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ABSTRACT

Escherichia coli senses and responds to trimethylamine-N-oxide (TMAO) in the environment through the TorT-TorS-TorR sig-
nal transduction system. The periplasmic protein TorT binds TMAO and stimulates the hybrid kinase TorS to phosphorylate the
response regulator TorR through a phosphorelay. Phosphorylated TorR, in turn, activates transcription of the torCAD operon,

which encodes the proteins required for anaerobic respiration via reduction of TMAO to trimethylamine. Interestingly, E. coli
respires TMAO in both the presence and absence of oxygen, a behavior that is markedly different from the utilization of other
alternative electron acceptors by this bacterium. Here we describe an unusual form of regulation by oxygen for this system.
While the average level of torCAD transcription is the same for aerobic and anaerobic cultures containing TMAO, the behavior
across the population of cells is strikingly different under the two growth conditions. Cellular levels of torCAD transcription in
aerobic cultures are highly heterogeneous, in contrast to the relatively homogeneous distribution in anaerobic cultures. Thus,
oxygen regulates the variance of the output but not the mean for the Tor system. We further show that this oxygen-dependent

variability stems from the phosphorelay.

IMPORTANCE

Trimethylamine-N-oxide (TMAO) is utilized by numerous bacteria as an electron acceptor for anaerobic respiration. In E. coli,
expression of the proteins required for TMAO respiration is tightly regulated by a signal transduction system that is activated by
TMAO. Curiously, although oxygen is the energetically preferred electron acceptor, TMAO is respired even in the presence of
oxygen. Here we describe an interesting and unexpected form of regulation for this system in which oxygen produces highly
variable expression of the TMAO utilization proteins across a population of cells without affecting the mean expression of these
proteins. To our knowledge, this is the first reported example of a stimulus regulating the variance but not the mean output of a

signaling system.

Like many bacteria, Escherichia coli has the capacity for respira-
tion in the absence of oxygen by employing alternative com-
pounds as electron acceptors. One example is the reduction of
trimethylamine-N-oxide (TMAO) to trimethylamine (TMA) (1).
Anaerobic respiration of TMAO or other compounds can provide
a significant fitness advantage by enabling more energy-efficient
metabolic pathways than are possible with fermentation alone.
The primary niches where E. coli encounters TMAO have not been
established but are potentially both within and outside animal
hosts. TMAO is a naturally abundant osmolyte in algae, fish, and
other marine organisms (2). In addition, the compound is se-
creted in the urine of humans and other animals as a result of
TMAO consumption directly via seafood-rich diets (3) and also
from the oxidation of TMA that is produced when dietary choline
and similar amines are metabolized by gut flora (4-6). TMAO
may also have a role in infections of animal hosts. At least one
study has demonstrated that the Tor system is activated in urinary
tract infections (7). It has also been suggested that TMAO (as well
as several other alternative electron acceptors) may be produced
from reactive nitrogen and oxygen species at sites of inflamma-
tion, potentially providing a competitive advantage for E. coli and
related bacteria over strict anaerobes that lack the ability to utilize
these compounds (8).

The major pathway for TMAO reduction in E. coli requires
expression of the proteins TorC, TorA, and TorD, which are en-
coded in the torCAD operon (9, 10; for reviews, see references 11
and 12). TorC s a ¢-type cytochrome and membrane protein that
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is believed to shuttle electrons from the quinone pool to TorA, a
periplasmically localized TMAO reductase. TorD is a chaperone
that enables the addition of a molybdenum cofactor to apo-TorA
and secretion of mature TorA into the periplasm through the Tat
translocon (13-16).

Transcription of torCAD is strictly dependent on TMAO initi-
ating signal transduction through the TorS-TorR phosphorelay
(17, 18). TorS is a tripartite hybrid sensor kinase, with histidine
kinase, receiver, and histidine-containing phosphotransfer (Hpt)
domains, that phosphorylates TorR, a response regulator tran-
scription factor with receiver and DNA binding domains. TMAO
sensing is mediated by a periplasmic binding protein, TorT, that
binds TorS with high affinity (19). Biochemical and crystallo-
graphic studies indicate that TMAO binding to a TorT-TorS het-
erotetramer triggers conformational changes and likely TorS au-
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TABLE 1 Strains used in this study

Strain

Relevant genotype”

Reference or source

MG1655

F~ N ilvG rfb-50 rph-1

E. coli Genetic Stock Center
(CGSC no. 7740)

Nissle 1917 38
HS 39
EPB47 MG1655 ®(ompA™-cfp™) Goulian lab stock
MMR38 MG1655 att\::(P,,,cap-yfp) ®(ompA™-cfp™) This study
MMR60 MG1655 A(xylA xylFG)::P,,,,-mCherry This study
MMR?72 MG1655 A(lacl lacZYA)::(P,,,cap-cfp) atiN:(P,,.cap-yfp) AlxylA xylFG)::P,,, ,-mCherry This study
MMR84 MG1655 AtorS::(FRT-kan-FRT) A(lacl lacZYA)::(P,,,cap-cfp) A(xyIA xylFG)::P,,,,-mCherry This study
MMRI125 MG1655 att\::(P,,,cap-yfp-FRT-kan-FRT) ®(ompA™-cfp™) This study
MMR130 MG1655 att\::(P,,,cap-yfp-FRT) ®(ompA™-cfp™) This study
MMR133 MG1655 AtorSTR att\::(P,,,cap-yfp-FRT-kan-FRT) ®(ompA™*-cfp™) This study
MMRI138 MG1655 AtorS AtorT torR146::(FRT-cat-FRT) att\::(P,,,cup-yfp) PlompA™-cfp™) This study
MMR140 MG1655 AtorS AtorT torR149::(FRT-cat-FRT) att\::(P,,.cap-yfp) PlompA™*-cfp™) This study
MMR141 MG1655 A(lacl lacZYA)::(P,,,c-cfp) ®(torD™ -yfp™*) A(xylA xyIFG)::P,,,,-mCherry This study
MMR233 MG1655 atth\::(P,,,cap-yfp) ®ompA™ -cfp™) AsulA:(FRT-kan-FRT) This study
MMR234 Nissle1917 att\::(P,,,cap-yfp) ®(ompA™ -cfp™) AsulA:(FRT-kan-FRT) This study
MMR235 HS atth:(P,,cap-yfp) @(ompA™ -¢fp™) AsulA::(FRT-kan-FRT) This study
JW5135 AtorS::(FRT-kan-FRT) 46
JW0941 AsulA::(FRT-kan-FRT) 46
PIR2 F~ Alac169 rpoS(Am) robAl creC510 hsdR514 endA recAl uidA(AMlul)::pir Invitrogen
E. cloni F~ mcrA A(mrr-hsdRMS-mcrBC) endAl recAl $80lacZAM15 AlacX74 araD139 Lucigen Corporation
A(ara-leu)7697 galU galK rpsL nupG tonA (attL araC-Py, ,-trfA250 bla attR) N~
TOP10 F~ mcrA A(mrr-hsdRMS-mcrBC) $80lacZAM15 AlacX74 deoR recAl araD139 Invitrogen

A(araA-leu)7697 galU galK rpsL endAl nupG

“®(gene*-¢fp™) denotes an operon fusion of a gene and ¢fp.

tophosphorylation to initiate the signaling cascade (19, 20). TorR
phosphorylation proceeds by a four-step phosphotransfer from
ATP through intermediate states of TorS to TorR-P (21, 22); all
four steps are necessary for the activation of forCAD transcription
(18). As has been observed for other hybrid kinases, TorS dephos-
phorylates the phosphorylated form of its partner response regu-
lator, TorR-P, by reverse phosphotransfer upon stimulus removal
(23, 24).

In addition to the role of phosphorylated TorR in transcription
regulation, TorR represses its own transcription independently of
its phosphorylation state (25). The torCAD operon and forR are
divergently transcribed, and the small forR-torC intergenic region
contains four TorR binding sites with differing binding affinities
that are responsible for the regulation of torR and torCAD expres-
sion. It has been hypothesized that TorR-P competes with un-
phosphorylated TorR for occupancy of the high-affinity binding
sites and that activation of forCAD transcription is initiated after a
critical number of TorR-P molecules is reached (26).

In general, E. coli cells preferentially utilize electron acceptors
in a hierarchical order based on their energy yield (27). Since
oxygen has the highest standard reduction potential, most alter-
native respiratory systems are repressed during aerobic growth.
However, TMAO is an exception to this rule. Despite the relatively
low energy yield of the TMAO-TMA couple, torCAD expression
and TMAO reduction occur under both aerobic and anaerobic
growth conditions (28). Consistent with this observation, no role
for oxygen has been reported to date in the direct control of tor-
CAD transcription or the TorS-TorR phosphorelay. Here we re-
port an unusual form of regulation of forCAD expression by
oxygen. We show that although the mean levels of torCAD tran-
scription are the same during aerobic or anaerobic growth in lig-
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uid culture, the single-cell behavior within a population is mark-
edly different under the two growth conditions: the cellular level
of torCAD transcription is relatively uniform within a population
of anaerobically growing E. coli but is highly heterogeneous in a
population of aerobically growing cells. Thus, we find that oxygen
regulates the variance but not the mean level of torCAD transcrip-
tion. We further show that this variability is mediated by the
TorT-TorS-TorR signaling system.

MATERIALS AND METHODS

Growth media and conditions. Liquid cultures for fluorescence measure-
ments were grown at 37°C in minimal A medium (29) supplemented with
0.2% glucose and 0.1% Casamino Acids (Difco-BD, Franklin Lakes, NJ).
Where indicated, cultures were grown without aeration in screw-cap vials
(Wheaton, Millville, NJ) filled to the rim, sealed tightly, and standing at
37°C until the appropriate density was reached. TMAO was purchased
from Sigma and used at a final concentration of 10 mM, unless otherwise
indicated. TMAO was added when diluting back from overnight cultures.
Bacterial cultures to prepare electrocompetent cells were grown in LB
(Difco-BD, Franklin Lakes, NJ) or SOB (Amresco, Solon, OH) with the
appropriate antibiotic when necessary. To maintain plasmids, antibiotics
were added to culture media at the following concentrations: ampicillin,
50 wg/ml; kanamycin, 25 wg/ml; chloramphenicol, 25 or 12 pg/ml for
single-copy plasmids (pSMART derivatives). Chromosomal integrants
were selected for with chloramphenicol at 12 pg/ml or kanamycin at 20
pg/ml.

Strains and plasmids. The strains and plasmids used in this study are
described in Tables 1 and 2, respectively. The primers used for strain
construction are listed in Table 3. Phage P1vir (29) was used for transduc-
tions. Transformations of plasmids and of linear DNA for chromosomal
integration were performed by electroporation. When necessary, antibi-
otic resistance cassettes flanked by FLP recombination target (FRT) sites
were removed with the plasmid pCP20 as described in reference 30.
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TABLE 2 Plasmids used in this study

Reference or

Plasmid Relevant genotype source
pCAH63  oriR, cat attPy P, ,-uidAf 31
pCP20 N\cI857(ts) repA101(ts) oriR101 bla cat 30
ApR-FLP
pDSW206  lacl? P, attenuated promoter 35
pEB45 pKD13 yfp-FRT-kan-FRT 33
pEB48 pKD13 ¢fp-FRT-kan-FRT Goulian lab stock
pKD4 01y gero> bla, FRT-kan-FRT 30
pKD3 0riYgexo bla, FRT-cat-FRT 30
pKD13 01y e bla, FRT-kan-FRT 30
pKD46 repA10I1(ts) oriR101 bla P, - (gam bet exo) 30
pSMART  pSMART VC BamHI cat oriV ori2 repE Lucigen
parABC Corporation
pMR4 pCAHG63 P, cup-yfp This study
PMR14 pKD13 P,,,,-mCherry This study
pMRI19 pKDI13 P, cap-cfp This study
pPMR26 pDSW206 torT This study
pMR29 PSMART lacI?-P,, -torS This study
pMR32 PSMART torR This study
pMR46 PSMART torR146 (TorR K114R R146H) This study
PMR49 PSMART torR149 (TorR D53A K114R This study
R146H)
pTM149  pBluescript SK P,,,,-mCherry Goulian lab stock

The P,,,c4p-yfp transcriptional fusion fluorescent reporter of strains
MMRS8, MMR72, MMR233, MMR234, and MMR235 was constructed in
a CRIM plasmid and integrated into the chromosome (31). A 140-bp
DNA fragment containing the promoter of the forCAD operon, the tran-
scription start site, and all four TorR boxes (26) was amplified by PCR
from the chromosome of E. coli K-12 strain MG1655 (32) with primers
torC-U2 and torC-L1. The upstream primer was designed to introduce a
point mutation that disrupts the forR start codon. Primers added BamHI
and Kpnl restriction sites for cloning in front of the yfp gene in a derivative
of CRIM plasmid pCAH63 (31). The resulting plasmid, pMR4, was inte-
grated in single copy at att\ of MG1655, Nissle 1917, and HS. The cloned
torCAD promoter region of pMR4 was verified by sequencing. Following
integration into the chromosome, pMR4 was verified to be in single copy
by PCR as described in reference 31. For strains MMR8 and MMR72, the
fluorescent reporter was introduced by transduction into strain EPB47,
which carries an ompA™-¢fp™ transcriptional fusion. To generate strains
MMR233, MMR234, and MMR235, markerless ompA™-cfp™ was intro-
duced into the P, , ., p-¥fp" MG1655, Nissle 1917, and HS derivatives by
linkage with AsulA::(FRT-kan-FRT) from JW0941. For strains MMR125
and MMR133, the chloramphenicol resistance cassette of MMRS8 was
swapped by recombineering with a kanamycin resistance cassette flanked
by FRT sites (30). The PCR product for recombination was obtained with
primers cat-LRed-U1 and cat-LRed-L1 and template pKD4 (30). Strain
MMR130 is identical to MMR125, except that the kanamycin resistance
cassette was removed by treatment with pCP20 (30).

The P,,,c4p-cfp transcriptional fusion fluorescent reporter of strains
MMR72, MMR84, and MMR141 was constructed by recombineering
(30). First, plasmid pMR19 was constructed by cloning into pKD13 (30)
an overlap extension PCR product that includes the P, -, sequence
described above and the cfp gene (33). The overlap PCR product was
created with template pMR4 and primers psyn-U1 and gfpNterm-L1 and
with template pEB48 and primers tet-after-MCS-L1 and cfpNterm-U]l.
Plasmid pMR19 was used as the template with primers lac-pMR10-U1
and lac-pMR10-L1 to generate a PCR product for integration and substi-
tution of the lac operon. The integration PCR product had flanking re-
gions of homology to the lac operon upstream of the lacl promoter and in
the lacA open reading frame (ORF) and includes P, , -, p-cfp with a kana-
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mycin resistance cassette flanked by FRT sites. The integrated transcrip-
tional fusion was verified by sequencing.

The torCAD-yfp operon fusion of strain MMR141 was constructed by
recombineering (30) to insert the yfp gene (33), with its own ribosome
binding site, immediately downstream of the torD stop codon. The PCR
product used for integration was obtained from template pEB45 (33) with
primers torD-yfp-U1 and torD-yfp-L1, which have flanking homology to
sequences downstream of torD. The constitutively expressed transcrip-
tional fusion P,,,,-mCherry of strains MMR60, MMR72, MMR84, and
MMRI141 was also constructed by recombineering. The filled-in Kpnl
P,.,-mCherry DNA fragment from plasmid pTM149 was ligated to
HinclI-digested pKD13 to generate plasmid pMR14. This plasmid was
used as the template with primers xyl-pKD13-U1 and xyl-pKD13-L1 to
generate a PCR product for integration into the chromosome at the xyl
locus, disrupting xyIAFG. The insertion was verified by sequencing.

The chromosomal region containing forS, torT, and torR was deleted
and replaced with a kanamycin resistance cassette by recombineering to
generate strain MMR133. The PCR product for integration was obtained
by amplification of the kanamycin resistance cassette and flanking FRT
sites of pKD13 with primers torSTRdel-U1 and torSTRdel-L1.

Random mutants of torR were generated by PCR mutagenesis using
the GeneMorph II Random Mutagenesis kit (Stratagene, La Jolla, CA)
according to the manufacturer’s protocol. Primers torR-SacI-L1 and
torC-L1 amplified a region of DNA containing the entire torR sequence
and its regulatory region. The PCR product was cloned into the single-
copy vector pPSMART (Lucigen Corporation, Middleton, WI) to generate
a mutant plasmid library. We constructed the control plasmid pMR32
with the nonmutagenized PCR product. The plasmid library was intro-
duced into AforS mutant strain MMR84, which carries the P,,.cp-cfp
fluorescent reporter for screening. Transformants carrying forR mutants
capable of activating the P, . reporter in the absence of torS and of
TMAO were detected as bright fluorescent colonies in a background of
dim nonfluorescent colonies. Colony fluorescence was visualized with a
home-built fluorescence illuminator described previously (34). The plas-
mids from selected colonies were purified, and the torR genes were se-
quenced. Plasmids carrying selected torR alleles were transformed into
MMRI133, a P, p-cfp reporter strain that has a chromosomal deletion
of the entire sequence spanning torS, torT, and torR to verify that P, .
transcription activated by the selected torR alleles was truly independent
of TorT-TorS-TorR. The torR146 allele, carried by plasmid pMR46, was
selected for further study. To disrupt the TorR phosphorylation site in
TorR146, we introduced the mutation D53A (18) by overlap extension
PCR with mutagenic primers D53A-FOR and D53A-REV. A single nucle-
otide was substituted, resulting in the loss of an EcoRV site and generating
allele forR149 (carried on plasmid pMR49).

Alleles torR146 and torR149 were integrated in single copy at the for
locus into the chromosome of MMR133/pKD46 by recombineering (30)
to generate strains MMR138 and MMR140, respectively. The transform-
ing DNA consisted of overlap extension PCR products from primers
torR-int-U1 and torR-cat-rev with template pMR46 or pMR49 and from
primers torR-int-L1 and torR-cat-for with template pKD3. These PCR
products had flanking regions of homology to the forR regulatory region
and downstream of the torS ORF. The integrated constructs were verified
by sequencing.

Plasmid pMR29 is a derivative of pSMART (Lucigen Corporation)
that carries torS driven by an isopropyl-B-p-thiogalactopyranoside
(IPTG)-inducible promoter. The plasmid was constructed by three-way
ligation that placed the torS ORF downstream of the Ndel-BamHI frag-
ment from pDSW206 (35), which contains lacl9, lac operators, and a
weakened variant of the trc promoter. The Ndel site was filled in and
blunt-end ligated to the filled-in EcoRI site of pSMART. The forS gene was
amplified by PCR from a genomic MG1655 template with primers torS-
BamHI-U1 and torS-HindIII-L1. The upper primer was designed to am-
plify torS with its native ribosome binding site and to add a BamHI site for
ligation of torS downstream of the weakened trc promoter. Additionally, a
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TABLE 3 Primers used in this study

Primer Sequence Resulting construct

torC-L1 CCGGTACCTGAAGCGATCTTAATGAGCAAATATG PMR4, torR mutants, pMR32
torC-U2 CCGGATCCTCAACAATAACAATGTGATGTGGTGTCAGAGG pMR4

cat-LRed-Ul ATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCGCTGGAGCTGCTTCGAA MMR125, MMR130, MMR133
cat-LRed-L1 ATGAACCTGAATCGCCAGCGGCATCAGCACCTTGTCGCCTTGCGTATAATATGAATATCCTCCTTAG MMR125, MMR130, MMR133
Psyn-Ul CCTGACGGATGGCCTTTTTG pMR19

gfpNterm-L1 CATCACCTTCACCCTCTCC pPMR19

Tetafter-MCS-L1 TATTATCGTGAGGATGCGTC pPMR19

cfpNterm-U1 CACTGGAGTTGTCCCAATTCTTG pMR19

Lac-pMR10-Ul GGTGGCCGGAAGGCGAAGCGGCATGCATTTACGTTGACACCATCGAATGGGCAATCCAGTGCAAAGCTAG MMR72

Lac-pMR10-L1 GCCTTCGCACATATCGGTAAATAGCTTGCCTGCTCTTATTCTTTCGGGAGCGATTGTGTAGGCTGGAG MMR?72

torD-yfp-Ul TAAGCCAGTTATTGCTGGTGTTAGTGGAGTGCGACCACCAAAACAGATAATAGAATTAAAGAGGAGAAAT MMR141

torD-yfp-L2 TTAGTGGAGTGCGACCACCAAAACAGATAAAATTAATTCCGGGGATCCGT MMR141

Xyl-pKD13-U1 TGCCCGGTATCGCTACCGATAACCGGGCCAACGGACTGCACAGTTAGCCGGCAATCCAGTGCAAAGCTAG MMR60, MMR72, MMR84, MMR141
Xyl-pKD13-L1 GTGATTTCAGCCCGGAGAAGCCACCGGATGTCGGTACGGCCAATTTCACTGAGCGATTGTGTAGGCTGGAG MMR60, MMR72, MMR84, MMR141
torR-SacI-L1 CCCGAGCTCTTTATCAGCACACATCAGCG torR mutants, pMR32
torSTRdel-U1 TACGGCAGAATATGAACAGATATGAACAGAATGAGTAAAACCCTCTGATGATTCCGGGGATCCGTCGACC MMR133

torSTRdel-L1 AACTGGCTGATATTGATTCAAATCGCGTTCAGGTCTTTCTTATGCAACCATGTAGGCTGGAGCTGCTTC MMR133

D53A-FOR GATTTAATTCTGCTGGCTATCAACTTACCCGA pMR49, MMR140

D53A-REV TCGGGTAAGTTGATAGCCAGCAGAATTAAATC D53A-TorR

torR-int-Ul AGTTTCCGCATAATAACCCCTGTAGAATTATGGTTTAGTGAAGCGATCTTAATGAGCAAA MMR138, MMR140

torR-cat-rev
torR-cat-for
torR-int-L1
torS-BamHI-U1
torS-HindIII-L1
torT-upper-1
torT-lower-1

TAAGGAGGATATTCATATGGACCATGGGGCAACCAGCCCGGTGAG
CTCACCGGGCTGGTTGCCCCATGGTCCATATGAATATCCTCCTTA
GCCACTATTCTAGTTGTTCTTAACTGGCTGATATTGATTCAAATCGCGTTCAGGTCTTTCAGATTGCAGCATTACACGTC
CCACACGGATCCTAATCCGCTTTGCGACTCAACCT

CCACACAAGCTTAACTGGCTGATATTGA

CCCGGATCCCTAGCATAAAGCCTTATTATTG

CCCGTCGACGATTTACTGGTGACGCAACATG

MMRI138, MMR140
MMR138, MMR140
MMR138, MMR140
pPMR29
pMR29
pPMR26
pPMR26

1979
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FIG 1 Fluorescence quantification of P,,,,,-yfp reporter expression in the presence or absence of oxygen. Cultures of strain MMRS [P,,,cp-yfp P(ompA™-
¢fp™*)] were grown in minimal medium with or without 10 mM TMAO and with or without aeration, as indicated, and analyzed by fluorescence microscopy as
described in Materials and Methods. Autofluorescence in the YFP fluorescence channel was determined from cultures of the parent strain, EPB47 [®(ompA™ -
cfp™)], grown under the same conditions. (A) Average fluorescence from single cells. Values represent the means from two independent experiments; error bars
represent the range. More than 300 single cells were analyzed for each condition in each experiment. AU, arbitrary units. (B) Representative fluorescence
micrographs from aerobic (upper) and anaerobic (lower) cultures. The CFP [®(ompA™-¢fp™)] and YFP (P,,,c4p-yfp) fluorescence in each field is shown. Arrows
highlight cells that are too dim to be easily visualized in the YFP fluorescence image. (C) Distribution of single-cell fluorescence in TMAO-treated cultures. The
left and middle panels show the distribution of cellular YFP fluorescence compared to cellular CFP fluorescence in corresponding data sets in aerobic (left) and
anaerobic (middle) cultures. The right panel shows a comparison of the distribution of YFP fluorescence normalized by the CFP internal standard in aerobic and
anaerobic cultures. Values on the x axis are expressed as log,, fluorescence normalized by the mean value from the corresponding data set. The aerobic and
anaerobic data sets consist of measurements of 341 and 379 cells, respectively. The distributions shown in panel C are taken from single experiments and are
representative of seven independent experiments. The coefficient of variation (C,, = standard deviation/mean) is the mean value from seven independent

experiments * the standard deviation.

stop codon was added in frame with the ATG corresponding to the Ncol
restriction site to avoid possible translation from the lacZ ribosome bind-
ing site sequence in pDSW206. The PCR product was digested with
BamHI and HindIII and ligated to the HindIII site of pSMART and the
BamHI site of the pDSW206 fragment described above.

Plasmid pMR26 carries torT controlled by the IPTG-inducible trc pro-
moter and was obtained by cloning a torT PCR product into the BamHI
and Sall sites of pDSW206 (35). Primers torT-lower-1 and torT-upper-1
were used to amplify forT, including its ribosome binding site, from
MG1655 genomic DNA. The upper primer includes a stop codon to avoid
translation from the ATG associated with the Ncol site as described above.

Fluorescence microscopy. Cultures were inoculated from single col-
onies on LB agar plates, grown in minimal A medium aerobically at 37°C
overnight to saturation, diluted 1:1,000 into fresh medium with TMAO as
indicated in each experiment, and then grown at 37°C (either aerobically
or without oxygenation as described above) to an optical density at 600
nm (ODyg,,) 0f 0.2 to 0.3. Streptomycin was added to a final concentration
of 250 pg/ml to stop protein synthesis. Cultures were then rapidly cooled
in an ice-water slurry and kept on ice for at least 1 h. After 1 h on ice,
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nonoxygenated cultures were aerated in a roller drum at 37°C for 3 h to
enable chromophore maturation of the fluorescent reporter proteins.
When comparing the absolute fluorescence of oxygenated and nonoxy-
genated cultures, the oxygenated cultures were aerated in the same fashion
as was done for the nonoxygenated cultures to control for possible degra-
dation of fluorescent proteins. Ten microliters of bacterial culture was
immobilized between 1% agarose pads and coverslips. Pads were pre-
pared essentially as described previously (36), by placing 100 pl of molten
agarose prepared in medium A salts (medium A without glucose or Casa-
mino Acids) between a glass microscope slide and the coverslip. Single-
cell fluorescence measurements were made with an inverted microscope
(Olympus IX-81) as described previously (37). Image analysis was per-
formed with in-house software by using phase-contrast images to define
cell areas.

To grow microcolonies on the microscope, bacterial cultures were first
grown aerobically in liquid minimal medium with TMAO as described
above but to early exponential phase (ODy, of ~0.1). Five microliters of
bacterial culture was placed in the center of a sterile tissue culture dish
(FluoroDish; World Precision Instruments, Inc.), under 5-mm-thick aga-
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FIG 2 Scatter plot of the TMAO dose responses of single cells. Cultures of
strain MMRS [P, cap-yfp ®(ompA™ -cfp™)] were grown aerobically in mini-
mal medium in the presence of the TMAO concentrations indicated and ana-
lyzed by fluorescence microscopy as described in Materials and Methods. Each
dot represents the fluorescence value of an individual cell. For each dose,
measurements of at least 100 cells were made. Each solid horizontal line rep-
resents the mean value for each dose. AU, arbitrary units.

rose pads containing TMAO that were prewarmed to 37°C. The pads were
prepared by dissolving 1% SeaKem GTG agarose (Lonza, Rockland, ME)
in minimal medium (with 0.2% glucose and 0.1% Casamino Acids).
When the agarose reached a temperature of 55°C, TMAO was added to a
final concentration of 1 mM. Culture dishes were placed on the stage of a
microscope that was enclosed in a chamber maintained at 37°C by forced
airflow (33) and visualized by fluorescence microscopy as described
above.

RESULTS

The distribution of torCAD transcription in single cells is heter-
ogeneous under aerobic conditions. To monitor the output of
the TorS-TorR system in single cells, we integrated a copy of the
torCAD promoter driving yfp, the gene for yellow fluorescent pro-
tein (YFP), at the phage lambda attachment site. The strain also
has an operon fusion of ¢fp, the gene encoding cyan fluorescent
protein (CFP), to ompA, which provides an internal fluorescence
standard that we have verified is independent of oxygen and
TMAO. Cultures were grown to mid-exponential phase in glucose
minimal medium in the presence or absence of 10 mM TMAO
with or without oxygenation. Cellular fluorescence was recorded
by microscopy (see Materials and Methods for details). Fluores-
cence measurements averaged over the cell population confirm
that the torC promoter shows similar levels of activity, on average,
for high- and low-oxygen growth conditions (Fig. 1A), as reported
previously (28). In both cases, there is a >10-fold increase in flu-
orescence upon induction with TMAO, with fluorescence in non-
induced cells comparable to the background autofluorescence.
Interestingly, the YFP fluorescence in the induced (10 mM
TMAO) aerobic cultures showed remarkably strong cell-to-cell
variability, with fluorescence ranging from close to the back-
ground to very bright (Fig. 1B, top right panel). In contrast, CFP
fluorescence from the constitutively expressed ompA-cfp fusion in
the same cells was much more uniform (Fig. 1B, top left panel).
Cells from anaerobic cultures showed a much more homogeneous
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FIG 3 Fluorescence distributions of the P, . -yfp reporter expression for
three different E. coli strains in the presence or absence of oxygen. Cultures of
strains MMR234 [Nissle 1917 P, . p-yfp ®(ompA™ -cfp™) AsulA:(FRT-kan-
FRT)], MMR235 [HS P,,,cap-yfp ®ompA™-cfp™) AsulA:(FRT-kan-FRT)],
and MMR233 [MG1655 P, cop-yfp @(ompA™ -cfp™) AsulA:(FRT-kan-FRT)]
were grown in minimal medium with or without 10 mM TMAO and with or
without aeration, as indicated, and analyzed by fluorescence microscopy as
described in Materials and Methods. The plots show the distribution of single-
cell YFP and CFP fluorescence in TMAO-treated cultures of each strain (top,
middle, and bottom panels) with oxygenation (left column) or without oxy-
genation (right column). Data sets consisted of more than 350 single-cell mea-
surements that were combined from two independent experiments. Values on
the x axis are expressed as log,, fluorescence normalized by the mean value of
the data set.

YFP fluorescence that was similar to the CFP fluorescence from
ompA-cfp (Fig. 1B, bottom panels).

The distribution of cellular CFP and YFP fluorescence from
induced cultures provides a more quantitative description of
cell variability (Fig. 1C). For aerobic cultures, the CFP fluores-
cence distribution from ompA-cfp is relatively narrow, whereas
the distribution of YFP fluorescence from P,,,-yfp in the same
population is very broad, with a much higher coefficient of
variation (standard deviation/mean) (left panel). In contrast,
in cultures grown anaerobically, the YFP fluorescence distribu-
tion is much narrower and similar to the distribution of CFP
fluorescence (middle panel). Comparison of YFP fluorescence
levels normalized by the constitutive CFP fluorescence simi-
larly shows a marked difference between aerobic and anaerobic
growth.

To explore whether the variability seen is dependent on the in-
ducer concentration and whether there were concentrations showing
a bimodal distribution, reflecting distinct subpopulations of nonin-
duced and induced cells, we measured the dose response to TMAO of

jb.asm.org 1981


http://jb.asm.org

Roggiani and Goulian

>

300 - 300 -
Correlation Correlation,,
= 250 1 Coefficient %, 250 1 Coefficient
< =0.927 =0.197
[0] 4 4
8a 200 s e 200 Lebe .
O 7 oo e ¢ o,
% 3 1501 0”“" 150 1 . ’.o 0‘0 1 ‘
£ 3 g A
T 100 b4 ,t 100 . }. .
a oS0 0h h WS
w *
REX: 28 50 - '.:""I}: *
0* L X :0“ :
0 T . . . ) 0 T . . . :
0 50 100 150 200 250 0 50 100 150 200 250
CFP Fluorescence (AU) mCherry Fluorescence (AU)
Ptorcan-cfp Pteta-mcherry
B m Autofluorescence C
o0mM TMAO
. 010mM TMAO
5 —
2 1 2 0.4
@ © att,::P -cfp
o torCAD'
c 0.8 2
3 Bl 8 0.3 - -
% § - ceescee Q)(torD _yfp )
5 0.6 - 5 § (operon fusion)
i £ 202
£0.4 - 2 £ 3
2 g i
Q O 0.1 1 N
E02 - £ y
% a g .
0 - > 0 "t :

®(torD*-yfp*)
(operon fusion)

att)::Pyo.cap-cfo

-2 -1 0 1
Log,, (Normalized Fluorescence)

FIG 4 Comparison of two torCAD reporters in the same cell. (A) Correlation between two promoter fusion reporters (P,,,c4p-cfp and P, p-yfp) at different
chromosomal loci. Cultures of strain MMR72 (P,,,cap-¢fp> Prorcap-yfp> and P, -mcherry) were grown aerobically in minimal medium containing 10 mM
TMAO and analyzed by fluorescence microscopy as described in Materials and Methods. Fluorescence values of YFP versus CFP (left panel) and YFP versus
mCherry (right panel) are plotted for 113 cells; YFP values are the same in both plots. (B and C) Comparison of promoter and operon fusions in the same cells.
Cultures of strain MMR141 [P, . p-¢fp, ®(torD™ -yfp ™), and P, ,-mcherry] were grown aerobically in medium with or without 10 mM TMAO, as indicated. The
autofluorescence of cultures of the parent strain, MMR60, grown under the same conditions was determined in the YFP and CFP fluorescence channels. (B)
Average fluorescence from the promoter and operon fusions, P,,.c4p-cfp and ®(torD*-yfp™), each normalized by the fluorescence of P,,,,-mcherry. Shown are
the mean values of two independent experiments, and error bars represent the range. In each experiment, the mean values of >100 cells were determined. (C)
Distribution of fluorescence from single cells induced with 10 mM TMAO. For ®(torD™ -yfp™*), the mean YFP fluorescence of noninduced cells was subtracted
from the fluorescence of induced cells. Values on the x axis are expressed as log, , fluorescence normalized by the mean value of the corresponding data set. The

distribution is based on measurements of >300 cells. AU, arbitrary units.

aerobically growing cells (Fig. 2). In the scatter plot shown in Fig. 2,
each dot represents the fluorescence value of an individual cell.
Mean fluorescence values, represented by horizontal bars, show a
sigmoid dependence on TMAO with an approximate Hill coeffi-
cient of 2. As is evident from the scatter plot, torCAD transcription
is highly heterogeneous across the population of cells throughout
the range of inducing levels of TMAO, even at saturating concen-
trations.

To test whether the heterogeneous transcription of the forC
promoter reporter was unique to E. coli MG1655 (the K-12 strain
background used in the experiments described above) and thus
potentially an artifact of a laboratory strain, we made similar mea-
surements on strains derived from two other E. coli isolates, Nissle
1917 (38) and HS (39). The torCAD promoter sequence of Nissle
1917 isidentical to the corresponding MG1655 sequence included
in our reporter. The HS sequence has a single nucleotide change
94 bases upstream of the torCAD transcription start site (9), a
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region not expected to play a role in forCAD transcriptional reg-
ulation. Both isolates show induction of the fluorescent reporter
upon exposure to 10 mM TMAO and broad YFP fluorescence
distributions in single cells that are similar to the behavior of
MG1655 (Fig. 3). These results indicate that the aerobic induction
and variability of forCAD transcription are not limited to E. coli
K-12 strains.

The source of variable torCAD transcription acts in trans. If
the cell-to-cell variability in transcription results from factors that
act in trans, whether because of deterministic or stochastic effects
(extrinsic noise [40]), then two copies of the promoter will show a
correlation in their variability across a population of cells. On the
other hand, if the source of variability acts in cis, then the cell-to-
cell variability between the two promoters will be uncorrelated.
We therefore constructed a strain that has two torCAD transcrip-
tional reporters, i.e., a P, p-¢fp reporter inserted in place of lacl
lacZYA and a P,,, 4 p-yfp reporter at the lambda phage attachment
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site. The strain also contains a constitutive tefA promoter driving
mcherry integrated at the xyIAFG locus. Scatter plots of P, . p-yfp
versus P, . p-cfp single-cell fluorescence show a strong correla-
tion between the two P, . reporters, indicating that the heter-
ogeneous expression of the torCAD operon does not originate
from cis-acting factors (Fig. 4A, left panel). The correlation be-
tween P,,.c.p-yfp and P, ,-mcherry, on the other hand, is much
lower (Fig. 4A, right panel). Thus, the results suggest that cell-cell
variability in torCAD transcription is due to a frans-acting factor,
which could be from the TorT-TorS-TorR signaling system or
from other uncharacterized factors acting at the torCAD pro-
moter.

To verify that the heterogeneous expression seen is not an
artifact of the transcriptional fusion used in the P, .c.p-yfp
reporter, we also constructed an operon fusion in which yfp,
with its own ribosome binding site, was inserted downstream
of torD in the native torCAD operon [designated ®(torD"-
yfp™)]. This strain also contained the P,,,c.p-cfp reporter, as
well as P, ,-mcherry as an internal standard. The mean fluo-
rescence from the yfp operon reporter is approximately half of
that of P, p-cfp, and the YFP fluorescence is above the back-
ground even in the absence of the inducer, which may reflect a
second promoter within the operon (Fig. 4B). However, de-
spite these differences, the single-cell fluorescence distribu-
tions for the operon and promoter reporters show similar be-
haviors (Fig. 4C), indicating that the cell-to-cell variability
seen is not an artifact of a specific reporter.

The torCAD expression state is not uniform within micro-
colonies. We performed time-lapse microscopy of live cells in
order to monitor the level of P, transcription over several
generations. Cells from early-exponential-phase liquid cultures
containing TMAO were immobilized on agarose pads composed
of the same growth medium with TMAO and maintained at 37°C
on the microscope stage so that individual cells would form mi-
crocolonies after several rounds of division. Images were acquired
soon after immobilization on agarose pads (T;)) and then 3 and 6 h
after the starting time point (~4 and ~8 divisions, respectively
[T5 and Tg]). If the expression level of the torCAD reporter is
inherited for many generations, then we expect to see uniformly
bright microcolonies developing from a single bright cell or uni-
formly dim microcolonies from a dim cell. In contrast, if the ex-
pression switches frequently, then we will obtain microcolonies
with heterogeneous cellular fluorescence. Figure 5 shows images
of two representative microcolonies. In both cases, the CFP fluo-
rescence from the constitutive ompA promoter is homogeneously
distributed. In contrast, the YFP fluorescence varies considerably
among cells within the colonies, suggesting that the expression
state is not strongly inherited in daughter cells and that cells tend
to switch the torCAD transcription level over a time scale that is
roughly comparable to the division time.

Variability in forCAD transcription is suppressed by a TorR
mutant that bypasses TorS. The trans-acting source of variability
in torCAD expression could act through TorR-P or through an
uncharacterized regulator that functions independently of the
TorS-TorR phosphorelay. To distinguish between these possi-
bilities, we isolated constitutively active TorR mutants that by-
pass the phosphorelay. If the variability in torCAD expression de-
pends on the phosphorelay, then a bypass mutant should show a
more uniform distribution of YFP fluorescence among cells.
However, if the variability is due to some other regulator, then
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CFP phase

YFP

Colony A

Colony B

FIG 5 Time-lapse microscopy of two representative microcolonies. Cul-
tures of strain MMRS [P,,.cap-yfp ®(ompA™*-cfp™)] were grown aerobi-
cally in minimal medium with 10 mM TMAO. Cells were immobilized on
5-mm-thick agarose pads composed of 1% agarose dissolved in the same
growth medium with TMAO and maintained on the microscope stage at
37°C with exposure to air. The images shown are of two representative
colonies, each derived from a single cell, shortly after immobilization on
agarose pads (T,) and then 3 h (T;) and 6 h (T) after the starting time point
(approximately four and eight divisions, respectively). The rows consist of
phase-contrast images (top), CFP fluorescence images (middle), and YFP
fluorescence images (bottom).

these mutants should show a high cell-to-cell heterogeneity that is
similar to that of wild-type cells. To isolate bypass mutants, we
screened a library of mutated torR genes for activation ofa P4 -
cfp reporter in a forS deletion strain. From this screening, we iso-
lated a torR allele, torR146, encoding a protein with two amino
acid substitutions: K114R at the end of the receiver domain and
R146H in the DNA binding domain. Since it is possible that
TorR146 would still be phosphorylated by alternative phospho-
donors, we also constructed a torR146 derivative, torR149, encod-
ing a protein that contains an alanine in place of aspartate at po-
sition 53, the site of phosphorylation (18). The corresponding
torR alleles were integrated into the chromosome in place of the
native torR gene, and the adjacent torT and torS genes were de-
leted. Both TorR146 and TorR149 activate transcription indepen-
dently of TorS, TorT, and TMAO, indicating that these TorR mu-
tants can indeed bypass the phosphorelay (Fig. 6A). The lower
activity of TorR149 than of TorR146 (~50%) may indicate that
TorR146 can be phosphorylated by a source other than TorS or
may simply reflect different intrinsic activities of the two TorR
variants. Figure 6B shows the corresponding distributions of cel-
lular P, p-yfp fluorescence; the distributions of the TorR mu-
tant strains are similar and much narrower than the distribu-
tion of the wild type (Fig. 6B). These results suggest that the
heterogeneous expression of P, results from variability in
TorR-P levels.

Increased expression of TorS and TorT reduces the cell-to-
cell variability of torCAD transcription. To test whether the vari-
ability of torCAD transcription depends on low TorS and TorT
expression levels, we added plasmid copies of torS and torT under
the control of an IPTG-inducible promoter. Expression of TorS
and TorT from plasmids had a relatively modest effect on the
P,.,c-yfp expression level, increasing the mean by roughly 1.5-fold
(Fig. 7A), but produced a marked decrease in cell-to-cell variabil-
ity (Fig. 7B). These results suggest that fluctuations in the numbers
of TorS and TorT proteins could account for the strong cell-to-cell
variability in forCAD transcription.
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FIG 6 Comparison of P,,,,,-yfp expression in a strain expressing wild-type TorR and strains expressing constitutively active TorR mutants that bypass TorS.
Cultures of MMR125 [P, cup-fp PlompA™*-¢fp™)], MMR138 [AtorS AtorT torR146 P, p-yfp @ (ompA™ -¢fp™)], and MMR140 [AtorS AtorT torRI49 P, cap-
yfp ®(ompA™-cfp™)] were grown aerobically in minimal medium with or without 10 mM TMAO and analyzed by fluorescence microscopy as described in
Materials and Methods. (A) Average fluorescence from single cells. Shown are the mean values of two independent experiments, and error bars represent the
range. Sets of over 100 single cells were analyzed for each experiment. AU, arbitrary units. (B) Distributions of single-cell fluorescence in samples from wild-type
(top panel, 131 cells), torR149 (middle panel, 135 cells), and torR146 (bottom panel, 103 cells.) Values on the x axis are expressed as log,, of fluorescence

normalized by the mean value of the corresponding data set.

DISCUSSION

We find that while the average levels of torCAD transcription at
maximal induction by TMAO are comparable in E. coli cultures
growing aerobically and anaerobically, the single-cell distribu-
tions are highly heterogeneous under the former, but not the lat-
ter, growth conditions. Thus, oxygen affects the variance but not
the mean of the output in this system.

Since two copies of the torCAD promoter in the same cell show
strongly correlated transcription (Fig. 4A), the source of variabil-
ity acts in trans. To determine whether TorR-P mediates the effect,
we isolated mutations in forR that decouple torCAD expression
from the TorT-TorS-TorR phosphorelay. Strains with these torR
alleles show a much more uniform distribution of torCAD tran-
scription in aerobic cultures, suggesting that the source of vari-
ability is in the phosphorelay.
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It is possible that the variability in gene expression results
from fluctuations in low numbers of TorS and TorT molecules.
Protein abundance inferred from ribosome profiling data indi-
cates that both TorS and TorT are expressed at exceedingly low
levels (~4 molecules/cell for both) (41). Under these condi-
tions, stochastic effects from gene expression and from random
partitioning during cell division may produce widely varying
cellular abundances of TorS and TorT across the population
(40, 42, 43). Cells that lack TorS molecules for extended peri-
ods will likely have low levels of TorR-P because of dilution of
pre-existing TorR-P from cell growth or spontaneous hydroly-
sis. On the other hand, if the number of TorS molecules exceeds
the number of TorT, then excess TorS that is not bound to
TorT will be insensitive to TMAO and should dephosphorylate
TorR-P via reverse phosphotransfer (23, 24), again producing

June 2015 Volume 197 Number 12


http://jb.asm.org

>

20mM TMAO O10mM TMAO

Cell-to-Cell Variability in the Tor Phosphorelay

1.4
1.2

0.4 -
0.2

YFP/CFP Fluorescence (AU)
o
oo

B C, CFP =0.233 £ 0.047
C, YFP =0.659 + 0.009
0.4 | ====- CFP
YFP N
[
4 ]
5‘0.3 i |ll
=
] Empty Vectors  § !
0.2 1y
o I
[T i ]
0.1 - r-\
\
¢
0 - 7 e -
-2 -1 0 1

Empty Vectors ptorS + ptorT

Log,(Normalized Fluorescence)

C, CFP =0.188 + 0.011
C, YFP =0.388 + 0.007

04 | ====- CFP N
YFP "
[N ]
0.3 - i
] R
g ptorS +ptorT iy
=}
0.2
o
[T
0.1
0

-2 -1 0 1
Log,o(Normalized Fluorescence)

FIG 7 Effect of extra copies of torS and torT on P,,.c.p-yfp reporter expression. Cultures of strains MMR130 [P,,,cap-yfp PompA™*-¢fp™)] with plasmids
PMR29 and pMR26 (ptorS and ptorT) or with the parent vectors (pPSMART and pDSW206) were grown aerobically in minimal medium containing 1 mM IPTG
and in the presence or absence of 10 mM TMAO, and analyzed by fluorescence microscopy as described in Materials and Methods. (A) Average fluorescence from
single cells. Values are the average fluorescence from two independent experiments, and error bars represent the range of the mean fluorescence from each
experiment. Sets of >100 single cells for each condition were analyzed in each experiment. AU, arbitrary units. (B) Distributions of YFP and CFP fluorescence
in single cells in samples treated with TMAO. The upper panel represents a strain with both empty vectors (164 cells). The lower panel represents a strain with
ptorS and prorT (164 cells). Values on the x axis are expressed as log, , fluorescence normalized by the mean value of the corresponding data set. The distributions
shown in panel B are taken from single experiments and are representative of three independent experiments. Each coefficient of variation (C, = standard

deviation/mean) is the mean value of three independent experiments * the standard deviation.

lower levels of TorR-P. Indeed, it was previously observed that
torS provided in trans in multicopy represses the transcription
of the torCAD operon (17, 23). Thus, we expect cells with a
TorS/TorT ratio too low (no TorS) or too high (TorS exceeds
TorT) to have lower than average TorR-P, making the system
sensitive to fluctuations in the levels of both proteins. We note,
however, that while stochastic changes in this ratio are likely to
contribute to the variability observed, at present, we cannot
rule out other mechanisms that might produce cell-to-cell vari-
ability in TorS activity.

We do not yet understand the molecular mechanism of the
oxygen dependence and the physiological significance of in-
creased variance under aerobic conditions. The fact that di-
verse E. coli isolates from different phylogenetic groups (MG1655
and HS are in group A, whereas Nissle 1917 is in group B2 [44, 45])
show similar behavior indicates that the phenomenon is not a
strain artifact. Of course, it is possible that the variability is an
unavoidable consequence of some other aspect of the TorT-TorS-
TorR signaling system and does not, on its own, provide E. coli any
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fitness advantage. It is not understood why E. coli responds to and
reduces TMAO under aerobic conditions. One hypothesis pro-
poses that TMA produced by TMAO reduction will increase fit-
ness by counteracting acidification of the environment (28). In-
terestingly, this mechanism could be effective even if a subset
of cells in the population is performing the TMAO reduction.
Therefore, depending on the fitness cost of expressing different
levels of the torCAD operon, the maximal benefit for the popula-
tion as a whole could be optimized by a nonuniform level of
TMAO reduction across all of the cells in the population. An al-
ternative possibility is that the variability in forCAD expression
reflects a bet-hedging strategy whereby the cost of expressing tor-
CAD aerobically is balanced against the benefit of pre-expressed
TorCAD should the environment rapidly switch to low oxygen.
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