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We report a 1.432-kb DNA sequence at 59 min on the Escherichia coli chromosome that connects the
published sequences of thepcm gene for the isoaspartyl protein methyltransferase and that of the katF or rpoS
(katFirpoS) gene for a sigma factor involved in stationary-phase gene expression. Analysis of the DNA sequence

reveals an open reading frame potentially encoding a polypeptide of379 amino acids. The polypeptide sequence

includes a consensus bacterial lipidation sequence present at residues 23 to 26 (Leu-Ala-Gly-Cys), four
octapeptide proline- and glutamine-rich repeats of consensus sequence QQPQIQPV, and four heptapeptide
threonine- and serine-rich repeats of consensus sequence PTA(S,T)TTE. The deduced amino acid sequence,

especially in the C-terminal region, is similar to that of the Haemophilus somnus LppB lipoprotein outer
membrane antigen (40%o overall sequence identity; 77% identity in last 95 residues). The LppB lipoprotein
binds Congo red dye and has been proposed to be a virulence determinant in H. somnus. Utilizing a plasmid
construct with the E. coli gene under the control of a phage T7 promoter, we demonstrate the lipidation of this
gene product by the incorporation of [3H] palmitic acid into a 42-kDa polypeptide. We also show that treatment
of E. coli cells with globomycin, an inhibitor of the lipoprotein signal peptidase, results in the accumulation of
a 46-kDa precursor. We thus designate the protein NlpD (new lipoprotein D). E. coli cells overexpressing NlpD
bind Congo red dye, suggesting a common function with the H. somnus LppB protein. Disruption of the
chromosomal E. coli nlpD gene by insertional mutagenesis results in decreased stationary-phase survival after
7 days.

We are interested in the widely distributed L-isoaspartyl
protein methyltransferase that can modify altered aspartyl
residues arising from spontaneous chemical degradation of
proteins (3, 6). The methylation reaction can initiate steps
leading to the restoration of the normal L-configuration of such
residues and may participate as such in a protein repair step
(12, 22, 32). The pcm gene for this enzyme had been cloned,
sequenced, and mapped to the 59-min region on the chromo-
some of Escherichia coli (11). It is about 1 kb upstream of the
katF (or rpoS) (katFirpoS) gene whose product shows strong
homology to the E. coli rpoD cr70 protein (34) and appears to
be a sigma factor in the central regulation of stationary-phase
gene expression (28, 37, 43). It is interesting that pcm mutant
cells demonstrate two of the phenotypes of katF/rpoS mutant
cells: reduced stationary-phase survival and lessened heat-
shock resistance (28, 29, 36). Genes with similar functions can
be adjacent on the E. coli chromosome, even if they are not
present in one operon. For example, four operons containing
genes for chemotaxis and mobility are adjacent at 41.5 min;
similarly, three operons containing genes for ribosomal pro-
teins are adjacent at about 72.4 to 73.4 min on the E. coli
chromosome (1). We were thus interested in exploring
whether a polypeptide or polypeptides with a function poten-
tially similar to that ofpcm or katFirpoS might be encoded in
the region between these genes.

In this work, we have determined and analyzed the DNA
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sequence of this region between the pcm and the katF/rpoS
genes. An open reading frame of 379 amino acid residues with
a consensus lipidation sequence was found. Preliminary results
have been presented showing that the insertion of a kanamycin
resistance cassette at a SnaBI site in the middle of this open
reading frame does not affect exponential-growth phase but
does affect long-term survival (29). These results suggest that
this gene may also be involved in stationary-phase survival.
Here, we show that the open reading frame does in fact encode
a lipoprotein with unusual octapeptide and heptapeptide se-
quence repeats in its N-terminal region. The deduced se-
quence of its C-terminal region is very similar to that of a
Congo red dye-binding outer membrane lipoprotein from
Haemophilis somnus.

MATERIALS AND METHODS

Bacterial strains and plasmids. The E. coli strains and
plasmids used in this study and their sources are listed in Table
1. Plasmid DNAs used as templates for dideoxy sequencing or
in coupled in vitro transcription-translation reactions were
prepared by column chromatography following the instructions
of the manufacturer (Qiagen).
DNA sequencing. DNA sequences were determined by the

manual dideoxy methodology for E. coli chromosomal DNA
inserts in plasmids derived from pMMkatFl as described
previously (11). Specifically, the Sanger reaction was carried
out with Sequenase version 2.0 (U.S. Biochemicals) with
5'-a-35S-dATP (-1,000 Ci/mmol; New England Nuclear) using
both dGTP and dITP protocols. The oligonucleotide primers
were synthesized by using a Pharmacia Gene Assembler Plus
and purified as described elsewhere (11). Part of the insert in
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TABLE 1. Strains and plasmids used in this study

Strain or Description Source or
plasmid Dsrpinreference

Strains
MC1000 F- araD139 A(araABC-leu)7679 galU galK A(lac)X74 rpsL thi 29
CL3010 MC1000; orf2(nlpD)::Kmr 29
C600 thr leu lacY thi supE hsdR tonA S. Tabor; 42
BL21 (DE3) F- hsdS gal ompT rB- mB- with the A phage DE3 lysogen containing the T7 RNA 41

polymerase gene under the control of the lacUV5 promoter

Plasmids
pMMkatFl 10.2-kb BamHI E. coli chromosomal fragment in pAT153 P. Loewen; 35
pCL1 Religation of a 7.5-kb EcoRI-SnaBI fragment from pMMkatFl 29
pCL2 4.5-kb BamHI-BspHI fragment from pMMkatFl inserted in the BamHI-SmaI polylinker site This study

of pGEM-7Zf(+) (Promega) (contains the pcm gene and upstream regions and the 5'
portion of the katFirpoS gene)

pJF3 1.4-kb EcoRV fragment from pMMkatFl inserted in pUC19 11
pGP1-2 A derivative of pACYC177 containing gene 1 of phage T7 under the control of the inducible S. Tabor; 42

A PL promoter and the cI857 gene for the heat-sensitive X repressor
pJKI10 1.4-kb blunt-ended ClaI-DraI fragment of pMMkatFl inserted into the SmaI site of This study

pBluescript II SK+ (Stratagene) so that the insert nlpD gene is under the control of the
vector T7 promoter

pJF3 was sequenced automatically by Robert Pringle (Univer-
sity of California at Los Angeles Core Sequencing Facility)
using an Applied Biosystems model 370A and the fluores-
cence-labeled M13 reverse primer. The 5% Long Ranger (AT
Biochem, Malvern, Pa.) sequencing gel was prepared, and
electrophoresis was conducted at 48 W in 54 mM Tris-54 mM
boric acid-1.2 mM EDTA (pH 8.0) (0.6 x TBE) buffer for
about 2 h. DNA sequences were analyzed on Macintosh
computers utilizing DNAStar programs.
Primer extension analysis of the transcriptional initiation.

Total RNA from E. coli DHS5o cells (BRL Life Sciences)
containing plasmid pCL2 (Table 1) was prepared by hot
phenol extraction (2). Cells were grown in Luria-Bertani (LB)
media with 50 jig of ampicillin per ml to mid-log phase and
were then harvested and resuspended in 0.15 M sucrose-0.01
M sodium acetate, pH 5.4 (1 volume of buffer per 12.5 volumes
of original culture). An additional volume of the resuspension
buffer containing 2% sodium dodecyl sulfate (SDS) at 65°C
was added to lyse cells. Extraction with phenol equilibrated
with 50 mM sodium acetate (pH 5.2) was performed three
times at 65°C. The aqueous phase was then incubated with
RNase-free DNase (10 U/ml; Stratagene) for 40 min at 37°C,
followed by phenol-chloroform and chloroform extraction.
Usually, 20 ,ug of RNA per milliliter of E. coli culture could be
obtained. The final ethanol-precipitated RNA was stored dry
at - 20°C until use.

Oligonucleotide primer 102 (5'-CATAGCGAAACCAGT
GACAAAGCCG) complementary to the region 41 to 65 bp
downstream of the start codon of the nlpD open reading frame
was end labeled by T4 polynucleotide kinase (BRL Life
Sciences) with [y-32P]ATP (>3,000 Ci/mmol; ICN). A total of
106 cpm of 32P-labeled primer and 100 ,ug of E. coli RNA were
annealed in the presence of RNasin RNase inhibitor (final
concentration, 4 U/pI; Promega) at 70°C, with a gradual
decrease of temperature to 37°C in 90 min. Avian myeloblas-
tosis virus reverse transcriptase (final concentration, 0.625
U/p,l; Promega), four deoxyribonucleotide triphosphates (0.6
mM each; Pharmacia), and 5 mM MgCl2 were included for the
extension reaction mixture at 43°C for 40 min. The reaction
mixture was quenched with 4 volumes of 4 M ammonium
acetate (pH 5.9)-20 mM EDTA, and the product was precip-
itated with ethanol and then resuspended in 10 [lI of stop dye

(47.5% formamide, 10 mM EDTA, 0.025% bromophenol blue,
0.025% xylene cyanol FF). Primer extension products were
analyzed on a sequencing gel with parallel standards of DNA
dideoxy-sequencing reactions using the end-labeled primers
described above and denatured pCL1 as the template DNA.

In vitro-coupled transcription and translation. Each reac-
tion mixture included 1 to 5 ,ug of plasmid DNA, 30 to 40 ,uCi
of Tran35S-label (>400 Ci/mmol, a mixture of [35S]methionine
and [35S]cysteine; ICN), 0.033 U of E. coli RNA polymerase
(Boehringer Mannheim) per RI, a mixture of amino acids,
nucleotides, and essential small molecules, E. coli S100 frac-
tion, and ribosomes kindly supplied by Marilyn Leonard and
William Wickner, University of California at Los Angeles (cf.
reference 15) in a final volume of 37.5 RI. After incubation at
37°C for 45 min, the reaction was stopped by the addition of an
equal volume of 10% ice-cold trichloroacetic acid. The reac-
tion products were pelleted by a centrifugation at 14,000 x g
for 5 min at 4°C and washed with 90% ethanol. The 35S-labeled
products were analyzed by SDS-polyacrylamide gel electro-
phoresis (26) and then by autoradiography.

Overexpression of the 59-min gene product. A 1.4-kb ClaI-
DraI fragment from pMMkatFl including the region between
thepcm and katF genes (11) was blunt ended by treatment with
the Klenow fragment of DNA polymerase and ligated into the
SmaI site of pBluescript II SK+ (Stratagene). From a number
of white colonies on LB agar plates containing 50 pug of
ampicillin and 40 pug of X-Gal (5-bromo-4-chloro-3-indolyl-,-
D-galactopyranoside) (BRL Life Sciences) per ml, we selected
one clone (pJKI10) that was shown by restriction endonuclease
analysis to contain the nlpD gene in an orientation such that its
expression was controlled by the vector T7 polymerase pro-
moter. E. coli C600 containing pGP1-2 and BL21 (DE3) were
transformed with pJKI10 according the procedure described
by Chung et al. (5).

Lipoprotein analysis. Overnight cultures of E. coli cells
harboring pJKI10 grown in LB broth (Difco) at 37°C were
washed twice and diluted 100-fold into 5 ml of fresh M9
medium containing 0.4% glucose, 1% Casamino Acids (Difco),
and 1 pug of thiamine per ml (40). These cultures were grown
to mid-log phase (optical density at 600 nm of 0.4) and heat
shocked at 42°C for 30 min (42). [9,10-3H]palmitic acid (52.4
Ci/mmol, 5 mCi/ml in ethanol; New England Nuclear) was
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added to a final radioactivity of 100 ,uCi/ml to a 2-ml aliquot of
the culture. The labeling reaction was allowed to continue for
20 min at 37°C. Cells were harvested by centrifugation and
washed in 1.0 M Tris-HCI (pH 8.0) at room temperature and
resuspended in 200 ,ul of Laemmli gel sample buffer (26).
Aliquots (60 RI each) were applied to 1.2-cm-wide wells of
1.5-mm-thick polyacrylamide slab gels. Alternatively, cell cul-
tures were radiolabeled with Tran3 S-label (see above) accord-
ing to the procedure described by Tabor and Richardson (42).
Cells (3 ml) were grown to mid-log phase (optical density at
600 nm of 0.4) in LB broth at 37°C and then washed once and
resuspended in M9 medium containing 0.4% glucose and
0.01% of each of the 20 amino acids except cysteine and
methionine. Portions of these cells (1 ml) were adapted in this
medium for 30 min at 37°C and then heat shocked at 42°C for
20 min. At this point, rifampin was added to a final concen-
tration of 200 jig/ml, and the mixture was incubated for 10 min
at 42°C. When indicated, globomycin was added at this point to
a final concentration of 100 jig/ml from a stock solution of 20
mg/ml in methanol. After a 20-min incubation at 37°C, the
Tran35S-label was added to a final radioactivity of 10 ,uCi/ml,
and cells were incubated for 10 min at 37°C. Cells were
harvested and resuspended in sample buffer as described
above.
Congo red binding. Overnight cultures of E. coli C600 cells

containing the pGP1-2-pBluescript II SK+ or pJKI10 dual-
plasmid system were diluted 106- and 107-fold and incubated
on LB broth plates containing 50 jig of ampicillin and 100 jig
of kanamycin per ml and 0.005% Congo red dye (Sigma
Chemicals) at either 30, 37, or 40°C for up to 48 h. Alterna-
tively, overnight cultures of E. coli BL21 (DE3) cells containing
either pBluescript II SK+ or pJKI10 were diluted 106- and
107-fold and incubated on LB broth plates containing 50 jig of
ampicillin per ml and 0.005% Congo red dye at 37°C in the
presence or absence of 1 mM isopropyl-13-D-thiogalactopyr-
anoside (IPTG; Sigma Chemicals) for up to 48 h.

Nucleotide sequence accession number. The nucleotide se-
quence of the 1,432-bp ClaI-DraI fragment of the E. coli
chromosome at 59 min shown in Fig. 1 has been deposited in
the GenBank data base and has been given the accession
number L07869.

RESULTS

Identification of a gene between pcm and katF at 59 min on
the E. coli chromosome. The DNA sequence was determined
for a 1.432-kb region between the ClaI site in thepcm gene and
the DraI site in the katF gene. Both strands of the appropriate
DNA of either plasmid pJF10 or pCL2 were sequenced,
corresponding to positions 2882.80 to 2881.35 kb on the E. coli
chromosome physical map (25, 33). This sequence connects
the sequences published for the downstream region of thepcm
gene (11) and the upstream region of the katF gene (31, 34)
(Fig. 1). A single open reading frame encoding 379 amino acids
is present, separated by 141 bp from the coding region ofpcm
and by 64 bp from the coding region of katF. The transcrip-
tional start site was mapped by primer extension analysis.
When an oligonucleotide primer complementary to the +41-
to-+65 region from the ATG start codon of the open reading
frame was used for the extension reaction, the transcription
start site was mapped to a G residue 44 bp upstream from the
ATG start codon (Fig. 2). A cr70 promoter upstream of this
transcriptional start site is suggested by the -10 region TAG
GGT and a -35 region TGAACA spaced by 17 bp (Fig. 1),
corresponding to consensus sequences TATAAT and TT
GACA, respectively (16).

To determine whether the open reading frame that we
identified from DNA sequence analysis is expressed, plasmid
pCL2 containing this region was constructed and used as a
template for coupled in vitro transcription-translation reac-
tions. As shown in Fig. 3, a 44-kDa polypeptide is expressed as
the product of DNA from pCL2 but not as that of DNA from
pGEM, the cloning vector of pCL2. The calculated molecular
weight of the unmodified 379-amino-acid polypeptide (40,151)
is about 4,000 less than the molecular weight determined by
the mobility of the product on gel electrophoresis. This differ-
ence may result from a large net positive charge on the protein
(+9.39 calculated at pH 7.0) or from possible covalent modi-
fications.
The 59-min gene encodes a lipoprotein. Analysis of the

deduced N-terminal amino acid sequence revealed a typical
bacterial signal sequence with a Leu-Ala-Gly-Cys sequence at
residues 23 to 26 from the initiator Met residue (Fig. 1). This
tetrapeptide sequence fits well with the consensus lipidation
sequence of bacterial lipoproteins (17, 46). These lipoproteins
are modified by glycerol additions to the Cys residue, fatty
acylation of the glyceryl Cys residue, and cleavage of the bond
between the modified Cys residue and the preceding residue by
the globomycin-sensitive lipoprotein signal peptidase (17).
This suggests that the mature gene product is a lipoprotein of
354 amino acid residues with a modified N-terminal cysteine
residue. We attempted to directly demonstrate the lipidation
of the gene product by labeling intact cells with [3H]palmitic
acid. However, no differences in the patterns of radioactive
bands were detected on fluorographs of SDS gels of the
labeled proteins either from MC1000 (wild-type) cells or from
MC1000 cells with plasmid pCL2 containing the gene or
CL3010 cells in which this gene was disrupted (data not
shown). However, when we overexpressed the gene in a
plasmid construct under a T7 polymerase promoter, we could
clearly see incorporation of [ H]palmitic acid into a 42-kDa
polypeptide (Fig. 4). This polypeptide mass can be compared
with that observed for the unprocessed polypeptide in the
transcription-translation experiment (44 kDa) (Fig. 3). Addi-
tionally, we were able to show that globomycin treatment
results in the appearance of a larger 46-kDa polypeptide
species and the inhibition of the generation of the 42-kDa
mature form from the inhibition of the lipoprotein signal
peptidase (Fig. 5).
We have thus designated this gene nlpD for new lipoprotein

D. The NlpD species described here is now the fourth E. coli
lipoprotein (or putative lipoprotein) identified by its consensus
lipidation sequence. This group includes the lipoproteins NIpA
(21, 48) and NlpB (4) as well as the putative lipoprotein NlpC
assigned as ORF-17 adjacent to the btu operon (GenBank
accession number M14031 [10]). It appears that our failure to
detect NlpD lipidation except when the T7 polymerase-driven
overexpression vector was used probably results from a com-
bination of the poor expression of the nlpD gene and its
comigration with a more abundant lipidated species with a

polypeptide that has a similar molecular mass (data not
shown). This latter species may represent the lipoprotein
NLP2 described previously as a 39-kDa outer-membrane spe-
cies (19). Although we have not determined the subcellular
localization of the NlpD lipoprotein, the absence of an aspar-
tate residue following the cysteine residue in the consensus

lipidation sequence is consistent with an outer membrane
localization (13, 14). However, the presence of an aspartate
residue in the second position after the modified cysteine
residue can lead to a weak inner membrane sorting signal in a

hybrid lipo-o-lactamase protein, and context-specific effects
have also been previously noted (14).

J. BAcrERIOL.
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ClaI 3-end ofpcm gene
ATCGATACCGTGGAGGCCGTGCGCTTTGTCCCTTTAGTGAAGGGTGAGCTGGCTTAA
I D T V E A V R F V P L V K G E L A.

AAATACCTGGATTTTTCCTGGTTA -107
Termination Signal

TTTTGCCGCAGGTCAGCGTATCGTGAACATCTTTTCCAGTGTTCAGTAGGGTGCCTTGCACGGTAATTATGTCACTGGTTATTAACCAAT -17
35\ pronoter -io Transcription start site

+1
TTTTCCTGGGGGATAAATGAGCGCGGGAAGCCCAAAATTCACCGTTCGCCGCATTGCGGCTTTGTCACTGGTTTCGCTATGGCTGGCAGG +74

rbs M S A G S P K F T V R R I A A L S L V S L W L A G -1
-25 signal sequence """"""""

CTGTTCTGACACTTCAAATCCACCGGCACCGGTCAGCTCCGTTAATGGCAATGCGCCTGCAAATACTAATTCTGGTATGTTGATTACGCC +164
© S D T S N P P A P V S S V N G N A P A N T N S G M L I T P +30
+1 S

GCCGCCGAAAATGGGGACGACGTCTACAGCGCAGCAACCGCAAATTCAGCCGGTGCAGCAGCCACAAATTCAGGCTACTCAACAACCGCA +254
P P K M G T T S T A Q Q P Q I Q P V Q Q P Q I Q A T Q Q P Q +60

AATCCAGCCAGTGCAGCCAGTAGCTCAGCAGCCGGTACAGATGGAAAACGGACGCATCGTCTATAACCGTCAGTATGGGAACATTCCGAA +344
_ - ., .. - - - .. - s.. - - - - -I Q P VI Q P V A Q Q P V| Q M E N G R I V Y N R Q Y G N I P K +90

AGGCAGTTATAGCGGCAGTACCTATACCGTGAAAAAAGGCGACACACTTTTCTATATCGCCTGGATTACTGGCAACGATTTCCGTGACCT
G S Y S G S T Y T V K K G D T L F Y I A W I T G N D F R

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

D L
+434

. +120

ACTGG +524
T G +150

CGGAAATGCCATTACCCAGGCCGACGCAGCAGAGCAAGGAGTTGTGATCAAGCCTGCACAAAATTCCACCGTTGCTGTTGCGTCGCAACC
G N A I T Q A D A A E Q G V V I K P A

SnaBI

Q N S T V A V A S
+614

Q P +180

GACAATTACGTATTCTGAGTCTTCGGGTGAACAGAGTGCTAACAAAATGTTGCCGAACAACAAGCCAACTGCGACCACGGTCACAGCGCC
T I T Y S E S S G E Q S A N K M L P N

KpnI
TGTAACGGTACCAACAGCAAGCACAACCGAGCCGACTGTCAGCAGTACATCAACCAGT.
V T V P T A S T T E P T V S S T S T S

EcoRV

N K P T A T T V T A p
+704
+210

T P I S T W R W P T E +240

GGGCAAAGTGATCGAAACCTTTGGCGCTTCTGAGGGGGGCAACAAGGGGATTGATATCGCAGGCAGCAAAGGACAGGCAATTATCGCGA
G K V I E T F G A S E G G N K G I D I A G S K G Q A I I A

CGCAGATGGCCGCGTTGTTTATGCTGGTAACGCGCTGCGCGGCTACGGTAATCTGATTATCATCAAACATAATGATGATTACCTGAGTG
A D G R V V Y A G N A L R G Y G N L I I I K H N D D Y L S

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

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

kC +884
T +270

,C +974
A +300

LG +1064
S +330

kG +1154
+354

5-end ofkatF gene DraI
GCTTTGCTTGAATGTTCCGTCAAGGGATCACGGGTAGGAGCCACCTTATGAGTCAGAATACGCTGAAAGTTCATGATTTAA

M S Q N T L K V H D L N

FIG. 1. DNA sequence analysis in the region of the E. coli chromosome at 59 min between the ClaI site of the pcm gene and the DraI site of
the katFirpoS gene. A single open reading frame defining a new gene coding for a potential lipoprotein, designated NlpD, is found between these
two genes. Features of this gene include a transcriptional start site mapped by primer extension at base - 44 (arrow), a potential sigma 70 promoter
at bases -78 to -55 (with the -35 and - 10 elements underlined), a potential ribosomal binding site at bases -8 to -3 (with bases
corresponding to 16S RNA underlined), and a coding region from bases + 1 to + 1137. A possible signal sequence from amino acids -25 to - 1
and a bacterial lipidation consensus sequence from - 4 to +1 (dashed underline) are indicated. The cysteine residue at position + 1 (circled) is
the putative site of lipidation. Boxed amino acid residues represent the glutamine- and proline-rich octapeptide repeats, and the heavy underlined
amino acid residues represent the serine and threonine heptapeptide repeats. This sequence overlaps with the previously published sequences for
thepcm gene (11) from nucleotides - 196 to +32 (corrected by addition of a single A at the position indicated by an asterisk on the top line) and
for the katFirpoS gene from nucleotides +878 to + 1236 (34). A number of differences in sequence from that given in reference 34 were found here
between nucleotides +880 and +1180. However, this sequence matches that of the corrected katFirpoS sequence in the GenBank data base
(accession number X16400 [28a]) in this region. The entire sequence is also identical to that recently submitted to the EMBL database (accession
number D17549 [42a]), with the exception of the two positions marked here by dots; the C nucleotide at position + 199 is not present, and the G
at position +416 is a C. We have rechecked our data at these two positions to confirm the sequence shown above.

Homology of the E. coli NlpD lipoprotein with the LppB
lipoprotein of H. somnus. When the nucleotide and the de-
duced amino acid sequences of NlpD were compared with
those in the nonredundant Swiss Prot/PIR/SPUpdate/Gen-
Pept/GPUpdate data bases in the BLAST network search
service (National Center for Biotechnology Information), a
strong similarity was found to the translated amino acid
sequence of the LppB 40-kDa antigenic outer membrane
lipoprotein of H. somnus, an intracellular pathogen of cattle
(44). Additionally, nucleic acid similarity between the nlpD and
lppB genes that extended beyond the assigned 3' end of the
1ppB-coding region (cf. reference 44) was found. Thus, we
examined alternate reading frames of the lppB gene and found
that modification of its nucleotide sequence by two base
deletions and one base insertion leads to an open reading

frame with a striking resemblance to the NlpD-deduced pro-
tein sequence (Fig. 6). When the encoded protein sequences of
the LppB and NlpD lipoproteins are aligned as shown in Fig.
6, we find identity at 154 positions of the total of 384 amino
acid residues compared (40%) and identity at 73 of the
C-terminal 95 residues (77%). Further sequencing of the 3'
end of the lppB gene may reveal additional similarity with the
terminal 5' coding end of the nlpD gene.
The binding of the aromatic dye Congo red by the LppB

protein has been suggested as evidence for the interaction of
this lipoprotein with hydrophobic molecules such as hemin
(44). We thus asked whether the NlpD protein would similarly
interact with Congo red dye. We found that colonies of E. coli
cells containing the plasmid pJKI10 overexpressing the nlpD
gene under the control of the T7 polymerase turned red on
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FIG. 2. Primer extension analysis of the putative lipoprotein
mRNA. A 20-bp segment of the DNA sequence of the sense strand
starting from the - 10 region of the putative promoters is illustrated.
DNA dideoxy-sequencing reactions with denatured pCL1 as the
template and with the same end-labeled primer for primer extension
were run in parallel with the primer extension products on a sequenc-
ing gel as standards. The ACGT label on each lane indicates the
terminating dideoxyribonucleotide included in the sequencing reac-
tion. The product of the primer extension reaction was electrophore-
sed in lane P.

agar plates containing 0.005% Congo red dye when the
polymerase was induced either by heat shock induction in E.
coli C600 cells with pGP1-2 or by IPTG induction in the BL21
(DE3) strain (data not shown). However, colonies containing
cells in which the T7 polymerase was not induced did not turn
red, nor did colonies with cells containing the parent pBlue-
script II SK+ in place of pJKI10 containing the nlpD gene
(data not shown). These results suggest that homologous
regions of the LppB and NlpD lipoproteins can bind this
aromatic dye and might reflect endogenous affinity of these
proteins for hemin or other hydrophobic molecules (see Dis-
cussion).
Unusual repeats in the deduced polypeptide sequence. The

N-terminal part of the polypeptide is extraordinarily rich in
glutamines and prolines; 17 Gln residues and 15 Pro residues
are present in the first 90 amino acid residues starting from the
+1 cysteine. A Gln- and Pro-rich octamer with a consensus
sequence QQPQIQPV is directly repeated four times between
residues 41 and 72 (Fig. 1). From positions 180 to 227, four
Ser- and Thr-rich heptamer repeats with the consensus se-
quence PT(I,A,V) (T,S) (T,S) (T,S) (E,T,S) are found (Fig. 1).
We found several proteins with sequence similarities in the PQ
repeat region, including the circumsporozoite proteins of the
malarial parasites Plasmodium yoelii (27) and Plasmodium
berghei (47), as well as the outer membrane protein pertactin
from Bordetella parapertussis, a causative agent of whooping
cough (30) (Fig. 7). Each of these proteins is thought to
interact directly with the eucaryotic cell surface and to be
important in the invasiveness of these organisms. Significantly,
the regions containing the octamer and heptamer repeats in
the NlpD protein are not highly conserved with the LppB
lipoprotein of H. somnus, suggesting that these proteins can
have different physiological functions.

Stationary-phase survival of E. coli cells with a disrupted
nlpD gene. It is interesting that the genes both upstream and
downstream of the nlpD gene described here are involved in

FIG. 3. Products of in vitro transcription-translation reactions of
DNA from the 59-min region of the E. coli chromosome. 35S-labeled
polypeptides were analyzed by Laemmli gel electrophoresis (12.5%
acrylamide-0.43% N,N-methylenebisacrylamide) and then by autora-
diography. The template plasmid included in the reaction is indicated
on top of the lane. The position at which the precursor of the putative
lipoprotein electrophoreses is indicated by an arrow. The 17-kDa
polypeptide in the pCL2 lane is due to the expression of a gene
upstream of pcm. Protein molecular mass standards were electro-
phoresed in parallel lanes and include rabbit muscle phosphorylase b
(97.4 kDa), bovine serum albumin (66.2 kDa), hen egg white ovalbu-
min (42.7 kDa), bovine carbonic anhydrase (31.0 kDa), soybean trypsin
inhibitor (21.5 kDa), and hen egg white lysozyme (14.4 kDa).

stationary-phase survival. The upstreampcm gene can catalyze
the removal of altered aspartyl residues that can accumulate in
age-damaged proteins and peptides (29). The downstream
katFirpoS gene encodes a sigma factor that plays a central role
in starvation and stationary-phase survival (18, 28, 34, 37, 43).
In a study of mutations of pcm and adjacent genes, evidence
was presented that the insertion of a kanamycin cassette into
the lipoprotein gene (described initially as orf2) results in no
change in exponential growth in rich or minimal media but
does affect its stationary-phase survival to a limited extent (29).
In Table 2, we present the results of more extensive studies
that indicate significant differences in the viability of the nlpD+
(MC1000) and nlpD (CL3010) mutant cells after 7 or 9 days in
stationary phase. Since stationary-phase CL3010 cells survive
well after H202 challenge while the katF mutant cells do not
(29), the reduced viability of CL3010 cells in stationary phase
does not appear to be due to defective expression of the
downstream katFirpoS gene, although polar effects of the nlpD
disruption resulting in reduced katFirpoS expression cannot be
ruled out at present. The stationary-phase defect is not due to
reduced levels of the upstream pcm gene product, because its
methyltransferase activity is not affected by the nlpD disruption
in CL3010 cells (29). Although the stationary-phase defect in
nlpD mutant cells is not as pronounced as that seen in
mutations of the pcm or katFirpoS genes, there is a fourfold
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pJKI1O pBluescript
Control

Globomycin +

97.4
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NlpD _.
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FIG. 4. Incorporation of [3H]palmitic acid into polypeptides of
E. coli cells overexpressing the nlpD gene. Labeling reactions and
SDS-gel electrophoresis (8% acrylamide-0.28% NN-methylenebis-
acrylamide) were performed as described in Materials and Methods
with E. coli C600 containing pGP1-2 and either the parent control
vector (pBluescript II SK+) or its derivative containing the nlpD gene

under the control of the vector T7 promoter (pJKIIO) that overex-

presses the NlpD protein. After electrophoresis, the gels were treated
with En3Hance (Dupont/NEN, Boston, Mass.), dried, and fluoro-
graphed for 7 days at - 80°C. The position of the NlpD lipoprotein is
marked by an arrow. The molecular masses of marker proteins
electrophoresed in parallel lanes are given in kilodaltons as in Fig. 3.
The large radioactive band at the bottom of the gel probably corre-

sponds to [3H]palmitic acid incorporated into phospholipid.

difference in the survival of nlpD+ and nlpD mutant cells after
9 days.

21.5 -_

FIG. 5. Effect of globomycin on the maturation of the NlpD
lipoprotein. E. coli C600 cells containing pGP1-2 and either the control
vector pBluescript II SK+ or this vector with an insert containing the
nlpD gene under the control of the vector T7 promoter (pJKIIO) were

labeled with [35S]cysteine and [35S]methionine as described in Mate-
rials and Methods in the presence or absence of 100 p.g of globomycin
per ml. Proteins were analyzed by SDS-polyacrylamide gel electro-
phoresis as shown in Fig. 4. After electrophoresis, gels were treated
with En3Hance, dried, and fluorographed for 2 h at -80°C. The
positions of the radiolabeled mature and precursor (pro) forms of the
NlpD lipoprotein are indicated by arrows. The molecular masses of
marker proteins electrophoresed in parallel lanes are given in kilodal-
tons as in Fig. 3.

DISCUSSION

We describe here a new lipoprotein gene (nlpD) at 59 min
on the E. coli chromosome. This gene encodes a 379-residue
polypeptide with a typical lipidation consensus sequence at its
amino terminus. On the basis of the conserved maturation
reactions of bacterial lipoproteins (17, 45), we propose that
amino acid residues -25 to -1 represent a signal sequence
that directs the modification of the cysteine residue in position
+ 1 to give a fatty acyl glyceride as well as the cleavage of the
bond between residues - 1 and + I by the globomycin-sensitive
lipoprotein signal peptidase. We have now experimentally
demonstrated the incorporation of [3H]palmitic acid into the
NlpD polypeptide chain and the inhibition of the conversion of
the lipidated precursor to the mature form by globomycin.
Interestingly, this proposed signal sequence of 25 residues is
longer than any of the 14 bacterial lipoproteins described in
reference 46.
The physiological function of the NlpD lipoprotein is un-

clear at present. We find a small, but significant, defect in the
ability of E. coli cells with a disrupted nlpD gene to form
colonies after extensive incubation under stationary-phase
conditions. However, we find no differences in the growth of
the mutant stain under exponential-phase conditions (29).

Significantly, the E. coli NlpD lipoprotein shares identities at

154 of 384 residues (40%) with the H. somnus LppB lipopro-
tein (44). This latter protein is an outer membrane component
of this pathogen that may be an immunodominant surface
antigen for its bovine host (7, 44). Its expression has been
identified with a Congo red dye-binding phenotype that has
been associated with virulence in a number of pathogenic
bacteria (44). We have demonstrated that E. coli cells overex-

pressing its NlpD lipoprotein also bind Congo red dye. It thus
appears that the Congo red dye-binding elements are present
in the conserved sequence domains of these two proteins. On
the other hand, the unusual octamer and heptamer repeats of
the E. coli NlpD lipoprotein are not conserved with the H.
somnus LppB lipoprotein.
The physiological relevance of the Congo red dye-binding

phenotype is unclear at present, although its association with
virulence is seen in a variety of cells, including Shigella flexneri
(8), Yersinia enterocolitica (39), and Aeromonas salmonicida
(24), as well as E. coli (38). In A. salmonicida (24) and S.
flexneri (8), hemin and protoporphyrin can compete with
Congo red dye binding, suggesting that some aspect of por-
phyrin or iron assimilation may be mediated by these binding
proteins. However, it should be stressed that there is no

evidence to date that the Congo red dye-binding proteins from
these organisms are structurally related to either the NlpD or

pBluescript
Control pJKI1 0

_ - +
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I IS A G S P K F T V R R I A1 AIL V S L WIG DD TIN P _ S S V N NlpD
1 -------- KK F L P I S I T V A H T E NA K LppB

41 G N _ A N T N - - SIM L I *P - - - - - - - - - - *P K G T T S T A Q Q P NlpD
30 D L S I I K P I NTN SA W E P Q V I Q Q K M ES R V P K A T N S T LppB

69 -I*I Q P V_P*I Q A T Q Q P Q I P VP V A Q Q P V Q M E G R I V Y N NlpD
70 Y*P E I IN NQ K T E SIAAKfKALfN F E I P R D P K TlV P V - - - LppB

108 R Q *G NP*P S SS*S*5T*K *Y*Y WT*NT*NI*F R D Q NlpD
107 -- SK D F K D K R LM L Y S M I K E T LppB

148 R I QAAA*NVTT*Q V TG A ST Q A D A A *Q NlpD
145 LM S EHES IVEKAI AN - - - - P D S M-P T Q T I NES LppB

188 G-V I K P A Q N S T V A V A S Q P T I T Y S E S S G E Q S A K M L P N _ NlpD
181 E T- QN T VIE T W N A LppB

228 *A T T V TATVAT E P T V SS ST SIP I S T-R_E_ NlpD
197 EN E Q M K - A T H IM- - P I NK P P A S N I A I N LppB

268 VIE T *G A S E A _K I IITT N NlpD
234 I-Q G S S A D R_V NAD LppB

308
274

- D D
S E
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TMER E K NlpD
S I K D Q ~~ LppB
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FIG. 6. Comparison of the deduced amino acid sequences of the E. coli NlpD lipoprotein described here and the H. somnus LppB lipoprotein
(44). To maximize the similarity of these sequences, three alterations were made to the lppB nucleotide sequence (44); a C at position 788 and
an A from position 796 were deleted, and a G was inserted at position 983. Identical residues are indicated by the dark shading.

the LppB lipoproteins. Thus, it would be useful to directly
determine whether the NlpD and LppB species can function as

hemin- or porphyrin-binding and transport proteins. If these
proteins do serve in an alternative iron assimilation pathway, it
is possible that their loss in stationary-phase cells limits iron
intake and cell viability. Interestingly, Salmonella strains con-

taining katF mutations have reduced virulence in mice (9).
Congo red dye-binding is also characteristic of 3-amyloid

proteins, such as the amyloid component in Alzheimer ,B-pro-
tein or the prion protein (20). In fact, it has recently been
shown that a peptide corresponding to residues 28 to 44 of the
E. coli OsmB lipoprotein with a sequence similar to that
present in the mammalian Alzheimer's amyloid and prion
proteins can bind Congo red dye (20). This observation

E. coli nlpD

41

-QQPQIQPVQQPQIQATQQPQIQPVQPVAQQP

Q: P QP QQP Q QQP QP Q QQP
P. yoelii CS protein -QEPPQQPPQQPPQQPPQQPPQQPPQQPPQQP

229

QP: QP QPQ Q QPQ QP QP Q
P. berghei CS protein PQPRPQPQPQPQPQPQPQPQPQP-QPQPQPQ

208

Q PQ QP Q Q PQ QP P Q P
B. parapertussis P.70 QPPQPPQPPQPP-QPPQPPQRQPEAPAPQPP

584

FIG. 7. Similarity between the deduced amino acid sequence of the
QP octapeptide repeat region of the putative E. coli NlpD lipoprotein
described here, the circumsporozoite (CS) protein from P. yoelii (27)
and P. berghei (47), and the outer membrane protein pertactin from B.
parapertussis (30).

suggests that the Congo red dye-binding phenotype need not
be always associated with hemin binding. The OsmB lipopro-
tein has no apparent sequence similarity to the NlpD and
LppB lipoproteins (23), although all three proteins have
regions rich in glycine and alanine residues that have been
associated with Congo red dye binding (20). The OsmB protein
provides resistance to osmotic stress and may thus be impor-
tant itself in stationary-phase survival (23).

Finally, the local sequence similarity of proteins in the
QP-rich tandem repeat region shown in Fig. 7 suggests possible
roles for NlpD protein in adhesion to eucaryotic cells. The

TABLE 2. Long-term viability of MC1000 and CL3010 cells"

Time in % Maximum viability"'
stationary MCI()( CL301() (npD)P

phase (days) (nlpD') C31 np)P

2 92.15 ± 15.14 83.12 ± 21.85 NS
3 74.77 ± 8.69 50.63 ± 14.20 NS
5 53.24 ± 6.95 40.48 ± 14.93 NS
7 39.24 ± 4.25 20.36 ± 4.66 <0.05
9 23.63 ± 5.08 6.35 ± 2.17 <0.05

"Cells were grown at 37'C in 0.2% glucose in M9 minimal medium supple-
mented with 40 p.g of L-leucine and 0.2 ,ug of thiamine per ml.

" Percent maximum viability is the number of CFU of the culture formed on
LB plates at each time point divided by the number of CFU of the same culture
after 30 h in stationary phase, corresponding to 50 h after the initial inoculation
of the culture. Values are the means ± standard deviations from three
independent experiments.

' P values indicate the statistical probability that the difference between the
percent maximum viability of MC1000 cells and that of CL3010 cells at each
indicated time point would occur, given that no difference actually exists. NS, not
significant.
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other proteins described here with the QP repeat motif are
membrane proteins of animal pathogens or parasites that
are involved with microbial attachment to the host cell mem-
brane.
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