existed for 46 up-regulated genes and 29 down-
regulated genes. IrrE thus controls multiple metabolic functions
including trehalose biosynthesis, nucleotide biosynthesis, carbon
source utilization, amino acid utilization, acid resistance,
oxidoreductases, and transporters in E. coli (Fig. 1).

The respiratory hydrogenase and oxidase genes

The hyaABCDEF operon encodes hydrogenase-1 and is induced
by IrrE (MER > 2.5). HyaA and HyaB are the small and large
subunits, respectively.'” HyaCDE are also required for the
activity hydrogenase-1, and HyaF is required to achieve the
maximal wild-type level of hydrogenase-1 activity.'® The app
genes are also induced by IrrE. They specify Cytochrome bd-I1
oxidase (encoded by the appCB operon, MER = 3.2; 3.4), and
phytase/acid phosphatase (encoded by app4, MER = 1.8).
Hydrogenase-1 is a Fe-S cluster-containing anaerobic
respiratory enzyme that mediates hydrogen uptake in the presence
of high-potential acceptors such as ferricyanide and phenazine

methosulfate.!” The sufABCDSE operon, which encodes the
minor Fe-S cluster assembly system, was up-regulated by IrrE.
In E. coli, SufA accepts 2Fe-2S clusters from SufBCD and
transfers the 2Fe-2S cluster to apoferredoxin, apoaconitase
and other proteins.”® SufS alone exhibits cysteine desulfurase
activity. SufE, a homodimeric protein without a cofactor,
enhances the cysteine desulfurase activity of SufS. SufBCD
is an ATPase that further increases the cysteine desulfurase
activity of the SufS SufE complex.?' The suf operon protects
cells against oxidative damage®* and was found to be induced
by simultaneous high osmolarity and heat stress.>*

Osmoprotection including trehalose biosynthesis

Trehalose is a nonreducing, particularly stable disaccharide
synthesized from two glucose moieties. Like other compatible
osmolites such as glycine betaine, trehalose efficiently stabilizes
proteins, dehydrated enzymes,”* and lipid membranes, as well
as protecting biological structures from damage during abiotic
stress in diverse organisms ranging from bacteria and fungi to
invertebrates and plants.>*?” The IrrE-induced otsAB operon,
encodes the two enzymes OtsA (trehalose-6-phosphate synthase)
and OtsB (trehalose-6-phosphate phosphatase) which convert
UDP-glucose to trehalose and are unique to trehalose bio-
synthesis. OtsA and OtsB are also induced by osmotic shock,
extreme heat, extreme cold, desiccation, and entry into the
stationary phase.>*?” OtsA produces trehalose-6-phosphate
which induces the treBC operon (Trehalose transport and
degradation), but OtsB very effectively hydrolyzes trehalose-
6-phosphate. Therefore induction of ozsA B results in repression
of the treBC operon.?® Induction of the trehalose biosynthesis
operon was thus expected to result in the accumulation
of trehalose. This was confirmed by HPLC analysis. The
IrrE-expressing strain accumulated 2.1-fold more trehalose
than the control (0.24 + 0.01 mg per 10'" cells instead of

Table 1 Up-regulation of osmotically active genes and acid resistance genes in the IrrE-expressing E. coli

Locus Gene Induction ratio?

Function”

Osmotically inducible protein genes

b1283 osmB 5.0
b1482 osmC 33
b1739 osmE 2.9
b2131 osmF 2.3
b4376 osmY 2.6
b1896 otsA 3.4
b1897 otsB 4.7
b1732 katE 2.5
Acid resistance genes

b3506 slp 6.6
b3507 yhiF 2.4
b3508 yhiD 2.2
b3512 gadE 5.7
b3515 gadW 2.5
b3516 gadX 4.9
b3517 gadA 29
b1493 gadB 3.8
b1492 gadc 3.9
b4452 gadY 29

Osmotically inducible lipoprotein

Predicted redox protein, regulator of disulfide bond formation
DNA-binding transcriptional activator OsmE

Periplasmic glycine betaine/choline-binding protein

of an ABC-type transport system

Predicted periplasmic or secreted lipoprotein
Trehalose-6-phosphate synthase

Trehalose-6-phosphatase

Catalase

Starvation-inducible outer membrane lipoprotein
DNA-binding HTH domain-containing proteins
Uncharacterized membrane protein

DNA-binding HTH domain-containing proteins

Putative ARAC-type regulatory protein

DNA-binding transcriptional regulator GadX

Glutamate decarboxylase and related PLP-dependent proteins
Glutamate decarboxylase and related PLP-dependent proteins
Amino acid transporters

Small RNA

“ The transcriptional ratios obtained from DNA microarray experiment (see Material and methods) are indicated. ® Information regarding gene

function is from the EcoCyc database.
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0.11 & 0.01 mg per 10! cells). Together, these data suggested
that the accumulation of trehalose could be attributed to the
IrrE expression in growing cells.

IrrE induces another subset of E. coli osm (osmoprotection)
genes that are dispersed through the genome. The genes induced
were osmB,> osmC,° osmE' osmF?? and osmY.** The data
from the microarray analysis are listed in Table 1. Surprisingly,
betTIBA (osmoprotectant glycine betaine biosynthesis) were
down-regulated. This needs to be further investigated. The global
regulator IrrE also induces multiple stress genes, including
katE (catalase), pspA (phage shock protein A), in E. coli growing
under non stressed conditions. IrrE thus enables the cells to
overcome sudden stresses much more quickly than would be the
case without IrrE, as was described.!!

Acid resistance

Many genes involved in acid resistance, including slp, yhiF,
vhiD, gadFE, gadW, gadX, gadA, gadBC and gadY (small RNA)
were induced by IrrE (Table 1). The E. coli genes slp to gadA
form the genomic acid fitness island (AFI) containing several
transcription units.** Four AFI genes (gadA, gadX, gadW, and
gadFE) and gadB are involved in an acid resistance system that
consumes intracellular protons for the decarboxylation of
glutamic acid.* Slp, an outer membrane lipoprotein, and YhiF,
a negative regulator for the C4-dicarboxylate transport, have
more specific roles in reducing metabolite stress.>* YhiD is a
putative membrane protein, and gadY specifies a small RNA
that induces the expression of gadX.*®

Carbohydrate utilization

The carbon source utilization profile of E. coli expressing IrrE
and the control strain was determined using Biolog assays.
The control strain utilized 45 different carbon sources. Among

those, seven carbon sources were utilized more efficiently
(biggest increase was for the compatible solute sorbitol), eight
less efficiently and 14 remained almost unused in the E. coli
expressing IrrE (Table S5+). The change in sorbitol utilization
was particularly interesting because the IrrE-expressing
strain had an increased resistance to osmotic shock caused
by sorbitol.!! The microarray data show that the sr/AEBD
operon, which encodes the SrIABE sorbitol permease, was
upregulated by IrrE. SrlIABE, belongs to the functional super-
family of the phosphoenolpyruvate (PEP)-dependent, sugar
transporting phosphotransferases (PTS). SrlIABE, which is
located in the inner membrane, phosphorylates sorbitol from
the periplasm and releases the phosphate ester into the
cytoplasm. The glucitol-6-P dehydrogenase SrlD then oxidizes
sorbitol-6-phosphate to the glycolytic intermediate fructose-
6-P. SrID can also catalyze the reverse reaction and synthesize
sorbitol.*® Tt has been reported that expression of the E. coli
srlD gene increased the sorbitol content and improved salt
tolerance in Pinus taeda.’’

Maltose comes from the hydrolysis of starch. The six
genes for maltose utilization, lamB and malEFGKM, were
down-regulated by IrrE. The Biolog data showed that the
utilization of maltose was decreased in the IrrE-expressing
strain (Table S5t). Maltose is normally the preferred carbon
source for cells growing in LB.>® The maltose transport system
consists of LamB and MalEFGK. LamB is an outer membrane
porin for maltodextrins and other carbohydrates. Following
transport into the periplasm, maltose binds to the periplasmic
maltose-binding protein (MBP) MalE. MalE bound to maltose
undergoes a conformational change and interacts with the two
inner membrane proteins, MalF and MalG. These proteins
bind to MalK which hydrolyses ATP to ADP in the cytoplasm.®
The function of malM, the last gene in the operon, is unknown.*
Maltose can also diffuse through the trehalose transporter TreB.*!
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Fig. 2 Changes in protein expression caused by the D. radiodurans IrrE global regulator in E. coli. Coomassie-blue stained two-dimensional
protein gels (size fractionation and pH gradient) of total protein. A, control strain (vector only); B, strain expressing IrrE. Red circles, induced
by IrrE; black circles, repressed by IrrE. The circled spot changes were observed in three repeat experiments. The proteins were identified by

MALDITOF MS analysis.
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The repression of the treBC operon and induction of the
otsAB operon in the IrrE-expressing strain resulted in a
decrease in the concentration of trehalose-6-phosphate, the
inducer of maltose uptake, by converting it to trehalose. IrrE
thus caused the down-regulation of the maltose uptake
system (Fig. 1).

Amino acid utilization

12 amino acids, 7 amino acid analogs and 3 dipeptides were
included as substrates in GN2 MicroPlates. The utilization of
the amino acids r-alanine, L-asparagine, L-aspartic acid, D-serine,
L-serine, L-threonine; and the dipeptides L-alanyl-glycine,
glycyl-L-aspartic acid was severely decreased in the IrrE-
expressing strain (Table S5f). IrrE downregulated the
tdcABCDEFG operon, which is involved in the transport
and degradation of L-serine and L-threonine (Table S27). TdcC
is a member of the STP family of amino acid transporters,
likely to function as a proton-driven serine/threonine symporter.**
TdcB, catabolic threonine dehydratase, catalyzes the conver-
sion of L-threonine to 2-oxobutanoate and ammonia and
also catalyzes the conversion of L-serine to pyruvate and
ammonia.** TdcG, r-serine deaminase III, is one of four
enzymes converting serine to pyruvate and ammonia. TdcE
has both pyruvate formate-lyase and 2-ketobutyrate formate-
lyase activity, whereas TdcD is a propionate/acetate kinase.**
The function of TdcF is unknown. The enzymes, encoded by
the tdeBCDE participate in the degradation of threonine to
propionate. Threonine degradation generates ATP, and threonine
can be used as the sole source of carbon and energy. Note that
prpBCDE, involved in the oxidation of propionate to pyruvate,
was also down-regulated by IrrE (MER < —13). The micro-
array data also showed that dctA, which encodes a L-aspartate
transporter,*> was repressed by IrrE. Generally, all the above

genes involved in amino acid metabolism were repressed
by IrrE.

Proteome profiles

To further investigate the role of IrrE in E. coli, protein
extracts were fractionated by 2D gel electrophoresis and the
protein spots were identified by MALDI-TOF MS. Nearly
700 protein spots were resolved on all gels (Fig. 2). Compared
to the control, the intensity of 60 of the protein spots was
increased, and 44 of them were successfully identified by strong
hits to the E. coli genome database (Fig. 2B, Table S37). The
intensity of 33 protein spots was reduced in the IrrE strain,
and 7 of them disappeared completely (Fig. 2A). The 17
identified proteins are shown in Fig. 2 and listed in Table S4.t
There was a good correlation between the mRNA transcriptome
and the proteome data. In particular, the expression of
almost all the genes of the inosine-5'-phosphate biosynthesis
pathway was enhanced by IrrE at both the transcriptional and
translational levels (Fig. 2, Table S37). Inosine-5'-phosphate is
a key intermediate in the biosynthesis of purine nucleotides. In
E. coli, inosine-5'-phosphate is synthesized from 5-phospho-a-
p-ribose 1-diphosphate (PRPP) in 11 steps. In bacteria, the
majority of de novo purine biosynthetic genes are unlinked,
but they are coordinately regulated by the PurR repressor.
Expression of purR was repressed by IrrE. Proteomic analysis
also showed a 5.6-fold induction of OsmY (response to
hyperosmotic stress, Table S3t), and TdcE (serine degradation)
was 7.1-fold decreased (Table S4+), consistent with the above
microarray data. For a few genes, the transcriptome and
proteome data were contradictory, probably because the
translation of these genes was regulated. For example,
OppA, the periplasmic oligopeptides binding component,
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was increased in the proteome, but decreased 5.9-fold in the
transcriptome.

IrrE is a global regulator that initiates a complex transcriptional
cascade

In their natural environment, bacteria are often challenged by
changing nutrient availability, and by exposure to various
physical stresses, including osmotic, oxidative and tempera-
ture stress. Successful adaptation to the environment requires
the sensing and correct response to multiple stimuli through
the simultaneous expression of many genes. Transcriptional
regulation is the primary adaptation mechanism which must
be studied in its entirety as a complex network of molecular
interactions. It is now understood that localized regulatory
networks in prokaryotic genomes evolve rapidly by mutation
or horizontal gene transfer, and they can differ significantly
between closely related strains.*® The EcoCyc database
describes 21 two-component systems, 35 master regulators
and 183 transcription factors which are often integrated in
complex regulatory networks. We have used transcriptome,
proteome and metabolome data to construct a regulatory map
for E. coli expressing IrrE from D. radiodurans.

IrrE altered the expression of many transcriptional regulators
including the EvgSA two-component system, the master
regulators GadE, GadX and PurR and gene/operon-specific
transcription factors AppY, GadW, YhiF, AsnC, Betl, CynR,
MhpR, PrpR, TdcA, KdgR. Among the listed regulators, 7
(appY, evgA, gadE, gadW, gadX, yhiF and asnC) were induced,
and another 7 (betl, cynR, mhpR, prpR, tdcA, kdgR and urr)
were repressed (Table S1 and Table S21). We suggest that IrrE
may control most genes indirectly through these regulators
(Fig. 3). E.g. IrrE induces the regulator AppY which then
induces appCB and hyaABCDEF.*" Another example, kdgR
encodes a DNA-binding transcription factor that represses
transcription of the operons involved in transport and catabolism
of 2-keto-3-deoxy gluconate (KDG).*® Among the IrrE induced
genes identified here, 5 (kdgK, kdgT, kdulD and yjgK) have been
previously shown to be controlled by KdgR.*

In another example, EvgS (MER = 1.8) and EvgA
(MER = 2.54) are the sensor kinase and response regulator
for the EvgSA two-component system (TCS). The EvgSA TCS
is believed to initiate a complex transcriptional cascade that
provides acid and drug resistance in E. coli.’® IrrE probably
regulates the EvgSA TCS which then induces multiple genes
including gadE, gadX and appY (Fig. 3).>' In addition,
expression of genes involved in acid resistance was increased
during the exponential phase by IrrE. Among these acid
resistance genes, increased expression of yhiF represses the
transcription of dctA (transportor of L-aspartate transport).
Consistently, utilization of L-aspartate was severely decreased
in the IrrE-expressing strain. However, only a part of the
EvgSA TCS regulatory circuit was induced by ItrE, e.g. the
expression of the AraC-like transcriptional regulator YdeO,>">?
which is controlled by the inducer EvgA, did not change
significantly (MER = 1.2). Maybe other IrrE induced repressors
also act on this and other genes.

There is a strong selection for regulated and coordinated
gene expression in ever-changing, highly competitive

environments.>> For example, intracellular pathogens and
endosymbionts survive in a less variable environment and
have fewer regulators per gene, compared with many free
living bacteria, which have more regulators in their genomes.>*
The most detailed information is available about the evolution
of regulatory networks of E. coli.>® In general, E. coli popula-
tions are ecologically and metabolically versatile and can
adapt to growth under a wide range of conditions. Many
E. coli genes, including most pathway-specific regulators, were
acquired by horizontal gene transfer from other bacteria
instead of being inherited by continuous vertical descent from
an ancient ancestor.>® In contrast, HGT of global regulators
was rare. Indeed, global regulators are responsible for about
two-thirds of the known regulation of E. coli and probably
evolved vertically within the y-Proteobacteria.>® E. coli is not
only the extremely well studied model organism, but is also an
extensively used microbe for industrial applications, especially
for the production of small molecules of interest. E. coli and
D. radiodurans belong to two phyla, Proteobacteria and
Deinococcus-Thermus, which have remarkably different
phenotypes. In a previous study, we found that the IrrE of
D. radiodurans induces a significantly enhanced salt tolerance
and protected the E. coli cells against other abiotic stresses. As
a case study of horizontal gene transfer of a single gene under
laboratory condition, our work opens the door for the use of
E. coli K-12 as a model organism to further elucidate the effect
of IrrE on the global transcriptional response in response to
various abiotic stresses, and will provide interesting insights
into the evolutionary mechanisms of bacterial regulatory
networks and environmental adaptation.

Conclusion

D. radiodurans is a Gram-positive bacterium belonging to the
phylum Deinococcus-Thermus, and is phylogenetically very
distant from E. coli. IrrE is a well-conserved Deinococcus-
specific global regulator. To our knowledge, this is the first report
of a Genus-specific global regulator that causes regulatory
changes in unstressed E. coli. We observed that in one two-
component system, three master regulators and 10 transcrip-
tion factors were up- or down-regulated, suggesting that
IrrE functioned as a global regulator initiating a complex
transcriptional cascade in the heterologous E. coli host.
Furthermore, there are a large number of host genes with
a > 1.8-fold change in expression, including those responsible
for trehalose biosynthesis, nucleotides biosynthesis, carbon
source utilization, amino acid utilization, and acid resis-
tance. This current analysis is only a beginning, and further
research is needed to investigate the genome-wide transcrip-
tional response of the heterologous host E. coli expressing
IrrE at various stresses. These findings have the potential to
improve many industrial applications of E. coli and other
bacteria.
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