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Escherichia coli spr (suppressor of prc) mutants and nlpI mutants show thermosensi-
tive growth. The thermosensitivity of the spr mutants was suppressed by the nlpI
mutations. Expression of the fusion genes encoding hexa-histidine-tagged NlpI (NlpI-
His) and purification of the tagged NlpI showed that NlpI-His bound with Prc pro-
tease and IbpB chaperone. NlpI-His with the amino acid substitution of G103D did not
bind with either of these proteins, while NlpI-His variants (NlpI-284-His, NlpI-Q283-
His, and NlpI-G282-His) lacking 10 to 12 residues from the carboxy terminus bound
with both proteins. The tagged NlpI lacking 11 amino acid residues from the carboxy
terminus was processed by Prc, but that lacking 12 residues was not. The thermosen-
sitivity of the nlpI mutant was corrected by the production of the former NlpI vari-
ant, but not by production of the latter. Expression of the truncated NlpI that lacked
10 or 11 residues from the carboxy terminus corrected the thermosensitivity of the
prc nlpI double mutant, while expression of the full-length NlpI did not. Thus, it was
suggested that NlpI was activated by Prc protease processing.
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The product of the Escherichia coli prc gene is a protease
located in the periplasm (1). This protease is responsible
for processing the carboxy (C)-terminal region of penicil-
lin-binding protein (PBP) 3 (2, 3), which is known to be a
lipoprotein (4) having peptidoglycan-synthesizing activ-
ity (5). It is also known as Tsp protease because it
degrades incomplete polypeptide chains with a particular
C-terminal tag specified by 10Sa RNA (6).

The prc mutant does not grow at 42°C (1). This thermo-
sensitivity is suppressed by a mutation of the spr gene (7)
that encodes a putative lipoprotein having a signal amino
acid sequence for modification by lipid (8, 9). Mutants of
spr alone also show thermosensitive growth, and this
thermosensitivity is suppressed by overproduction of PBP
7 (7), which is reported to be a meso-diaminopimelate-D-
alanine DD-endopeptidase (10). Spr is supposed to have
peptidoglycan-hydrolyzing peptidase activity because its
amino acid sequence shows significant homology to γ-D-
glutamyl-L-diamino acid endopeptidase II of Bacillus
sphaericus (11, 12).

We here isolated thermoresistant revertants from the
spr strain and found that a mutation in nlpI, the gene for
another lipoprotein (13), suppressed the thermosensitiv-
ity of the spr mutant. We detected interaction of the
hexa-histidine-tagged NlpI with other proteins including
the Prc (Tsp) protease.

MATERIALS AND METHODS

Bacterial Strains—The bacterial strains used are
derivatives of E. coli K-12 and are described in Table 1.
JE7951 is the spr-1 derivative of W3110. To produce ther-
moresistant suppressor mutants, several colonies of
JE7951 (spr-1) isolated on an L agar plate were grown
overnight in L broth separately, and each culture was
plated on a salt-free 1/2L agar plate (1) and incubated at
42°C overnight. One colony from each plate was picked
up, purified at 30°C, and then the thermoresistance was
confirmed on a salt-free 1/2L agar plate. The recJ strain,
KM354, was used to construct the gene disruptant (14).

Plasmids—A plasmid, pHR596 (H. Hara and Y.
Nishimura, unpublished), was constructed from a 0.57-
kb fragment carrying the wild-type spr gene and the vec-
tor pTrc99A (15). A gene library was constructed from 2–
6 kb of partially digested Sau3AI fragments of the chro-
mosomal DNA of W3110 and the vector pCL1920 (16)
digested with BamHI. pNI1 was selected from the gene
library as a plasmid that corrected the thermosensitive
growth of Rev1 harboring pHR596 (Fig. 1). pNI1 was
digested with ScaI and ligated with the chloramphenicol-
resistant fragment (cm) from pKRP10 (17) to construct
pNI2 (Fig. 1). pNI3 was constructed from the 6.8-kb KpnI
fragment of pNI1 through self-ligation (Fig. 1). The 1.4-
kb PstI fragment of pNI1 was cloned into the same site of
pCL1920 to construct pNI4 (Fig. 1). The wild-type and
mutant nlpI genes were cloned into the vector pBAD
Myc-His C (Invitrogen) to construct the fusion genes. To
construct pNI5 encoding the hexa-histidine-tagged NlpI,
the nlpI in the chromosomal DNA of W3110 was ampli-
fied by PCR using primers containing the NcoI site
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(underlined), 5′-TGGGCCATGGAGCCTTTTTTGCG-3′ and
5′-GTCACCATGGGCTGGTCCGATTCTGCC-3′. The ampli-
fied DNA was digested with NcoI, then inserted into the
same site of pBAD Myc-His C. To construct pNI6 encod-
ing the hexa-histidine-tagged NlpI with the amino-acid
substitution G103D, the mutated nlpI in the chromo-
somal DNA of Rev3 (spr-1 nlpI3) was amplified by PCR
using the primers described above, and the amplified
DNA was digested with the NcoI and inserted into the
same site of pBAD Myc-His C. To construct pNI7 encod-
ing the truncated and hexa-histidine-tagged NlpI, the
fragment containing the truncated nlpI was amplified by
PCR using the forward primer 5′-TGGGCCATGGAGC-
CTTTTTTGCG-3′ and the reverse primer 5′-GGTCCAT-
GGGGTCCTGGCCC-3′. The amplified DNA was digested
with NcoI, then inserted into the same site of pBAD Myc-
His C. pNI8 and pNI9 were constructed in the same way
as pNI7 except that 5′-CATCCATGGCCTGGCCCAGG-3′
or 5′-CTTCCATGGGGCCCAGGAGC-3′, respectively, was
used as the reverse primer in PCR. To construct pNI10
encoding NlpI, the nlpI in the chromosomal DNA of
W3110 was amplified by PCR using the forward primer
containing the NcoI site (underlined) 5′-TGGGCCAT-
GGAGCCTTTTTTGCG-3′ and the reverse primer con-
taining the BamHI site (underlined) 5′-TGGATCCGGCT-
CAAAGTAGG-3′. The amplified DNA was digested with
NcoI and BamHI and inserted into the same sites of
pTrc99A. pNI12, pNI13, and pNI14 were constructed in
the same way as pNI10 except that 5′-CCAGGGATCCT-
TAGTCCTGGCC-3′, 5′-GTCAGGATCCTACTGGCCCAG-

3′, or 5′-ATCTGGATCCTAGCCCAGGAG-3′, respectively,
was used as the reverse primer containing the BamHI
site (underlined) in PCR. The amplified DNA was
digested with NcoI and BamHI and then inserted into
the same sites of pTrc99A.

Expression and Purification of Hexa-Histidine-Tagged
NlpI Protein—E. coli cells were transformed with the
recombinant plasmids. The transformants were grown in
L broth at 42°C for 4 h, then incubated in L broth con-
taining 0.01% arabinose at 42°C for 4 h for expression of
the fusion genes. Cells from 400 ml of medium were col-
lected, washed once with ice-cold 50 mM sodium phos-
phate buffer (pH 8.0) containing 300 mM NaCl (buffer A),
suspended in 4 ml of the buffer A containing 10 mM imi-
dazole and 1% Triton X-100, and disrupted by sonication
with cooling by ice-water. The mixture was centrifuged
for 15 min at 17,700 ×g to obtain a clear lysate. Four mil-
liliters of the supernatant was mixed with 1 ml of nickel-
nitrilotriacetic acid (Ni-NTA) resin and incubated with
rotation for 2 h at 4°C. The mixture was loaded onto an
open column. The column was washed with 4 ml each of
buffer A containing 20 mM imidazole and then contain-
ing 40 mM imidazole. The bound proteins were eluted
with 1.2 ml of buffer A containing 100 mM imidazole, and
fractions of 0.4 ml were collected.

Mass Spectrometry Analysis—An electrospray ion trap
mass spectrometer (LCQ DECA XP ion trap mass sys-
tem, Thermo Electron) coupled online with a capillary
HPLC (Magic 2002, Michrom BioResources) was used to
acquire MS/MS spectra. A 0.2 × 50 mm MAGICMS C18

Table 1. Bacterial strains

Strain Relevant characteristics Source or reference
W3110 wild type Laboratory stock
JE7951 spr-1 (7)
JE7934 prc∆::neo (7)
JE7456 str xyl argG Laboratory stock
CAG12072 zgj-203::Tn10 (26)
TOP10 recA1 araD139 ∆(araA-leu) 7697 Invitrogen
Rev1 spr-1 nlpI1 Spontaneously from JE7951
Rev2 spr-1 nlpI2 Spontaneously from JE7951
Rev3 spr-1 nlpI3 Spontaneously from JE7951
Rev4 spr-1 nlpI4 Spontaneously from JE7951
Rev5 spr-1 nlpI5 Spontaneously from JE7951
Rev6 spr-1 nlpI6 Spontaneously from JE7951
TAR1 str xyl argG zgj-203::Tn10 CAG12072 (P1) × JE7456
TAR2 argG zgj-203::Tn10 TAR1 (P1) × W3110
TAR3 spr-1 argG zgj-203::Tn10 TAR1 (P1) × JE7951
KM354 recJ pTP223 gam bet exo (14)
MU2 nlpI::cm Derived from KM354 by transformation with linearized nlpI::cm DNA
MU24 nlpI::cm MU2 (P1) × W3110
MU25 nlpI1 Rev1 (P1) × TAR2
MU26 nlpI2 Rev2 (P1) × TAR2
MU27 nlpI3 Rev3 (P1) × TAR2
MU124 spr-1 nlpI::cm MU2 (P1) × JE7951
MU125 spr-1 nlpI1 Rev1 (P1) × TAR3
MU126 spr-1 nlpI2 Rev2 (P1) × TAR3
MU127 spr-1 nlpI3 Rev3 (P1) × TAR3
PN1 prc∆::neo nlpI::cm MU24 (P1) × JE7934
HSB1 ibpB::cm Derived from KM354 by transformation with linearized ibpB::cm DNA
HSB2 ibpB::cm HSB1 (P1) × W3110
HSB3 spr-1 ibpB::cm HSB1 (P1) × JE7951
J. Biochem.
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column (5 mm particle diameter, 200 Å pore size) with
mobile phases of A (water:acetonitrile:formic acid, 98:2:
0.1) and B (water:acetonitrile:formic acid, 10:90:0.1) was
used with a gradient of 5–65% in 40 min.

RESUSTS AND DISCUSSION

Isolation of Suppressor Mutants and Determination of
Suppressor Mutation Allele—Six thermoresistant rever-
tants were isolated independently from the spr-1 mutant,
JE7951. The introduction of an spr+-carrying plasmid
pHR596 into each of the revertants made each strain
thermosensitive in growth at low osmolarity again, indi-
cating that the suppressor mutations alone caused ther-
mosensitivity as the spr mutations alone did.

The thermoresistant revertant Rev1 harboring pHR596
(spr+) was transformed with a gene library constructed
from the chromosomal DNA of W3110, and the thermore-
sistant transformants were selected on salt-free 1/2L
agar at 42°C. The plasmid pNI1 carrying a fragment cor-
responding to the 71.2 min region of the E. coli chromo-

some was found in a thermoresistant transformant (Fig.
1). The introduction of plasmid pNI4 containing the
intact nlpI encoding a lipoprotein (13) into Rev1 harbor-
ing pHR596 made the cell thermoresistant, but the intro-
duction of either plasmid pNI2 or pNI3 containing the
disrupted nlpI did not (Fig. 1). Thus, the suppressor
mutation in Rev1 was supposed to be within the nlpI
gene. The other strains harboring pHR596, namely,
Rev2, Rev3, Rev4, Rev5, and Rev6, were also made ther-
moresistant by introduction of pNI1.

The DNA fragments containing nlpI of these six strains
were amplified by PCR, and the nucleotide sequences
were determined. In every strain, there was a mutation
in the coding region of nlpI (Fig. 2). There were nonsense
mutations in nlpI1, nlpI4, and nlpI6, frame-shift muta-
tions in nlpI2 and nlpI5, and a missense mutation in
nlpI3 that caused the amino-acid substitution of G103D.

To construct various nlpI mutants with a defined
genetic background, TAR2 (argG zgj-203::Tn10) and TAR3
(spr-1 argG zgj-203::Tn10) were transduced with phage
P1 lysates prepared on Rev1, Rev2, and Rev3, respec-
tively. ArgG+ transductants were selected on Davis mini-
mal agar plates (18) at 30°C. The transductants, MU25
(nlpI1), MU26 (nlpI2), and MU27 (nlpI3), derived from
the spr+ strain TAR2 showed thermosensitive growth.
The cotransduction frequencies of argG+ and the thermo-
sensitive allele were 64% (32/48), 54% (26/48), and 37%
(18/48) in the transduction with P1 lysate from Rev1,
Rev2 and Rev3, respectively. The thermosensitivity of
these strains was corrected by introducing pNI1 (nlpI+).
On the other hand, the transductants MU125 (spr-1
nlpI1), MU126 (spr-1 nlpI2), and MU127 (spr-1 nlpI3),
derived from the spr mutant TAR3, showed thermoresist-
ant growth. The cotransduction frequencies of argG+ and
the thermoresistant allele were 72% (35/48), 87% (42/48),
and 81% (39/48) in the transduction with P1 lysate from
Rev1, Rev2, and Rev3, respectively. A strain carrying
nlpI disrupted with the chloramphenicol-resistant cas-
sette was constructed from the recJ strain KM354 by
transformation with the linearized pNI2 (nlpI::cm). The
disrupted nlpI was also introduced into W3110 (wild-
type) and JE7951 (spr-1) by P1 transduction. MU24 (nlpI:
:cm) derived from W3110 was thermosensitive, while
MU124 (spr-1 nlpI::cm) derived from JE7951 was ther-
moresistant. Thus it was confirmed that the nlpI muta-
tion did suppress the thermosensitive growth of the spr
mutation.

Construction of the Gene Encoding Hexa-Histidine-
Tagged NlpI and Correction of the nlpI Mutation—There
are five tetratricopeptide repeat (TPR) motifs (13, 19) in
the amino acid sequence of NlpI (Fig. 2). These motifs are
known to mediate intermolecular protein-protein inter-
actions that lead to the formation of protein complexes
(20, 21). In order to identify the proteins that interact
with NlpI, nlpI fusion genes encoding hexa-histidine-
tagged proteins were constructed, because purification of
hexa-histidine-tagged proteins in non-denaturing condi-
tions has been reported to be a convenient method to
detect protein-protein interactions (22). The NlpI lacking
the C-terminal glutamine and followed by 41 extra resi-
dues containing a hexa-histidine tag (NlpI-His) was
encoded by the fusion gene in pNI5 (Fig. 1). The mutated
NlpI with the amino acid substitution of G103D (NlpI-

Fig. 1. Plasmids carrying the region of the nlpI gene and
complementation of the thermosensitive (Ts) growth defect.
Arrowheads denote the directions of the promoters on the vector
pCL1920, pBAD Myc-His C, and pTrc99A. The PBAD promoter reg-
ulates the expression of the downstream nlpI fusion genes encoding
hexa-histidine-tagged proteins. The asterisk marks a mutation site
of nlpI3. The hatched boxes indicate the sequences of 134 nucle-
otides in the vector pBAD Myc-His C encoding a part of the Myc
epitope and the hexa-histidine tag. Restriction sites: P, PstI; K,
KpnI; S, ScaI.
Vol. 135, No. 2, 2004
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G103D-His) and with the C-terminal modified region as
the above protein was encoded in pNI6. The fusion genes
in pNI7, pNI8, and pNI9 encoded the truncated NlpI
lacking the C-terminal 10, 11, and 12 amino acids,
respectively, followed by the same extra sequences as the
above fusion proteins. The products encoded in pNI7,
pNI8, and pNI9 were designated NlpI-D284-His, NlpI-
Q283-His, and NlpI-G282-His, respectively. The thermo-
sensitive growth of the nlpI disruptant, MU24, was cor-
rected by the introduction of pNI5 (encoding NlpI-His),
but not by the introduction of pNI6 (encoding NlpI-
G103D-His) (Fig. 1). Thus the production of NlpI-His cor-
rected the defect that was caused by the lack of the wild-
type NlpI, although the production of NlpI-G103D-His
did not. The introduction of pNI7 (encoding NlpI-D284-
His) or pNI8 (encoding NlpI-Q283-His) corrected the
thermosensitivity of MU24, but introduction of pNI9
(encoding NlpI-G282-His) did not. This result showed
that the C-terminal 11 amino acid residues of the nascent
NlpI protein were not necessary for the function of NlpI
but that the lack of 12 residues in NlpI impaired the
function.

Detection of Proteins that Bind with the Hexa-Hstidine-
Tagged NlpI Variants—The C-terminal hexa-histidine-
tagged proteins from the cells were purified by Ni-NTA
metal-affinity chromatography and analyzed by SDS–
polyacrylamide gel electrophoresis (Fig. 3A). The most
intense band in each sample, located at a position corre-

sponding to a mass of 34 kDa to 38 kDa, was supposed to
be the hexa-histidine-tagged NlpI variant. There were
many other bands in the lanes of the hexa-histidine-
tagged NlpI variants (Fig. 3A). Most of them seemed to
bind with the NlpI variants, as they did not appear in the
sample of the empty vector. Among these coeluted pro-
teins, 16-, 32-, and 76-kDa proteins were analyzed
because they were not found in the sample of NlpI-
G103D-His that carried the substitution of the conserved
glycine in the TPR domain, and thus were supposed to be
related with the specific interaction through the TPR
domain with NlpI. The 16-, 32-, and 76-kDa proteins
were extracted from the gel and digested with trypsin,
then analysed by LC-MS/MS. Peptide mass mapping by
LC-MS/MS analysis of the peptides, provided identifica-
tion of the peptides accounting for approximately 19.7,
35.0, and 39.4% of IbpB (23), NlpI itself, and the Prc
sequence, respectively (Table 2). The 16-kDa band was
not found in the sample of the ibpB null mutant, HSB2,
harboring pNI5 (encoding NlpI-His), and the 76-kDa
band was not found in the sample of the prc null mutant,
JE7934, harboring pNI5 (Fig. 4). These results confirmed
the identities of the 16-kDa and 76-kDa proteins as IbpB
and Prc, respectively. These proteins were also detected
in the samples of NlpI-D284-His, NlpI-Q283-His, and
NlpI-G282-His (Fig. 3A). These results suggest that the
C-terminal region of NlpI was not necessary for the bind-
ing of these proteins with NlpI.

Fig. 2. The nucleotide sequence of the nlpI
gene and its predicted amino acid sequence.
The nlpI gene encodes a 34-kDa polypeptide con-
taining 294 amino acids including a signal
sequence consisting of 18 amino acids from the N-
terminus. The amino acids comprising the lipobox
sequence are boxed. The mutation sites of nlpI1, 2,
3, 4, 5, and 6 and the resulting amino acid substitu-
tions are indicated by arrowheads and italic letters,
respectively. The insertion of a cm cassette next to
the 727th T forms a stop codon, TGA, just at the
junction site. The amino acid residues in TPR1
(from A-62 to M-95), TPR2 (from P-96 to Y-129),
TPR3 (from N-130 to D-163), TPR4 (from R-166 to
G-199), and TPR5 (from S-234 to N-267) are under-
lined, and the residues that conform to the consen-
sus TPR motif are boxed.
J. Biochem.
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Processing of the Hexa-Histidine-Tagged NlpI Variants
with Prc Protease—The 32-kDa band was found in the
sample of the nlpI null mutant, MU24, harboring pNI5
(encoding NlpI-His), but was not found in the sample of
the prc null mutant, JE7934, harboring pNI5 (Fig. 4).
These results suggest that the 32-kDa protein was not
derived from the product of the chromosomal nlpI gene,
but instead was produced by proteolysis of NlpI-His. In
order to confirm the role of Prc protease, the partially
purified fractions from W3110 (prc+)/pNI5 and JE7934
(prc∆::neo)/pNI5 were incubated at 37°C for 12 h (Fig. 5).
A time-dependent increase in the intensity of the 32-kDa

band was observed in the sample of W3110/pNI5, but not
in the sample of JE7934/pNI5 (Fig. 5). Moreover, the
intensity of the 32-kDa band became much greater than
that of the 38-kDa band of NlpI-His after storage of the
sample from TOP10/pNI5 at 4°C for 16 days and then
incubation at 37°C for 14 h (Fig. 3B). No increase in the
intensity of the 32-kDa band was observed in the sample
from TOP10/pNI6 (encoding NlpI-G103D-His) that had
not been copurified with Prc protease (Fig. 3B). These
results indicate that Prc protease degraded NlpI-His to
the 32-kDa protein. Western blotting showed that the 32-
kDa protein did not contain a hexa-histidine tag (Fig.
3B); thus the processing of NlpI-His by Prc protease
should have occurred in the C-terminal region. The pro-
teolysis of NlpI-His by Prc protease seemed to occur even
at 4°C. The faint 32-kDa band in the sample of 0 h incu-
bation (Fig. 5 lane 1) is supposed to be caused by the pro-
teolysis that occurred during and/or after the elution
from the Ni-NTA column.

The 32-kDa protein was detected in samples of NlpI-
D284-His and NlpI-Q283-His, but was not detected in a
sample of NlpI-G282-His (Fig. 3A). This suggests that the

Fig. 3. SDS–polyacrylamide gel electrophoresis of the eluate
containing hexa-histidine-tagged NlpI variants. (A) The
fusion genes were expressed and the resulting products were puri-
fied by Ni-NTA metal-affinity chromatography as described in
“MATERIALS AND METHODS”. The fractions from TOP10/pBAD
Myc-His C (lane 1), TOP10/pNI5 (encoding NlpI-His) (lane 2),
TOP10/pNI6 (encoding NlpI-G103D-His) (lane 3), TOP10/pNI7
(encoding NlpI-D284-His) (lane 4), TOP10/pNI8 (encoding NlpI-
Q283-His) (lane 5), and TOP10/ pNI9 (NlpI-G282-His) (lane 6) were
analyzed using 12% polyacrylamide gel and stained with Coomassie
Brilliant Blue. Asterisks indicate hexa-histidine-tagged proteins,
and large arrowheads indicate 76-, 32-, and 16-kDa protein bands.
Small arrowheads indicate putative degradation products. (B) The
fractions eluted from the Ni-NTA column were stored for 16 days at
4°C and then incubated at 37°C for 14 h. The incubated fractions
were analyzed using 12% polyacrylamide gel and stained with
Coomassie Brilliant Blue (lane 1, TOP10/pNI5; lane 2, TOP10/
pNI6). The proteins on the gel were transferred to a polyvinylidene
fluoride membrane by semi-dry blotting and detected by Ni-NTA
AP Conjugate (QIAGEN), as described in the supplier’s instructions
(lane 3, TOP10/pNI5; lane 4, TOP10/pNI6). Asterisks indicate hexa-
histidine-tagged proteins, and the arrowhead indicates the putative
degradation product.

Table 2. Peptides identified by LC-MS/MS.

Identified 
protein

Sequence 
positions Sequence

IbpB 12– 18 QWIGFDK
122–131 NEPEPIAAQR
132–142 IAISERPALNS

NlpI 47– 54 MEQILASR
55– 61 ALTDDER
62– 68 AQLLYER
69– 78 GVLYDSLGLR
83– 92 NDFSQALAIR

137–145 GIALYYGGR
221–242 ADATDNTSLAEHLSETNFYLGK
243–258 YYLSLGDLDSATALFK
259–272 LAVANNVHNFVEHR

Prc 27– 34 ADQIPVLK
57– 67 QFDLDQAFSAK
72– 93 YLNLLDYSHNVLLASDVEQFAK
95–103 KTELGDELR
96–103 TELGDELR

107–119 LDVFYDLYNLAQK
125–134 YQYALSVLEK
135–148 PMDFTGNDTYNLDR
170–176 FDELSLK
219–230 EIDPHTNYLSPR
280–288 IVGVGQTGK
298–306 LDDVVALIK
355–372 VGVLDIPGFYVGLTDDVK
381–391 QNVSSVIIDLR
424–437 VREDSDTDGQVFYK
426–437 EDSDTDGQVFYK
438–446 GPLVVLVDR
465–475 ALVVGEPTFGK
521–540 GVTPDIIMPTGNEETETGEK
559–571 SGDLTAFEPELLK
580–588 DPEFQNIMK
639–645 KLDDLPK
646–666 DYQEPDPYLDETVNIALDLAK
670–680 ARPAEQPAPVK
Vol. 135, No. 2, 2004
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amino acid residues upstream of Q283 in NlpI are neces-
sary for processing by the Prc protease. There were also
several bands corresponding to the mass of 29 kDa to 31
kDa in the samples of NlpI-D284-His and NlpI-Q283-His.
All of them were shown to contain the sequence of NlpI
by peptide mass mapping (data not shown). These pro-
teins are also supposed to be the products of the proteoly-
sis of hexa-histidine-tagged NlpIs by Prc protease,
because these bands were not found in the samples from
the JE7934 (prc∆::neo) (data not shown). The amino-acid
residues downstream of Q285 in NlpI might be necessary
for the strict specificity of the cleavage site in hexa-histi-
dine-tagged NlpI by Prc protease.

Functional Interaction of NlpI with Prc Protease—
Among the hexa-histidine tagged NlpI variants, only
those that could be processed by Prc protease corrected
the thermosensitivity of MU24 (nlpI::cm) (Fig. 1). To
investigate whether the processed form of NlpI was
active or not, we constructed plasmids, pNI12, pNI13,
and pNI14, that encoded NlpI lacking the C-terminal 10
(NlpI-D284), 11 (NlpI-Q283), and 12 (NlpI-G282) resi-
dues, respectively. The introduction of pNI10 (encoding
full-length NlpI), pNI12 (encoding NlpI-D284), or pNI13
(encoding NlpI-Q283) to the nlpI disruptant MU24 cor-
rected the thermosensitive growth, and that of pNI14
(encoding NlpI-G282) did not. This result showed that
synthesis of the full-length NlpI or the truncated NlpI
lacking fewer than 12 residues in MU24 (nlpI::cm prc+)
resulted in formation of the functional form of NlpI, while
that lacking 12 residues did not. On the other hand, the
thermosensitivity of the nlpI prc double mutant, PN1,
was not corrected by the introduction of either pNI10
(encoding full-length NlpI) or any plasmid encoding a
hexa-histidine-tagged NlpI variant. Only the introduc-

tion of a plasmid encoding truncated NlpI, pNI12 (encod-
ing NlpI-D284) or pNI13 (encoding NlpI-Q283), corrected
the thermosensitivity of PN1 (prc∆::neo nlpI::cm). These
results showed that the synthesis of only a truncated
NlpI resulted in formation of the functional form of NlpI
in PN1 (prc∆::neo nlpI::cm), suggesting that the removal
of the C-terminal residues was necessary for the NlpI
protein to be functional. Further work is required to clar-
ify the exact site of the processing and the regulation of
the processing in the cell.

Functional Interaction of NlpI with IbpB—IbpB is a
16-kDa heat-shock protein that shares 50% amino-acid
homology with IbpA and binds to heterologous proteins
to form inclusion bodies in E. coli cells (23, 24). To deter-
mine whether IbpB is necessary for the function of NlpI
or not, the disrupted ibpB gene was introduced into the
spr mutant. The resulting strain HSB3 (spr-1 ibpB::cm)
showed thermosensitive growth, indicating that the dis-
ruption of ibpB did not suppress the growth defect due to
the spr mutation. This suggested that formation of a com-
plex between NlpI and IbpB did not relate to the suppres-
sion mechanism. The overproduction of NlpI-His in the
ibpB mutant, HSB2, caused weak thermosensitivity,
while in W3110 (wild-type), it did not, suggesting that
IbpB reduced the toxic effect of the overproduced NlpI-
His by forming the complex.

Mechanism by Which NlpI or Prc Mutation Suppresses
the Thermosensitivity of Spr Mutant—The mutation in
prc or nlpI suppressed the spr mutation. Spr protein is
likely to degrade peptidoglycan because its amino acid
sequence shows significant homology with the γ-D-
glutamyl-L-diamino acid endopeptidase II of Bacillus
sphaericus (11, 12). There are three genes, nlpC, ydhO,
and yafL, in the E. coli chromosome that encode products
homologous to Spr (25). We have evidence that NlpI
depresses the expression of nlpC (A. Tadokoro, unpub-
lished result). The mutation in nlpI is considered to
increase the expression of nlpC and the other related
genes that may substitute for Spr and thus maintain ade-
quate peptidoglycan-degrading activity in the cell. The
prc mutation may also increase the peptidoglycan-

Fig. 4. SDS–polyacrylamide gel electrophoresis of the eluate
containing NlpI-His from various strains. The fusion genes
were expressed and the resulting products were purified as in Fig.
3. The fractions from W3110 (wild-type)/pBAD Myc-His C (lane 1),
W3110/pNI5 (encoding NlpI-His) (lane 2), HSB2 (ibpB::cm)/pNI5
(lane 3), MU24 (nlpI::cm)/pNI5 (lane 4), and JE7934 (prc∆::neo)/
pNI5 (lane 5) were analyzed using 12% polyacrylamide gel and
stained with Coomassie Brilliant Blue. Asterisks indicate NlpI-His
and arrowheads indicate bands of Prc, NlpI, and IbpB.

Fig. 5. Time course of the degradation of NlpI-His. The fusion
genes were expressed and the resulting products were purified as in
Fig. 3. The fractions from W3110 (wild-type)/pNI5 (encoding NlpI-
His) (lanes 1–5) and JE7934 (prc∆::neo)/pNI5 (lanes 6, 7) were incu-
bated at 37°C for 0 h (lanes 1, 6), 1 h (lane 2), 3 h (lane 3), 6 h (lane
4), and 12 h (lanes 5, 7). The gel-loading buffer was added at the
indicated time, and then the mixture was heated at 95°C for 5 min.
12% polyacrylamide gel was used and stained with Coomassie Bril-
liant Blue. Asterisks indicate hexa-histidine-tagged NlpI, and the
large arrowhead indicates degradation products. The small arrow-
head indicates Prc protease.
J. Biochem.
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degrading activity through the decrease in NlpI activity
and/or other pathways. Further study is necessary to
clarify the details of the mechanism.

We thank Dr. Hiroshi Hara for providing the strains and the
plasmids and for valuable discussion. Thanks are also due to
Dr. Tohru Nishihara for critically reading the manuscript.
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