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The prc gene, which is involved in cleavage of the C-terminal peptide from the precursor form of
penicillin-binding protein 3 (PBP 3) of Escherichia coli, was cloned and mapped at 40.4 min on the
chromosome. The gene product was identified as a protein of about 80 kDa in maxicell and in vitro systems.
Fractionation of the maxicells producing the product suggested that the product was associated with the
periplasmic side of the cytoplasmic membrane. This was consistent with the notion that the C-terminal
processing of PBP 3 probably occurs outside the cytoplasmic membrane: the processing was found to be
dependent on the secY and secA functions, indicating that the prc product or PBP 3 or both share the
translocation machinery with other extracytoplasmic proteins. DNA sequencing analysis of the prc gene region
identified an open reading frame, with two possible translational starts 6 bp apart from each other, that could
code for a product with a calculated molecular weight of 76,667 or 76,432. The prc mutant was sensitive to
thermal and osmotic stresses. Southern analysis of the chromosomal DNA of the mutant unexpectedly revealed
that the mutation was a deletion of the entire prc gene and thus that the prc gene is conditionally dispensable.
The mutation resulted in greatly reduced heat shock response at low osmolarity and in leakage of periplasmic

proteins.

It is well known that many proteins destined for extracy-
toplasmic locations are initially synthesized as precursor
forms and processed into mature forms by proteolytic cleav-
age of N-terminal signal peptides during transfer across the
cytoplasmic membrane. Penicillin-binding protein 3 (PBP 3)
of Escherichia coli is a cytoplasmic membrane protein that is
essential for the formation of a septum of the murein
sacculus (60, 61, 66). The bulk of the molecule, except for
the N-terminal membrane anchor region, protrudes into the
periplasmic space, where it acts on murein (7). This protein
is coded for by the fisI gene (66), and its primary product
with a molecular weight of 63,850 is processed into a mature
form showing a higher electrophoretic mobility correspond-
ing to about 60 kDa (43). It was first suspected that the
maturation of PBP 3 involved processing of the N-terminal
signal peptide (40). The N-terminal region seemed to serve
for insertion into the membrane: artificial removal of the
N-terminal 40 residues resulted in accumulation of the
protein in the cytoplasm (3). In the N-terminal region there is
a pentapeptide with an amino acid sequence similar to the
consensus for bacterial lipoproteins; this pentapeptide was
shown, for a minor fraction of the molecules, to actually
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undergo the lipid modification and probably the processing
(22). However, further investigations with gene manipula-
tion to produce hybrid and truncated PBP 3 molecules (20)
and with peptide mapping and amino acid sequence analysis
of purified precursor and mature forms (42) revealed that
cleavage of the C-terminal 11 residues, rather than that of the
N-terminal signal peptide, is responsible for the maturation
detected as a change in electrophoretic mobility.

We fortuitously found a mutant, JE7304, that was defec-
tive in the processing of PBP 3; we utilized it to elucidate the
mode of the processing (20, 42). The processing mutation in
JE7304 was named prc (processing involving the C-terminal
cleavage). JE7304 showed thermosensitive growth on a
salt-free L-agar plate. This suggests that the prc gene is
involved in some essential cellular process, which may or
may not be related to the cell division function of PBP 3. To
gain a better understanding of this unique processing reac-
tion and its function in cell growth and division, we cloned,
mapped, and sequenced the prc gene in the present study.
The gene product was identified, and its localization was
investigated. Characterization of the prc mutant suggested
that this gene is involved in protection of the bacterium from
thermal and osmotic stresses.

MATERIALS AND METHODS

Bacterial strains and culture media. The bacterial strains
used were derivatives of E. coli K-12 and are described in
Table 1. Bacteria were grown in L broth (41) containing 0.5%
NaCl and 10 mM glucose, in buffered L broth-glucose-
thymine (BLGT) medium (20), or in minimal medium E (70).
Cell growth was monitored by using a Klett-Summerson
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TABLE 1. Bacterial strains

Strain Rel::acx‘n)t nf;l:;ttype Source or reference
JES606 ponAl104(Ts) dacBi2 20
dacAl191
JE7304 JES606 prc-7304° 20; this work
W3110 Wild type Laboratory collection
JE7913 JE7304 prc* P1(W3110) x JE7304
DHI1, DHS recA endA hsdR17 18
JM109 recA endA hsdR17 (F' lacI%) 75
CSR603 recA uvrA phr 53
R594 Prototroph Laboratory collection
MC4100 sec” 9; K. Ito
MM18 MC4100 [Ap®(malE-lacZ) 4; K. Ito
(Hyb) 72-47]
1Q85 MC4100 secY24(Ts) 55
zhd-33::Tnl0
1Q86 MC4100 zhd-33::Tnl0, 55
isogenic to 1Q85
MMS52 MC4100 secAS51(Ts) 47; K. Ito
MM113 MC4100 secA(Am) supF(Ts) 32; D. B. Oliver
RF101 polAI2(Ts) zig::Tn5 17
P4X8 HfrP4X Laboratory collection
JE7914 P4X8 polAI12(Ts) zig::Tn5 P1(RF101) x P4X8
LC102 F~ leu ile xyl str argG his Laboratory collection
trp gal purE lac
JE7915 LC102 polA12(Ts) zig::Tn5  P1(RF101) x LC102
FB191 eda-51::Tnl0 57
JE7916 JE7304 eda-51::Tnl0 P1(FB191) x JE7304
K27 fadD88 48; N. Otsuji
JE7917 K27 eda-51::Tnl0 P1(FB191) x K27
JE7918 K27 fadD*, isogenic to P1(JE7304) x K27
JE7919
JE7919 K27 fadD* prc-7304 P1(JE7304) x K27
JE7920 K27 fadD™ prc-7304 P1(JE7916) x JE7919
eda-51::Tnl0 )
JE7921 K27 prc-7304 eda-51::Tn10  P1(JE7920) x K27
JE7922 W3110 eda-51::Tnl0, P1(JE7916) x W3110
isogenic to JE7923
JE7923 W3110 eda-51::Tnl0 prc- P1(JE7916) x W3110
7304
JE7924 Wild type, isogenic to P1(JE7304) x JE7922
JE7925
JE7925 W3110 prc-7304 P1(JE7304) x JE7922

4 prc-7304 is a deletion mutation that covers prc and probably the ptsLPM
operon [A(prc-ptsLPM?)7304; see Results].

colorimeter with a no. 54 filter. For plates, media were
solidified with 1.5% agar. The thermosensitivity of the prc
mutant was tested on salt-free 1/2L agar medium, in which
the content of Bacto-Tryptone (Difco) and yeast extract of
L-agar medium was reduced by half and neither NaCl nor
glucose was included. 'Eda and FadD phenotypes were
tested on minimal agar media (65) with 20 mM glucuronic
acid (57) and 0.1% oleic acid (dissolved with 0.4% Brij 35)
(48), respectively, as the sole carbon sources. The Pel
phenotype was tested by cross-streaking against phage \vir
on EMB agar medium (41) containing 1% mannose. An
RNase indicator plate was as described previously (51). K
medium and sulfate-free Hershey medium were used in
maxicell experiments (53). For selection and cultivation of
transformants, an appropriate antibiotic was added to the
medium at a concentration of 50 pg/ml (ampicillin), 25 p.g/ml
(chloramphenicol), 50 pg/ml (kanamycin), or 12.5 pg/ml
(tetracycline) for high-copy-riumber plasmids, and at half the
concentration for low-copy-number plasmids and for plas-
mids integrated into chromosomes.
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Plasmids. The prc*-carrying plasmids pHR53 and pHR61
and some of their derivatives constructed in this study are
illustrated in Fig. 1. A ftsI*-carrying plasmid, pMS316, was
described previously (24). Plasmid pHR12 carries the kana-
mycin resistance (neo) gene of pKC7 (originally derived
from Tn5) flanked by the pUC18/19 multiple cloning site (75)
on either side in the same orientation, and pUC-4K (69)
carries the kan gene (originally from Tn903) inserted into the
center of the symmetrical pUC7 multiple cloning site. The
neo and kan fragments were cut out with appropriate restric-
tion enzymes and inserted into pHRS3 to construct
pHR74-77 and pHR80. In pHR74 and pHR76 the neo genes
were inserted into the same positions as those in pHR75 and
pHR77, respectively, but in the opposite orientation. The
3.5-kb fragment between the EcoRlI, site and the EcoRI site
within the multiple cloning site fragment of pHR76 was
inserted into the EcoRI site of pACYC184 (11) in either
orientation to construct pHR87 and pHRS88. Plasmid
pHR140 was constructed by ligating the 2.6-kb EcoRlI,-PstI,
fragment with the larger EcoRI-PstI fragment of pBR322
(2). In pHR126 a synthetic translation terminator (39) was
sandwiched between two BamHI-HindIIl regions of the
pUC18/19 multiple cloning site in an inverted orientation. A
synthetic translation terminator fragment was cut out with
appropriate restriction enzymes and inserted to pHR140 to
construct pHR154 through pHR156. The expression vector
p18LCP1 has the thermosensitive A cI857 repressor gene and
the p; promoter cloned into the EcoRI-BamHI region of
pUCI18; the p; promoter is oriented so that the transcrip-
tion proceeds into the BamHI-HindIlI region of the multi-
ple cloning site (74). Plasmids pHR143/144, pHR164, and
pLPRC21/3R were constructed by inserting the 2.9-kb EcoRI
fragment of pHRS53 containing the prc gene into the EcoRI
sites of pMF3 (38), the EcoRlI site of pBR322, and the Xbal
site of p18LCP1, respectively (for the Xbal site of p18LCP1,
the termini of the fragments were converted to blunt ends by
treatment with E. coli DNA polymerase Klenow fragment).
After the cleaved sites were made blunt ended with T4 DNA
polymerase, the 1.3-kb Haelll fragment containing the cat
gene of pACYC184 was inserted into the EcoT14l site of
pHR164 to construct pHR182. Plasmid pHR145 was con-
structed by inserting the 3.4-kb prc*-containing fragment
between the EcoRlI, site and the EcoRlI site within the vector
of pHR61 into the EcoRI site of pMF3, with the EcoRlI, site
joined to the blaZ fragment of pMF3.

Genetic methods. An Hfr cross and transduction with Plkc
were carried out by standard procedures (41). Adsorption of
\ particles to bacteria was examined as described by Scan-
della and Arber (54) with Avir as a tester phage and W3110 as
an indicator strain, and adsorption and DNA injection were
monitored by transfection to ampicillin resistance with in
vitro packaged pHC79-derived cosmids (68).

DNA techniques. Procedures for construction, isolation,
and analysis of plasmids and for transformation were based
on those of Maniatis et al. (37). Chromosomal DNA was
prepared as described previously by lysis of bacterial cells
with lysozyme and proteinase K (58). Pulsed-field gel elec-
trophoresis (59) and Southern blotting (37) were carried out
essentially as described previously. The 2.9-kb EcoRlI frag-
ment of pHRS3 containing the prc gene was labeled with
[«-32P}JdCTP by a Multiprime DNA labeling system (Amer-
sham) and used as a probe. The nucleotide sequences on
both strands were determined with an M13 sequencing: kit
(Takara Shuzo) with [a-3?P]dCTP labeling. Computer anal-
ysis of the sequence was performed with Genetyx (Software
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FIG. 1. Plasmids carrying the prc gene. Only the cloned chromosomal regions are shown. Arrowheads denote the directions of the
promoters on vectors. Closed arrows and open triangles denote the insertions of DNA fragments containing kanamycin resistance genes (neo
derived from pHR12 and kan derived from pUC-4K) and of a synthetic translation terminator (TER), respectively. The location and
orientation of the prc gene are indicated by an open arrow at the bottom. To examine complementation, the prc mutant transformed with the
plasmid indicated was incubated on a salt-free 1/2L agar plate at 30 and 42°C for growth tests. Complementation of the processing defect was
examined by PBP assays of the transformants with SDS-6 M urea-7.2% polyacrylamide gel electrophoresis. +, partial correction of the
processing defect. Complementation was not tested where not indicated. Restriction sites: B, BamHI; E, EcoRI; H, HindIll; and P, PstI. The

multiple sites are numbered within parentheses for convenience.

Development Co.) and Dnasis (Hitachi Software Engineer-
ing) programs.

Radioactive labeling and analyses of proteins. Maxicells
were prepared and labeled as described by Sancar et al. (53).
In vitro synthesis of protein was performed with a prokary-
otic DNA-directed translation kit (Amersham). [>*S]methio-
nine was used for labeling. For protein fractionation, maxi-
cells were suspended in 10 mM sodium phosphate buffer (pH
6.8), disrupted by sonication with a Cellruptor sonicator
(Cosmo Bio), and centrifuged for 40 min at 100,000 X g.

Conversion to spheroplasts (5) and fractionation with 0.1 N
NaOH (52) were as described previously. Dithiothreitol (0.2
mM) was included in buffers throughout the fractionation
procedures. Analyses of the processing kinetics of PBP 3
and OmpA were carried out as described before (20, 22). For
examination of the heat shock response, cells growing ex-
ponentially at 30°C in medium E supplemented with 20 mM
glucose, 2 pg of thiamine per ml, and 20 pg each of 18 amino
acids per ml (no methionine or cysteine) were washed and
resuspended in sodium phosphate buffer (100 or 2 mM)
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containing 20 mM glucose, 0.2 mM MgCl,, and 18 amino
acids and then pulsed-labeled with [>**S]methionine for 5 min
at 30°C and for 5 min at 5 min after transfer to 44°C. Labeled
proteins were precipitated with 5% trichloroacetic acid and
dissolved in a sample buffer for electrophoresis. Assays for
PBPs with benzyl[**C]penicillin (Amersham; 54 mCi/mmol)
were performed essentially as described previously (66).
Samples were analyzed by sodium dodecyl sulfate (SDS)-gel
electrophoresis (66) with 10% polyacrylamide unless other-
wise specified. *C-labeled methylated proteins (Amersham)
were used as molecular weight markers. Radioactive protein
bands were detected by fluorography with diphenyloxazole-
dimethyl sulfoxide solution (6), Enlightning (New England
Nuclear), or a fluorographic solution (20) that was slightly
modified as follows: a stock solution was made by dissolving
4 g of diphenyloxazole and 30 g of naphthalene in 50 ml of
xylene, 150 ml of ethanol, and 50 ml 2-(2-ethoxyethoxy)ethyl
acetate; three parts of the stock solution were mixed with
seven parts of 80% acetic acid immediately before use.

Observation of morphology of bacterial cells. Cells were
treated with chloramphenicol, stained for nucleoids with
4' ,6-diamidino-2-phenylindole, and observed with an inci-
dent fluorescence microscope equipped with phase-contrast
optics (28, 29).

Nucleotide sequence accession number. The nucleotide
sequence of prc has been submitted to DDBJ and will appear
in the DDBJ, EMBL, and GenBank nucleotide sequence
data bases under accession no. D00674.

RESULTS

Cloning of the prc gene. The prc mutant JE7304 showed
thermosensitive growth at 42°C on a salt-free L-agar plate,
although its defect in the processing of PBP 3 was not
conditional: no mature form was detectable even under the
conditions permissive for growth (20). A phage Plkc lysate
prepared on a wild-type strain, W3110, was used to infect
JE7304, and thermoresistant transductants were selected on
a salt-free 1/2L agar plate. (On this plate thermoresistant
revertants or suppressor mutants, which appeared at rela-
tively high frequency, formed smaller colonies and were
distinguishable from transductants.) Twelve transductants
were tested for the electrophoretic mobility of PBP 3; all
showed normal processing of PBP 3, suggesting that the
mutation causing the thermosensitive growth was closely
linked or identical to prc. Therefore we tried cloning the prc
gene by selecting recombinant plasmids that corrected the
thermosensitive growth of JE7304.

Chromosomal DNA of one of the thermoresistant trans-
ductants, JE7913, was digested with EcoRI or PstI, and the
fragments were inserted into the corresponding site of
pACYC184 or pBR322, respectively. The recombinant plas-
mids were introduced into JE7304 by transformation, and
tetracycline-resistant transformants were selected at 42°C on
salt-free 1/2L agar plates. Four pACYC184 derivatives and
four pBR322 derivatives that complemented the growth
defect of JE7304 were isolated. All but one pACYC184
derivative (pHRS52) corrected the processing defect as well,
and they contained common restriction fragments (a 2.9-kb
EcoRI fragment for the pACYC184 derivatives and 9.7-
and 1.4-kb PstI fragments for the pBR322 derivatives) with
or without other distinctive fragments. (Plasmid pHRS52
contained a single 2.3-kb EcoRI fragment.) One of the
PACYC184 derivatives, pHRS53, and one of the pBR322
derivatives, pHR61, containing the common fragments only
were chosen for further experiments. Restriction maps of
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these plasmids indicated that the cloned fragments were
derived from the same chromosomal region and that the
2.6-kb fragment between the EcoRI; and Pstl; sites con-
tained the gene that can complement the prc defect (Fig. 1).
Two Pstl fragments cloned in pHR61 were contained in all of
the pBR322 derivatives, suggesting that the PstI, site was
within the prc gene. This was confirmed by inserting a DNA
fragment containing the kan gene from pUC-4K into the
Pstl, site. The resultant plasmid, pHR80, did not correct the
processing defect of JE7304. The BamH]I, site was similarly
shown to be within prc by inserting a DNA fragment
containing the neo gene from pHR12 (pHR7S5 [Fig. 1] and
pHR74 with the opposite neo orientation). All of these
insertions also abolished the ability to complement the
growth defect of JE7304, indicating that prc is responsible
for the thermosensitive growth.

When neo was inserted into the HindIII site (pHR77 [Fig.
1] and pHR76 with the opposite neo orientation) or the
0.9-kb HindIII-EcoRI, fragment was replaced with neo
(pHR87), the thermosensitive growth was complemented but
the processing defect was only partially corrected. Inverting
the 3.5-kb EcoRI fragment of pHR87, which contains the
2.0-kb EcoRI;-HindIII chromosomal fragment and neo, re-
stored the ability to completely correct the processing defect
(pHR88). The essential region for complementing the proc-
essing defect was contained in the EcoRI,-HindIII fragment.
In pHR88, the EcoRlI, site was placed to the proximal side
within the cat gene of pACYC184. Transcription from the
cat promoter may have affected the expression of the prc
gene. We infer that the prc gene is transcribed from left to
right and to a little beyond the HindIII site in Fig. 1 and that
truncation at the HindIII site in pHR87 partially impairs the
ability to complement the processing defect, which may be
suppressed by elevated expression by the readthrough tran-
scription from the cat promoter in pHR88. The sequencing
analysis actually located the HindIII site very close to the 3’
end of the prc coding region.

Nucleotide sequence of the prc gene. We determined the
nucleotide sequence of a 3,178-bp chromosomal fragment,
the EcoRI fragment cloned in pHRS3 and 218 bp in the
contiguous 9.5-kb PstI-EcoRI fragment in pHR61 (Fig. 1);
the entire sequence is shown in Fig. 2. Only one major open
reading frame (ORF) of significant length was identified. The
OREF started with an AUG initiation codon either at nucleo-
tides 287 through 290 or at nucleotides 293 through 296 and
ended with a UAA termination codon at nucleotides 2333
through 2336. A PstI site occurred in the middle, and BamHI
and HindlIll sites were in the distal region, as inferred above.
The OREF is transcribed counterclockwise on the chromo-
some. It could code for a polypeptide of 682 or 680 amino
acids with a predicted molecular weight of 76,677 or 76,432.
We do not know at present which of the two AUG codons is
used as the initiator; each AUG codon is preceded by a
potential ribosome binding site (56, 62). Immediately down-
stream of the termination codon is a transcriptional termina-
tor including an inverted repeat and a poly(T) track (49). A
search for sequences with homology to the consensus pro-
moter sequence (21) identified two promoterlike sequences,
one about 150 bp upstream of the EcoRI, site and another
just downstream of the EcoRI,; site. The latter was not
sufficient to express prc as a single copy: when we recloned
the 2.9-kb EcoRI;-EcoRI, fragment containing the latter
promoterlike sequence into a mini-F plasmid pMF3 (HR143
and pHR144; Fig. 1), only pHR143, which has the EcoRI,
site joined to the promoter of the cadA gene in the vector
(originated from the staphylococcal blaZ fragment [38, 45,
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CECCACGCCECAANGAAGAAGECG TGACE TAAACC TCETGCGCAAMAGCTEE TAGAGAAAGCGCCAAMAACAGTAAMMAGCACC TCGCGAAGAACAGCACACCCCBETTTCTGACATTTCA 120
scrcrmtércssaum'cccthrmsﬁesmccmésrmmnhmwm&cescsrcosésrccmr%ﬁmmmmun 240
GTGOGCECAGAACACCTEGTGTTCTGAACGEAGECCEEECCABGCATGAACATGTTTTTTAGECTTACCECGTTAGC TEGCCTGC TTGCAATAGCAGGLCAGACCTT AGAAGA 360

CGCTET
?egAsnM?tPhePheArgLeuThrAl aleuAl aGlSLeu LeuAlalleAlaGlyGl nThrPheA;sVa’lG'l uAsp

TATCACGCE TGCTGATCAAATTCCGGTATTAAAGGAAGAGACGCAGCATECEACGETANG TGAGCECGTAACET! C6CGCTTCACCCGTTCTCATTATCGCCAS TTCGACCTCRATCAGEE 480
I1eThrArgAlaAspGini :lsgProVa 1 LeuLysGl uGluThrG1nHisAl 8ThrVa 1SerGluArgVal ThrSerArngS\gThrArgSerH isTyrArgGl nPheAspLgBAspﬁl nAla

ATTTTCGGCCAAAATC TTTBACCECTACC TGAATCTGC TCGATTACAGCCACAACGTECTGCTGGCAAGCGATGTTGAACAG TTCGCEAMANGAAAACCGAG TTAGGCBATGAACTECE 600
PheSerAlalLys! lePheAsgArgTereuAsnLeuLeuAspTyrSerHé(s)Aana 1LeuleuAlaSerAspValGl uG;SPheM alysLysLysThrGl uLeumyAsSG] uleuArg

TTCAGGCAAACTCBACGTTTTCTACGATCTCTACAATCTGECECAAMAGEECCETTTTGAGCETTACCAS TACGCTTTGTCEETAC TRGGAAMAGCCEATEGATTTCACCEGCAACGACAC 720
SerGlylLysLeuAspVal ??aTyrAspLeuTyrAsnl,euAl aGl nLysArgArgPheG TuArgTyrGinTyrAl aLeuSgaVa 1LeuGluLysProMetAspPheThrGl 5AsnAspThr

TTATAACCTTGACCECAGCAAGCGCCE TEGCCRAAMAACGAGEC TGAGTTGAACGCEC TETGRRACAGTAMGT! CAMTTCGACMTTAAGCCTWTW’I’M 840
TyrAsnLeuAspArgSerLgsA'l aProTrpProLysAsnGluAl aGl u%ggAsnA] aleuTrpAspSerLysVal Lysl"l;gAspG luLeuSerLeulysLeuThrGl ngsThrAspLys

AGAAATTCGTGAAACCCTEACTCGCCGCTACAAATTTGCCATTCGTCGTCTGECGCAAACCAACAGCBARGATE TTTTCTCGCTEECAATGACGECETTTGORCETRAAATCBACCCRCA 960
GlulleArgGl uThrLeu']TSaArgArgTerysPheAl al leArgArg%gaAl aGInThrAsnSerGluAspVal PhegeaLeuAl aMetThrAlaPheAlaArgGlu I;SAspProH is

TACCAACTATCTTTCCCCGCE TAATACCGAACAGTTCAACACT GMATGAGTTTGTCGCT GGAAGGTATTGGCGCAGTGCTGCAATGGATGATGACTACACCE TTATCAATTCRATGGT 1080
ThrAsnTereuSerProArgAsnThrG1 uG1nPheAsnThrGl uMetgerLeuSe rLeuGluGlyl 1eG 1yAlaVal 52861 nMetAspAspAspTyrThrvall leggnSerHetVal

GGCAGGTGGTCCGECAGCEAABAG TAMGLTAT MWWUGTWTGWETWMMUMWWW GATGTGETTGC 1200
AlaGlyGlyProAlaAlaL;sSerLysAlaIleSerValGlyAspLys.l?ASValGlyVa]GlymnThrG]yLysProgg(thalAspVal I1eGlyTrpArgLeuAspAos\:'aWalMa

CTTAATTAAAGGGCCGAANGEGCAGTAMGTTCGTCAGBAAATTTTACC GCTETMMCMCCGTMTHWWA"&TCTW? 1320
LeulleLysGlyProlLysG1 8SerLysVa1ArgGl nGlul leLeuProM aGl yLysG1 yThrLysThrArgThrVal;%LeuThrArgﬁl uArglleArgLeuGl uAsgArgMaVal

TAAMTGTCEGTGAAGACCETCEETAMGAGAAMGTCBECETECTEBATATTCCGEEC TTCTATGTEE6 TTTGACAGACGATG TCMTGUMAACT W'IGT 1440
LysMetSerVal LysThrVa 1G1yLysGluLysValGlyValLeuAsp 5 geProGl yPheTyrValGl yLeuThrAspAsBVal LysValGinleuGInLysLeuGl uLgsGl nAana1

CAGCAGCGTCATCATCBACE TGCETAGCAATGGCEETEEEGCETTAACTBAAGCCETATCECTCTCCEETCTETTTATTCCTGCE66TCCCATTETTCAGET! coscwhwmwi\ 1560
SerSerValllel ‘IeAsp%;gArgSerAsnGl yGlyGlyAl aLeuThrG(l)gAl aValSerLeuSerGlyLeuPhel 1eProA) aGlyProlleValGinVal ArgAsngnAsnG’lyLys

GGTTCETGAAGATAGCGATACCBACGBACAGGTTTTCTATAANGECCCECTEETRETEC TBETTGACCECTTCAGTGCTTCRGCTTCAGAMTCTTTGCCECEGCAATGEAGBATTACES 1680
ValArgGl uAspSerAspThrAspGl yGInValPheTyrlLysG1 yProk%Val ValleuValAspArgPheSerAl aSgaAl aSerGlullePheAlaAlaAl aMetngAspTyrGl y

TCETGCECTEETTETGEETGAACCEACE TTTEGTAAAGECACCGTTCAGCAATACCETTCATTEAACCETATTTACGATCAGATGTTACE TCCTRAATGECCAGCECTEEETTCTGTRCA 1800
ArgMaLeuValVa'IGlyGluProThrPheGlyLysG’lyThrValGlnGéaTyrArgSerLeuAsnArgIleTyrAspGlnMetLeuArgPromuTerroA’IaLeuGogSerValGln

GTACACBATCCAGAAATTC TATCECGTTAACGGCEGCAG TACGCAACE TAAAGECGTAACGCCAGACATCATCATGCCEACGEE TAATGAAGAAACGGAAACGGE TGAGAMTTCGAAGA 1920
TyrThrileGl nLysPheTrArgVa'lAsnG'lyGlySerThrG] nArngsG'lyValThrProAspI lel leMetProThrG]yAsnGlum uThrGluThrmyGlutstheGluAsp

TAACGCGCTGCCGTGEEAT. WWTWWAETMTCMWWWT&TMTMWTHW TCCTGAGTT 2040
AsnAlaLeuProTrpAspSgrl leAspAlaAlaThrTyrVal LysSerGlsAspLeuThrAl aPheG1uProG uLeug%LysGh‘m sAsnAlaArgl leAlaLysAsgProﬁl uPhe

CCAGAACATCATGAAGGATATCGCECGCTTCAACGCTATRAAGGACAAGCGCAATATCGTTTCTCTGAATTACGCTGTGCETGAGAAMGAGAATAA TGMGATGATGCGACGCGTCM 2160
GlnAsnl 'IeﬂetLysAspé&sMaArgPheAsnAlaMetLysAspLysArgAsn I1eValSerLeuAsnTyrAl aValArBGl uLysGluAsnAsnGluAspAspAl aggaArgLeuAl a

MWMWTWWWTWTMTCTMnMwa%!T TATCTGGATGAGACGGTGAATA CGCACTCGR 2280
ArgLeuAsnGluArgPheLgsArgGluGlyLysProG1uLeuLysLysls.%AspAspLeuProLysAspTyrGlnG1ngSAspProTereuAspGIuThrValAsné%gMaLeuAsp

1 . o .
T CCCGTCAAGTAATATCAATCAGGCACAAGAAATIGTGCCTGATTTTT IMCAGCMCMTGC(BTMATCIGATG 2400
LeuAlaLysLeuG’IuLysé}sArgProA’l aGluG1nProAlaProVal Lgs

CTACAAMATETAAAGTTGTETCTTTCTEETGACTTACGCACTATCCAGAC TTGAAAATAGTCGCETAACCCATACGATGETTGTATCGCATATTGCETTTTGTTAAMMCTGAGGTAMMG 2520
AMMATTATGATGCBAATCGCECTCTTCCT GCTAMGAMCTGGCCGTMTGGTCGTTTTCG%CTGGTACTGAGCCTWTMTW"WTUT@TQN 2640

scmmchcesrmei;resrrccni:emcacn'cmrsrcumssunmrcmneécmmmmuécscsrmmmscwéjﬁ 2760
ATACTETAGCAACCCAGGC TCETCAGGCBEEEATCGC TATGCCECAAGTEGCTATCTACCATGCGCCGEACATCAACGC TTTTGCAACCEGTGCGCGCCETRATGCCTCTCTETTRETE 2880
Tmmhst%mrwccéwrm'camtﬂnectucsiurcmcmtcscsuréeicnums'rcaccamérsancwsécsmsmni: 3000
ACCTTCETTATCTTTATTTCCCGTATTCTEEC6CAGCTTECCECEE TTTTATEGGCEGAMTCEANGABGCAAACGGCAACCCGCTEATCTACTTTGCEETTGCAACGETTCTGRAACT 3120
GGTGTTTGGTATTCTOGOGAGCATTATCACCATG TG TTCTCRCETCATCG TR , 3178

FIG. 2. Nucleotide sequence of the prc gene and the deduced amino acid sequence of the gene product. The antisense strand is presented.
Sequences with homology to the consensus promoter sequence are underscored with thin lines, and potential ribosome-binding sites
underlined with heavy lines. A transcription terminator is indicated by arrows. It is not known whether translation starts at nucleotxde 287
or at nucleotide 293. The amino acid residues are numbered starting with Met for the latter ATG codon.
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FIG. 3. Identification of the prc gene product. Proteins were labeled with [3**S]methionine in maxicells (A) and in an in vitro system (B)
under the direction of the plasmids indicated above the lanes and analyzed by SDS-gel electrophoresis. An arrowhead points to the position
of the prc product (Prc). We cannot explain the discrepancies, especially in lower parts of lanes, between the protein band patterns from the

maxicell and in vitro systems with the same plasmid.

46]), corrected the thermosensitive growth of JE7304, and
pHR144, which has the insert in the opposite orientation, did
not. The product, as deduced from the identified ORF, was
considerably hydrophilic and contained two hydrophobic
regions near the N terminus and toward the middle of the
polypeptide. It exhibited no significant homology to any
proteases, peptidases, or other proteins in the EMBL pro-
tein data base (SWISS-PROT, release 9.0).

Identification of the prc product. To identify the prc gene
product, proteins were synthesized in maxicells and in an in
vitro-coupled transcription-translation system in the pres-
ence of [**S]methionine under the direction of pHRS3 and
pHR61 and analyzed by SDS-gel electrophoresis. Protein
bands migrating at the positions of about 80 and 55 kDa were
detected for pHR61 but not for pHR53 in maxicells (Fig. 3A)
and in an in vitro system (Fig. 3B). In both of these plasmids
prc was placed next to the promoter of the drug resistance
genes of the vectors (cat in pHRS3 and bla in pHR61) in the
opposite orientation. Moreover, the 2.9-kb EcoRI fragment
in pHRS53 did not seem to contain a strong promoter.
Therefore we recloned the 2.6-kb EcoRI;-Pstl; fragment
containing prc into pBR322 to construct pHR140 (Fig. 1), in
which the prc orientation matched the direction of transcrip-
tion from the promoter of the ret repressor gene (fetRp,
originated from the ancestral plasmid [2]). A remarkable
overproduction of the 80-kDa protein was observed with
pHR140. Next, we inserted a synthetic translation termina-

tor (39), instead of the kan and neo fragments used in the
earlier experiments, into restriction sites within the prc ORF
(Fig. 1). Insertion of the terminator into the PstI, site within
prc (pHR154) eliminated the 80-kDa protein. When the
terminator was inserted into the BamHI, site (pHR155) and
into the HindlIII site (pHR156), which are both close to the
distal end of the prc ORF (Fig. 2), products of almost a
normal size were observed. These results indicate that the
80-kDa protein is the prc product. No difference in electro-
phoretic mobility was observed between the product synthe-
sized in vitro and that synthesized in maxicells, when tested
in SDS gels of several different polyacrylamide concentra-
tions, and no processing seems to occur in the prc product.

Localization of the prc product in a cell. The cellular
location of the prc product was investigated in maxicells
labeled with [>**S]methionine under the direction of pHR164
(carrying prc, bla, and tet) or of pHR182 (carrying prc, bla,
tet, and cat). When the maxicells of CSR603(pHR164) were
disintegrated by sonication and fractionated by centrifuga-
tion, the prc product was observed in both the soluble
fraction and the insoluble membrane fraction (Fig. 4A). The
membrane fraction was further treated with 1% sodium
N-lauroylsarcosinate (Sarkosyl) (16), and the prc product
was found in the solubilized cytoplasmic membrane fraction.
The bla product (B-lactamase) and the ret product (Tet
protein) were recovered in the soluble fraction and in the
cytoplasmic membrane fraction, respectively, which is con-
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FIG. 4. Localization of the prc gene product in maxicells. Maxicells carrying pHR164 (A, B, and D) or pHR182 (C) were labeled with

[>*SImethionine and fractionated as described below, and the whole maxicells (whole) and the fractions were analyzed by SDS-gel
electrophoresis. (A) The maxicells were sonicated in a phosphate buffer and separated by centrifugation into the supernatant (soluble) and
the precipitate (membrane), and the latter was further separated by centrifugation, after treatment with 1% Sarkosyl, into the supernatant (IM)
and the precipitate (OM). (B) The maxicells were sonicated and centrifuged in the presence of 5 mM MgCl,, and the supernatant (Mg?* sup)
was removed. The precipitate was resuspended in the presence of 10 mM EDTA and separated by centrifugation into the supernatant (EDTA
sup) and the precipitate (ppt). (C) The maxicells were incubated with lysozyme in a hypertonic buffer and separated by centrifugation into
the supernatant (periplasm) and the precipitate (spheroplasts). (D) The maxicells were treated with 0.1 N NaOH and separated by
centrifugation into the supernatant (sup) and the precipitate (ppt). Equivalent amounts of samples were electrophoresed in each panel, except
for the whole maxicells in B and C, which were run in smaller amounts. A large arrowhead points to the position of the prc product (Prc).
Small arrowheads indicate the products of drug resistance genes: Tet protein, B-lactamase (Bla) and its precursor form (preBla), and the cat

gene product (CAT).

sistent with their known location (Fig. 4A). The precursor
form of B-lactamase (pre-B-lactamase) was recovered in the
cytoplasmic membrane fraction. When the maxicells harbor-
ing pHR182 were converted to spheroplasts and centrifuged,
the prc product was fractionated both to the supernatant
periplasmic fraction containing B-lactamase and to the pel-
leted spheroplasts containing Tet, pre-B-lactamase, and the
cytoplasmic cat gene product (Fig. 4C). The fraction of
broken spheroplasts in this treatment seems to be small,
because only a small amount of the cat product was detected
in the supernatant. These results may indicate that the prc
product is distributed in both the periplasm and the cytoplas-
mic membrane. However, it does not appear that any major
processing occurs in the prc product. Some proteins are
known to show Mg?*-dependent binding to the cytoplasmic
membrane (27, 29). The maxicells were sonicated and cen-
trifuged in the presence of 5 mM MgCl,, and then the
pelleted membrane fraction was washed with a buffer con-
taining 10 mM EDTA and centrifuged again. The prc product
did not show a clear Mg®*-dependent fractionation pattern
(Fig. 4B). When the maxicells were fractionated by the
method of Russel and Model (52), which consists of treat-
ment with 0.1 N NaOH followed by centrifugation, the prc

product was pelleted together with Tet protein and pre-B-
lactamase and B-lactamase was left in the supernatant (Fig.
4D). It seems probable that the prc product is associated
with the periplasmic side of the cytoplasmic membrane and
that it is partially released into soluble fractions during
fractionation procedures. It should be noted that overpro-
duction of the product and the artificial maxicell system may
have affected the localization.

Overproduction of the prc product. Plasmid pHRS8S, in
which the prc gene truncated at the HindlIII site was placed
under the cat promoter, allowed the complete processing of
PBP 3 in JE7304, but it did not complement the thermosen-
sitive growth. In fact, JE7304 harboring pHR88 did not grow
on a salt-free 1/2L agar plate even at 30°C (Fig. 1). We could
not obtain a plasmid with the 2.9-kb EcoRI fragment of
pHRS53 in the inverted orientation. We supposed that hyper-
expression of the prc function may be deleterious to cell
growth, and we constructed plasmid pLPRC21 (Fig. 1), in
which the prc gene was placed under the control of the A pp
promoter and the thermosensitive cI857 repressor. When the
culture temperature was shifted up to 42°C, a strain harbor-
ing this plasmid stopped growing in 30 min (Fig. 5A), and
production of a large amount of the prc product was induced
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FIG. 5. Overproduction of the prc gene product and its effects.
(A) Growth curves of DHS(pLPRC21) (®) and DH5(pLPRC3R) (A).
Exponential cultures in BLGT medium containing ampicillin were
transferred from 30 to 42°C at time zero, and the turbidity relative to
the zero-time value (about 45 Klett units) is plotted. (B) Effect of the
overproduction on the processing of PBP 3. DH5(pLPRC21) (O, @)
and DH5(pLPRC3R) (A, A) were grown in minimal medium and
subjected to pulse-chase experiments for the analysis of processing
kinetics at 30°C (O, A) or after 30 min of incubation at 42°C (@, A).
The percentage of the mature form was plotted against the time of
chase. (C) SDS-gel electrophoresis of total cellular proteins of
R594(pLPRC21) and R594(pLPRC3R). Exponential cultures in L
broth containing ampicillin were transferred from 30 to 42°C at time
zero, and aliquots withdrawn at indicated times were analyzed by
SDS-8% polyacrylamide gel electrophoresis followed by staining
with Coomassie brilliant blue. The prc product (Prc) was induced in
R594(pLPRC21) (closed arrowhead) but not in R594(pLPRC3R)
(open arrowhead).

as shown in the Coomassie brilliant blue-stained SDS gel
(Fig. 5C). Under these conditions, cells were subjected to a
pulse-chase experiment and analyzed for the processing
kinetics; the processing rate of PBP 3 was found to be much
increased (Fig. 5B). With plasmid pLPRC3R, which had the
prc gene in the orientation opposite to that in pLPRC21,
neither growth inhibition, overproduction of the prc product,
nor a processing rate increase was observed (Fig. 5). These
results indicate that the prc hyperexpression is deleterious to
cell growth and suggest that the prc product is a processing
enzyme, although we cannot completely eliminate other
possibilities (e.g., it may be an activator of the processing
enzyme).

Accumulation of the precursor form of PBP 3 in mutants
defective in general protein transport. PBP 3 participates in
septal murein synthesis and appears to be an ectoprotein,

J. BACTERIOL.

extending the bulk of its molecule into the periplasm where
the murein lies (7). Hence it must pass across the cytoplas-
mic membrane. The maturation process of extracytoplasmic
proteins is known to involve the secY (26, 55) and secA (47)
gene functions and the cleavage of an N-terminal signal
sequence, as is the case for PBP 5 (23, 50), an ectoprotein
that also acts on murein. Although PBP 3 is processed in the
C-terminal part, not the N-terminal part, it may use the
export mechanism in common with other extracytoplasmic
proteins. The processing occurs rather slowly compared
with the N-terminal signal processing (22), possibly after the
C-terminal region has come out of the cytoplasmic mem-
brane. The prc product, probably a processing enzyme, is
also likely to be localized to the outer side of the cytoplasmic
membrane. We examined whether the processing of PBP 3
was dependent on the translocation process involving
secY and secA. Thermosensitive secretion mutants 1Q85
[secY(Ts)], MMS52 [secA(Ts)], and MM113 [secA(Am)
supF(Ts)] and their isogenic wild-type strains were trans-
formed with plasmid pMS316 (ftsI™) and analyzed for the
processing kinetics of PBP 3 and an outer membrane protein,
OmpA, at various temperatures. When the mutant cells were
exposed to the restrictive temperatures (37 and 42°C) for 2 to
4 h, the processing rates of PBP 3 and OmpA were greatly
reduced (data not shown). The processing of PBP 3 was
slightly slower in the secY mutant even at the permissive
temperature (30°C). Similar retardation in the processing of
PBP 3 and OmpA was observed when a strain MMI18
carrying the malE-lacZ gene fusion (23, 25) was induced by
maltose. These results indicate that PBP 3, the prc product,
or both share the translocation machinery with other extra-
cytoplasmic proteins.

Mapping of prc. Plasmid pHRS53 was introduced and
multiplied at 30°C in a polA(Ts) HfrP4X strain, JE7914, that
could support the replication of this pACYC184 derivative at
30°C but not at the restrictive 42°C (11). Then the transfor-
mants were grown at 42°C in the presence of tetracycline,
and a stable drug-resistant clone was obtained in which the
plasmid should be integrated into the chromosome by ho-
mologous recombination around prc. An Hfr cross with a
multiply auxotrophic polA(Ts) str strain, JE7915, as the
recipient was conducted at 42°C with selection for Tet" Str".
Examination of the recombinants for the auxotrophic and
sugar-fermenting phenotypes suggested that the tetracycline
resistance gene (and thus the integrated prc* plasmid) was
located around his at 44 min on the chromosome map.

Next, we carried out a Southern hybridization experi-
ment, in which NotI fragments of the whole chromosome of
W3110, separated by pulsed-field gel electrophoresis (59,
68), were probed with the radiolabeled 2.9-kb EcoRI frag-
ment cloned in pHRS3 (data not shown). Positive hybridiza-
tion was obtained with a fragment derived from a region
around 40 min (Fig. 6A), which was consistent with the
result of the Hfr cross experiment. Comparison with the
physical map of E. coli chromosome (30) of this region
showed that the restriction patterns of the cloned fragments
of pHRS53 and pHR61 (Fig. 1) fit the pattern around the map
coordinate 1,933 kb or 40.4 min (Fig. 6A).

This map position of the cloned gene was confirmed to be
the same as that of the thermosensitivity mutation in JE7304
by P1 transduction experiments with strains JE7304 (prc),
FB191 (eda-51::Tnl10), K27 (fadD88), and their derivatives;
some representative experiments are summarized in Fig. 6B.
The prc allele was selected and scored on a salt-free 1/2L
agar plate at 42°C. The results indicate that prc is located
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FIG. 6. Mapping of the prc gene. (A) Alignment of the restriction map of the prc gene (Fig. 1) to the physical map of the E. coli
chromosome (30). The ptsLPM operon (14) was also localized, although we found a few disagreements in the restriction patterns. The regions
of the matching patterns are indicated by square brackets, and the locations and orientations of the genes are indicated by arrowheads on the
brackets. Large arrows indicate approximate end points of the NorI fragment to which the 2.9-kb EcoRI fragment containing prc hybridized.
The numbers in parentheses are the map positions (in minutes) according to the latest version of the E. coli genetic map (1); these positions
are a little different from those indicated in the physical map of Kohara et al. (30). (B) P1 transductional analysis of the map position of the
prc gene. Arrows are drawn from selected markers to unselected markers, and the cotransduction frequencies are given over the arrows. The
donor and recipient strains are JE7917 and JE7919 in part a and JE7918 and JE7921 in part b. In part a the donor contained a Tn/0 insertion,

which would affect the cotransduction frequencies.

between fadD and eda, which are positioned at 40.0 and 40.7
min, respectively, on the genetic map (1).

Properties of the prc mutant. During cloning and mapping
procedures we noticed that JE7304 was Mal* and yet phage
\ resistant. Further analyses showed that it was normal in
adsorption of \ particles but defective in DNA injection and
was Man~, indicating that it carried a mutation in the
ptsLPM operon (also called pel and manXYZ) (1, 12, 15),
which maps at 40.2 min between fadD and eda. Comparison
of the restriction map of this operon (14) with the physical
map of the E. coli chromosome (30) located the operon at the
map coordinate 1,922 kb (Fig. 6A), 11 kb from prc. How-
ever, transductional analysis showed that these two muta-
tions in JE7304 were linked at a frequency of 100%. We
suspected that JE7304 had a deletion covering these genes in
whole or in part. This was more likely than two independent
mutations, considering that JE7304 had spontaneously ap-
peared from JE5606, which was prc* ptsLPM*. We carried
out a Southern hybridization experiment, in which the
radiolabeled 2.9-kb EcoRI fragment containing the prc gene
was used to probe chromosomal DNA digested by a variety
of restriction enzymes. No DNA hybridizable with the prc*
fragment was detected in the prc mutant, although the
amounts of chromosomal DNA applied were the same as
those in the isogenic wild type, which revealed the expected
hybridization patterns (Fig. 7). It was concluded that the prc
mutation found in JE7304 is a deletion that covers the entire
prc gene. We do not know the endpoints of the deletion. It
probably extends counterclockwise in the chromosome to or
beyond the ptsLPM region but not to fadD or eda.

The prc mutation in JE7304 was transferred to a wild-type
strain, W3110, by cotransduction with eda and was charac-
terized in comparison with the isogenic wild type. The prc
mutation in the otherwise wild-type genetic background
caused an inability to form colonies at 42°C on a salt-free
L-agar plate and a defect in the processing of PBP 3; these

defects were corrected by prc*-carrying plasmids. In salt
(0.5% NaCl)-containing L. media (liquid and agar solidified)
that also contained 10 mM glucose, no growth defect was
detectable at 30 and 42°C. In a salt-free liquid L. medium,
growth of the prc mutant continued after a shiftup to 42°C
but stopped at a lower final cell density (Fig. 8A). Micro-

prc + — 4+ = + = 4 = 4 =

kb
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FIG. 7. Southern blot analysis of the chromosome of the prc
mutant. Chromosomal DNA preparations from prc* (JE7924) and
prc (JE7925) isogenic strains were digested with the restriction
enzymes indicated above, electrophoresed on 0.8% agarose, trans-
ferred to nitrocellulose, and probed with 32P-labeled 2.9-kb EcoRI
fragments containing the prc gene.
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FIG. 8. Growth of the prc mutant. (A) Growth curves of prc*
(JE7922) (@, O) and prc (JE7923) (A, A) isogenic strains. Exponen-
tial cultures grown to about 25 Klett units at 30°C in L broth
(+NaCl) were washed and resuspended to about 10 Klett units in
salt-free L broth (—NaCl) at time zero and incubated at 30°C (O, A)
and 42°C (@, A). The cultures in salt-free L broth at 30°C were
divided into two portions at the times indicated by arrowheads and
further incubated at 30°C (O, A) and 42°C (@, A). The turbidity was
corrected for the dilution at time zero and normalized to the
zero-time value for each strain. (B) Morphology of prc* (JE7922)
and prc (JE7923) isogenic strains. Exponential-phase cultures grown
in salt-free L broth at 30°C were transferred to 42°C for 2 h, treated
with chloramphenicol, and stained with 4’,6-diamidino-2-phenylin-
dole for fluorescence microscopic observation. Bar, 10 um.

scopic observation of the culture 2 h after the shiftup
revealed that the prc mutant grew into elongated cells (Fig.
8B). After incubation with chloramphenicol the nucleoids of
the mutant cells were less condensed than those of normal
cells. When the prc mutant grown in salt-containing L broth
was transferred to salt-free L broth and cultured at 30°C, the
turbidity decreased transiently, indicating partial cell lysis
(Fig. 8A). The simultaneous temperature shiftup with the
transfer to salt-free broth (Fig. 8A; at time zero) was lethal,
leading to complete cell lysis.

J. BACTERIOL.

We examined the heat shock response of the prc mutant in
high- and low-osmolar milieux. Cells of prc and prc* strains
were suspended in 100 and 2 mM sodium phosphate buffers
containing glucose, Mg>*, and 18 amino acids (no methio-
nine and cysteine) and pulse-labeled with [>**S]methionine at
30°C and after transfer to 44°C. At high osmolarity (in 100
mM phosphate) heat-inducible synthesis of heat shock pro-
teins GroEL and DnaK was observed equally with the prc
mutant and with the wild type, whereas at low osmolarity (in
2 mM phosphate) the mutant showed little or no induction
for GroEL and partial induction for DnaK (Fig. 9). During
the lakeling period of 5 to 10 min after the shiftup, the overall
rate of protein synthesis was not affected: comparable
amounts of radioactivity were incorporated into trichloro-
acetic acid-insoluble materials in the mutant and wild-type
cells. Thus, the prc mutant has a defect in the heat shock
response. This defect was corrected by a mini-F plasmid,
pHR145, carrying prc* (Fig. 9).

The prc mutation affected the ability of a cell to retain
periplasmic proteins as well. When grown on an RNase test
agar plate (51), the prc mutant formed a pink halo, indicating
that RNase was significantly released into the culture me-
dium (data not shown). The leakage of the enzyme was
corrected by a plasmid, pHRS53, carrying prc*. Since the test
agar contained 0.5% NaCl and the culture temperature was
30°C, the leakage was unlikely to be due to cell lysis;
probably the periplasmic RNase I was released to form a
halo. Quantitative assays of enzyme activities with respect
to those released into the culture media and those retained
by the cells revealed that about 11% of periplasmic alkaline
phosphatase was lost from the prc cells into the medium.
The losses of cytoplasmic B-galactosidase from the prc
mutant cells and of either of these enzymes from the
wild-type were 1 to 3%.

DISCUSSION

‘We cloned, mapped, and sequenced the prc gene, whose
inactivation confers thermosensitive growth on a salt-free
L-agar plate. The prc¢ mutation, first found in JE7304 (20),
turned out to be a large deletion that covers the entire coding
region of the gene, indicating that the prc function is dis-
pensable for growth at low temperatures and in high-osmolar
milieux. Shiftdown of culture medium osmolarity caused
partial lysis of the prc mutant cells even at 30°C, and the
simultaneous temperature shiftup prevented the recovery
from lysis. The prc function thus seemed to be involved in
protection of a cell from thermal and osmotic stresses. The
prc gene was originally identified as a gene involved in a
unique processing reaction that cleaves the C-terminal 11
residues from the precursor form of PBP 3 (20, 42). Although
the predicted amino acid sequence for the prc product
showed no significant similarity to any other protease or
peptidase, we suppose that the product is directly involved
in proteolytic processing because its overproduction led to
faster kinetics of PBP 3 processing. The prc product proba-
bly resides on the outer side of the cytoplasmic membrane,
where it can process the C-terminal region of PBP 3 that
protrudes into the periplasmic space (7). Loss of the prc
function resulted in leakage of periplasmic proteins. In some
of these respects prc is like degP (htrA). degP is also a
conditionally dispensable gene that is required for bacterial
survival against high-temperature stréss but not at low
temperatures (35, 64). At restrictive temperatures the inser-
tion mutant eventually lyses. It encodes a proteolytic en-
zyme that functions in the periplasm (36, 64). Cavard et al.
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FIG. 9. Heat shock response of the prc mutant. Cells of JE7924 (prc*), JE7925 (the isogenic prc mutant), and JE7925 carrying pMF3 and
pHR145 (prc*) were pulse-labeled at high (100 mM phosphate; Osm. H) and low (2 mM phosphate; Osm. L) osmolarities with [**S]methionine
for 5 min at 30°C (Temp. L) and for 5 min at 5 min after an upshift to 44°C (Temp. H). The labeled proteins were analyzed by SDS-gel
electrophoresis. The positions of DnaK and GroEL proteins are indicated by arrowheads.

(10) reported that degP strains leaked cellular proteins and
that the presence of a pldA mutation restored the nonleaky
phenotype. We recently found that the leaky phenotype (but
not the thermosensitivity) of the prc strains was also sup-
pressed by a pldA mutation (19). However, prc is obviously
distinct from degP, as revealed by mapping and sequencing
analyses.

Because a variety of defects caused by the prc deletion
mutation could be corrected by plasmids carrying prc* as
the only OREF of a significant size, it seemed most probable
that they were due to the prc null phenotype, although the
deletion was found to cover a large chromosomal region
around prc. An alternative possibility was that the defects
were due to the loss of another nearby gene(s) by this
deletion and corrected by the cloned prc gene. Very recently
Kornitzer et al. reported a new heat shock protein gene,
htpX, just downstream of prc (31). However, they found that
cells with this gene insertionally disrupted had no apparent
phenotype. Furthermore, when we replaced the Pstl,-
BamHI, fragment within the cloned prc ORF with the neo
gene fragment and crossed the construct back into the
chromosome, the resultant strain showed thermosensitive
growth on a salt-free L-agar plate and a defect in the
processing of PBP 3, just as the original prc mutant did (19).
Detailed characterization of this strain will be required for
the final conclusion. The possibility was also excluded that
prc could be deleted only with the concomitant deletion of a
nearby gene(s).

The thermosensitivity of the prc mutant at low osmolarity
might be due to its defect in the heat induction of heat shock
proteins. The defect was pronounced in the GroEL protein
and less severe in the DnaK protein. The GroEL protein is

considered to play a key role in supporting normal growth in
association with GroES protein: a mutant (ArpoH) that lacks
a heat shock o factor, ¢°2, which is required for the expres-
sion of heat shock proteins, grows only at 20°C or lower
temperatures (76), and this defect was suppressed by high-
level production of GroE proteins (33). When the ArpoH
mutant was exposed to restrictive temperatures, inhibition
of cell division was observed, followed by cell lysis (76). The
mechanism by which the prc mutation alters a heat shock
response is not understood at present. The prc product might
be involved in the modulation of the o2 function, but the
involvement, if any, should be indirect, considering the
cellular localization of these proteins. A decrease in o2
would result in the uniformly reduced induction of all heat
shock proteins, as shown in nonsense (73) and deletion (76)
mutants of rpoH, and could not explain the differential
induction of GroEL and DnaK proteins. Whether the prc
mutation could affect the level of 6> and the transcription of
heat shock genes is now under investigation. It is also yet to
be examined whether the prc expression itself is under heat
shock control, although no sequence has been found that
resembles the consensus for promoters regulated by o2 (44)
or by another heat shock o factor, o (13), in the sequenced
region upstream of prc.

Leakage of periplasmic proteins has been reported in
several mutations, including E. coli lpo (67), Salmonella
typhimurium lkyD (71), and E. coli lkyB (t0olB) (34), all of
which are associated with defects in outer membrane com-
ponents. Ipo causes complete loss of murein lipoprotein,
lkyD decreases the level of the murein-bound form of lipo-
protein, and lkyB affects the expression of outer membrane
proteins OmpC, OmpF, and LamB. Leaky phenotype of the
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prc mutant dlso might be due to impairment of the structural
integrity of the outer membrane, which could lead to sensi-
tivity to osmotic stress.

It seems unlikely that the processing of PBP 3 is directly
related to the growth defect of the prc mutant: the mutant
showed no detectable processing of PBP 3 even under the
permissive ¢onditions that allowed the prc mutant cells to
grow and ‘divide normally (20); since the mutation was a
deletion, the processmg would be totally absent under any
conditions.' PBP 3 is indispensable for cell division, and
inactivation‘of PBP 3 always results in the formation of long
filaments (60 61, 66); the cell lysis observed in the prc
mutant might not be explained s1mply by a defect in PBP 3.
When the mutant was cultivated in salt-free L broth at 30°C
and then shifted to 42°C, cell division was partially inhibited
and the cell§ grew into short filaments (Fig. 8B), which could
suggest that the unprocessed form of PBP 3 was not fully
active and was responsible for the cell division defect under
the restrictive conditions. However, none of extragenic
suppressor ‘fhutations we examined so far, which enabled the
prc mutant to grow on a salt-free L-agar plate at 42°C, was
mapped in the ftsI gene (19). Since the unprocessed form of
PBP 3 was apparently functional, one rhight speculate that
the unproceSsed form rather than the processed form was a
functional cellular component engaged in cell division in
vivo and- that so-called processing was degradation to re-
strict the function of PBP 3. If this were the case, the
C-terminal 11 residues to be cleaved would be of crucial
importance for cell division. However, a truncated PBP 3 in
which the C-terminal 12 residues were missing was shown to
be functiohal, complementing an ftsI(Ts) mutation (20).

The prc gene product was identified as a 76-kDa protein,
unexpecteglly large compared with the N-terminal process-
ing enzymes Lep (36 kDa) and Lsp (18 kDa) (72). When this
protein latked the C-terminal 13 residues, the ability to
complement the processing defect was impaired as shown
for pHR76, pHR77, and pHR87. This C-terminal reglon
might have an important, albeit not essential, role in the
function or stability of the prc product. DNA sequence
analysis revealed two possible translational starts, 6 bases
apart from: tach other. To clarify which one is the actual
initiator(s); 'we need to purify the product and determine
its N-terminal amino acid sequence. Purification will also
facilitate enzymological characterization. For the purpose
of purification, we can now use a recombinant plasmid
(pLPRC26) to overproduce the product and an in vitro
complemeritation system (20) to assay the processing activ-
ity.

In the in vitro complementatlon system, the precursor
form of PBP 3 present in the membrane fraction of a prc
mutant was converted to the mature form by incubation in
the presence of Triton X-100 with the membrane fraction of
a prc” strain; i.e., the complementation activity could be
recovered in the membrane. This was consistent with the
observation in the present study that the prc gene product
was associated with the cytoplasmic membrane. The pre-
dicted amino acid sequence contained two hydrophobic
domains in the N-terminal and middle part, one or both of
which could act as anchors to the membrane. Nevertheless,
the prc product was also detected in the periplasmic fraction
when maxicells containing the labeled product were fraction-
ated. There was no indication of two molecular species in the
prc product, except for the two AUG codons; both AUG
codons might be used as start codons initiating two mole-
cules, but the two molecules would differ only in the
N-terminal Met-Asn residues and would be unlikely to result
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in the dual localization. It appears possible that the overpro-
duced product in the maxicells nearly saturated the available
attachment sites on the periplasmic side of the cytoplasmic
membrane and that, as a consequence, some of the product
was easily shed into the periplasm after sonic disruption of
the cells or spheroplast formation. Without these procedures
all of the product is likely to be associated with the mem-
brane, because all of it was recovered in the pellet when the
labeled maxicells were directly treated with NaOH. Defini-
tive localization will require the use of antibody against the
prc product in a nonoverproducing cell.

We thus suspect that the prc gene product acts on some
periplasmic proteins and/or membrane proteins in which at
least a part of the molecule is exposed to the periplasm. The
target(s) of the prc function that is vital for cell physiology at
high temperatures and in low osmolar milieux would be
found among them. The prc product is probably a proteolytic
processing enzyme, but we were unable to detect any
protein band showing different electrophoretic mobility de-
pending on the prc mutation. The target(s) might be a minor
protein, as is PBP 3. PBP 3 is the only protein so far known
to be processed by the prc product. Both PBP 3 and the prc
product are located on the periplasmic side of the cytoplas-
mic membrane, and the processing probably occurs outside
the cytoplasmic membrane. The experiments with secretion-
defective mutants indicated that the processing was depen-
dent on the protein-translocating function. When the trans-
location was blocked in the secretion mutants, the cells
became abnormally elongated (47), possibly because PBP 3
uses the sec translocation machinery for its proper localiza-
tion. The translocation of PBP 3 in this sense may be of
primary importance to its function of septum formation. (A
defect in translocation of other membrane-associated cell
division proteins, such as the frsQ gene product [8, 63],
might also be responsible for the division defect.) Near the N
terminus, PBP 3 (40, 43) and the prc¢ product have a
distinctly hydrophobic domain preceded by a segment con-
taining one or several basic residues, which is characteristic
of signal sequences (72). These N-terminal regions possibly
serve as a signal for interaction with the translocation
machinery, although they are not necessarily cleaved. As for
PBP 3, it was shown that the molecule whose N-terminal 40
residues were artificially removed failed to translocate and
accumulated in the cytoplasm (3).

The 2.9-kb EcoRI chromosomal insert in plasmid pHRS3
contained the entire ORF for prc. It was connected in an
orientation opposite to that of the cat promoter of the vector,
and yet pHR53 was able to completely complement the prc
mutation. Analysis of the DNA sequence identified a pro-
moterlike sequence just downstream of the EcoRI,; site.
However, in maxicell and in vitro systems pHRS53 did not
direct the synthesis of the prc product to a detectable level,
possibly owing to the weakness of this promoter or to the
transcription from the cat promoter counteracting the tran-
scription of prc. In contrast, the product was detectable with
pHR61, although the bla promoter could be counteracting
prc transcription. Transcription from somewhere in the
upstream Pstl;-EcoRI, fragment might proceed beyond the
EcoRl, site and contribute to the higher prc expression.
There was another promoterlike sequence in the sequenced
region upstream of the EcoRlI, site. When recloned into a
mini-F vector, the EcoRI;-EcoRl, fragment was unable to
complement the prc mutation unless placed under the cadA
promoter, suggesting that the promoterlike sequence down-
stream of the EcoRI; site did not have enough promoter
activity as a singly copy. Plasmid pHR61 probably expresses



VoL. 173, 1991

prc by the cognate promoter(s), and the band of the product
was much less intense than that of pHR140, in which prc is
placed under the tetR promoter. We suppose that the prc
gene is weakly expressed in vivo. Codon usage for this gene
is also indicative of weak expression. When it was forced to
be excessively expressed by extrinsic strong promoters, the
X\ p.. promoter in pLPRC21 and the cat promoter in pHR88,
it showed a detrimental effect on the host cell. This effect
and the pleiotropy of the prc mutation suggest that the prc
function is important physiologically.

The phenotype of the prc mutant indicated that this gene is
involved in protection of the bacterium from thermal and
osmotic stresses, although the target(s) of such vital function
is yet to be identified. The candidates for the target(s)
include the products of a gene cloned in pHR52, which
allowed the thermoresistant growth of JE7304 without cor-
recting its processing defect and possibly carried a multicopy
suppressor of prc (see Results), and of an extragenic sup-
pressor(s) of prc. Thermoresistant revertants appeared from
the prc mutant at a relatively high frequency. Since the prc
mutation was proved to be a deletion, all of the revertants
should contain an extragenic suppressor mutation(s). They
were all defective in the processing of PBP 3. One of the
suppressor mutations, when transferred into the prc* back-
ground, caused thermosensitive growth on a salt-free L-agar
plate (19), suggesting its important physiological role. Char-
acterization of these suppressors is now in progress.
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