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The pem locus is responsible for stable maintenance of plasmid R100 and consists of two genes, peml and
pemK. The pemK gene product is a growth inhibitor, while the peml gene product is a suppressor of this
inhibitory function. We found that the PemI amino acid sequence is homologous to two open reading frames
from Escherichia coli called mazE and orf-83, which are located at 60 and 100 min on the chromosome,
respectively. We cloned and sequenced these loci and found additional open reading frames, one downstream
of each pemI homolog, both of which encode proteins homologous to PemK. The pem locus homolog at 60 min
was named chpA and consists of two genes, chpAl and chpAK; the other, at 100 min, was named chpB and
consists of two genes, chpBI and chpBK. The distal portion of chpBK was found to be adjacent to the ppa gene
that encodes pyrophosphatase, whose map position had not been previously determined. We then demon-
strated that the chpAK and chpBK genes encode growth inhibitors, while the chpAI and chpBI genes encode
suppressors for the inhibitory function of the ChpAK and ChpBK proteins, respectively. These E. coli pem locus
homologs may be involved in regulation of cell growth.

The pem locus has been identified as responsible for the
stable maintenance of plasmid R100 (28) and consists of two
genes, peml and pemK. The pemK gene product inhibits growth
of host cells, while the peml gene product suppresses the
inhibitory function of the pemK gene product. The two gene
products are expressed coordinately from a single promoter
and form a complex which lacks the ability to inhibit cell
growth (25, 27). The complex, however, can function as an
autoregulator to repress the expression of pem by binding to
two sites, called ppb, in the pem promoter region (27). When
the cells lose R100, selective killing of the plasmid-free seg-
regants occurs (26, 28). Degradation of the Peml protein in the
complex is proposed to lead to activation of the inhibitory
function of the PemK protein (25). This killing serves to
maintain the cells harboring R100 in a population. Another
low-copy-number plasmid, R1, codes for the parD locus, which
is responsible for stable maintenance of the plasmid and whose
nucleotide sequence is identical to that of the pem locus (3).

In this report, we describe the identification and character-
ization of two pem locus homologs, here called chpA and chpB,
which are located at 60 and 100 min on the Escherichia coli
chromosome, respectively. We show that chp4 and chpB are
homologous to pem not only structurally but also functionally.

MATERIALS AND METHODS

Bacterial strains and plasmids. The Escherichia coli K-12
strains used in this study are listed in Table 1. The plasmids
used are listed in Table 2.

Media. The standard culture medium used was Luria (L)
broth. L-rich broth (31) was used for cell cultures to prepare
plasmids. Agar plates contained 1.5% agar (Difco). Antibiotics
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were used at the following concentrations: ampicillin (Wako),
100 pg/ml; tetracycline (Sigma), 5 pg/ml. L broth supple-
mented with 800 pg of ampicillin per ml was used to culture
strain YM1000 harboring a plasmid.

DNA preparation. Total chromosomal DNA was prepared
as described by Miura (15). Plasmid DNA was prepared as
described by He et al. (10) or Sambrook et al. (22).

Nucleotide sequencing. Nucleotide sequences were deter-
mined by the dideoxynucleotide method (23) with a BcaBEST
Dideoxy Sequencing Kit (Takara). Synthetic oligodeoxyribo-
nucleotide 5'-CGACTGGGGAGAGCCGAA-3’ was used as a
primer for sequencing of the region downstream of the chpAI
gene. Primers M4 and RV (Takara) were used to sequence the
fragments cloned into pUC119. DNA chains were labeled with
[«-*?P]dCTP (110 TBg/mmol; Amersham) and separated by 6
or 8% polyacrylamide gels containing 8 M urea.

Construction of pYOU plasmids carrying a chp gene(s).
Relevant DNA fragments containing a chp gene(s) (Table 2)
were prepared as follows. Polymerase chain reaction (PCR)
was carried out in 100 wl of Cetus buffer (21) by using 1 ng of
total DNA prepared from MC1000 or relevant plasmid DNA
as the template, 2.5 U of AmpliTaq DNA polymerase (Perkin
Elmer Cetus), and two primers at 100 pmol each. Incubations
at 93°C (2 min), 50°C (2 min), and 72°C (3 min) were repeated
30 times in an automated thermal cycler and followed by
incubation at 72°C for 7 min. The amplified fragments were
then digested by EcoRI or BamHI and ligated with vector
plasmid, pUC119, pJG200, or pHS12 which had been digested
with the same restriction enzyme. Note that the primers used
here contained a cleavage site for restriction enzyme EcoRI or
BamHI (Table 3). To obtain plasmids with chpAI and those
with chpBI (Table 2), the ligated samples were introduced by
transformation to NMS554. To obtain plasmids with chpA (or
chpAK) or those with chpB (or chpBK) (Table 2), the ligated
samples were introduced by transformation to NM554 harbor-
ing the plasmid with chpAI or with chpBlI, respectively. Nucle-
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TABLE 1. E. coli K-12 strains used in this study
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TABLE 3. Primers used for PCR

i Source or
Strain Genotype reference
MC1000 araD139 A(ara-leu)7697 A(lac)X74 4
galU galK rpsL
NM554 MC1000 AsdR2 (ry ~ mg™) merBl 20
recAl3
FS1576 C600 Thy ™ recD1009 24
YMI1000 MC1000 chpAIl::Km' This work

otide sequences and orientations of the fragments cloned were
checked by sequencing.

All of the manipulations were carried out as described by
Sambrook et al. (22), except for ligation, which was carried out
with a DNA ligation kit (Takara), and transformation, which
was carried out at 30°C as described by Yoshioka et al. (31).

Construction of mutant YM1000 with the Km" fragment
inserted into chpAIl. A PstI-Scal fragment (about 3 kb) that
contains the relA-chpA-pyrG region from plasmid pLC10-47
was cloned into pBR322. The resulting plasmid was digested
with Pvull and self-ligated to remove the Pvull fragment. The
resulting plasmid was digested with Sspl, whose cleavage site is
within chpAl, and then ligated with the Hincll fragment (Kan"
GenBlock; Pharmacia) containing the kanamycin resistance
(Km")-encoding gene. The resulting plasmid was linearized
with ApaLl and introduced into strain FS1576 by transforma-
tion. The mutant chpAl gene with the Km"-encoding insertion
was then introduced into MC1000 by Plkc transduction to
obtain YM1000.

Enzyme assay. B-Galactosidase activity was assayed as de-
scribed by Miller (14).

Computer analysis. A VAX computer was used for analysis.
Computer programs were supplied by the Genetics Computer
Group, Inc. (7). The GenBank and EMBL nucleotide se-
quence data bases were searched for similarity to given amino
acid sequences with the TFASTA algorithm of Pearson and
Lipman (19).

Nucleotide sequence accession numbers. The nucleotide
sequence data shown here have been deposited in the DDBJ,

TABLE 2. Plasmids used in this study

Plasmid Parent Relevaqt gene’ Source or
(coordinates) reference
pUCILI9 pMBI 29
pJG200 pBR322 9
pBR322 pMBI1 2
pHS12 pSC101 1
pLC10-47 ColE1 chpA 6
pDOMI1 pHS12 peml 28
pDOM106 pJG200 pemK* 25
pYOU64 pUCI119 chpA (9-695) This work
pYOU78 pJG200 chpAK* (284-667) This work
pYOUS84 pHS12 chpAI (9-381) This work
pYOUL16 pUCI119 chpB (4'-792") This work
pYOUYS pJG200 chpBK* (363'-742") This work
pYOUS8S5 pHS12 chpBI (4'-442") This work

“ pemK*, chpAK*, and chpBK* indicate tripartite genes of pemK, chpAK, and
chpBK, respectively, fused with the collagen-lacZ scquence. Coordinates for
chpA and chpB are shown in Fig. 1. In the pUC119 derivatives, cach of the coding
sequences was inserted in the same direction as the lac promoter. In the pJG200
derivatives, each of the coding sequences inserted was under control of the X py,
promoter.

Primer Sequence (5'—3")" Position”
P11 GGGAaTTcGGCCGAAATTTGCTC 1-23
P12 gGgaattCCAGAATAGGAGTGAGTTAGTA 702-674
P13 TCgAAITTCAACCCAAATCAGATCGCCCA 387-360
P15 AAggaTcCCCAATCAGTACG 674-655
P16 CCGGAtccCCTCCACGAGAATAT 276-298
P9 CGGaaTTCGGTTAGTAAGGGTT 797'-776'
P10 TtgAATTCCCTCACCTTTTGCT 1'-22'
P14 GATgAAttCCAACCAGCACAATGTCTCC 450'-423’
P17 CAggaTccTCCACCACCGCCTGCAA 750'=726'
P18 CAGGATccCTGGGGTAAATCCAC 355'-377"

“ Each primer sequence contains several bases (small letters) altered to
introduce the restriction site, EcoRI or BamHI, for cloning of the fragments
amplified by PCR.

" Nonprimed and primed numbers are coordinates for chpA and chpB (Fig. 1),
respectively.

EMBL, and GenBank nucleotide sequence data bases under
accession numbers D16450 and D16451.

RESULTS

Cloning and nucleotide sequencing of pem locus homologs
chpA and chpB. By computer search, we found that the amino
acid sequence of protein Peml is homologous to that of a
functionally unknown protein encoded by a gene, designated
mazE, which is located downstream of the rel4 gene at 60 min
on the E. coli chromosome (13) (Fig. 1A). To see whether a
gene homologous to pemK exists in the region immediately
downstream of the peml homolog, we determined the nucle-
otide sequence of plasmid pLC10-47, which carries the rel4
region (17) and found an open reading frame that encodes a
protein with homology to PemK (Fig. 1A). We then amplified
the fragment containing the entire coding region by PCR with
synthetic primers (P11 and P12; Table 3) and total chromo-
somal DNA from MC1000 as the template and cloned it into
pUCI119. The nucleotide sequence of the fragment amplified
from chromosomal DNA was identical to that of mazE and the
pemK-homologous gene determined above. We designated the
pem locus homolog chpA and the two frames corresponding to
peml and pemK chpAIl and chpAK, respectively (Fig. 1A).

Similarly, by computer search we found another pem/ ho-
molog, designated orf-83, which is transcribed divergently from
the ileR gene located at 100 min on the E. coli chromosome
(30) (Fig. 1B). We also found that the nucleotide sequence
downstream of orf-83 is identical to that adjacent to the ppa
gene, whose nucleotide sequence has previously been reported
(11) but whose chromosomal location was not known. In the
region between the peml homolog and ppa, an imperfect open
reading frame was found. With a single base insertion, the
open reading frame would be continuous and encode a protein
with homology to PemK (Fig. 1B). To prove the existence of
the possible pemK homolog, we amplified the fragment con-
taining the entire coding region by PCR with synthetic primers
(P9 and P10; Table 3) and total chromosomal DNA from
MCI1000 as the template and cloned it into pUC119. Nucle-
otide sequencing revealed that the chromosomal sequence
contained one additional guanine within the region corre-
sponding to the pemK homolog (G at position 524'; Fig. 1B)
and two other base differences in the noncoding region up-
stream of the peml homolog (A for C at position 80’ and A for
T at position 90'; Fig. 1B) when it was compared with that
previously published by Weiss ct al. (30) and Lahti et al. (11).
Other fragments were independently amplified and sequenced,
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GGGAGTTAGGCCGAAATTTGCTCGTATCTACAATGTAGAT TGATATATACTGTATCTACATATGATAGCGGT TTGAGGAAAGGGTTATGATCCACAGTAGCGTAAAGCGTTGGGGAAATT

-10 -10

121

SD M I H S S V KR WG N S
chpAI (mazE)

CACCGGCGGTGCGGATCCCGGCTACGTTAATGCAGGCGCTCAATCTGAATATTGATGATGAAGTGAAGATTGACCTGGTGGATGGCAAATTAAT TATTGAGCCAGTGCGTAAAGAGCCCG

P A VR I P ATTILMAOQATLNTLNTI

D DEV KTIDULVDGKTUL I I

E P V R K E P V

241 . . . . .
TATTTACGCTTGCTGAACTGGTCAACGACATCACGCCGGAAAACCTCCACGAGAATATCGACTGGGGAGAGCCGAAAGATARGGAAGTCTGGTAATGGTAAGCCGATACGTACCCGATAT
F TLAETLVNU DTITZ®PENT LU HTETNTITDTWTGTETPTZKTDTEKTEV W *

sD M VS R Y V P DM
361 chpAK .

GGGCGATCTGATTTGGGTTGATTT TGACCCGACAAAAGGTAGCGAGCAAGCTGGACATCGTCCAGCTGTTGTCCTGAGTCCTTTCATGTACAACAACAAAACAGGTATGTGTCTGTGTGT

G D L

481

I WVDVFDUZPTIKGSEQAGHI RUZPAVVIL S PFMYNUNIEKTGMMTCTULTCUV

TCCTTGTACAACGCAATCAAAAGGATATCCGTTCGAAGTTGTTT TATCCGGTCAGGAACGTGATGGCGTAGCGT TAGCTGATCAGGTAAAAAGTATCGCCTGGCGGGCAAGAGGAGCAAC

P CTTOQ S K G Y P F EV VLI S G QERDGVALA ADUGQUV K S

601

I A W R ARG AT

GAAGAAAGGAACAGTTGCCCCAGAGGAATTACAACTCATTAAAGCCAAAATTAACGTACTGATTGGGTAGTGTTACTAACTCACTCCTATTCTGGTCACGCTT

K K G TV A PEETLAG QTULTIKA ATIKI

B

1

N V L I

G *

TGTAATTCCCTCACCTTTTGCTTT TCTCTCCGAGCCGCTTTCCATATCTATTAACGCATAAAAAACTCTGCTGGCATTCACAAATGCGCAGGGGTAMAACGTTTCCTGTAGCACCGTGAG

121

-10

TTATACTTTGTATAACTTARGGAGGTGCAGATGCGTATTACCATAAAAAGATGGGGGAACAGTGCAGGTATGGTCATTCCCAATATCGTAATGAAAGAACTTAACTTACAGCCGGGGCAG

-10 sD M R I T I
chpBI (orf-83)

241"

K R W G N S A G M V I P N

I VM K ETLNTILGQUZP G Q

AGCGTGGAGGCGCAAGTGAGCAACAATCAACTGATTCTGACACCCATCTCCAGGCGCTACTCGC TTGATGAACT GCTGGCACAGTGTGACATGAACGCCGCGGAACTTAGCGAGCAGGAT

S VEA Q V s NNQL I L TP I

361°

S R R Y s L DEULTULAQTCTUDMNA AATETLSE QD

GTCTGGGGTAAATCCACCCCTGCGGGETGACGAAATATGGTAAAGAARAGTGAAT TTGAACGGGGAGACATTGTGCTGGTTGGCT TTGATCCAGCAAGCGGCCATGAACAGCAAGGTGCTG

V W G K s TP A G D E I W *

SD M V K K s EF ER G D I VLV GF DUPA AJSGUHTET GQOGQGA AG

481" chpBK . Vv

GTCGACCTGCGCTTGTGCTCTCCGTTCAAGCCTTTAATCAACTGGGAATGACGC TGGTGGCCCCCATTACGCAGGGCGGAAATT TTGCCCGTTATGCCGGATTTAGCGTTCCTTTACATT

R P AL VL SV QATFNUOQLGMTTULVAZPI

601"

T Q G GNTFAIRYAGT F S VP L HTC

GCGAAGAAGGCGATGTGCACGGCGTGGTGCTGGTGAATCAGGTGCGGATGATGGATCTACACGCCCGGCTGGCAAAGCGTATTGGTCTGGCTGCGGATGAGGTGGTGGAAGAGGCGTTAT

EEGDV HGV VL VNQVRMMDTIULHA AR RTILATIKR RTI

721"

G L A A DEV V EEA ATULTL

TACGCTTGCAGGCGGTGGTGGAATAAGGTGTGTTTATTTATCGCGGGCATAAAAAAACCCTTACTAACCGAAGCCCG

R L Q AV V E *

FIG. 1. DNA sequences of the chp4 (A) and chpB (B) loci. The predicted amino acid sequences encoded by the pem! and pemK homologs in
each locus are shown below the DNA sequences. The chpAI gene corresponds to mazE (13), and chpBI corresponds to orf-83 (30). Boldface letters
represent — 10 regions of possible promoters (13, 30) and putative ribosome binding sequences (SD). Nonprimed and primed numbers are
coordinates given to chpA and chpB, respectively. The arrowhead indicates one additional guanine.

confirming the presence of the base changes. The presence of
an additional base confirmed an intact open reading frame
from the chromosomal DNA homolog to pemK, as suspected
from the previous sequence. We designated this pem locus
homolog chpB and the two frames corresponding to pemlI and
pemK chpBI and chpBK, respectively (Fig. 1B).

Sequence comparison among pem locus homologs. The
products of the peml, chpAl, and chpBI genes are 85, 82, and
83 amino acid residues, respectively, and their amino acid
sequences are similar to one another (Fig. 2A): Peml and
ChpAl share 34% identical and 69% conserved residues,
ChpAl and ChpBI share 33% identical and 82% conserved
residues, and Peml and ChpBI share 37% identical and 77%
conserved residues. The products of the pemK, chpAK, and
chpBK genes are 110, 111, and 116 amino acid residues,

respectively, and their amino acid sequences are similar to one
another (Fig. 2B): PemK and ChpBK share 43% identical and
81% conserved residues, ChpAK and ChpBK share 35%
identical and 66% conserved residues, and PemK and ChpAK
share 26% identical and 64% conserved residues.

We have previously reported that expression of pem is
negatively regulated at its promoter region by the complex
formed between proteins Peml and PemK, which binds to two
sequences, named ppbA and ppbB (Fig. 3) (27). We thus
compared the nucleotide sequences of the regions upstream of
three loci, pem, chpA, and chpB, and found that the region
preceding chpA or chpB contained a match to the ppb consen-
sus.

Analysis of functions of the two genes in chpA. To see
whether the chpAK gene in chpA encodes a growth inhibitor
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A
PemI (1) M GSVMLTVPPA LLNALSLGTD NEVGMVIDNG RLIVEPYRR-  (49)
ChpAI 1 & NSPAVRIPAT LMOALNINID DEVKIDLVDG KLITEPVRKE (50)
ChpBI (1) MR AGMVIPNI VMKELNLQPG QSVEAQUSNN OLILTRISR-  (48)
(50) SPHARISA HEREWLDAPA TGOBEI  (85)
(51) TPENLH ENIDWGE--B KDKEVW  (82)
(49) LA QCDMNAAELS EQDVWGKSTP AGDEIW  (83)
B
PemK (1) ¥------ ENE EIWLVSLDPT AGHEQUG-TR BVLIVIPAAF NRVIRLEVWV (43)
ChpAK (1) MUSRYVPDMG DLIWVDFDPT KGSEQAGH-R BAVVLSPFMY NNKTGHCECY (49)
ChpBK BA

(1) MUKKSEFERG DIVLVGFDPA SGHEQQGAGE BALVILSVORF NOL-GMTLVA (49)

(44) BVESGGNFRR TAGFAVSIDG VGIRT
(50) BCETQS---K GYPFEVVLSG QERD
(50) PITOGGNFAR YAGESVPLHC EEGDVHGUVL

RLERY  (93)
GV (94)
(99)

(94) PETIMNEVIG RESTILT (110)
(95) APBELQLIKA KINVLIG (111)
(100) ADEVVEEALL RLQAVVE (116)

FIG. 2. Alignments of the amino acid sequences, showing homol-
ogy among the Peml, ChpAl, and ChpBI proteins (A) and among the
PemK, ChpAK, and ChpBK proteins (B). Amino acids in each protein
are numbered by assigning the first Met in each coding sequence
position 1. Amino acids identical in two or three homologous proteins
are shaded.

like pemK in pem, we constructed plasmid pYOU78 carrying a
heat-inducible chpA4K gene (Table 2) by using expression
vector pJG200. In this construct, chpAK was fused in frame
with the collagen-lacZ coding region located downstream of
the bacteriophage \ pr promoter. The fusion gene (here called
chpAK*) encodes a tripartite protein, ChpAK~-collagen—§-
galactosidase (here called ChpAK*). The ChpAK* protein
produced upon heat induction in NM554 did not inhibit cell
growth (Fig. 4Aa), while the PemK* protein, which was
produced in cells harboring pDOM106 with tripartite gene
pemK*, inhibited it (Fig. 4B). We suspected that the product
from the chpAI gene present on the E. coli chromosome might
suppress the inhibitory function of ChpAK. To test this, we
used a mutant strain with an insertion of the Km™encoding
fragment in chpAIl on the chromosome, i.e., YM1000 (see
Materials and Methods). The strain itself grew normally; the
insertion into chpAI may exhibit a polar effect on expression of
the downstream chpAK gene, circumventing inhibition. The
ChpAK* protein produced in this mutant inhibited cell growth
(Fig. 4Ab) like the PemK* protein (Fig. 4B).

The results described above also indicate that the product of
the chpAI gene on the E. coli chromosome is responsible for
suppression of the inhibitory function of the ChpAK protein.
To verify the suppressor function of the ChpAl protein, we
introduced plasmid pYOU84 (Table 2), a pHS12 derivative
carrying chpAI which is constitutively expressed from its own
promoter, into YM1000 harboring chpAK*-carrying plasmid
pYOU78. Growth of cells harboring both pYOU78(chpAK*)
and pYOUB84 (chpAI) was not inhibited, while growth of cells
harboring both pYOU78 (chpAK*) and pHS12 with no chpAl
gene was (Fig. 5A). This shows that the ChpAl protein
suppresses the inhibitory function of ChpAK like the Peml
protein suppresses that of PemK (Fig. 5B).

As described in the previous section, both proteins Peml and
ChpBI have homology to ChpAl. To determine whether Peml
or ChpBI can suppress the inhibitory function of ChpAK, we
introduced pDOM11 (peml) or pYOUSS5 (chpBI) (Table 2),
from which either peml or chpBI is constitutively expressed
from its own promoter, respectively, into YM1000 harboring
pYOU78(chpAK*). The growth of the cells harboring both
pYOU78(chpAK*) and pDOM11(peml) [or pYOUS85(chpBI)]

CHROMOSOMAL HOMOLOGS OF THE pem LOCUS 6853

was inhibited (Fig. 5A), showing that neither protein PemlI nor
ChpBI can suppress the inhibitory function of ChpAK*. In
addition, protein ChpAlI did not suppress the inhibitory func-
tion of PemK, since growth of the cells harboring both
pDOM106(pemK*) and pYOUB84(chpAI) was inhibited (Fig.
5B).

Analysis of functions of the two genes in chpB. To determine
whether the chpBK gene encodes a growth inhibitor like pemK,
we constructed plasmid pYOU9S5 carrying a heat-inducible
chpBK gene (Table 2) by using expression vector pJG200. The
plasmid carries fusion gene chpBK*, which encodes a tripartite
protein, ChpBK—collagen—B-galactosidase, ChpBK*. Protein
ChpBK* produced in cells harboring pYOU95(chpBK*) inhib-
ited the growth of NM554 host cells (Fig. 4C), as did the
PemK* protein when expressed under similar conditions (Fig.
4B). This indicates that protein ChpBK is a growth inhibitor
like PemK.

We next investigated whether protein ChpBI could suppress
the inhibitory function of ChpBK like the Peml protein
suppresses that of PemK. We introduced plasmid pYOU85
(chpBI) into strain NM554 harboring plasmid pYOU95(chp
BK*). Growth of cells harboring both plasmids was no longer
inhibited upon expression of the ChpBK* protein, while
growth of cells harboring both pYOU95(chpBK*) and pHS12
with no chpBI gene was (Fig. 5C). This indicates that protein
ChpBI suppresses the inhibitory function of ChpBK.

Both Peml and ChpAl share extensive homology with
ChpBI (Fig. 2); thus, either PemI or ChpAI might suppress the
inhibitory function of ChpBK. To test this possibility, we
introduced plasmid pDOM11(peml) or pYOU84(chpAI) into
strain NMS554 harboring pYOU95(chpBK*). The growth of
cells harboring both pYOU95(chpBK*) and pDOM11(peml)
was not inhibited, but the growth of cells harboring both
pYOU95(chpBK*) and pYOU84(chpAI) was (Fig. 5C). This
shows that protein Peml can suppress the inhibitory function
of ChpBK*, whereas the ChpAlI protein cannot. Interestingly,
although protein Peml suppressed the inhibitory function of
ChpBK*, protein ChpBI did not suppress the inhibitory func-
tion of PemK, since the growth of cells harboring pPDOM106
(pemK*) was still inhibited in the presence of pYOU85(chpBI)
(Fig. 5B).

A note on the expression of pemK homologs. We measured
B-galactosidase activity after heat induction of each of the
three fusion genes chpAK*, chpBK*, and pemK* in the absence
or presence of each peml homolog or peml. The B-galactosi-
dase activity in strain YM1000 harboring pYOU78(chpAK*)
did not increase at 30 min after induction of ChpAK* (Fig.
6A), as the cells ceased to grow (Fig. 4A and 5A); the
B-galactosidase activity in cells harboring both pYOU78
(chpAK*) and pYOUB84(chpAI) increased only slightly (Fig.
6A), as the cells continued to grow (Fig. SA). Similarly to the
chpA system, the B-galactosidase activity in strain NM554
harboring pDOM106 (pemK*) did not increase much (Fig. 6B),
even when the cells continued to grow in the presence of
pDOM11(peml) (Fig. 5B). Whereas the 3-galactosidase activity
in NM554 harboring pYOU95(chpBK*) did not increase at 30
min after induction of ChpBK* (Fig. 6C) when the cells ceased
to grow (Fig. 4C and 5C), the B-galactosidase activity in NM554
harboring both pYOU95(chpBK*) and pYOUB85(chpBI) contin-
ued to increase (Fig. 6C), as the cells continued to grow (Fig.
5C). These differences in the expression of the pemK homologs
in the absence or presence of the corresponding suppressor gene
may be due to the presence of regulatory elements at the
proximal region of pemK homologs, as discussed below.
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A
pem
| PpPbA | |' ppbB
PPPAUAACUU. ....
TTACTGTTTGGTTGAAAGTTATATTTTTATTAAACATTGTGCGTTAAAGCCTGGTGTGTTTTTTTAGTGGATGTTATATTTAAATATAACT TTTATGGAGGTGAAGAATG
-10 sD
> >
a b c d
chpA
TTCGACGCGCGTCGGTTGCACGGGAGTTAGGCCGAAATTTGCTCGTATCTACAATGTAGAT TGATATATACTGTATCTACATATGATAGCGGTTTGAGGAAAGGGTTATG
-10  -10 SD
> <«
a b
chpB
PPPCUGUAGC. .. .. PPPUAACUUA. .. ..
ATATCTATTAACGCATAAAAAACTCTGCTGGCATTCACAAATGCGCAGGGGTAAAACGTTTCCTGTAGCACCGTGAGTTATACTTTGTATAACTTAAGGAGGTGCAGATG
-10 -10 )
» <
a b
B
Palindromic sequences
pem a ......AAAGTTATATTT
b ......AATGTTtaATaa
C ......gATGTTATATTT
d...... AAAGTTATATTT
Consensus ARAGTTATATTT
T
chpA a ......AtTGaTATATac
b ......AtAtgTAgATac

chpB

a .caccgtgAGTTATACTT

b .ctccttAAGTTATAcaa

FIG. 3. Promoter-proximal regions of pem, chpA, and chpB. (A) The ppbA and ppbB sequences (brackets) are the regions bound by a complex
between the Peml and PemK proteins (27). The — 10 regions of putative promoters are underlined. The 5’ sequences of transcripts (18, 30) are
shown above the DNA sequences. Boldface letters represent putative ribosomal binding sites (SD) and the initiation codons. A stop codon, TAG,
of the rel4 gene is shown in boldface in the region upstream of chpA. Palindromic sequences are shown by pairs of arrows. (B) Sequences a to d
of pem, a and b of chpA, and a and b of chpB are shown together with the consensus sequence. Boldface letters indicate bases matched to those

in the consensus sequence in pem; small letters indicate unmatched bases.

DISCUSSION

In this study, we identified two pem locus homologs on the E.
coli chromosome, chpA and chpB, each containing genes ho-
mologous to pem! and pemK. We then characterized the
functions of the genes in each locus and found them to be
similar to those in pem: The pemK homolog encodes a growth
inhibitor, and the pem/ homolog encodes a suppressor for that
inhibitory function. This indicates that proteins PemK, ChpAK,
and ChpBK may attack a common target(s) to inhibit the
growth of the host. We have shown here that the inhibitory
function of protein PemK encoded by plasmid R100 was not
suppressed by the products from the pemI homologs on the host
chromosome but that protein Peml encoded by R100 can
suppress the inhibitory function of protein ChpBK encoded by
the host. These findings explain how the pem system can control

the growth of host cells and stably maintain the pem plasmid,
even though the host encodes its own pem locus homologs.

The regions preceding chpA and chpB both contained
sequences homologous to the ppb consensus sequence as
found in the pem locus. Expression of pem is repressed by the
action of a complex formed between proteins PemlI and PemK
at these ppb sequences (27). This implies that expression of the
chpA and chpB genes is also autoregulated by a complex
formed between ChpAI and ChpAK and between ChpBI and
ChpBK, respectively.

We have previously shown that in the pem system, degrada-
tion of protein Peml in the complex formed with PemK causes
activation of the inhibitory function of PemK (25). It is likely,
therefore, that degradation of proteins ChpAl and ChpBI also
leads to activation of the function of ChpAK and ChpBK,
respectively. We are currently investigating this possibility.
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FIG. 4. Growth inhibition by the products of the pemK homologs.
(Aa) Growth of NMS554 harboring pYOU78(chpAK*) (O) or its
parent, pJG200 (@). (Ab) Growth of YMI000 harboring
pYOU78(chpAK™) (O) or pJG200 (@). (B) Growth of NM554 har-
boring pDOM106(pemK*) (O) or its parent, pJG200 (@). (C) Growth
of NM554 harboring pYOU95(chpBK™) () or its parent, pJG200
(@). A sample of a log-phase culture incubated at 30°C was diluted
10-fold at time zero, and further incubated at 42°C in fresh medium
prewarmed to 42°C.

We have previously shown that protein PemK produced in a
small amount can inhibit the growth of host cells and also that
protein PemK is not produced in large amounts in the pres-
ence of the suppressor Peml (25). Moreover, mutant PemK*
proteins which have lost the function to inhibit cell growth
cannot be produced in much larger amounts than the active
PemK* protein (12). Taken together, these findings suggest
that the pemK* gene is not efficiently expressed, probably
because of the presence of regulatory elements in the region
around the initiation codon of the pemK gene. As in the pem
system, protein ChpAK was produced in a small amount,
causing inhibition of the growth of the host, YM1000 with an
insertion in chpAl, and was not produced in a much larger
amount in the presence of the suppressor ChpAl. Protein
ChpBK was, however, produced in a larger amount in the

600 nm
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FIG. 5. Suppressor activity of the products of the peml homologs.
(A) Growth of YM1000 harboring pYOU78(chpAK*) and the second
plasmid pYOU84(chpAI) (O), pYOUS85(chpBI) (M), pDOM11(peml)
(O), or their parent, pHS12 (A). (B) Growth of NM554 harboring
pDOMI106(pemK*) and the same second plasmid as above. (C)
Growth of NM554 harboring pYOU95(chpBK*) and the same second
plasmid as above. For the culture conditions, see the legend to Fig. 4.
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FIG. 6. Expression of the pemK homologs in the absence or
presence of the peml homologs. (A) B-Galactosidase activity in
YM1000 harboring both pYOU78(chpAK™) and pYOUS84(chpAI) (O)
or both pYOU78(chpAK*) and pHS12 (A). (B) B-Galactosidase
activity in NMS554 harboring both pDOM106(pemK*) and pDOMI11
(peml) (O) or both pDOM106(pemK*) and pHS12 (A). (C) B-Galac-
tosidase activity in NM554 harboring both pYOU95(chpBK™) and
pYOUS85(chpBI) (M) or both pYOU95(chpBK*) and pHS12 (A). For
the culture conditions, see the legend to Fig. 4.

presence of the suppressor ChpBI than was either ChpAK or
PemK. Possibly, the pemK homologs differ from each other in
the structure around the initiation codon of each homolog,
causing different expression of each pemK homolog. This may
explain why ChpBK could function even in the presence of the
chpB locus in the host chromosome, while ChpAK functioned
only in the absence of chpA on the host chromosome.

Other chromosomal genes have been identified which are
homologous to plasmid-encoded genes responsible for plasmid
maintenance. For example, a family of ParA proteins, required
for partitioning of several plasmids, are homologous to the cell
division inhibitor MinD encoded by a gene on the E. coli
chromosome (16). The Hok protein, which is responsible for
postsegregational killing to stably maintain plasmid R1, is
homologous to the product of the relF gene, which is in the re/lB
operon containing genes required for the stringent response
(8).

What are the roles of pem homologs chpA and chpB? We
know that chpA is within the rel4 operon, which is responsible
for the stringent response (5), and that chpB is located in the
region next to ppa that encodes pyrophosphatase, which seems
to be involved in the metabolism of ppGpp, which is respon-
sible for the stringent response (5). This suggests that cipA and
chpB are also involved in the stringent response. Bacteria in
natural environments often suffer from heat shock, cold shock,
and limiting amount of nutrients ctc., and have evolved genetic
systems to respond to these assaults. The chp systems in E. coli
may function under environmental conditions in which rapid
growth is harmful.
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