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Neonatal Escherichia coli meningitis remains a devastating disease, with unacceptably high morbidity and
mortality despite advances in supportive care measures and bactericidal antibiotics. To further our ability to
improve the outcome of affected neonates, a better understanding of the pathogenesis of the disease is
necessary. To identify potential bacterial genes which contribute to E. coli invasion of the blood-brain barrier,
a cerebrospinal fluid isolate of E. coli K1 was mutagenized with TnphoA. TnphoA mutant 27A-6 was found to
have a significantly decreased ability to invade brain microvascular endothelial cells compared to the wild type.
In vivo, 32% of the animals infected with mutant 27A-6 developed meningitis, compared to 82% of those
infected with the parent strain, despite similar levels of bacteremia. The DNA flanking the TnphoA insertion
in 27A-6 was cloned and sequenced and determined to be homologous to E. coli K-12 aslA (arylsulfatase-like
gene). The deduced amino acid sequence of the E. coli K1 asiA gene product shows homology to a well-
characterized arylsulfatase family of enzymes found in eukaryotes, as well as prokaryotes. Two additional asl4
mutants were constructed by targeted gene disruption and internal gene deletion. Both of these mutants
demonstrated decreased invasion phenotypes, similar to that of TnphoA mutant 27A-6. Complementation of the
decreased-invasion phenotypes of these mutants was achieved when asl4 was supplied in frans. This is the first

demonstration that this locus contributes to invasion of the blood-brain barrier by E. coli K1.

K1 encapsulated Escherichia coli bacteria are responsible for
the majority of cases of gram-negative meningitis among neo-
nates. Mortality from this disease remains substantial, despite
improvements in antibiotics and supportive care. In addition,
the neurologic morbidity of surviving infants is approximately
50%. It is clear from these data that this disease continues to
offer considerable clinical challenges for improved mortality
and morbidity, and a more complete understanding of its
pathogenesis is necessary if there is to be improved patient
outcome.

From animal studies, as well as studies of infants with E. coli
meningitis, it appears that a high level of bacteremia is closely
associated with the development of meningitis (14, 22). While
the achievement of this level of bacteremia is necessary for
subsequent bacterial invasion of the central nervous system, it
in itself is not sufficient for the bacteria to cross the blood-brain
barrier; successful invasion of brain microvascular endothelial
cells (BMEC), which constitute the blood-brain barrier, has
been shown to require multiple bacterial determinants. The
availability of BMEC and a neonatal rat model of hematoge-
nous meningitis is integral to our ability to dissect the patho-
genesis of this disease and relate our in vitro data to relevant
biological systems.

Previous studies have identified factors which mediate com-
plex and multifactorial interactions between bacterial gene
products and BMEC for E. coli K1 traversal of the blood-brain
barrier, including S fimbriae (34, 45), outer membrane protein
A (OmpA) (36, 37), and the K1 capsule (18, 22). TnphoA
mutagenesis has identified several genes (ibeA, ibeB, and yijP)
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which contribute to E. coli K1 invasion of the blood-brain
barrier in vitro and in vivo (19, 20, 48).

Recent studies demonstrate that ibe4 encodes a protein with
multiple transmembrane domains and binds to a novel binding
molecule-receptor on BMEC, IbelOR (35). The addition of
purified IbelOR protein, or a polyclonal antibody raised
against Ibe10R, to in vitro invasion assays significantly inhibits
invasion by E. coli K1 (35). yijP encodes a putative membrane
protein which is a homologue of the gene product termed
L7028 or ecf3, encoded on virulence plasmid p0157 of E. coli
O157:H7 (48). Additional work suggests that not all meningi-
tis-causing E. coli K1 bacteria possess all of these identified
virulence factors (8). Therefore, despite the body of work, the
invasion process has yet to be fully elucidated.

In a previous communication, we reported the isolation of
several E. coli K1 TnphoA mutants that were deficient in the
ability to invade BMEC (19). For this study, we further char-
acterized one mutant, 27A-6.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Strains used in this study were de-
rived from E44, a spontaneous rifampin-resistant mutant of a cerebrospinal fluid
(CSF) isolate of Kl-encapsulated E. coli RS218 (O18:K1:H7) which has been
previously characterized (19, 49). 27A-6 is a single-insertion TnphoA mutant of
E44. JH3 is an E44 aslA gene disruption mutant. JH6 is an E44 aslA internal gene
deletion mutant, and HB101 is a laboratory E. coli K-12 strain (Table 1). For
invasion assays, bacteria were grown under microaerophilic conditions (3) for 14
to 16 h at 37°C in brain heart infusion broth (Difco Laboratories, Detroit, Mich.)
under rifampin (100 pg/ml), kanamycin (50 wg/ml), chloramphenicol (25 pg/ml)
and/or ampicillin (100 pg/ml) selection, as needed. All of the mutant and wild-
type strains grown to stationary phase attained similar cell densities.

Cloning and sequencing of DNA adjacent to the TnphoA insertion. Genomic
DNA from mutant 27A-6 was digested with Mlul, which does not cut TnphoA,
and was ligated into the Mlul site of pCVD433 as previously described (19). The
constructs were electroporated into DH5«, and transformants were selected for
kanamycin resistance, indicating the presence of Tn5. Sequence data of the DNA
flanking the transposon were obtained by using oligonucleotide primers Tnp5
(5'-GCACGATGAAGAGCAGAAG-3") and Tnp3 (5'-TGCTAAGAGAATCA
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TABLE 1. Bacterial strains and plasmids used in this study

S;lr:;;i(ér Genotype or characteristic(s) szf:;z?cc:
Strains
E44 Rifampin-resistant RS218 19
(O18:K1:H7)
27A-6 E44 (aslA::TnphoA) 19
JH3 E44 (aslA::pEP185.2) This study
JH6 E44 (AaslA) This study
HB101 E. coli K-12 2
Plasmids
p7B8 pSupercos with 20- to 40-kb insert This study
containing aslA
p5C10 pTM100 with 7-kb insert This study
containing aslA
pJAH44 aslA PCR product cloned in This study
pCR2.1
pSupercos Cloning vector, Ap" Stratagene
pTM100 Cloning vector, pACYC 4
derivative, Cm" Tet"
pCR2.1 Cloning vector, Ap" Invitrogen

CGCAGAG-3"), which are complementary to the 5" and 3’ ends, respectively of
TnphoA. The remaining sequence information was obtained by primer walking of
a plasmid that contained the wild-type asi4 sequence. Sequencing was deter-
mined by the dideoxy-chain termination method described by Sanger et al. (39)
with Sequenase kit version 2.0 from U.S. Biochemicals or using an Applied
Biosystems (Foster City, Calif.) automated sequencer at the Childrens Hospital
Los Angeles Research Institute Biotechnology Core Facility. Sequences ob-
tained were analyzed using the BLAST program (National Center for Biotech-
nology Information at the National Library of Medicine). Both strands of the
entire E. coli K1 aslA locus were sequenced.

Gene disruption mutant. JH3 was constructed by targeted disruption of the
aslA gene via suicide plasmid integration into the wild-type E. coli K1 locus. An
internal fragment of asl4 was cloned by PCR using oligonucleotide primers
based on the E. coli K-12 asiA sequence with Sacl and Kpnl restriction sites
incorporated at the 5" and 3’ ends of the primers, respectively. Primer sequences
were as follows: ORF2, 5'-CGGTGTCTGATATGTACACCG-3'; ORF1, 5'-C
ATCCCTTTCCAGTAACG-3'. These primers anneal at bp 905 and 1453 of
aslA, respectively. The internal open reading frame (ORF) fragment was di-
gested with Sacl and Kpnl and ligated into suicide vector pEP185.2 (23). The
ligation mixtures were transformed into S17-1\ pir (43), and the resulting plas-
mids were transferred into wild-type E. coli K1 strain E44 by conjugation.
Integration of the suicide plasmid via homologous recombination at the site of
the cloned internal ORF fragment resulted in a gene disruption. Transconjugants
were selected on rifampin and chloramphenicol. Gene disruption was confirmed
by Southern blot analysis.

Deletion mutant. To construct an asl4 deletion mutant (JH6), gene splicing by
the overlap extension method was used (17). PCR product 1 was produced from
oligonucleotide primers asi4-S (5'-GATATCCGCTCTGGGTATAG-3'), con-
taining a Sacl tag annealing to bp 1733, and asl4-SA (5'-CGGTCAGCTTGAT
AACACGC-3"), annealing at bp 1299 and containing overlap sequence 5'-GC
CGCCCGCGCTCTG-3'. PCR product 2 was produced from oligonucleotide
primers asl4-K (5'-CTGCCTTACATATCAAC-3"), annealing to bp 80 and con-
taining a Kpnl tag, and aslA-KA (5'-CACATCGTCCAGCAAG-3'), annealing at
bp 543 and containing overlap sequence 5'-CAGAGCGCGGGCGGC-3'. For
PCR product 3, we used PCR products 1 and 2, which anneal at their overlap
sequences, as a template and primers asl4-S and aslA-K to produce a 900-bp
PCR product, resulting in an approximately 750-bp deletion (bp 543 to 1299) in
aslA. PCR product 3 was digested with Sacl and Kpnl and ligated into suicide
vector pEP185.2 (23). The ligation mixtures were transformed into S17-1\ pir
(43), and the resulting plasmids were transferred into wild-type E. coli K1 strain
E44 by conjugation. Initial transconjugants were selected on rifampin and chlor-
amphenicol, indicating integration of the suicide plasmid via homologous recom-
bination. Colonies were then subject to cycloserine enrichment to induce plasmid
loss (32). Colonies that had lost the plasmid and successfully integrated the
deletion-containing asl4 gene (double-crossover event) were identified by chlor-
amphenicol sensitivity and confirmed by PCR and Southern analysis.

Phenotypic characterization of mutants. Mutants were examined for retention
of important phenotypic characteristics of the wild-type strain, including growth
rates, biochemistries, antibiograms, and the presence of the K1 capsule, O18
lipopolysaccharide (LPS), S fimbriae, and OmpA. Growth curves were deter-
mined for mutants and the wild type in experimental medium containing the
appropriate antibiotics. The presence of the K1 capsule was verified by the
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antiserum agar technique with antiserum to group B meningococci as previously
described (19, 22). O18 LPS was detected by colony blot analysis with an anti-
018 monoclonal antibody (19). S fimbriae were detected by mannose-sensitive
and mannose-resistant hemagglutination tests, as well as by colony blot assays
with anti-type 1 fimbrial antibody and anti-S fimbrial monoclonal antibodies (19,
34). Members of the outer membrane complex were isolated by sonication and
selective detergent solubilization, and their patterns were examined by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (TnphoA mutant 27A-6) (19).
OmpA was detected by colony blot assay and Western blotting of Omp complex
members with an anti-OmpA antibody. TnphoA mutant 27A-6 was examined for
insertions in ORFs of some known virulence factors by Southern hybridization
with probes for K1 and OmpA as previously described (19).

Arylsulfatase activity assay. To detect arylsulfatase activity, indoxysulfate in-
dicator agar plates were prepared by combining 3 mM tyramine, 0.25 mg of
indoxysulfate per ml, 0.25% succinate (E. coli) or xylose (Klebsiella pneumoniae),
1 mM MgSO,, 0.00005% vitamin B, 0.1% Casamino Acids, and 5 pg of nicotine
per ml in M63 minimal-medium agar (29). Bacteria were plated for isolated
colonies. Arylsulfatase activity was indicated by blue colonies. The positive and
negative controls used were K. pneumoniae and E. coli K-12 strain HB101,
respectively.

Cloning of wild-type loci for complementation. A custom cosmid library was
constructed using wild-type E44 Sau3Al-digested DNA fragments ligated into
the BamHI site of the Supercos 1 cosmid vector (Stratagene Cloning Systems, La
Jolla, Calif.). Insert sizes ranged from 20 to 40 kb. Transformants were subjected
to colony hybridization using a PCR-derived internal fragment of asl4 as a probe.
Colony hybridization was performed on approximately 1,200 clones. Seven
strongly hybridizing colonies were recovered and used for complementation
analysis. One clone, p7B8, was found to consistently complement the decreased-
invasion mutants and was chosen for further characterization. p7B8 was digested
with Sau3Al, and the resulting subgenomic fragments were ligated into the
BamHI site of pTM100. Transformants were probed with the probe described
above. One hybridizing subclone, pSC10, was identified and determined to com-
plement the mutant phenotypes.

The wild-type E44 asiA ORF was cloned using primers aslA4 (5'-CATCTAC
CGCCATATCTTAAAGCAATGGCTG-3) and aslA3 (5'-CAGGTCTGTATG
ACAACAAG-3"), which anneal at bp 2007 of E. coli K1 aslA and bp 39713 of the
E. coli genomic sequence of the region between 84.5 and 86.5 min (accession no.
M87049). The PCR product was ligated into vector pCR2.1-topo, resulting in
plasmid pJAH44. DNA inserts were confirmed by sequencing. All plasmids were
transferred to E44-derived strains by electroporation.

mRNA slot blot analysis. Total cellular RNA was purified from stationary-
phase bacteria grown in brain heart infusion broth using the TRIzol reagent
(Gibco BRL). RNA samples were treated with RNase-free DNase, and the
integrity of each sample was assessed by examination of an electrophoresed
aliquot. We applied 5.0 and 0.5 pg of purified RNA to nylon membranes (Pro-
Nytran; Schleicher & Schuell) using a slot blot apparatus (Bio-Rad). Membranes
were prepared and subjected to hybridization as previously described (3). Mem-
branes were probed with the internal ORF DNA fragment of asl4. In addition,
a 526-bp internal fragment of the E. coli 23S rRNA gene, generated by PCR
using oligonucleotide primers 23s1 (5'-GACTAAGCGTACACGGTG-3") and
2352 (5'-GCCTTGTACGTACACGG-3'), was used to confirm equivalent RNA
loading.

HBMEC invasion phenotypes. Tissue culture invasion assays were performed
with human BMEC (HBMEC). These cells were isolated and cultured as de-
scribed previously (45). Approximately 107 bacteria were added to confluent
HBMEC monolayers and 500 wl of experimental medium (Ham’s F12: Medium
199-1X Earle salts [1:1], 5% heat-inactivated fetal bovine serum, 1% Na pyru-
vate, 0.5% glutamine) (Irvine Scientific) for a multiplicity of infection of 100. The
cells and bacteria were incubated for 1.5 h at 37°C in 5% CO, without shaking.
The monolayers were then washed with RPMI medium and reincubated with
experimental medium containing gentamicin (100 pg/ml) for 1 h at 37°C to kill
extracellular bacteria. This step was omitted in experiments performed to deter-
mine the total number of cell-associated bacteria. To determine the number of
viable intracellular bacteria, the monolayers were washed with RPMI medium
and lysed with 150 ul of sterile water for 20 min. The number of CFU in each
well was determined by dilutions plated on Luria-Bertani agar with antibiotic
(mutants) or on blood agar plates (wild type). Invasion frequency was calculated
as follows: number of recovered bacteria/number of bacteria inoculated X 100.
Wild-type E44 had an invasion frequency of 0.1 to 0.8%. HB101, a noninvasive
E. coli K-12 strain that was used as a negative control, had an invasion frequency
of 0.001% = 0.007%. All invasion experiments were conducted in duplicate and
performed a minimum of three times.

Animal model of E. coli bacteremia and meningitis. E. coli bacteremia and
meningitis, defined as a positive CSF culture, were induced in 5-day-old rats by
a previously described method (36). Briefly, outbred, specific-pathogen-free,
pregnant Sprague-Dawley rats with timed conception were purchased from
Charles River Breeding Laboratories (Wilmington, Mass.); the rats delivered in
our vivarium 5 to 7 days after arrival. At 5 days of age, all members of each litter
were randomly assigned to one of two groups, which received intracardiac in-
jections of E. coli strain E44 or 27A-6. Pilot experiments were performed with
each bacterial strain to determine the inoculum size that would induce a level of
bacteremia (10° to 10® CFU/ml of blood) found to be necessary for hematoge-
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TABLE 2. In vitro HBMEC invasion phenotype of wild-type and
mutant E. coli strains

Strain Mean invasion frequency

(%)* = SD
E44 0.40 = 0.08

HB101 0.003 = 0.004
27A-6 0.026 * 0.011
JH3 0.014 = 0.020
JH6 0.025 = 0.014

“ All invasion experiments were conducted in duplicate and performed a
minimum of three times.

nous bacteria to enter the central nervous system (22). Inoculum sizes were as
follows for two experiments: E44, 5.5 X 10° and 6.5 X 10° CFU; 27A-6, 1 x 107
and 8 X 10° CFU. At 1 to 2 h after bacterial inoculation, blood and CSF
specimens were obtained as described previously for quantitative cultures (36).

Nucleotide sequence accession number. The sequence of asl4 from E. coli K1
strain RS218 has been submitted to the GenBank database under accession
number AF263456.

RESULTS

In vitro and in vivo phenotype of TnphoA mutant 27A-6. As
previously reported, E44 was subjected to TnphoA mutagene-
sis to identify mutants with a decreased ability to invade the
blood-brain barrier in vitro (19). Despite having the same
multiplicity of infection, mutant 27A-6 was determined to be
significantly less invasive in HBMEC than parent strain E44
(clinical CSF isolate), 0.026% =+ 0.011% versus 0.40% =
0.08% invasion, respectively (P < 0.01) (Table 2). Total cell-
associated counts of mutant and wild-type E. coli K1 bacteria
were similar (data not shown). This suggests that the mutation
leading to the decreased-invasion phenotype is not the result of
decreased association with HBMEC. In addition, 27A-6 was
tested in the neonatal rat meningitis model to determine the
percentage of animals developing meningitis, in animals
achieving similar levels of bacteremia (E44, 7.50 = 0.32 mean
log CFU/ml of blood; 27A-6, 7.60 * 0.49 mean log CFU/ml of
blood). Meningitis, defined as a positive CSF culture, was
observed in 82% (14 of 17) of the animals infected with wild-
type strain E44 but in only 32% (7 of 22) of those infected with
mutant strain 27A-6 (P < 0.001). These data suggest that the
locus disrupted by TnphoA in mutant 27A-6 contributes to
penetration of the blood-brain barrier in vitro and in vivo.

Characterization of transposon mutant 27A-6. An extensive
investigation was undertaken to examine mutant 27A-6 to de-
termine if the expression of known virulence factors was al-
tered. Phenotypic studies of the mutant revealed that there
were no alterations in the K1 capsule, O18 LPS, type 1 and S
fimbriae, outer membrane protein profile, and OmpA as de-
termined by methods previously described (19, 22, 34). In ad-
dition, the biochemistries, antibiograms, and growth curves
were identical to those of the wild-type strain (data not shown).

Identification and characterization of gene locus asi4. To
determine the genetic basis for the observed decreased-inva-
sion phenotype of mutant 27A-6, we cloned the DNA region
flanking the TnphoA insertion site. A 500-bp segment of flank-
ing DNA was cloned and sequenced and found to be homol-
ogous (94% nucleotide and 97% amino acid homology) to E.
coli K-12 aslA, a putative arylsulfatase-like gene. This E. coli
K-12 gene was named because the deduced amino acid se-
quence contains sulfatase consensus motifs I and II, which are
homologous (55 and 70% amino acid identity, respectively) to
those of K. pneumoniae (previously named K. aerogenes) AtsA,
an arylsulfatase which is involved in sulfate metabolism. No
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definitive gene product or function has been identified for E.
coli K-12 aslA (30, 40).

The entire E. coli K1 aslA gene was cloned and sequenced.
Similar to E. coli K-12, asl4 in E. coli K1 was found adjacent to
and divergently oriented with respect to as/B, which encodes a
putative regulatory protein. Figure 1 depicts the nucleotide
and predicted amino acid sequences of asl4, along with the
several important features of its predicted protein structure.
The TnphoA insertion site was determined to be at the 3’ end
of aslA, at bp 1283. asl4 encodes a polypeptide of 475 amino
acids with a predicted molecular mass of 52 kDa (10). Com-
puter analysis predicts that AslA contains two membrane-
spanning segments (24) and an amino-terminal signal se-
quence with a putative cleavage site between amino acids 24
and 25 (31). As in K. pneumoniae AtsA and the predicted
amino acid sequence of E. coli K-12 AslA, two sulfatase motifs,
designated I and II, were identified in the deduced amino acid
sequence (7). Both are located in the N terminus of the protein
(Fig. 1). Sulfatase motif I, containing highly conserved amino
acid residues (S/CXPXRXXXXLTGX), and motif II (GKWH)
have been shown to be essential for the catalytic activity of the
enzyme (38, 46, 47).

Wild-type E. coli K1 and E. coli K-12 were examined for in
vitro arylsulfatase activity by using indoxysulfate indicator
plates, and there was no detectable activity for either E. coli K1
or E. coli K-12, compared to a K. pneumoniae positive control
(data not shown). Slot blot assays were performed on RNA
isolated from wild-type E. coli K1 and E. coli K-12, and the
blots were probed with an internal DNA fragment of E. coli K1
aslA. As shown in Fig. 2, the aslA transcript was detectable in
E. coli K1 but not in E. coli K-12 strain HB101. These data
suggest that although asiA is expressed in E. coli K1 but not in
E. coli K-12, no arylsulfatase activity is detectable by this
method in vitro.

Complementation of transposon mutant 27A-6. An impor-
tant step in the investigation of the genetic basis of a mutant
phenotype is demonstration of the ability of wild-type DNA
supplied in trans to restore the wild-type phenotype. To ap-
proach this goal, we screened a wild-type E44 cosmid genomic
library using the TnphoA chromosomal junction clone as a
probe. A hybridizing clone (p7B8) was identified and assayed
for the ability to complement 27A-6’s mutant invasion pheno-
type. p7B8 was found to restore the invasiveness phenotype to
mutant 27A-6 by raising its invasion frequency fivefold higher
than that of E44 containing a cloning vector (Fig. 3A).

Because the complementing cosmid clone contains a large
DNA insert of 20 to 40 kb, we endeavored to define a smaller
subclone of DNA that would confer the wild-type invasiveness
phenotype on the mutant. Subcloning of p7B8 and comple-
mentation analysis of resultant clones identified a subclone
(p5C10) with a 7-kb insert containing aslA. Similar to p7BS,
p5C10 was found to raise the transposon mutant invasion fre-
quency to a level 2.4-fold above that of the wild-type strain
containing the cloning vector (Fig. 3B).

Characterization of an asl4 gene disruption mutant and a
gene deletion mutant. To exclude the possibility that an un-
identified second-site mutation and/or a polar effect was re-
sponsible for the observed decreased-invasion phenotype of
transposon mutant 27A-6, an additional asl4 gene disruption
mutant was generated. As shown in Table 2, this mutant, JH3,
demonstrated a phenotype like that of 27A-6 as measured by
the in vitro HBMEC invasion assay; JH3 was approximately
30-fold less invasive than E44. In a complementary approach
to confirm the genetic basis for the decreased-invasion mutant,
we generated an internal deletion mutant. This mutant, JH6,
has a 750-bp (50%) deletion of the internal region of asl4. JH6



VoL. 68, 2000

101

301
401
501
601
701
801
901
1001
1101

1201

ROLE OF asiA IN E. COLI BMEC INVASION

atggaattatcy
M E L S8

gataccccgtcaaccgccaccgcac
D T P S T A T A

gcaaaggctttgccggatacgatcacccaaaccagtatctggttaaaccggcgaccacttttgccgacaacatgatgccggtgatgcagcatcctgcaca
R K 6 FAGYDHU?PN QY L VK PATTTFADNMMMTEPV Q E P A Q

—>
agacaaagaaacccagcagaaactggcggaacttgagaaaaaaaccggtaagaaaccgaatqtggttgttttcttgctggatgatgtgggctggatggac
b K ET Q Q KL A E L E XK KT G KZ XK PNV V V F L L D W M D

gttggctttaacggeggeggettggeggtgggtaaccctacaccagatatcgacgecgttgecagecaggggetgattttaacttecggegtattecteaac
vV & F N 6 G GL AV GGNUPTU®PDIDAVASGUL I L TS AY S Q

caagctcttccoccaacccgegecaccattctcaccggacaatacteccatccaccacggeattectgatgeegecaatgtacgggcaaccgggegggetgea
P § S8 8 T R AT I L T G Q Y S I HHGILMUPUPMY G QP GG L Q

agggttaaccacgcetgecgecagttgetgcacgatecagggetacgtcacccaggetategggaaatggecatatgggggaaaacaaagagtegeageecgeag
L T TJL P QL L HDOQGY V T QATIGIZ KWIHEMTGTETUDNI KTE S Q P Q

—)
aacgttggatttgatgctttccgeggetttaactcggtgtecgatatgtataccgaatggegtgatgttcatgtcaaccecggaagtcgeecctgageeceygg
N VvV G F bDbAFRGV FWNS VvV S DMY TEWU RUDVHVYVDNPEVATL S P

ctcgttctgaatacatccaaaaactgccgttcagcaaagatgacgttcatgccgtgcgcggcggtgaacaggaagccattgccgacattacgccgaaata
A R S E Y I 9 KL P F S K DDV HA AUV R G Q A I 2 DI T P K Y

tatggaagacctggatcaacgctggatggaatatggecgttaagttectcgacaagatggecgaagagtgataaacctttettectctattacggecactegt
M £E DL D Q R WMUEY GV KF LD KMAI KSTDI K?PFFUL Y Y G TR

ggctgtcacttcgataactacccgaacgcecaaatatgegggtagetectecggegegecacctettatggegactgecatggtggagatgaacgatatetteg
G CH P DNY PN AIZKYA AGS S PAURTS Y GDOCMVEMI©NTUDTITF

Y <=
ccaatctgtataa gcactggagaaaaacggtcagcttgataacacgctgattgtgttcacctctgataacggtccggaagccgaagttccgccgcacgg
A N L ¥ K A L E KNG QULDNTULIVFT S DNG P A vV P P H G

tcgecacgeegttecgeggtgcgaaaggttctacatgggaaggeggegttegtgtgecaaccttegtttactggaaaggecatgatccaaccgegtaaatet
R T P F R GAIKG S TWE GGV RV PTFV Y W K GMTI QP R K S

gacggcattgtagatctggcggatctectteccatacggegetggatetggeggggcatectggggcgaaagtagegaatttagtaccgaaaaccacctceta

5065
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I DGV DQT S F F L GTNGQS NIRIK A E
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FIG. 1. Nucleotide and deduced amino acid sequences of the E. coli K1 aslA locus. ¥, TnphoA insertion site; *x*, cleavage site for putative signal sequence. Boldface
amino acid sequences denote sulfatase motifs I and II, and important amino acid residues are underlined. Putative transmembrane domains are shaded. # 4, disruption

of JH3; O ¢, deletion of JH6.

was found to be approximately 16-fold less invasive than wild-
type E44 (Table 2), supporting the importance of this gene
locus for in vitro invasion of HBMEC. Phenotypic studies of
JH3 and JH6 revealed that there were no alterations in the K1
capsule, O18 LPS, type 1 and S fimbriae, and OmpA as deter-
mined by methods previously described (19, 22, 34). In addi-
tion, the biochemistries, antibiograms, and growth curves were
identical to those of the wild-type strain (data not shown).

The decreased-invasion phenotype of JH6 was comple-
mented by cosmid p7B8 and subclone pSC10 (data not shown).
In addition, the decreased-invasion phenotype of JH3 was
complemented by cosmid clone p7B8 (data not shown). Con-
comitantly, a 2-kb clone containing asl4 alone (pJAH44) was
constructed. pJAH44 was found to complement the decreased-
invasion phenotype of mutant JH3 by fully restoring the mu-
tant invasion frequency to that of the wild type containing the
cloning vector (Fig. 3C).

E44  HBIOI E44  HBI0I
- e e 50pg
— E— 0.5ug
23sRNA aslA

FIG. 2. RNA slot blot analysis of asl4 transcript levels. mRNA was isolated
from strains E44 (K1) and HB101 (K-12) (5.0 and 0.5 pg in the top and bottom
slots, respectively) and probed with an internal fragment of asl4. Transcript
levels for a constitutive expressing gene, 23sRNA, were determined in parallel to
confirm equivalent loading.

DISCUSSION

We have previously identified multiple bacterial and envi-
ronmental factors which contribute to E. coli K1’s ability to
cross the blood-brain barrier in vitro and in vivo, including the
K1 capsule (18, 22), S fimbriae (34, 45), OmpA (36, 37), IbeA
(19), IbeB (20), YijP (48), the finP traJ locus (5), environmen-
tal growth conditions (3), and the level of bacteremia (22). This
process appears to be mediated by complex interactions be-
tween multiple bacterial, host, and environmental determi-
nants.

In this report, we present data on E. coli K1 asl4 and its
contributions to the invasion equation. Our earlier communi-
cation on TnphoA mutagenesis identified several mutant
strains containing TnphoA insertions in ibeA, ibeB, and yijP
with decreased HBMEC invasion phenotypes compared to
that of parental wild-type strain E44 (19, 20, 48). One such
mutant, 27A-6, was further characterized in this study. 27A-6
was shown to have significantly decreased HBMEC invasion
ability in vitro and an attenuated ability to cause meningitis in
newborn rats compared to the wild type. Two additional aslA
mutants, an asl4 disruption mutant (JH3) and an aslA internal
deletion mutant (JH6), also demonstrated significantly de-
creased invasion phenotypes. We were able to complement the
decreased HBMEC invasion phenotypes of all of the mutant
strains with constructs containing the asl4 gene locus. These
data, taken together, strongly suggest that asi4 plays a role in
E. coli K1 invasion of the blood-brain barrier.

We do not know how AslA contributes to E. coli K1 inva-
sion. The E. coli K-12 gene was named because of the sequence
homology of the deduced protein sequence to AtsA, a K
pneumoniae arylsulfatase. However, asl4 does not appear to be



5066 HOFFMAN ET AL.

500 '
400 A.
300 | mE44/pSC
B 27A-6/pSC
200
0 27A-6/p7BS
100
0

250 b i B
200
150 E E44/pTM100

E27A-6/pTM100
[127A-6/p5C10

mvasion
|

100

50

Relative %

200
C.

I
150
B E44/pCR2.1
100 EJH3/pCR2.1
[1JH3/pJAH44
50

0

FIG. 3. Complementation of HBMEC invasion phenotype of asl4 mutant
strains with wild-type DNA supplied in trans. (A) Complementation of TnphoA
mutant 27A-6 with cosmid clone p7B8. (B) Complementation of TnphoA mutant
27A-6 with subclone p5C10. (C) Complementation of asi4 disruption mutant
JH3 with pJAH44 (asiA ORF). Results are presented as relative percent inva-
sion, with that of strain E44 containing the respective cloning vector set at 100%.
The data in panels A and B are from a single experiment conducted in duplicate
and are representative of numerous experiments performed with similar results.
The experiments whose results are shown in panel C were conducted in duplicate
and performed three times. The error bars represent the standard errors of the
means.

expressed in noninvasive E. coli K-12, as determined by mea-
surement of RNA transcript levels. Furthermore, not unex-
pectedly, and in fitting with our hypothesis of the multifactorial
nature of the invasion process, a plasmid containing E. coli K1
aslA did not confer invasiveness on noninvasive E. coli K-12
strain DH5«a (data not shown). The E. coli K1 sequence is
highly homologous to the E. coli K-12 sequence (94% nucle-
otide and 97% amino acid homology), but in contrast to E. coli
K-12, we were able to detect the asl4 transcript in E. coli K1.
Analysis of the deduced protein sequence indicates that E. coli
K1 AslA is also a member of the arylsulfatase family of en-
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zymes that contain highly conserved primary amino acid se-
quence motifs and the predicted three-dimensional structure
(13, 16, 33, 47, 50). These enzymes, which are necessary for the
cleavage of sulfate esters, are found in humans, lower eu-
karyotes, and prokaryotes (11, 29, 44). In bacteria, these genes
are expressed under conditions of sulfur starvation, where the
enzymes function in sulfate scavenging from exogenous sub-
strates (15, 46). The genes are regulated, repressed or dere-
pressed, by the availability of preferred sources of inorganic
sulfate or sulfur (1, 28, 30, 51) and by posttranslation modifi-
cation (12, 13, 27, 41, 42, 46, 47). We were not able to detect
arylsulfatase activity in E. coli K1 by the indoxylsulfate method.
Studies are in progress to determine whether or not E. coli K1
AslA has sulfatase activity.

Sulfatases of all origins share a unique amino acid residue,
a-formylglycine, which is the result of posttranslational modi-
fication of a cysteine in eukaryotes and some prokaryotes, for
example, Pseudomonas aeruginosa and Mycobacterium tubercu-
losis (6, 12, 13, 40, 41, 42), or a serine in K. pneumoniae and E.
coli (27,40, 46). The a-formylglycine, which is contained within
motif I, and downstream motif II (GKWH) are located in the
catalytic site of the enzyme (9, 25, 38, 46, 47).

There are several similarities between E. coli K1 AslA and
K. pneumoniae AtsA which further strengthen the hypothesis
that AslA in E. coli K1 is a bacterial arylsulfatase. For example,
both contain a serine instead of a cysteine, as do most other
known sulfatases, in the conserved amino acid sequence de-
scribed above, which has been shown to be modified to
a-formylglycine in K. pneumoniae (27, 40). When AtsA is over-
expressed in E. coli K-12 via an expression vector, a catalyti-
cally active enzyme containing the a-formylglycine residue is
produced, suggesting that E. coli can modify serine residues to
a-formylglycine. Both K. pneumoniae AtsA and E. coli K1
AslA contain putative signal sequences and transmembrane
regions, suggesting a periplasmic or membrane cellular loca-
tion (40). Additionally, both are found in a gene cluster with a
putative regulator gene, B. In K. pneumoniae, atsB has recently
been found to be required for posttranslational modification of
the serine residue and is now called arylsulfatase-activating
protein (40, 46). E. coli K1 aslA is found in a cluster with as/B,
which has been sequenced (data not shown) and is an atsB
homologue.

In summary, our data support the idea that AslA plays a role
in the penetration of the blood-brain barrier by E. coli K1 in
vitro and in vivo. Experiments are in progress to further elu-
cidate the mechanism by which AslA contributes to HBMEC
invasion and the potential interactions between AslA and AsIB.
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