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A novel penicillin-binding protein (PBP 5*) with D,D-carboxypeptidase activity is synthesized by Bacilus
subtilis, beginning at about stage m of sporulation. The complete gene (dacB) for this protein was cloned by
immunoscreening of an expression vector library and then sequenced. The identity of dacB was verified not
only by the size and cross-reactivity of its product but also by the presence of the nucleotide sequence that coded
for the independently determined NH2 terminus of PBP 5*. Analysis of its complete amino acid sequence
confirmed the hypothesis that this PBP is related to other active-site serine D,D-peptidases involved in bacterial
cell wall metabolism. PBP 5* had the active-site domains common to all PBPs, as well as a cleavable
amino-terminal signal peptide and a carboxy-terminal membrane anchor that are typical features of
low-molecular-weight PBPs. Mature PBP 5* was 355 amino acids long, and its mass was calculated to be 40,057
daltons. What is unique about this PBP is that it is developmentally regulated. Analysis of the sequence
provided support for the hypothesis that the sporulation specificity and mother cell-specific expression ofdacB
can be attributed to recognition of the gene by a sporulation-specific sigma factor. There was a good match of
the putative promoter of dacB with the sequence recognized by sigma factor E (oE), the subunit of RNA
polymerase that is responsible for early mother cell-specific gene expression during sporulation. Analysis of
PBP 5* production by various spo mutants also suggested that dacB expression is on a oE-dependent pathway.

The penicillin-binding proteins (PBPs) are a family of
membrane-bound enzymes that are active in the metabolism
of prokaryotic cell walls (16). They are evolutionarily related
to some of the soluble P-lactamases and D,D-peptidases
secreted by bacteria and also have some structural features
in common with a penicillin-binding transmembrane protein
involved in signal transduction (24, 46, 62). The active-site
serine of all of these penicillin-interactive proteins is part of
the conserved domain S-X-X-K, which is located near the
amino terminus of the 1-lactamases and the mature form of
those PBPs with a molecular mass of less than 50 kDa but
more towards the middle of the sequence in the larger PBPs
(24). Closer to the carboxy terminus, all of these proteins
also have the sequence K-T-G, H-T-G, or K-S-G, which is
an essential part of the tertiary structure of the active site
(24). The class A ,-lactamases and the PBPs also have a
third domain (S-X-N) in common, which is located between
the other two (46).
Our studies have focused on PBP 5*, which is different

from all of the other PBPs described so far because it is
developmentally regulated. This protein, which has D,D-
carboxypeptidase activity in vitro, is not synthesized by
Bacillus subtilis until about stage III of sporulation (43, 49,
50). Although it has a lower molecular weight than any of the
six vegetative PBPs in this species, it is not a derivative of
one of them (10, 50). Its location in the outer forespore
membrane and the timing of its synthesis together suggest
that PBP 5* is required specifically for synthesis of the spore
form of peptidoglycan known as cortex (9, 43).
Although PBP 5* is produced only by sporulating cells and

probably is active on a unique substrate or under unique
conditions, it has been our working hypothesis that this PBP
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is related to other active-site serine D,D-peptidases involved
in bacterial cell wall metabolism. The results of the present
study, in which we cloned and sequenced the gene for PBP
5*, confirm this hypothesis. The amino acid sequence of PBP
5*, derived from the nucleotide sequence of its structural
gene, dacB, had all of the active-site motifs common to other
PBPs. We also learned that PBP 5* has a cleavable N-ter-
minal signal sequence and a carboxy-terminal membrane
anchor, which are typical features of low-molecular-weight
PBPs (17).
A second hypothesis that we addressed with this study

was that the sporulation specificity of dacB gene expression
is due to the presence of a promoter sequence that can be
recognized only by a sporulation-specific form of RNA
polymerase. We found that this was indeed likely to be the
case, because the only good match for the sequence up-
stream of dacB with the known consensus sequences for B.
subtilis promoters corresponded to the sequence recognized
by the sigma factor E-associated holoenzyme, which first
appears at stage II during sporulation (29). The results of our
studies on PBP 5* production by various sporulation mu-
tants also fully support this hypothesis.

MATERIALS AND METHODS

Bacterial strains, phage, and plasmids. Escherichia coli
Y1089(r-) and Y1090(r-) were obtained from Promega
Corp., Madison, Wis., to serve as bacterial hosts for Xgtll
and recombinant phage derivatives (20, 60). The Agtll
library of B. subtilis DNA was a gift from Chet Price (47). E.
coli JM101 (28) and vector pTZ19R (27) were acquired from
U.S. Biochemical Corp., Cleveland, Ohio, for use in se-
quencing of cloned DNA fragments. Plasmid pCP115 (35)
was acquired from the Bacillus Genetic Stock Center, Co-
lumbus, Ohio. E. coli HB101 (4) was the host strain used to
propagate pCP115 and recombinant derivatives of this plas-
mid. The spoIIE mutants were obtained from P. Piggot (33);
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the spoIIIG, spoIVB, and spoWVCB mutants were obtained
from R. Losick (25); and all of the others listed (see Table 2)
were obtained from the Bacillus Genetic Stock Center. B.
subtilis 168 trpC2 (18, 44) is our standard laboratory strain,
which was used as the source of membranes and PBPs for
this study.
Membrane preparation and PBP assay. Membranes of B.

subtilis were prepared by sonic disruption of the cells and
differential centrifugation as described previously (43). La-
beling of the membranes with [3H]benzylpenicillin was per-
formed in accordance with the optimum binding conditions
established for B. subtilis (11, 43). After labeling, the mem-
brane proteins were separated by sodium dodecyl sulfate-
polyacrylamide slab gel electrophoresis and the radioactive
PBPs were detected by fluorography (3).

E. coli membranes were also prepared by sonication and
differential centrifugation, but the assay for their PBPs was
performed by a different protocol (45). Proteins from the
inner membrane were selectively dissolved with the deter-
gent Sarkosyl (ICN Pharmaceuticals, Inc., Plainview, N.Y.)
and separated from the insoluble material by centrifugation
prior to gel electrophoresis (45).

Quantitation of the PBPs on fluorographs was done as
described previously (43), with a scanning densitometer
(Biomed Instruments, Inc., Fullerton, Calif.).

Purification of PBP 5* and production of antibodies. Sporu-
lation of B. subtilis was induced by the nutrient exhaustion
technique (43). The best recovery of PBP 5* was achieved by
harvesting the culture after 4 h of sporulation (t4). The PBPs
were copurified by penicillin affinity chromatography (2) of
the Triton X-100-solubilized membranes from t4 cells. It was
possible to enrich greatly for PBP 5* by two modifications of
the original technique. The solubilized membranes were
preincubated with 10 ,ug of cephalothin per ml to block the
binding of all of the cephalothin-sensitive PBPs to the affinity
column and partially block the binding of PBP 5, which is
slightly less resistant than PBP 5* to cephalothin (43). After
recovery from the affinity column, the dilute cephalothin-
resistant PBPs were concentrated on a DE52 column. Fur-
ther purification of PBP 5* was achieved by eluting most of
the contaminating PBP 5 from the DE52 column with a buffer
containing only 0.05 M NaCl prior to elution of PBP 5* with
0.5 M NaCl.
Antiserum was produced by Research Biogenics, Inc.,

Bastrop, Tex., by subcutaneous injection of a single rabbit
with a PBP preparation that was estimated to be at least 91%
PBP 5*. The major contaminant was PBP 5. The initial
injection of 100 ,ug was given with Freund's complete
adjuvant; subsequent boosters of 100 ,ug each were given
with incomplete adjuvant at 2 weeks, and 1, 2, and 3 months.
Antibody production was monitored by enzyme-linked im-
munoassays of Western blots (immunoblots; see below) of
B. subtilis membranes containing PBP 5*. A primary re-
sponse was observed after 1 month. The antibody titer
appeared to reach a plateau after the 3-month injection and
remained at a high level for several months thereafter. The
preimmune serum did not react with PBP 5*.

Enrichment for monospecific antibodies. The antiserum
cross-reacted with a number of membrane proteins from
both E. coli and B. subtilis. Most of these reactions could be
eliminated by preabsorption of the serum overnight in the
cold with an extract of E. coli or vegetative B. subtilis cells
without diminishing the reaction of the serum with PBP 5*.
However, the most effective enrichment for anti-PBP 5* was
blot affinity purification as described by Olmsted (31). A
single strip of a nitrocellulose blot containing pure PBP 5*

could be used for up to 15 rounds of antibody binding and
elution before it physically deteriorated. The eluates were
pooled and stored in the refrigerator after addition of 0.1%
gelatin and 0.02% sodium azide. The anti-PBP 5* appeared
to be completely specific for PBP 5*; it did not cross-react on
a Western blot with other PBPs or any other membrane
proteins from B. subtilis or E. coli.
Immunoassays. Enzyme-linked immunoassays of mem-

brane proteins or purified PBPs were done on nitrocellulose
blots to which the samples had been electrophoretically
transferred (52) from polyacrylamide gels. After a blot had
been blocked with 2% nonfat dry milk (23), it was incubated
for 2 to 5 h at room temperature with the primary antibody.
Several different secondary-antibody preparations were
used during the course of this study. Horseradish peroxi-
dase-linked goat anti-rabbit antibody (Bio-Rad Laboratories,
Richmond, Calif.) was used for evaluation of samples of the
crude antiserum and during affinity purification of anti-PBP
5*. Alkaline phosphatase-linked goat anti-rabbit antibody
and the more sensitive anti-rabbit immunoglobulin G (Fc);
Promega Corp., Madison, Wis.) were used for subsequent
assays. The ProtoBlot Immunoscreening System (Promega
Corp.) was used to screen the Xgtll library with anti-PBP 5*.
DNA methods. Except where noted otherwise, methods

involving phage, plasmid, or chromosomal DNA were done
as described by Sambrook et al. (37). When kits were used,
the manufacturer's directions were followed.

Construction of recombinant plasmid pCB1. The entire
EcoRI fragment of B. subtilis DNA from one of the positive
Agtll recombinant clones was recovered and cloned into the
EcoRI site of pCP115, a 4.4-kb modified derivative of
pBR322 (35, 42). The recombinant plasmid was named
pCB1. It was used to transform competent cells of E. coli
HB101 with selection for the amp marker on the plasmid.
Plasmid minipreps (61) were done to identify a transformant
with the recombinant plasmid, and the presence of the 2.3-kb
insert was verified by restriction analysis of the purified
plasmid DNA.
DNA sequencing. Restriction fragments of the original

2.3-kb EcoRI clone from B. subtilis were subcloned into
vector pTZ19R and then sequenced by the dideoxynucle-
otide chain-termination method (38) by using a Sequenase kit
and M13 universal and reverse primers purchased from U.S.
Biochemical Corp. Six custom-synthesized oligonucleotides
were also used as primers: five of them were made on the
premises by using a Beckman System 1 Plus DNA Synthe-
sizer, and the sixth primer was synthesized by Operon
Technologies, Inc., Alameda, Calif.

Sequence analysis was performed with the aid of the
Genetics Computer Group software package from the Uni-
versity of Wisconsin (12). The strength of stem-loop struc-
tures and interactions at potential ribosome-binding sites
was calculated as described by Tinoco et al. (48).

NH2-terminal sequence determination of PBP 5*. Partially
purified PBP 5* was separated from all apparent contaminat-
ing proteins by electrophoresis on a preparative sodium
dodecyl sulfate-polyacrylamide gel. The protein was then
electrophoretically transferred from the gel onto a polyvi-
nylidene difluoride membrane (Immobilon-P; Millipore
Corp., Bedford, Mass.; 26). The protein band corresponding
to PBP 5* was detected by light staining of the membrane
with Coomassie blue (59) and excised from the blot. The
amino terminus of the protein was sequenced directly from
the membrane strip with an Applied Biosystems gas phase
sequenator at the Protein and Nucleic Acid Chemistry
Facility at the Yale University School of Medicine.
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Reagents. All restriction endonucleases and T4 DNA
ligase were purchased from New England BioLabs, Inc.,
Beverly, Mass. Recovery and purification ofDNA fragments
from agarose were done with the aid of a Gene Clean II kit
purchased from BiolOl, Inc., La Jolla, Calif. All ingredients
for acrylamide and agarose gel electrophoresis were pur-
chased from Bio-Rad Laboratories. Reagents for color de-
velopment after immunoscreening with alkaline phos-
phatase-linked antibody were purchased from Promega
Corp. [3H]benzylpenicillin was a gift from P. J. Cassidy of
Merck Sharp & Dohme Laboratories, West Point, Pa.
[a-35S]dATP was from Amersham Corp., Arlington Heights,
Ill. Triton X-100 and the reagents for penicillin affinity
chromatography were purchased from Sigma Chemical Co.,
St. Louis, Mo.

Nucleotide sequence accession number. The 2,377-bp se-
quence reported here is available in the GenBank data base
under accession no. M84227.

RESULTS

Cloning of dacB, the gene for PBP 5*. Construction of a
library of EcoRI-digested genomic DNA of B. subtilis in the
Xgtll expression vector has been described previously (47).
At the time this project was initiated, the library had a titer
of 2.4 x 108 PFU/ml and 75% of the phage had inserts. When
the library was plated on E. coli Y1090 and screened with
monospecific polyclonal anti-PBP 5* (20), positive plaques
were readily obtained. Their phage were purified (55), and
four of them were examined in further detail. To verify that
plaques of these Xgtll clones reacted specifically with the
antibody to PBP 5*, the immunoscreening procedure was
repeated on each of the purified phage with the crude
antiserum (41). The antibody that was recovered from
plaque lifts reacted only with PBP 5* on Western blots of B.
subtilis membranes and not at all with samples of E. coli
membranes.
A preliminary characterization of the antigen was possible

after preparation of E. coli Y1089 lysogens of the positive
clones. Small-scale crude lysates of these lysogens were
analyzed on Western blots for the presence of the B. subtilis
PBP (20, 41). A single protein that cross-reacted with anti-
PBP 5* was detected in each lysate, and it had roughly the
same electrophoretic mobility as authentic PBP 5* (Fig. 1,
lane b). This protein did not react with mouse anti-3-
galactosidase (data not shown), nor was it produced by E.
coli lysogenized with the original vector (Fig. 1, lane c). We
concluded from these results that not only was it likely that
the entire gene for PBP 5* had been cloned, but also at least
some of the upstream sequence must have been present too,
since the PBP was not produced as a ,-galactosidase fusion
protein.
DNA was prepared from each of four Xgtll clones.

Digestion with EcoRI released a single cloned fragment of
approximately 2.3 kb. The fragments from the four clones
had the same restriction pattern. The tentative conclusion
from all of the observations made so far is that they are
identical. Only one clone was used for subsequent studies.

Localization of B. subtilis PBP 5* in E. coli. Although the
PBP 5* that was produced by the E. coli lysogens was most
readily detected by immunoscreening, it was also faintly
detectable by the [ H]penicillin-binding assay. Thus, at least
some of the cloned PBP was enzymatically active (i.e., it
could bind penicillin). Was it also properly localized in the
foreign host? To answer this question, it was necessary to
have the cloned gene on a high-copy-number plasmid rather

a b c d

FIG. 1. Production of full-length PBP 5* after induction of E. coli
(Xgtll dacB). The PBP was detected by enzyme-linked immunoas-
say of a Western blot with purified anti-PBP 5*. Lanes: a and d, B.
subtilis membranes prepared from cells at t4 of sporulation; b, lysate
of E. coli Y1089 (Xgtll dacB); c, lysate of E. coli Y1089 (Xgtll).
Arrow, location of authentic PBP 5*.

than a bacteriophage vector. We constructed recombinant
plasmid pCB1 as described in Materials and Methods and
maintained it in E. coli HB101. Penicillin-binding assays
were done on cell membranes from the recombinant strain
and a control strain bearing the original nonrecombinant
plasmid pCP115 after they were grown in LB medium to the
late-exponential phase. At least some of the PBP 5* pro-
duced in E. coli was located in the same inner membrane
fraction as the E. coli PBPs (Fig. 2, lanes b and e). E. coli
PBPs 5 and 6 both migrated to almost the same location as B.
subtilis PBP 5* on a gel, which probably accounts for the
presence of a detectable PBP(s) even in the control strain
(Fig. 2, lane a). However, the facts that (i) there was much
more PBP in the recombinant sample at this position on the
gel than in the control and (ii) the identity of PBP 5* was
confirmed by immunoassay (Fig. 2, lane e) support the
conclusion that this foreign protein was not only active but
also associated with the correct membrane of its E. coli host.

Nucleic acid sequence of the dacB region. The DNA se-
quence of the EcoRI fragment from one Xgtll clone was
determined (Fig. 3). The largest open reading frame (ORF)
extended from nucleotide (nt) 584 to nt 1735. Evaluation of
its amino acid sequence (see below) confirmed that this ORF
corresponded to dacB. There was an AUG start codon at nt

a b c d e f

FIG. 2. Location of B. subtilis PBP 5* in the inner membrane of
E. coli. Lanes: a, b, and c, fluorograph of a gel loaded with
[3H]penicillin-labelled membranes; d, e, and f, Western blot of the
same membrane samples assayed with anti-PBP 5*; a and d, inner
membrane samples of E. coli(pCP115); b and e, inner membrane
samples of E. coli(pCB1); c and f, B. subtilis membranes with
authentic PBP 5*.
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-35 -10

GAAvIAGGwaCGAGSAGCAq=TAC:AA=AATAa;CGATaCAAATCaAACACGCrA TCCTACAaGGTG
M P S S P D

A G A F S Q S Q S E K T L Y N V Y H Q C I BE F F M P X X A Q W C

E N S R A S Y T G V S A I E F Y H A V P A S L E Q L L L P L S A A F

L K M R EB L A Y E A S G S S M A P I R *

-35 -10 M R I F

K K A V F V I N I S F L I A T V N V N T A H a A I DVv A KR A I

C
A A A SASC G IS~~ATCTGCAATA

TI T nDaAG _S R V L Y A K D E H Q K R R I A * I T I I M T A V L A

ATTATTGA

I E S G K M D Q T V T V S A N A V R T E G S A I Y L T B G Q X V X L

TXTCDGL VATY GA LARACAQ -T FNDCAATA V A IA EQ VCC GT LADAGQFAVAY

K DL V Y G LMXL RU*@EXDA A VA I A E HV G G S L DQG F VY M
on=:CTAGTAGAAXT3 C awl-CMAPILI 3, iA;wjL%AjwrrT TATATG1000

X N Q K A E Q L GM K N T R F Q N P H G L D D H E N H Y S T A Y DATGAAr ____s_b__rAAAACCCGCACCGATTACG 1100

M A I L T K Y A I E A E R L S K D F R H K N I Q A E T M E S V W K N

K N K L L T M L Y P Y S T G G X T O Y T K L A K R T L V S T A S K
CAACCTCACACATGTCGCAGGAAAACTTCAAxAACTCAAMCGCA:C2=TCCACGC1CAAAG_x

D G I D L I A V T I N D P N D W D D H K MI F N Y V F E H Y Q T Y
GAL'GG

1200

1300

1400

L I A K K G D I P K L K G T F Y E S K A F I K R D I T Y L L T E E E
TAAT7G CMACaCAAGAGGA 1500

K E N V K I N T T L L K P K K A W E K D A S K I P D I V G H M E I
AFNGAAATTAAAAAAATIACCACPcICAACCGAAAENEGCAPGGAAAAAGACCTCGAAA FFTCTA

M F N D AT I A K V P1I Y Y EN E R H Q K P K K Q F F E T F K S I

1600

1700

F L N A A G A K W S I *

TGAATGCGG

GTAAA7GAAGCCG¶VTAAGocsGCcAAAGAAGCTToGATAcTATC oGAIQATGAGCGTGCT'FnIX'C

AGCAGTCAGI SC?WGTATTrAQCQAAWICAGIACCrTTAACI:TGTICCIGTATACCGCQ(

lTQTQCAACQQAACTC7GCAAGAT 1800

GQC?rQQC'N'A ATAAAGATCCCQ 1900

CATCACCCQQGQATQQQCTATATT 2000

?PATcTAATC?1'ATGQcGAA5 £ zw sKiorroo:AAxTGcAz~GcAAccT 2100

CGGAAGCAAG xm c 2200

2300

AAGAAQQGAAGTQCGGATQGGAATCA TACTQQCTQTCrAGCCATGAT?CCAACATTAFFGcCOGAATFC 2377
FIG. 3. Nucleotide sequence of the dacB region from B. subtilis and deduced amino acid sequences of ORF-X (nts 169 to 464) and dacB

(nts 584 to 1735). The 17 amino acids that were identified by sequencing the NH2 terminus of the mature form of PBP 5* are underlined (amino
acid residues 28 through 44 of the preprotein). The three active-site motifs are in boldface. The stop codon for each gene is indicated with
an asterisk. The most likely ribosome-binding site for each gene is underlined, and the inverted repeats that may serve as termination
sequences are underlined with arrows. The sequences upstream of each gene that most closely match the promoter consensus sequence
recognized by sporulation-specific &E are labelled -10 and -35.
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590, which was preceded by a potential ribosome-binding
site (AG = -15.2 kcal [1 cal = 4.184 J]/mol), beginning at nt
574. There were 12 nts from the center of this sequence to
the first nucleotide of the putative start codon, which is
within the normal range for spacing of these two features
(19). There was a typical UAA stop codon at nt 1736,
followed by a sequence at nts 1878 to 1903 that could form a
stem-loop structure (AG = -12.1 kcal/mol), which may
serve as a rho-independent transcription termination site for
the dacB gene. This was the strongest potential termination
site in the last 700 nt of the sequence. In addition, it had the
typical characteristics of being GC rich and having a string of
uracils within 24 nts of its center (36).
We evaluated other ORFs on both strands in all reading

frames that did not overlap significantly with dacB. Only one
of them had a start codon that was preceded by a potential
ribosome-binding site. ORF-X extended from nt 168 to nt
464. There was a GUG start codon at nt 183, which was 12
nts downstream from the center of a likely ribosome-binding
site (AG = -17.8 kcal/mol) and not in the same reading
frame as dacB. The UAA stop codon was followed by a
potential transcription termination site (AG = -17.2 kcal/
mol) at nt 473 to 495. ORF-X had no homology of apparent
significance with any sequence in the protein or nucleic acid
data bases. It is not known whether ORF-X is actually
expressed.
The sequences preceding ORF-X and dacB were exam-

ined for possible promoters. In each case, the best match
among the published consensus sequences for B. subtilis
promoters (14, 15, 29) was with the -10 (ATACAAT) and
-35 (GTCATA) sequences recognized by sigma factor E
(OE)_

Features of the amino acid sequence of PBP 5*. The
NH2-terminal sequence of the purified protein extracted
from the cell membrane of B. subtilis was A-I-D-V-S-A-K-
X-A-I-I-I-D-G-G-A-S-G. This sequence was located 27
amino acid residues downstream from the putative transla-
tional start site for dacB (Fig. 3). The NH2-terminal peptide
that was not present in the mature protein had all of the
features of a cleavable NH2-terminal signal sequence; i.e.,
the amino terminus of the sequence had a net positive
charge, the middle part of the sequence was composed
primarily of hydrophobic residues, the +1 position was
alanine, there was an acidic residue in the immediate NH2-
terminal region of the mature protein, and the -3, -1 rule
was satisfied (53, 54).
Mature PBP 5* was 355 amino acids long and its mass was

calculated as 40,057 daltons, which is consistent with earlier
determinations of its apparent size (6, 43). Analysis of codon
usage within the dacB gene revealed no bias that would
suggest that this protein is expressed at an unusually high
level (40). However, a comparison of codon usage in dacB
with usage in the vegetatively expressed dacA gene, which
codes for PBP 5, did identify at least 10 codons for which the
bias in dacB is typical of genes involved in sporulation (40)
and the bias in dacA is not. There were no examples of
codon usage in which the reverse was true. The amino acid
composition of both the dacA and dacB genes was similar to
that of the average protein from B. subtilis (56).
PBP 5* is normally bound to the mother cell (sporangial)

and outer forespore membranes (9). By analogy with other
low-molecular-weight PBPs, it is likely that PBP 5* is
anchored in these membranes at its carboxy end and is
exposed very little, if at all, to the cytoplasm. However,
examination of its primary structure revealed no stretch of
uncharged amino acids long enough to span the membrane

FIG. 4. Carboxy-terminal amino acid sequences of B. subtilis
PBP 5 (residues 386 through 403) and PBP 5* (residues 335 through
352) depicted on helical wheels (39). The hydrophobic amino acids
are shaded.

bilayer as an al-helix (21 residues are typically required; 13).
Thus, the mechanism of its attachment is probably the same
as that of two carboxypeptidase-PBPs from E. coli and two
vegetative carboxypeptidase-PBPs from different Bacillus
species, all of which possess a carboxy-terminal amphiphilic
a-helix that associates with the membrane (22, 57). The
likelihood of this possibility was explored by drawing a
portion of the amino acid sequence as a helical wheel (39). It
was observed that the carboxy terminus of PBP 5* (from
Gln-335 through Lys-352) could form an 18-amino-acid am-
phiphilic helix (Fig. 4) which was 33% identical to the
sequence that corresponds to the membrane anchor of B.
subtilis PBP 5 (Phe-386 through Ser-403).

Comparison of PBP 5* with other PBPs. Comparison of the
amino acid sequence of PBP 5* (mature form) with the
full-length sequences of other low-molecular-weight PBPs
revealed at least 30% identity with each one, except for PBP
4 from E. coli (Table 1). The low homology (17%) with PBP
4 was expected, since this PBP shows poor homology with
all other PBPs (30). However, even 30% is a relatively low
level of overall identity when one considers that PBPs 5 and
6 from E. coli, both of which are low-molecular-weight PBPs
with D,D-carboxypeptidase activity, are 63% identical to one
another (5). Nevertheless, these results are consistent with
the fact that polyclonal antibodies raised against PBP 5* did
not detectably cross-react with any other PBP. A somewhat
greater degree of identity was observed when specific se-
quences within the active site were compared (Fig. 5).

All PBPs and class A f3-lactamases that have been se-
quenced have three conserved domains that are believed to

TABLE 1. Comparison of the 355-amino-acid PBP 5* sequence
with those of other low-molecular-weight PBPsa

No. of amino
Protein acids exclud- % Identity

ing leader to PBP 5*
sequence

E. coli PBP 4 457 (269)b 17 (22)"
B. subtilis PBP 5 399 31
E. coli PBP 5 374 30
E. coli PBP 6 373 31
B. subtilis spoIL4 PBP 366 34
Streptomyces sp. strain K15 PBP 262 35

a Full-length comparisons were done by the Bestfit program (gap weight =
3) with the Genetics Computer Group sequence analysis software package
(12).

b The values in parentheses were obtained by removal of an internal domain
of 188 amino acids that appears to be unique to PBP 4 (30).
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Active-site motif

23 KDZQI3RLI&SPZkMAVL 43
32 YHSQQMALP 8TQKVIALA& 52
26 INADKRLP IL 46
34 QNADVR3DPA8LIXMESYVI 54
29 GNADEKLDPA8LYXSYVV 49
31 INSNERLAPA8MYKX2n(LI 51
25 KAADTRRSTG8SIKTAKVV 45

SXN Motif
79 DLVYOLIEQRGDA&VAXA 99

277 DLLKINLKKSDNMiADTVFRm 297
91 ELYQATAIYSA&AAAIAXANI 111
101 QLIRGIN iQ8LCVAMADF 121
96 DLNKGVIIQSGUD&CIALADY 116
92 EMLKGIAIA8GD&SVAMANF 112
87 QLLYGLNLP8 YLDK 107

a-m Motif
184 VUJPYT I L 204
388 AGVDGKVSAEYQSLQGVYNLA 408
218 YKKATVDGLKOSTDSAGSCF 238
204 DNsLNvDGiKYHYKAGYNL 224
199 SSNLNEDI4RYOTAAG&GYNL 219
198 KFYPGVDGVKTGWNGEAEYCL 218
204 SSYSGAIGVRTSGPEAKYCL 224

% Identity
to PBP 5

100
33
43
33
38
43
43

100
24
43
52
48
48
62

100
14
28
33
33
52
38

FIG. 5. Alignment of the active-site motifs in low-molecular-
weight PBPs. The numbers associated with each sequence corre-

spond to its position within the mature PBP. The proteins, except
for PBP 5*, are listed in descending order based on the number of
residues in the mature protein.

be essential for either the three-dimensional structure or the
catalytic activity of the penicillin-interactive site on the
protein (17, 24, 46). PBP 5* appeared to be typical in this
regard. The highly conserved active-site motif SXXK was
found near the amino terminus at residues 33 to 36. The
SXN motif was located at residues 88 to 90, and the KTG
motif was at residues 193 to 195. The positions of these
conserved sequences relative to each other and to the two
ends of the protein were similar to the arrangements found
in other membrane-bound low-molecular-weight PBPs (24,
30).
For comparison with PBP 5*, we included among the

low-molecular-weight PBPs one whose existence has not
been confirmed. The spoIL4-PBP transcript is synthesized as
part of the spoIL4 operon relatively late in sporulation (58).
Its derived amino acid sequence bears significant homology
to the low-molecular-weight PBPs, and it has the three
conserved active-site motifs (Fig. 5). The sequence used in
our comparison with PBP 5* did not include the 23 NH2-
terminal residues of the spoILA PBP, as this peptide had all
of the characteristics of a cleavable signal sequence, and it
was assumed to be one. It should also be noted that our list
of low-molecular-weight PBPs (Table 1 and Fig. 5) includes
PBP 4 of E. coli and the Streptomyces sp. strain K15 PBP,
which are both essentially soluble proteins with no apparent
membrane anchor, although they do interact with the cell
membrane (30, 32). The Streptomyces sp. strain K15 PBP is
also exceptional in that it functions as a D,D-transpeptidase
rather than as a D,D-carboxypeptidase.
Dependence of PBP 5* production on spo genes. The

presence of a promoter recognition sequence for sporula-
tion-specific cu prompted us to examine more thoroughly
the production of PBP 5* in various sporulation mutants.
Results of previous such studies were consistent with the
notion that dacB was on a aE-dependent pathway, but they

TABLE 2. Dependence of PBP 5* production on spo genes

spo mutation Production
SJJO ~~~~~~~~~~~~ofPBP 5*

spoOA12............................................

spoOAA677............................................

spoOH4 ........... ................................. -

spoIIB131............................................ +
spoIID66 ............................................ +
spoIIE20 ............ ................................ -

spoIIE21 ............ ................................ -

spoIIGB41 .............. .............................. -

spoIIGB55 .............. .............................. -

AspoIIGB::erm.
spoIIIA35 ............................................ +
spoIIIC94 ............................................ +
spoIIID83 ............................................ +
spoIIIE36 ............................................ +
spoIIIGA&l ............................................ +
spoIVA178 ............................................ +
spoIVB165............................................ +
spoIVCB23 ............................................ +

were incomplete and, in some cases, inconclusive (43, 50).
For example, the absence of PBP 5* was reported for a
spoIIE mutant that was deficient in processing of the precur-
sor of crE, but there was no examination of mutants altered in
spoIIGB, the actual structural gene for this sigma factor (50).
We examined three different spoIIGB mutants, including one
with a deletion, and in each case there was no trace of PBP
5* by t6 of sporulation (Table 2). Our interpretation of the
results with these mutants and others was verified by immu-
noassay using purified anti-PBP 5*. This is an important
modification of previous studies in which the presence or
absence of PBP 5* was documented only by the penicillin-
binding assay. In some cases, the penicillin-binding assay
can be misleading because a protein with roughly the same
mobility as PBP 5*, but probably derived from one of the
higher-molecular-weight PBPs, is present in the sample (for
example, see Fig. 3g in reference 50). On several occasions,
we observed the appearance during sporulation of a poly-
peptide that cross-reacted with anti-PBP 5, but not anti-PBP
5*, which was easy to confuse with PBP 5* on a fluorograph
of radiolabelled PBPs (data not shown).
The results presented here (Table 2) verify earlier reports

on spoOA, spoOH, spoIIE20, spoIHL4, spoIVA, and spoIVB
(43, 50) and extend the analysis to include mutants in the
structural genes for not only or (spoIIGB) but also fore-
spore-specific crG (spoIIIG) and late mother cell-specific ogK
(spoIIIC and spoIVCB). We conclude that dacB is indeed on
a o'E-dependent pathway.

DISCUSSION

The gene for sporulation-specific PBP 5* from B. subtilis
was cloned and sequenced. We named it dacB, which
reflects the fact that it is the second D-alanyl-D-alanine
carboxypeptidase-PBP gene to be identified in this species.
Its sequence is the first complete one to be obtained for any
PBP gene from Bacillus spp. What we learned from an

analysis of dacB confirms our hypothesis that PBP 5* is
related to other D,D-peptidases-PBPs, although so far it
is the only PBP that is synthesized exclusively during
sporulation. Among the structural features that PBP 5*
has in common with most other low-molecular-weight PBPs
are a cleavable NH2-terminal signal sequence, a carboxy-

Protein

B. sublids PBP 5
E. coli PBP 4

. subdis PBP5
E. coti PBP S
E. coi PBP 6
B. subdils piA-PBP
STptomyces K1S PBP

B. subtilis PBP 5
E. col PBP 4
B. sulis PBP S
E. coli PBP S
E. coli PBP 6
B. subtilis spoIA-PBP
Strepto7mycs K1S PBP

B. sulibtls PBP 5
E. coli PBP 4
B. stilis PBP5
E. coli PBP S
E. coli PBP 6
B. subdis IpoA-PBP
Sfreptoycs K1S PBP
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terminal sequence that can form a potential membrane
anchor as an amphilphilic a-helix, three conserved active-
site domains, and overall sequence identity of at least 30%.
These new data are consistent with other features that were
already known, namely, that PBP 5* is membrane bound in
B. subtilis, reacts enzymatically with ,B-lactam antibiotics,
and has D,D-carboxypeptidase activity in vitro (10, 43, 49,
50).
There are no features of the amino acid sequence of PBP

5* that suggest that there are any major structural differences
between this sporulation-specific PBP and vegetative PBPs.
In addition, a comparison of PBP 5* with a second poten-
tially sporulation-specific PBP (the PBP-like protein encoded
within the spoILA operon; 58) did not reveal significantly
greater homology between them than between either one of
them and vegetative PBP 5 from the same species. These
results suggest that if there are any differences between
these proteins that relate to their sporulation or vegetative
specificity, they are more likely to be found at the functional
rather than the structural level. It seems reasonable to
expect that the intracellular conditions during sporulation or
the novel structure of the cortical peptidoglycan would
dictate the need for one or more sporulation-specific PBPs
with some properties different from the vegetative ones.
However, these differences may become evident only when
more detailed comparative enzymologic investigation is
done on the purified PBPs.
Sequence analysis has also provided support for the

hypothesis that dacB expression is dependent on recognition
of the gene by one of the sporulation-specific sigma factors.
Both the temporal regulation of expression and the compart-
mental location of synthesis of a number of proteins essential
to sporulation are determined by alternative forms of sigma
factors that sequentially modify the specificity of RNA
polymerase as sporulation progresses. As expected, there
was no complete recognition sequence for the vegetative
RNA polymerase in the 570-nucleotide sequence preceding
dacB. On the other hand, not far upstream from the ribo-
some-binding site of dacB there was a good match with the
-10 and -35 consensus promoter regions recognized by
stage II sporulation sigma factor u-. The same -10 region
also matched the consensus sequence for oK, but PBP 5* is
synthesized by sporulating cells before the stage when this
sigma factor is formed (25, 43). Thus, we can tentatively
conclude that expression of dacB is on a ae-dependent
pathway.
There is strong support for the above conclusion in the

results of studies of PBP 5* production by various o
mutants (Table 2; 50). PBP 5* is not synthesized when oyis
absent (spoIIGB mutants) or unprocessed (spoIIE mutants).
In addition, localization of PBP 5* in the outer forespore
membrane rather than the inner forespore membrane led us
to suggest earlier that PBP 5* was probably synthesized
exclusively in the mother cell compartment (9). Now, we can
point to the likely mechanism for this compartmentalization,
since it is or-containing RNA polymerase that is responsible
for early mother cell-specific gene expression during sporu-
lation (21).

It was somewhat unexpected that a full-length, enzymat-
ically active PBP 5* could be synthesized from the cloned
gene in E. coli with no apparent effect on host viability. This
result was in sharp contrast to the problems encountered
when attempts were made to clone dacA, the B. subtilis gene
for vegetative PBP 5 (51). In fact, the 5' end of the dacA gene
has not been cloned. One possible explanation for the
difference is that expression from the vegetative promoter of

dacA may have been so efficient in E. coli that it either was
lethal to the cell or favored genetic rearrangements that
deleted the promoter, whereas expression from the minor
sporulation promoter of dacB did not lead to excessive or
toxic levels of PBP 5*.
Although the PBPs of B. subtilis were first described 2

decades ago (1), not much is known about their specific roles
in vivo. Probably the single greatest limitation in these
studies has been the absence of a selection for PBP mutants
(6). This is just the opposite of the situation with E. coli,
where the ease of obtaining mutants paved the way very
early for significant progress towards an understanding of its
PBPs (45). With the cloned dacB gene in hand and the ability
to manipulate it, we are beginning to overcome this handi-
cap. For example, we have recently succeeded in inactivat-
ing the dacB gene by insertion of a plasmid bearing an
internal fragment of the gene. The null mutant produced
heat-sensitive spores (8), which is consistent with our hy-
pothesis (43) that PBP 5* is required for cortex synthesis.
Preliminary mapping of the inactivated gene placed dacB
between lys (2100) and aroC (2060) on the B. subtilis genetic
map, which is a region that contains no reported spo loci (8,
34). The location of dacB is also quite distant from that of
dacA, the only other PBP gene of B. subtilis that has been
mapped (7).

ACKNOWLEDGMENTS

We thank Ann Gustafson for excellent technical assistance and
Ahmed Yanouri for his invaluable contribution to the dacB se-
quence.

This work was supported by Public Health Service grant GM-
43564 from the National Institutes of Health.

REFERENCES

1. Blumberg, P. M., and J. L. Strominger. 1972. Five penicillin-
binding components occur in Bacillus subtilis membranes. J.
Biol. Chem. 247:8107-8113.

2. Blumberg, P. M., and J. L. Strominger. 1974. Covalent affinity
chromatography as a means of purifying the penicillin binding
components from bacterial membranes. Methods Enzymol.
34:401-405.

3. Bonner, W. M., and R. A. Laskey. 1974. A film detection
method for tritium-labeled proteins and nucleic acids in poly-
acrylamide gels. Eur. J. Biochem. 46:83-88.

4. Boyer, H. W., and D. Roulland-Dussoix. 1969. A complementa-
tion analysis of the restriction and modification of DNA in
Escherichia coli. J. Mol. Biol. 41:459-472.

5. Broome-Smith, J. K., I. Ioannidis, A. Edelman, and B. G. Spratt.
1988. Nucleotide sequences of the penicillin-binding protein 5
and 6 genes of Escherichia coli. Nucleic Acids Res. 16:1617.

6. Buchanan, C. E. 1988. Variations in the penicillin-binding pro-
teins of Bacillus subtilis, p. 332-342. In P. Actor, L. Daneo-
Moore, M. L. Higgins, M. R. J. Salton, and G. D. Shockman
(ed.), Antibiotic inhibition of bacterial cell surface assembly and
function. American Society for Microbiology, Washington,
D.C.

7. Buchanan, C. E., and A. Gustafson. 1991. Mapping of the gene
for a major penicillin-binding protein to a genetically conserved
region of the Bacillus subtilis chromosome and conservation of
the protein among related species of Bacillus. J. Bacteriol.
173:1807-1809.

8. Buchanan, C. E., and A. Gustafson. Unpublished data.
9. Buchanan, C. E., and S. L. Neyman. 1986. Correlation of

penicillin-binding protein composition with different functions
of two membranes in Bacillus subtilis forespores. J. Bacteriol.
165:498-503.

10. Buchanan, C. E., and M. 0. Sowell. 1983. Stability and synthesis
of the penicillin-binding proteins during sporulation. J. Bacte-

VOL. 174, 1992



1724 BUCHANAN AND LING

riol. 156:545-551.
11. Buchanan, C. E., and J. L. Strominger. 1976. Altered penicillin-

binding components in penicillin-resistant mutants of Bacillus
subtilis. Proc. Natl. Acad. Sci. USA 73:1816-1820.

12. Devereux, J., P. Haeberli, and 0. Smithies. 1984. A comprehen-
sive set of sequence analysis programs for the VAX. Nucleic
Acids Res. 12:387-395.

13. Engelman, D. M., T. A. Steitz, and A. Goldman. 1986. Identify-
ing nonpolar transbilayer helices in amino acid sequences of
membrane proteins. Annu. Rev. Biophys. Biophys. Chem.
15:321-353.

14. Errington, J. 1991. Possible intermediate steps in the evolution
of a prokaryotic developmental system. Proc. R. Soc. London B
Biol. Sci. 244:117-121.

15. Foulger, D., and J. Errington. 1991. Sequential activation of
dual promoters by different sigma factors maintains spoVJ
expression during successive developmental stages of Bacillus
subtilis. Mol. Microbiol. 5:1363-1373.

16. Frere, J.-M., and B. Joris. 1984. Penicillin-sensitive enzymes in
peptidoglycan biosynthesis. Crit. Rev. Microbiol. 11:299-396.

17. Ghuysen, J.-M. 1991. Serine P-lactamases and penicillin-binding
proteins. Annu. Rev. Microbiol. 45:37-67.

18. Hageman, J. H., G. W. Shankweiler, P. R. Wall, K. Franich,
G. W. McCowan, S. M. Cauble, J. Grajeda, and C. Quinones.
1984. Single, chemically defined sporulation medium for Bacil-
lus subtilis: growth, sporulation, and extracellular protease
production. J. Bacteriol. 160:438-441.

19. Hager, P. W., and J. C. Rabinowitz. 1985. Translational speci-
ficity in Bacillus subtilis, p. 1-32. In D. A. Dubnau (ed.), The
molecular biology of the bacilli, vol. II. Academic Press, Inc.,
Orlando, Fla.

20. Huynh, T. V., R. A. Young, and R. W. Davis. 1985. Constructing
and screening cDNA libraries in AgtlO and Agtll, p. 49-78. In
D. M. Glover (ed.), DNA cloning, vol. I. A practical approach.
IRL Press, Oxford.

21. Illing, N., and J. Errington. 1991. The spoIILA operon of
Bacillus subtilis defines a new temporal class of mother-cell-
specific sporulation genes under the control of the o(r form of
RNA polymerase. Mol. Microbiol. 5:1927-1940.

22. Jackson, M. E., and J. M. Pratt. 1987. An 18 amino acid
amphiphilic helix forms the membrane-anchoring domain of the
Escherichia coli penicillin-binding protein 5. Mol. Microbiol.
1:23-28.

23. Johnson, D. A., J. W. Gautsch, J. R. Sportsman, and J. H.
Elder. 1984. Improved technique utilizing nonfat dry milk for
analysis of proteins and nucleic acids transferred to nitrocellu-
lose. Gene Anal. Tech. 1:3-8.

24. Joris, B., J.-M. Ghuysen, G. Dive, A. Renard, 0. Dideberg, P.
Charlier, J.-M. Frere, J. A. Kelly, J. C. Boyington, P. C. Moews,
and J. R. Knox. 1988. The active-site-serine penicillin-recogniz-
ing enzymes as members of the Streptomyces R61 DD-peptidase
family. Biochem. J. 250:313-324.

25. Kunkel, B., K. Sandman, S. Panzer, P. Youngman, and R.
Losick. 1988. The promoter for a sporulation gene in the spoIVC
locus of Bacillus subtilis and its use in studies of temporal
and spatial control of gene expression. J. Bacteriol. 170:3513-
3522.

26. Matsudaira, P. 1987. Sequence from picomole quantities of
proteins electroblotted onto polyvinylidene difluoride mem-
branes. J. Biol. Chem. 262:10035-10038.

27. Mead, D. A., E. Szczesna-Skorupa, and B. Kemper. 1986.
Single-stranded DNA 'blue' T7 promoter plasmids: a versatile
tandem promoter system for cloning and protein engineering.
Prot. Eng. 1:67-74.

28. Messing, J. 1983. New M13 vectors for cloning. Methods
Enzymol. 101:20-78.

29. Moran, C. P. 1989. Sigma factors and the regulation of tran-
scription, p. 167-184. In I. Smith, R. A. Slepecky, and P. Setlow
(ed.), Regulation of procaryotic development. American Soci-
ety for Microbiology, Washington, D.C.

30. Mottl, H., P. Terpstra, and W. Keck. 1991. Penicillin-binding
protein 4 of Escherichia coli shows a novel type of primary
structure among penicillin-interacting proteins. FEMS Micro-

biol. Lett. 78:213-220.
31. Olmsted, J. B. 1986. Analysis of cytoskeletal structures using

blot-purified monospecific antibodies. Methods Enzymol. 134:
467-472.

32. Palomeque-Messia, P., S. Englebert, M. Leyh-Bouille, M.
Nguyen-Disteche, C. Duez, S. Houba, 0. Dideberg, J. Van
Beeumen, and J.-M. Ghuysen. 1991. Amino acid sequence of the
penicillin-binding protein/DD-peptidase of Streptomyces K15.
Biochem. J. 279:223-230.

33. Piggot, P. J. 1973. Mapping of asporogenous mutations of
Bacillus subtilis: a minimum estimate of the number of sporu-
lation operons. J. Bacteriol. 114:1241-1253.

34. Piggot, P. J. 1989. Revised genetic map of Bacillus subtilis 168,
p. 1-41. In I. Smith, R. A. Slepecky, and P. Setlow (ed.),
Regulation of procaryotic development. American Society for
Microbiology, Washington, D.C.

35. Price, C. W., and R. H. Doi. 1985. Genetic mapping of rpoD
implicates the major sigma factor of Bacillus subtilis RNA
polymerase in sporulation initiation. Mol. Gen. Genet. 201:88-
95.

36. Rosenberg, M., and D. Court. 1979. Regulatory sequences
involved in the promotion and termination of RNA transcrip-
tion. Annu. Rev. Genet. 13:319-353.

37. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

38. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

39. Schiffer, M., and A. B. Edmundson. 1967. Use of helical wheels
to represent the structures of proteins and to identify segments
with helical potential. Biophys. J. 7:121-135.

40. Shields, D. C., and P. M. Sharp. 1987. Synonymous codon usage
in Bacillus subtilis reflects both translational selection and
mutational biases. Nucleic Acids Res. 15:8023-8040.

41. Snyder, M., S. Elledge, D. Sweetser, R. A. Young, and R. W.
Davis. 1987. Xgtll: gene isolation with antibody probes and
other applications. Methods Enzymol. 154:107-128.

42. Soberon, X., L. Cobarrubias, and F. Bolivar. 1980. Construction
and characterization of new cloning vehicles. IV. Deletion
derivatives of pBR322 and pBR325. Gene 9:287-305.

43. Sowell, M. O., and C. E. Buchanan. 1983. Changes in penicillin-
binding proteins during sporulation of Bacillus subtilis. J. Bac-
teriol. 153:1331-1337.

44. Spizizen, J. 1958. Transformation of biochemically deficient
strains of Bacillus subtilis by deoxyribonucleate. Proc. Natl.
Acad. Sci. USA 44:1072-1078.

45. Spratt, B. G. 1977. Temperature-sensitive cell division mutants
of Escherichia coli with thermolabile penicillin-binding proteins.
J. Bacteriol. 131:293-305.

46. Spratt, B. G., and K. D. Cromie. 1988. Penicillin-binding pro-
teins of gram-negative bacteria. Rev. Infect. Dis. 10:699-711.

47. Suh, J.-W., S. A. Boylan, and C. W. Price. 1986. Gene for the
alpha subunit of Bacillus subtilis RNA polymerase maps in the
ribosomal protein gene cluster. J. Bacteriol. 168:65-71.

48. Tinoco, I., P. N. Borer, B. Dengler, M. D. Levine, 0. C.
Uhlenbeck, D. M. Crothers, and J. Gralla. 1973. Improved
estimation of secondary structure in ribonucleic acids. Nature
(London) New Biol. 246:40-41.

49. Todd, J. A., E. J. Bone, and D. J. Ellar. 1985. The sporulation-
specific penicillin-binding protein Sa from Bacillus subtilis is a
DD-carboxypeptidase in vitro. Biochem. J. 230:825-828.

50. Todd, J. A., E. J. Bone, P. J. Piggot, and D. J. Ellar. 1983.
Differential expression of penicillin-binding protein structural
genes during Bacillus subtilis sporulation. FEMS Microbiol.
Lett. 18:197-202.

51. Todd, J. A., A. N. Roberts, K. Johnstone, P. J. Piggot, G.
Winter, and D. J. Ellar. 1986. Reduced heat resistance of mutant
spores after cloning and mutagenesis of the Bacillus subtilis
gene encoding penicillin-binding protein 5. J. Bacteriol. 167:
257-264.

52. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic
transfer of proteins from polyacrylamide gels to nitrocellulose

J. BACTERIOL.



ANALYSIS OF THE GENE FOR A SPORULATION-SPECIFIC PBP 1725

sheets: procedure and some applications. Proc. Natl. Acad. Sci.
USA 76:4350-4354.

53. von Helne, G. 1986. Net N-C charge imbalance may be impor-
tant for signal sequence function in bacteria. J. Mol. Biol.
192:287-290.

54. von Heine, G. 1986. A new method for predicting signal
sequence cleavage sites. Nucleic Acids Res. 14:4683-4690.

55. Wahl, G. M., and S. L. Berger. 1987. Screening colonies or

plaques with radioactive nucleic acid probes. Methods En-
zymol. 152:415-432.

56. Wang, L.-F., and R. H. Doi. 1986. Nucleotide sequence and
organization of Bacillus subtilis RNA polymerase major sigma

(a43) operon. Nucleic Acids Res. 14:4293-4307.
57. Waxman, D. J., and J. L. Strominger. 1981. Primary structure of

the COOH-terminal membranous segment of a penicillin-sensi-
tive enzyme purified from two bacilli. J. Biol. Chem. 256:2067-
2077.

58. Wu, J.-J., and P. J. Piggot. 1990. Regulation of late expression
of the Bacillus subtilis spoIL4 locus: evidence that it is cotrans-

cribed with the gene for a putative penicillin-binding protein, p.

321-327. In M. M. Zukowski, A. T. Ganesan, and J. A. Hoch
(ed.), Genetics and biotechnology of bacilli, vol. 3. Academic
Press, Inc., San Diego.

59. Xu, Q.-Y., and J. E. Shively. 1988. Microsequence analysis of
peptides and proteins. VIII. Improved electroblotting of pro-

teins onto membranes and derivatized glass-fiber sheets. Anal.
Biochem. 170:19-30.

60. Young, R. A., and R. W. Davis. 1983. Efficient isolation of genes
by using antibody probes. Proc. Natl. Acad. Sci. USA 80:1194-
1198.

61. Zhou, C., Y. Yang, and A. Y. Jong. 1990. Mini-prep in ten
minutes. BioTechniques 8:172-173.

62. Zhu, Y. F., I. H. A. Curran, B. Joris, J.-M. Ghuysen, and J. 0.

Lampen. 1990. Identification of BlaR, the signal transducer for
3-lactamase production in Bacillus licheniformis, as a penicillin-

binding protein with strong homology to the OXA-2 P-lactamase
(class D) of Sabnonella typhimurium. J. Bacteriol. 172:1137-1141.

VOL. 174, 1992


