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Penicillin-binding proteins (PBPs) were visualized in strains ofEscherichia coli that carried mutations in one
or more of the following protease genes: tsp, degP, ptr, and ompT. In the absence of a functional ompT gene,
PBPs lba and 7 were not processed to the shortened forms lbjI and 8, respectively. Cleavage of PBPs lba and
7 could be restored by introduction of a plasmid carrying the wild-type ompT gene. These PBPs were processed
only after cell lysis or after membrane perturbation of whole cells by freeze-thaw, suggesting that the cleavage
was a nonspecific artifact due to contact with OmpT, an outer membrane protease, and that such processing
was not biologically significant in vivo. The degradation of other PBPs during purification or storage may also
be effected by OmpT.

Penicillin-binding proteins (PBPs) participate in the poly-
merization and restructuring of peptidoglycan of Escherichia
coli (for a review, see reference 8). They play important roles
in cell wall elongation (PBPs la and lb), shape determination
(PBP 2), septation (PBP 3), and peptidoglycan crosslinking
(PBPs 4, 5, and 6) (8). In addition to the seven classic PBPs,
other penicillin-binding proteins have been observed. Among
these are PBPs 7 and 8, which are the smallest E. coli proteins
known to bind penicillin (13), and other binding proteins
smaller than PBPs 3 and 6 (13). None of these have known
biological roles or enzymatic activities, though it has been
suggested that PBP 7 is a potential target of the antibiotic
imipenem (24).
Three of these PBPs undergo posttranslational modification.

PBP lb exists in three forms: lbot (the full-length protein) and
two smaller fragments, lb, and lby. In the first example of
PBP processing, PBP lb-y is produced by translation of the lba
reading frame, beginning at an internal initiation codon (23).
PBP lb, is produced by removal of 24 amino acids from the N
terminus of PBP lbot, an event that occurs only after cell
disruption (23). The presence of any one of these forms of PBP
lb is sufficient for bacterial viability (12). The second example
of PBP processing is the removal of 11 C-terminal amino acids
from PBP 3 by protease Prc (equivalent to protease Tsp [20])
(10, 17). This processing by Prc is also not essential for cell
viability (10). In the third example, 20 amino acids are removed
from the amino terminus of PBP 4 by an unidentified protease
(16). Finally, it has been proposed that PBP 8 is a proteolytic
fragment of PBP 7 (5), but there has been no definitive
evidence of such a processing event.

It is of interest to know if these processed PBPs are
important in the synthesis of peptidoglycan or for regulation of
cell division. Therefore, we have measured the appearance of
processed PBPs in E. coli strains that lack one or more known
proteases. We report that in at least two cases the processed
proteins are probably artifacts of the method of membrane
preparation. In these cases, processing occurs primarily after
cell disruption and depends on the activity of an outer mem-
brane protease, OmpT.
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Bacterial strains, growth, and labeling of penicillin-binding
proteins. E. coli strains and plasmids are listed in Table 1.
PMD100 and PMD101 were constructed by P1 transduction
(15) of AponA (from ED3184 AponA) and AponB (from
ED3184 AponB), respectively, into SF100. The wild-type ompT
gene is contained on a 1,961-bp PvuII-ScaI DNA fragment in
pML19, and plasmid pMD1 1 was constructed by inserting this
fragment into the Scal site located in the bla gene of pBR322.
Cells were grown on minimal M9 medium plus 0.2% glucose
and 0.2% Casamino Acids (15) to mid-log phase (optical
density at 600 nm, 0.400 to 0.500), and pelleted whole cells
were resuspended in 100 mM Tris-HCl (pH 8.0) plus 10 mM
MgCl2. Clear separation of the forms of PBP lb was enhanced
by suspension of harvested cells in buffer plus 1% Triton X-100
prior to labeling and gel electrophoresis. The PBPs of whole
cells (100 ,ug of protein in 15 VI) were labeled by mixing with
3 RI of 3-mercaptoethanol (100 mM stock) and 3.5 RI of
83.3-,g/ml 125I-penicillin X (833-,uCi/ml stock) and incubating
for 15 min at 37°C (14). Samples were denatured by adding 8.5
[lI of 4x sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) sample buffer (7) and boiling for 4 min.
Unlabeled penicillin G (3 ,l of 100-,ug/ml stock) was added,
and the samples were separated by electrophoresis through an
SDS-12% PAGE gel containing 15% glycerol (7). Gels were
dried and exposed to X-Omat AR film (Eastman Kodak,
Rochester, N.Y.) for 3 to 7 days. Kanamycin (50 p.g/ml),
chloramphenicol (50 ,ug/ml, or 20 ,ig/ml when selecting for P1
lysogens), spectinomycin (50 ,ug/ml), streptomycin (80 ,ug/ml),
ampicillin (50 ,ug/ml), or tetracycline (12.5 ,ug/ml) was added to
growth media where required for strain construction or for
maintenance of the various plasmids. Restriction enzymes and
T4 DNA ligase were from New England Biolabs, Inc., Beverly,
Mass. Protein assays were performed with the enhanced
microBCA assay (Pierce Chemical Co., Rockford, Ill.) (21).

Effect of proteases on PBP processing. Bacterial cells defi-
cient in one of four proteases were labeled with 251I-penicillin
X to determine their effects on the pattern of PBPs in E. coli.
As expected, when the tsp gene was inactive, PBP 3 was not
processed and a larger gene product was observed (Fig. 1, lane
2). This was the only PBP affected by the tsp mutation. No
PBPs were affected by the absence of the degP41 orptr-32 gene
products (Fig. 1, lanes 4 and 5). However, in bacteria in which
the ompT gene had been mutated, PBP 8 was absent and there
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TABLE 1. E. coli strains and plasmids

Strain or plasmid Relevant characteristicsa Source or reference

Strain
KS300 F- araD139 galE galK AlacX74 rpsL thi recAl AphoA(PvuII) 22
KS272 KS300 recA+ 22
KS499 KS300 degP41 (Kmr) 22
SF103 KS272 ptr-32::flCmr 3
SF100 KS272 AompT 2
AD202 ompT::Kmr 1; K. Ito
KS1010 eda-51::TnlO ara nalA argE(tm) rif thi-1 F' lacIq lac+ pro' K. R. Silber
KS1000 KS1010 Atsp::Kmr K. R. Silber
ED3184 his supF 6
ED3184 AponA ED3184 ponA::Kmr 25
ED3184 AponB ED3184 ponB::Spcr 25
PMD100 SF100 ponA::Kmr This paper
PMD101 SF100 ponB::Spcr This paper

Plasmid
pBR322 Apr, Tcr S. Detke
pML19 Apr, pUC19 plus a 2.2-kb PstI-EcoRI ompT fragment 9
pMD11 Tcr, PvuII-ScaI ompT fragment from pML19 inserted into the Scal site of the bla gene of This paper

pBR322
a Abbreviations in designations of drug resistance phenotypes: Km, kanamycin; Cm, chloramphenicol; Spc, spectinomycin; Sm, streptomycin; Ap, ampicillin; Tc,

tetracycline.

was an increase in the intensity of the amount of PBP 7 (Fig.
1, lanes 6 and 7). In other experiments, E. coli strains were

constructed in which up to three of the four protease mutations
were present simultaneously, in various combinations. No
additional degradation effects were observed. PBP 3 process-
ing was inhibited only when the tsp gene was inactivated, and
PBP 8 failed to appear only when the ompT gene was

inactivated, regardless of the presence of additional protease
mutations (data not shown).

In E. coli SF100 (Fig. 1, lane 6) ompT and several surround-
ing genes are deleted (2), and in E. coli AD202 (Fig. 1, lane 7)
the ompT gene is inactivated by the insertion of a kanamycin
resistance cassette (1). Because multiple genes were absent in
SF100 and because the AD202 insertion could potentially
interrupt expression of downstream genes, it was possible that
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FIG. 1. Effect of protease mutations on the processing of E. coli
PBPs. E. coli PBPs were labeled with '25I-penicillin X, and the proteins
were separated by SDS-PAGE. The locations of the PBPs are indi-
cated at the left, and the presence or absence of a functional ompT
gene is indicated by a plus or minus sign at the bottom of each lane.
Lane 1, KS1010; lane 2, KS1000 (Atsp); lane 3, KS300; lane 4, KS499
(degP41); lane 5, SF103 (ptr-32); lane 6, SF100 (AompT); lane 7,
AD202 (ompT::Kmr); lane 8, KS300; lane 9, SF100 (AompT); lane 10,
SF100 pMD11.

a protein other than OmpT could be responsible for the
conversion of PBP 7 to PBP 8. We subcloned the wild-type
ompT gene from pML19 (9) into pBR322, creating pMD11, in
which the ampicillin resistance gene was disrupted. When
pMD11 was transformed into SF100, PBP 8 reappeared (Fig.
1; compare lanes 9 and 10). Approximately equal amounts of
PBPs 7 and 8 were observed in wild-type strains and in the tsp,
degP41, and ptr-32 mutants (Fig. 1, lanes 1 to 5), but when
ompT was introduced on a multicopy plasmid, PBP 8 predom-
inated and very little or no PBP 7 was visible (Fig. 1, lane 10).
This was also true for wild-type cells into which pMD11 was
introduced (data not shown). These results confirmed that the
presence of OmpT was necessary for the production of PBP 8
from PBP 7 and that, in the presence of elevated levels of
OmpT, PBP 7 was transformed almost entirely into PBP 8.

Processing of PBP 7 to PBP 8 depends on sample prepara-
tion. The presence of PBP 8 was not required for the viability
of E. coli, since ompT mutants, which lacked PBP 8, grew
normally. Therefore, we questioned whether PBP 8 was
present in wild-type cells or whether it -was an artifact created
from PBP 7 while manipulating the samples. Although OmpT
is an outer membrane protease, it can cleave a variety of
intracellular proteins when bacterial cells are permeabilized or
broken, thus allowing OmpT to come into contact with these
normally unavailable substrates (1, 2). PBP labeling of whole
E. coli cells is usually carried out on samples that have been
stored frozen, a treatment that permeabilizes the membrane to
large proteins. Therefore, the PBP profile of cells labeled
immediately after growth and harvesting was compared with
the profile of the same cells labeled after freezing (Fig. 2). Two
results were apparent. First, the amounts of PBPs that were
labeled were significantly greater (approximately 10-fold
greater) in samples that had been frozen (Fig. 2, lanes 1 to 3
versus lanes 4 to 6). This is not too surprising, since access of
penicillin to its targets is impeded by an intact cell envelope.
The second observation is that no PBP 8 was visible in cells
labeled immediately after harvest, even in cells overproducing
OmpT from pMD11 (Fig. 2, lanes 1 to 3), in contrast to the
large amount of PBP 8 that appeared in frozen samples (Fig. 2,
lanes 5 and 6). PBP 8 also appeared if freshly grown and
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FIG. 2. Effect of freeze-thaw on labeling of PBPs in E. coli. Whole

cells of E. coli were labeled with "2I-penicillin X, and the proteins

were separated by SDS-PAGE. PBPs were labeled immediately after

harvest of freshly grown cells (lanes 1 to 3) or after one cycle of

freezing at 20'C and thawing (lanes 4 to 6). Lanes 1 and 4, SF100

(AompT); lanes 2 and 5, SF100 pMD11; lanes 3 and 6, KS300.

harvested cells were lysed prior to labeling with "25I-penicillin
X, but only if a wild-type ompT gene was present (data not

shown). Thus, PBP 8 should be considered an artifact created

by exposure of PBP 7 to the OmpT protease during sample

preparation.
PBPlba is cleaved by OmpT. It has been suggested that

PBPlb, is produced from PBPlba by an analogous artifac-

tual processing during sample preparation (23). Therefore, the

different forms of PBP lb were visualized in E. coli strains that

did or did not contain the OmpT protease (Fig. 3). PBPlbp
was visible in the parental strain KS300 (Fig. 3, lane 1) but not

in strains deleted for ompT (Fig. 3, lanes 2 and 4). Reintro-

duction of the ompT gene via pMD11 restored to these mutant

strains the ability to process PBP iba to PBPlb13 (Fig. 3, lanes

3 and 5). This processing was specific for PBPlb: proteolysis

was observed even when the cells lacked PBP la (Fig. 3, lanes

4 and 5), and strains in which PBP lb was deleted did not show

this processing pattern (Fig. 3, lanes 6 and 7). Also, PBPlba

was processed to PBPlb,B in cells with mutations inptr-32 and

degP4l (data not shown). Thus, the OmpT protease is respon-

sible fbr the artifactual processing that creates PBP lbj.

Implications for BP processing andprification. The

OmpT protease cleaves proteins betweenh apir otpositively

charged amino acids (Arg-Arg, Lys-Lys, Arg-Lys, or Lys-Arg)
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FIG. 3. Effect of protease mutations on the processing of E. coli

PBP lb. Whole cells of E. coli were solubilized with 1% Triton X-100

in Tris-HCl buffer and frozen at-220C. PBPs were labeled with"2I-penicillin X and separated by SDS-PAGE, allowing electrophore-

sis to proceed for 6 h instead of the normal 3 h of separation tiee.
Lane 1, KS300; lane 2, SF100 (AompT); lane 3, SF100 pMDll; lane 4,PDMD00 (AponA AompT); lane 5, PMD100 pMD11; lane 6, PMD1O1

(Aponil AompT); lane 7, PMD1O1 pMD11.

(4). The cleavage of PBP lba to form PBP lb, is known to
occur between two arginine residues (23), which is consistent
with the evidence presented here for the role of OmpTin PBP
lb processing. These data confirm and extend the suggestion of
Suzuki et al. (23) that the production of PBP lbjB might be
incidental to membrane preparation. Analogous data for PBPs
7 and 8 are not available, but we have purified a small amount
of PBP 8 and have determined that its amino-terminal se-
quence begins with lysine (11), which is consistent with OmpT
proteolysis of PBP 7. In a similar vein, when overproduced
from a multicopy plasmid, PBP 3 preparations are contami-
nated with a 40-kDa fragment of PBP 3 that is still able to bind
penicillin (19). Nagasawa et al. (17) found that the amino-
terminal amino acid of this major degradation product began
with the lysine at position 211 of the complete PBP 3 protein.
This lysine is preceded by an arginine residue at position 210
(18) and so forms a potential cleavage site for the OmpT
protease. Thus, the rapid degradation of PBP 3 into these
alternate forms during purification and storage (19) may be
due to exposure to OmpT, and such degradation might be
avoided by expressing PBP 3 in an ompT mutant.
Summary. PBPs lb and 7 are substrates for OmpT proteol-

ysis. Cleavage of these PBPs occurs only when cells are frozen
or lysed and does not occur in freshly labeled whole cells or in
lysates of E. coli strains that contain a deletion of the ompT
gene. Therefore, PBPs lb,B and 8 represent PBP fragments
that are artificially created during membrane preparation and,
as such, probably possess no in vivo function. Although the
relationship between PBPs 7 and 8 has been suggested previ-
ously (5), this report presents the first data indicating that PBP
8 is derived from PBP 7.
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