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Recently, many studies have reported that polyamines play a
role in bacterial cell-to-cell signaling processes. The present
study describes a novel putrescine importer required for induc-
tion of type 1 pili-driven surface motility. The surface motility of
the Escherichia coli AspeAB AspeC ApotABCD strain, which
cannot produce putrescine and cannot import spermidine from
the medium, was induced by extracellular putrescine. Introduc-
tion of the gene deletions for known polyamine importers
(ApotE, ApotFGHI, and ApuuP) or a putative polyamine
importer (AydcSTUV) into the AspeAB AspeC ApotABCD strain
did not affect putrescine-induced surface motility. The deletion
of yeeF, an annotated putative putrescine importer, in the
AspeAB AspeC ApotABCD AydcSTUYV strain abolished surface
motility in putrescine-supplemented medium. Complementa-
tion of yeeF by a plasmid vector restored surface motility. The
surface motility observed in the present study was abolished by
the deletion of fimA, suggesting that the surface motility is type
1 pili-driven. A transport assay using the yeeF' or AyeeF strains
revealed that YeeF is a novel putrescine importer. The K, of
YeeF (155 pm) is 40 to 300 times higher than that of other
importers reported previously. On the other hand, the V,, of
YeeF (9.3 nmol/min/mg) is comparable to that of PotABCD,
PotFGHI, and PuuP. The low affinity of YeeF for putrescine may
allow E. coli to sense the cell density depending on the concen-
tration of extracellular putrescine.

Polyamines are aliphatic amines with two or more amino
groups in their chemical structure. Basic polyamines are
putrescine, spermidine, and spermine. In addition, a variety of
unusual polyamines has been reported in several plants (1) and
bacteria (2). Polyamines are widely distributed from prokary-
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otic (3) to eukaryotic cells (4) and are found at especially high
concentrations in proliferating cells such as cancer cells (5) and
bacteria in the exponential growth phase (6). Polyamines are
important growth factors because they stabilize nucleic acid
structure (7) and promote protein synthesis (8).

Putrescine is synthesized in Escherichia coli cells from orni-
thine by ornithine decarboxylase (SpeC) or from arginine by the
sequential actions of arginine decarboxylase (SpeA) and agma-
tinase (SpeB) (9). Putrescine is converted to spermidine,
another polyamine, by the addition of an aminopropyl group
derived from decarboxylated S-adenosylmethionine by spermi-
dine synthase (SpeE) (10).

Recently, many studies have shown that polyamines play a
role in cell-to-cell signaling processes in bacteria. In Yersinia
pestis, the etiological agent of bubonic and pneumonic plague,
the components of the putrescine synthetic pathway, SpeA and
SpeC are essential for the formation of normal biofilms (11).
Furthermore, AspeA AspeC mutants can only form biofilms
when the medium is supplemented with putrescine (11). In
Proteus mirabilis, a common human urinary tract pathogen,
putrescine acts as a cell-to-cell signaling molecule that induces
differentiation into swarm cells (12). When extracellular poly-
amines are used as signaling molecules, bacteria require a poly-
amine sensor or polyamine importer because polyamines are
hydrophilic molecules that cannot passively cross the plasma
membrane. In Vibrio cholerae, a human intestinal pathogen,
the unusual polyamine norspermidine activates biofilm forma-
tion in a norspermidine sensor NspS-dependent manner (13).
In E. coli, spermidine induces surface motility in a spermidine
importer PotABCD-dependent manner (14).

In E. coli, four polyamine importers have been identified.
PotFGHI (15) has been identified as an ATP-dependent putres-
cine transporter of the ABC transporter family. PotABCD is a
spermidine transporter of the ABC transporter family that
takes up putrescine with lower affinity (16, 17). PotE is respon-
sible for both the excretion and uptake of putrescine (18). PuuP
is the most recently discovered putrescine transporter and
depends on proton motive force (19, 20). In addition, two puta-
tive putrescine importers, YdcSTUV and YeeF, have been
annotated by computer analysis.

In this paper, we report a novel putrescine importer, YeeF
that was identified using mutants with multiple deletions of
genes involved in polyamine synthesis and transport. YeeF was
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indispensable for surface motility induced by extracellular
putrescine as a signaling molecule.

EXPERIMENTAL PROCEDURES

Strain and Plasmid Construction—The 2869-bp fragments,
including the entire region of yeeFE, the 14-bp region down-
stream of yeeFE and the 260-bp region upstream of yeeFE, were
amplified by PCR using the genome of SH639 as template
(Table 1). KOD-plus-DNA polymerase (Toyobo, Osaka, Japan)
and the primers “yeeF up EcoRI” and “yeeE down Ncol” were
used to perform PCR according to the manufacturer’s instruc-
tions. The primers were designed to add EcoRI and Ncol
restriction sites to the 5" and 3’ ends of the amplified region,
respectively. The amplified fragment was ligated to a 3.9-kb
EcoRI and Ncol fragment of pACYC184, and this plasmid was
designated pACYC184-yeeF" E*. The cloned region containing
yeeFE was sequenced to confirm that no mutations had
occurred. pACYC184-yeeF " E™ was digested with Scal, and the
obtained 6-kb fragment was self-ligated. This plasmid was des-
ignated pACYC184-yeeF". pACYC184-yeeF"E* was digested
with EcoRI and Scal and blunt-ended with a DNA blunting kit
(Takara, Otsu, Japan). The obtained 2.2-kb fragment contain-
ing the yeeF gene was ligated to Hpal-digested pBelobac11. This
plasmid was designated pBelobacl1-yeeF". The 1049-bp frag-
ment, including the entire region of fimA and the 500-bp region
upstream of fimA, was amplified by PCR using the genome of
SH639 as a template. KOD-plus-DNA polymerase (Toyobo)
and the primers CCC-EcoRV-fimA_upstream and CCC-Sphl-
fimA_downstream were used to perform the PCR, according to
the manufacturer’s instructions. The primers were designed to
add EcoRV and Sphl restriction sites to the 5" and 3’ ends of the
amplified region, respectively. The amplified fragment was
ligated to a 3.9-kb EcoRV and Sphl fragment of pACYC184, and
this plasmid was designated pACYC184-fimA™. The region
containing fimA and fimA-promoter was sequenced to confirm
that no mutations had occurred. Gene disruption of speAB,
speC, potABCD, potE, potFGHI, ydcSTUYV, yeeF, fliC, and fimA
was performed by the method described previously (21). Gene
disruption of puuP was performed as described previously (20).
P1 transduction (22) was used to construct the multiple
mutants or transfer the chromosomal deletion of a gene into
another strain.

Media and Culture Conditions—LB glucose semisolid
(LBGS)? plates were prepared with LB (BD, Franklin Lakes, NJ),
0.5% glucose, and 0.6% agar (Eiken, Tokyo, Japan). LB glucose
(LBQ@) is the liquid medium containing LB and 0.5% glucose.
Chloramphenicol (15 ug/ml) was supplemented to the medium
to maintain the plasmids. In experiments in which surface
motility was evaluated, cultures were diluted in LB to an A4, of
0.4, and 3 pl of the diluted culture were spotted onto the center
of LBGS, supplemented or not with 400 uMm putrescine, and
incubated at 37 °C. Forty h after inoculation, the plates were
photographed.

DNA Microarray Analysis—DNA microarray was performed
using the E. coli_K12 Expr 4 X 72K Array Service (Roche
Applied Science) which contains 72,000 oligonucleotide probes

2 The abbreviation used is: LBGS, LB glucose semisolid.
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FIGURE 1.Surface motility isinduced by extracellular putrescine. Bacterial
cultures were diluted in LB medium to an Agy, of 0.4, and 3 ul of the diluted
cultures were dropped onto the center of LBGS plates, supplemented with or
without 400 um putrescine, and incubated at 37 °C. The plates were photo-
graphed 40 h after inoculation.

corresponding to ~4,800 E. coli genes. The probe length is 45-
to 60-mer, and the number of probes per gene is 6 to 22.

Functional Gene Pathway Analysis (PAGE)—The microarray
data were further analyzed by a PAGE analysis (23) using gene
ontology terms described in a profiling of E. coli chromosome
(PEC) database (24). Gene ontology terms are ranked by p
value.

Transport Assay—The transport assay was performed using
["*C]putrescine dihydrochloride as described previously (25),
with the difference that M9-glucose medium was used instead
of M63 medium. The disintegrations per minute of *C in the
cell were divided by the protein amount of the cell used in the
transport assay. The cell protein content was extracted as
described previously (26), and the amount of protein was
assayed by Lowry’s method (27).

Analysis of Polyamine Concentration—The concentration of
polyamines in the samples was measured as described previ-
ously (26).

RESULTS

Putrescine-induced Surface Motility Is Independent of
potABCD—In a previous study (14), we reported that the sur-
face motility of strains with a AspeAB AspeC genetic back-
ground, depends on the spermidine importer PotABCD and
spermidine, which had been originally included in LBGS plates
(Fig. 1). It has been reported that PotABCD can take up not only
spermidine but also putrescine (17). However, when 400 um
putrescine were added to the medium, surface motility was
PotABCD-independent (Fig. 1). This result suggested that
other putrescine importers could be responsible for induction
of surface motility by extracellular putrescine.

Search for a Putrescine Importer Responsible for Putrescine-
induced Surface Motility—To determine the importer respon-
sible for putrescine-induced surface motility, gene deletions for
putrescine importers or putative putrescine importers were
introduced into a strain with a AspeAB AspeC ApotABCD
genetic background (SK430). The genotypes of strains used in
this study are shown in Table 1. The introduction of ApotE,
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TABLE 1
Strains used in this study

Strain, plasmid, and

oligonucleotide Characteristic or sequence Source or reference
Strain
JW1908 ME9062 except AfliC:FRT-kan*-FRT Ref. 36
w4277 ME9062 except AfimA:FRT-kan™-FRT Ref. 36
ME9062 rrnB AlacZ4787 hsdR514 A(araBAD)567 A(rhaBAD)568 rph-1 Ref. 36
MG1655 F~ prototrophic C. A. Gross
SH639 F~ Aggt-2 Refs. 37 and 38
SK430 SH639 except AspeAB:FRT AspeC:FRT ApotABCD::FRT-cat™-FRT This study
SK454 SH639 except AspeAB:FRT AspeC:FRT ApotABCD::FRT-cat”-FRT AydcSTUV:FRT-kan™-FRT  This study
SK468 SH639 except AspeAB:FRT AspeC:FRT ApotABCD:FRT-cat" -FRT ApotE:FRT-kan™ -FRT This study
SK469 SH639 except AspeAB:FRT AspeC:FRT ApotABCD::FRT-cat™-FRT ApuuP:: tet™ This study
SK479 SH639 except AspeAB::FRT AspeC::FRT ApotABCD:FRT Ref. 14
SK489 pBelobacl11/YT16 Ref. 14
SK496 MG1655 except AyeeF::FRT-cat™-FRT This study
SK505 SH639 except AspeAB:FRT AspeC:FRT ApotABCD::FRT AyeeF:FRT-cat"-FRT This study
SK531 pBelobac11/SK479 Ref. 14
SK560 pBelobacl1-potA™*B*C* D" /SK479 Ref. 14
SK580 SH639 except AspeAB:FRT AspeC::FRT ApotABCD::FRT AydcSTUV:FRT This study
SK582 SH639 except AspeAB:FRT AspeC::FRT ApotABCD:FRT AydcSTUV:FRT AyeeF:FRT This study
SK591 pBelobac11/SK580 This study
SK594 pBelobacl1-yeeF*/SK582 This study
SK595 pBelobac11/SK582 This study
SK598 MG1655 except AfliC:FRT-kan™-FRT This study
SK624 SH639 except ApotABCD:FRT ApotE:FRT ApotFGHI:FRT ApuuP:FRT-kan*-FRT This study
AydcSTUV:FRT AyeeF:FRT
SK629 pPACYC184-yeeF"/SK624 This study
SK644 SH639 except AspeAB:FRT AspeC::FRT ApotABCD:FRT AydcSTUV:FRT This study
AfimA:=FRT-kan*-FRT
SK650 MG1655 except AfimA:: FRT-kan*-FRT This study
SK651 SH639 except AspeAB:FRT AspeC::FRT ApotABCD::FRT AydcSTUV:FRT This study
AfliC:FRT-kan*-FRT
SK653 pACYC184/SK580 This study
SK654 pACYC184/SK644 This study
SK655 pACYC184-fimA™ /|SK644 This study
YT16 SH639 except AspeAB::FRT AspeC::FRT Ref. 14
YT21 SH639 except AspeAB:FRT AspeC::FRT ApotABCD::FRT-cat"-FRT This study
ApotFGHIL:FRT-kan™ -FRT
Plasmid
pACYC184 p15A replicon cat™ tet™ New England Biolabs
pACYC184-fimA™ p15A replicon cat™” fimA™ This study
pACYC184-yeeF" p15A replicon tet" yeeF" This study
pACYC184-yeeF " E* p15A replicon tet™ yeeF"E™ This study
pBelobacl1 Mini-F replicon cat™ New England Biolabs
pBelobacl1-yeeF* Mini-F replicon cat™ yeeF* This study
pBelobacl1-potA*B*C*D* Mini-F replicon cat™ potA™B*C*D™ Ref. 14

Oligonucleotide
CCC-EcoRV-fimA_upstream
CCC-SphI-fimA_downstream
yeeF up EcoRI
yeeE down Ncol

5'-CCCGATATCAAAAAGAGAAGAGGTTTGAT-3’
5'-CCCGCATGCTTATTGATACTGAACCTTGA-3’
5'-CCCGAATTCATTATTCTGACAAGCCTCTC-3’
5'-CCCCCATGGTCTTTACACCTTACTTAATT-3’

ApotFGHI, ApuuP, or AydcSTUV into the AspeAB AspeC
ApotABCD genetic background (strains SK468, YT21, SK496,
and SK454) had no effect on surface motility on LBGS plates
supplemented with 400 uMm putrescine (Fig. 2). However, intro-
duction of AyeeF into the AspeAB AspeC ApotABCD genetic
background (strain SK505) resulted in severe inhibition of sur-
face motility under the same conditions (Fig. 2). This result
suggested that yeeF is the main factor responding to putrescine
in the induction of surface motility of E. coli.

Backup Role of ydcSTUV in Putrescine-induced Surface
Motility—The surface motility of the ydcS™ T+ U V" AspeAB
AspeC ApotABCD AyeeF strain (SK505) on LBGS plates supple-
mented with 400 uMm putrescine was reduced (Fig. 2), whereas
that of the AydcSTUYV AspeAB AspeC ApotABCD AyeeF strain
(SK595) was completely abolished (Fig. 3). This result sug-
gested that ydcSTUV plays a backup role in putrescine-induced
surface motility. We are currently characterizing the role of
ydcSTUYV in more detail.
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Role of yeeF in Putrescine-induced Surface Motility—To con-
firm whether yeeF plays a significant role in surface motility in
response to putrescine, we performed a complementation
experiment (Fig. 3). Both the yeeF™ strain (SK591) and the
AyeeF strain complemented with a plasmid vector containing
the yeeF" gene (SK594) exhibited surface motility on LBGS
plates supplemented with 400 uM putrescine, but not on
putrescine-free LBGS plates. In contrast, the AyeeF strain
(SK595) did not exhibit surface motility on LBGS plates,
whether supplemented with 400 uM putrescine or not. This
result clearly demonstrated that yeeF is an important factor in
the induction of surface motility when extracellular putrescine
is present in the environment.

Genome-wide Gene Expression Comparison between Strains
That Exhibit Surface Motility and a Strain That Does Not—To
search for genes regulated in cells that exhibited surface motil-
ity as compared with those that did not, we performed a DNA
microarray using cDNA derived from RNA extracted from the
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FIGURE 2. The influence of gene disruptions of putrescine importers or putative putrescine importers on extracellular induced surface motility.
Bacterial cultures were diluted in LB medium to an Agy, of 0.4, and 3 ul of the diluted cultures were spotted onto the center of LBGS plates, supplemented with
or without 400 um putrescine, and incubated at 37 °C. The plates were photographed 40 h after inoculation.
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FIGURE 3. The role of yeeF in surface motility induced by extracellular
putrescine. Bacterial cultures were diluted in LB medium to an Agy, of 0.4,
and 3 ul of the diluted cultures were spotted onto the center of LBGS plates,
supplemented with or without 400 um putrescine, and incubated at 37 °C.
The plates were photographed 40 h after inoculation. The medium was sup-
plemented with chloramphenicol (15 pg/ml) to maintain the plasmids.

yeeF* (SK591), AyeeF (SK595), and pBelobacl1-yeeF"/SK595
(SK594) strains cultured on LBGS plates supplemented with
400 pMm putrescine. The expression of a significant number of
pathways was altered when the gene expression profiles of
SK591 or SK594 were compared with that of SK595 using
PAGE analysis with that of SK595 (supplemental Tables
S1-S4). The result of the comparison between SK591and
SK595 (supplemental Tables S1 and S3) was very similar to that
between SK594 and SK595 (supplemental Tables S2 and S4).
This showed that the complementation of yeeF by the single-
copy vector pBelobacl1 in SK594 functioned properly. When
the gene expression profiles of SK591 and SK594, which exhibit
surface motility, were compared with that of SK595, which does
not exhibit surface motility, many metabolic pathways of nutri-
ent sources such as polyol, nitrate, and glycerol were signifi-
cantly up-regulated (supplemental Tables S1 and S2). The
expression of the flagellum organization, which is important for
swarming motility, was also significantly up-regulated in SK591
and SK594 (Z score = 2.58 and 4.17, respectively) compared
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with SK595 (supplemental Tables S1 and S2). On the other
hand, the synthetic pathways of arginine and amine as well as
the stress response were down-regulated in SK591 and SK594
compared with SK595 (supplemental Table S3 and S4).

YeeF Is a Novel Putrescine Importer—YeeF is a homologue
(63% identity) of PuuP, a putrescine importer that we have pre-
viously discovered (20). YeeF has recently been annotated as a
putrescine importer in several databases. In addition, the AyeeF
mutant was listed in 294-single gene knock-out mutants that
exhibited a repressed-swarming phenotype selected in a
genome-wide screening (28). Yet, its function was not reported.
To verify the putrescine uptake activity of YeeF, we performed
a transport assay using ['*C]putrescine and determined the
concentration of putrescine in SK591, SK594, and SK595 cells
grown in LBG with (Fig. 4, gray bars) or without (Fig. 4, white
bars) 400 um putrescine. The putrescine uptake activity of the
yeeF" strain (SK591) grown in putrescine-free LBG was 0.553
nmol/min/mg (Fig. 4A, white bar). The putrescine uptake activ-
ity of the AyeeF strain (SK595) grown in LBG without putres-
cine was not detected and that of the pBelobacl1-yeeF* /SK595
strain (SK594) was 0.193 nmol/min/mg (Fig. 44, white bars).
One hundred um carbonyl cyanide m-chlorophenylhydrazone
completely abolished the activity of putrescine uptake in SK591
and SK594. Interestingly, the putrescine uptake activity of
SK591 and SK594 grown in LBG with 400 uMm putrescine was
repressed to 28% (in SK591) and 55% (in SK594) compared with
strains grown without putrescine (Fig. 44, gray bars). However,
intracellular putrescine was detected only in cells grown in LBG
supplemented with 400 um putrescine. The concentration of
intracellular putrescine in SK591 and SK594 cells was 21.2
nmol/mg and 10.4 nmol/mg (Fig. 4B, gray bars). These values
are converted to 7.3 mM (SK591) and 3.6 mM (SK594) based on
a cell volume of 2.9 ul per mg protein (29). The intracellular
putrescine was not detected in SK595. These results clearly
showed that E. coli took up putrescine using YeeF, a novel
putrescine importer.

Comparison of Kinetic Parameters of YeeF with Previously
Reported Importers—E. coli has four putrescine importers:
PotABCD (30), PotE (18), PotEGHI (15), and PuuP (20). The
kinetic values of putrescine uptake by these importers were
determined using bacteria harboring pACYC184 with potA-
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FIGURE 4. The uptake of extracellular putrescine depends on yeeF. Over-
night precultures of SK591, SK595, and SK594 were inoculated in 100-ml LBG
supplemented with (gray bars) or without (white bars) 400 um putrescine in
500-ml Erlenmeyer flasks. The medium was supplemented with chloram-
phenicol (15 wg/ml) to maintain the plasmids. The initial optical density of the
culture, measured at 600 nm, was adjusted to 0.001. The flasks were shaken at
150 rpm at 37 °C. Bacterial cells were harvested at Agoo = 1.1-1.3 and washed
once with cold M9 glucose. The assays were performed three times with inde-
pendent bacterial cultures. Values are expressed as the mean = S.D.
A, ["*Clputrescine uptake by strains. The cells were incubated with 50 um
["*Clputrescine, and the reaction was terminated after 0, 1, 7, 13, or 20 min.
The linearity between the uptake of ['*Clputrescine and the incubation time
was confirmed. B, concentration of intracellular putrescine in the different
strains.

TABLE 2

Kinetic parameters of the polyamine importers
Importers K, Vinax Media Refs.

M nmol/min/mg

PotABCD 0.5 22.1 Medium B Ref. 17
PotE 1.8 3.4 Medium B Ref. 18
PotFGHI 15 19.8 Medium B Ref. 17
PuuP 3.7 19.9 M9 +tryptone Ref. 20
YeeF 155 9.3 LB+0.5% glucose This study

BCD, potE, potFGHI, or puuP. To compare the kinetic param-
eters of YeeF with those of putrescine importers reported
in previous studies, we constructed a pACYC184-yeeF*/
ApotABCD ApotE ApotFGHI ApuuP AydcSTUV AyeeF strain
(SK629) and measured the K, and V. values of putrescine
uptake by YeeF in SK629 cells grown in LBG (supplemental Fig.
S1and Table 2). Surprisingly, the K, of YeeF (155 um) was 40 to
300 times higher than that of other importers previously
reported (Table 2). On the other hand, the V. of YeeF (9.3
nmol/min/mg) was comparable to that of PotABCD, PotFGH]I,
and PuuP.

YeeF Is a Major Putrescine Importer in LBG-grown E. coli—
E. coli has several putrescine importers. It seems that E. coli
selects one or more putrescine importers by switching gene
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FIGURE 5. YeeF is a major putrescine importer in E. coli grown in LBG
medium. The AyeeF single knock-out mutant shows an impaired putrescine
uptake. The strains MG1655 and SK496 were inoculated in 100-ml LBG
medium in 500-ml Erlenmeyer flasks. The initial optical density of the culture,
measured at 600 nm, was adjusted to 0.001. The flasks were shaken at 150
rpmat 37 °C. Bacterial cells were harvested at A¢o, = 1.2-1.3 and washed once
with cold M9-glucose. The cells were incubated with 500 um ['“*Clputrescine,
and the reaction was terminated after 2, 4, 6, 8, or 10 min. The linearity
between the uptake of [*Clputrescine and the incubation time was con-
firmed. The assays were performed three times with independent bacterial
cultures. Values are expressed as the mean = S.D.

expression according to growth environment. To show that
YeeF is the main putrescine importer of E. coli cells grown in
LBG, we constructed a AyeeF single knock-out mutant
(SK496) and performed a transport assay using 500 um
[**C]putrescine, a concentration that is more than three
times higher than the K, value of YeeF. The putrescine
uptake activity of SK496 (AyeeF potA"B*C*D™ potE™
potF G "H I puuP™ ydcS™T U V™) was reduced by 88%
as compared with MG1655 (yeeF" potA"B"C'D™ potE™
potF "G H' I puuP™ ydcS™TTU" V") (Fig. 5). This result
clearly demonstrated that YeeF is the main putrescine
importer in E. coli grown in LBG when the amount of putres-
cine in the environment is in the order of hundreds of um.
Surface Motility Induced by YeeF and Putrescine Was Type 1
Pili-driven—TIt is well known that the flagella-driven swarming
motility of E. coli contributes to its surface motility. However,
the surface motility induced by YeeF and putrescine observed
in the present study was not influenced by the deletion of fliC
encoding the basic subunit of a flagella filament (Fig. 6A4). In
addition to the flagella, there are pili on the cell surface of E. coli.
The deletion of fimA, which encodes the major subunit of
E. coli type 1 pili, completely abolished the surface motility
induced by YeeF and putrescine (Fig. 6A4). In addition, in the
wild-type genetic background, the deletion of fIiC did not influ-
ence the surface motility; in contrast, the AfimA strain com-
pletely lost all surface motility (Fig. 6B). In the complementa-
tion experiment (Fig. 6C), both the fimA™ strain (SK653) and
the AfimA strain complemented with a plasmid vector contain-
ing the fimA™ gene (SK655) exhibited surface motility on LBGS
plates supplemented with 400 wM putrescine, but not on
putrescine-free LBGS plates. In contrast, the AfimA strain
(SK654) did not exhibit surface motility on LBGS plates,
whether supplemented with 400 um putrescine or not. These
results showed that the surface motility induced by YeeF-im-
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FIGURE 6. fimA, not fliC, is indispensable in the surface motility observed
in the present study. Bacterial cultures were diluted in LB medium to an Aqqq
of 0.4, and 3 ul of the diluted culture were spotted onto the center of LBGS
plates, supplemented with or without 400 um putrescine, and incubated at
37 °C.The plates were photographed 40 h after inoculation. In C, the medium
was supplemented with chloramphenicol (15 pg/ml) to maintain the plas-
mids. A, the surface motility induced by putrescine and yeeF is fimA-depen-
dent, not fliC-dependent. B, the surface motility depended on fimA, not fliC, of
the strains in the wild-type background. C, complementation experiment
with fimA.

ported putrescine observed in the present study was not mainly
driven by flagella but instead by type-1 pili.

DISCUSSION

Proposal of a New Gene Name for yeeF—YeeF is a novel major
putrescine importer (Figs. 4 and 5B) required for extracellular
putrescine-induced surface motility (Fig. 3). YeeF has low affin-
ity for putrescine (supplemental Fig. S1 and Table 2). On the
basis of this characteristic, we propose the new name PlaP
(putrescine low affinity permease).
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Surface Motility Observed in the Present Study—In the pres-
ent study, E. coli exhibited active surface motility on semisolid
agar containing 0.6% Eiken agar, which is widely used for study-
ing swarming in E. coli. It is well known that the swarming
motility is driven by the flagella, and FliC is the basic subunit
that polymerizes to form the rigid flagellar filament of E. coli. In
the present study, however, the AfliC strain exhibited the same
active surface motility as the fliC™ strain (Fig. 6). On the other
hand, the deletion of fimA, which encodes the basic component
of type 1 pili, did not exhibit any surface motility. These results
indicate that the surface motility observed in the present
research is driven mainly by type 1 pili. Nonetheless, it is pos-
sible that surface motility observed in the present study is par-
tially driven by flagella because the synthetic pathway of flagel-
lum was significantly up-regulated (supplemental Table S1).
Twitching was previously described as a type of surface motility
driven by type 4 pili, but the fact that E. coli exhibits surface
motility driven by type 1 pili is a new discovery. In the previous
report (31), flagellum-independent surface motility was also
observed in E. coli, and it is highly likely that the surface motility
observed in the previous report is type 1 pili-driven.

In another previous report (28), the surface motility of
JW1908 (ME9062 except AfliC) was abolished. Accordingly, we
confirmed that JW1908 exhibits a defect in surface motility. On
the contrary, SK598 (MG1655 except AfliC), like MG1655,
exhibited surface motility (Fig. 6B). This contradiction proba-
bly arises from the genetic differences between the parental
strains of JW 1908 and SK598 (see Table 1).

Relationship between Surface Motility Driven by fimA and
Intracellular Putrescine—In E. coli cells, polyamines stimulate
the synthesis of many types of proteins at the level of translation
without a change in the transcription level. The genes that
encode proteins regulated by this mechanism are referred to as
the “polyamine modulon” (8). The translation of mRNAs
encoded by the genes classified into polyamine modulon is
inefficient without polyamine because the Shine-Dalgarno
sequence is more distant from the initiation codon AUG com-
pared with normal mRNAs. Alternatively, this could be
explained by the fact that the initiation codon of mRNA is UUG
or GUG, which is less effective than AUG, or that the mRNA
has a termination codon in the middle of the ORF. Polyamine
induces a conformational change in those types of mRNAs and
enhances their translation efficiency. SK595 does not have
intracellular putrescine and does not exhibit any surface motil-
ity; in contrast, SK591 and SK594 have intracellular putrescine
imported by PlaP and exhibit surface motility (Figs. 3 and 4).
The transcription of fimA was not up-regulated between SK591
and SK595 or between SK594 and SK595 (data not shown).
Therefore, it was possible that fimA was regulated in the same
manner as genes classified into the polyamine modulon; how-
ever, fimA mRNA does not have the above-mentioned charac-
teristics and it is not thought that the level of FimA is enhanced
by putrescine at the level of translation. A genome-wide gene
expression comparison revealed that many nutrient metabolic
pathways were significantly up-regulated in SK591 and SK594,
which exhibit surface motility, compared with SK595, which
does not exhibit surface motility (supplemental Tables S1 and
S2). Therefore, putrescine imported by PlaP does not stimulate
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either the transcription or translation of fimA but the energy
produced by the nutrient metabolic pathways up-regulated by
putrescine may contribute to the motion of FimA and thereby
to active surface motility.

Significance of Multiple Importers of E. coli—In previous
studies, four putrescine importers have been reported in E. coli:
PotABCD (16, 17), PotEGHI (15), PotE (18), and PuuP (20). In
the present report, PlaP, a novel putrescine importer, was iden-
tified. The number of putrescine importers has thus increased
to five.

In the present study, the deletion of genes encoding other
putrescine importers, with the exception of AplaP, had no
influence on the surface motility on LBGS plates (Fig. 2). In
addition, SK595 cells grown in LBG supplemented with 400 pm
putrescine could not take up putrescine, even though their gen-
otypeis potE™ potF*G*HI'" puuP™ (Fig. 4). Furthermore, the
putrescine uptake activity of the AplaP single knock-out
mutant (potE™ potF* G H I puuP™ ydcS* T U V") grown
in LBG medium was reduced by 88% as compared with the
parental strain MG1655 (Fig. 5). These results indicated that
potE, potFGHI, and puuP were not expressed under the culture
conditions used in the present study.

The growth conditions of E. coli in this study are thought to
down-regulate the expression of genes encoding other putres-
cine importers. For example, the M9-tryptone used in the PuuP
study does not contain glucose (20), whereas LBGS and LBG
contain 0.5% glucose. It is thought that the gene expression of
the five (or more) putrescine importers in E. coli changes
depending on the environment.

Significance of a Low-affinity Putrescine Importer—The con-
centration of putrescine in the human intestinal tract, which is
one of the environments that E. coli inhabits, is in the order of
tens to hundreds of um (32). Therefore, the K, value of PlaP,
154 um is not improbable. However, compared with other
putrescine importers previously reported, the affinity of PlaP
for putrescine is remarkably low (Table 2). Because putrescine
concentrations in the medium acted as a trigger for surface
motility of E. coli harboring plaP™ (Figs. 1-3) the low-affinity
putrescine importer PlaP must be of physiological significance.

In a process termed quorum sensing, bacteria produce,
release, and respond to signaling molecules, which accumulate
as a function of cell density. It was previously reported that the
amount of putrescine in culture exported by E. coli increased
roughly in proportion to the degree of growth (33). Also, we
observed that the concentration of putrescine in culture
exported by E. coli reached 180 um when strain SH639 cultured
in M9-tryptone medium (26) under low aeration condition. If
E. coli uses putrescine as an extracellular signal to sense cell
density as in the quorum sensing signaling system, the concen-
tration of putrescine must be kept at levels to reflect the cell
density. The low affinity of PlaP for putrescine (Table 2) may
allow E. coli to sense the cell density depending on the concen-
tration of extracellular putrescine because PlaP cannot
decrease extracellular putrescine effectively when the concen-
tration of putrescine is below the K, value of PlaP.

The PlaP homolog is found in Y. pestis and P. mirabilis where
putrescine has been reported previously to function as a signal-
ing molecule (11, 12). The low affinity transporter PlaP may be
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widely used in the bacterial world to conduct putrescine-regu-
lated cell-to-cell communication.

Potential Application of Observations Reported in Present
Study—The present study may allow us to interrupt the cell-
to-cell communication of the above-mentioned pathogenic
bacteria and to attenuate their pathogenicity by inhibiting
uptake of putrescine by PlaP. This inhibition can be per-
formed by either a PlaP inhibitor or by plaP repression. It
was previously reported that plaP transcription is repressed
by acetate (34) or sodium salicylate (35); therefore, it is sus-
pected that the plaP gene is regulated by many factors. It may
not be difficult to attenuate the pathogenicity of bacteria by
repressing plaP transcription.
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