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ABSTRACT

Enterohemorrhagic Escherichia coli (EHEC) O157:H7 strain EDL933 harbors multiple prophage-associated open reading frames
(ORFs) in its genome which are highly homologous to the chromosomal nanS gene. The latter is part of the nanCMS operon,
which is present in most E. coli strains and encodes an esterase which is responsible for the monodeacetylation of 5-N-acetyl-9-
O-acetyl neuraminic acid (Neu5,9Ac2). Whereas one prophage-borne ORF (z1466) has been characterized in previous studies,
the functions of the other nanS-homologous ORFs are unknown. In the current study, the nanS-homologous ORFs of EDL933
were initially studied in silico. Due to their homology to the chromosomal nanS gene and their location in prophage genomes,
we designated them nanS-p and numbered the different nanS-p alleles consecutively from 1 to 10. The two alleles nanS-p2 and
nanS-p4 were selected for production of recombinant proteins, their enzymatic activities were investigated, and differences in
their temperature optima were found. Furthermore, a function of these enzymes in substrate utilization could be demonstrated
using an E. coli C600�nanS mutant in a growth medium with Neu5,9Ac2 as the carbon source and supplementation with the
different recombinant NanS-p proteins. Moreover, generation of sequential deletions of all nanS-p alleles in strain EDL933 and
subsequent growth experiments demonstrated a gene dose effect on the utilization of Neu5,9Ac2. Since Neu5,9Ac2 is an impor-
tant component of human and animal gut mucus and since the nutrient availability in the large intestine is limited, we hypothe-
size that the presence of multiple Neu5,9Ac2 esterases provides them a nutrient supply under certain conditions in the large in-
testine, even if particular prophages are lost.

IMPORTANCE

In this study, a group of homologous prophage-borne nanS-p alleles and two of the corresponding enzymes of enterohemor-
rhagic E. coli (EHEC) O157:H7 strain EDL933 that may be important to provide alternative genes for substrate utilization were
characterized.

Enterohemorrhagic Escherichia coli (EHEC) bacteria are food-
borne pathogens that cause severe human gastrointestinal ill-

ness characterized by bloody diarrhea and hemolytic-uremic syn-
drome (HUS) (1, 2). EHEC are very heterogeneous in their
genome sizes and structures as well as in their virulence gene com-
position (3, 4). The major pathogenicity factors of strains of clas-
sical EHEC serogroups such as O157, O26, O111, O145, and O103
are production of one or more Shiga toxins (Stx) and develop-
ment of attaching and effacing lesions in the human large intestine
(5). The latter effect is caused by the translocation of effector pro-
teins into eukaryotic cells by a type III secretion system encoded by
the locus of enterocyte effacement (LEE) (6). Besides LEE-positive
EHEC strains, LEE-negative EHEC strains such as O113:H21
strain 98NK2 and the O104:H4 clone have caused severe human
disease and outbreaks (7, 8). Stx are generally encoded in the ge-
nome of lambdoid phages. EHEC strains can carry one or more
Shiga toxin-encoding prophages (Stx prophages) in their genome
(9, 10). Moreover, a number of functional and cryptic non-Stx
prophages have been identified in the EHEC genome. Stx phages
generally carry their stx genes in a distinct DNA region down-
stream of the Q antiterminator and upstream of the S lysis gene,
causing production of Stx during expression of the late phage
genes and release of Stx during phage-mediated cell damage
(11, 12).

In the same DNA region, a large open reading frame (ORF) has

been described in many Stx2a-encoding phages (9). In a study by
Herold et al. (13), it was shown that the corresponding ORF of
phage 933W and other phages was expressed upon norfloxacin
induction. Later on, the corresponding 933Wp42 protein was
identified as the most prominently regulated protein, with 40-fold
overexpression in simulated colonic environmental medium
(SCEM) under aerobic conditions in strain EDL933 (14). Con-
sequently, protein 933Wp42 was recombinantly produced from
laboratory E. coli strain C600/933W and demonstrated cleavage of
5-N-acetyl-9-O-acetyl neuramininic acid (Neu5,9Ac2) (15). In a

Received 1 June 2016 Accepted 14 July 2016

Accepted manuscript posted online 29 July 2016

Citation Saile N, Voigt A, Kessler S, Stressler T, Klumpp J, Fischer L, Schmidt H.
2016. Escherichia coli O157:H7 strain EDL933 harbors multiple functional
prophage-associated genes necessary for the utilization of 5-N-acetyl-9-O-acetyl
neuraminic acid as a growth substrate. Appl Environ Microbiol 82:5940 –5950.
doi:10.1128/AEM.01671-16.

Editor: C. A. Elkins, FDA Center for Food Safety and Applied Nutrition

Address correspondence to Herbert Schmidt,
herbert.schmidt@uni-hohenheim.de.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.01671-16.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

crossmark

5940 aem.asm.org October 2016 Volume 82 Number 19Applied and Environmental Microbiology

http://orcid.org/0000-0003-3410-2702
http://dx.doi.org/10.1128/AEM.01671-16
http://dx.doi.org/10.1128/AEM.01671-16
http://dx.doi.org/10.1128/AEM.01671-16
http://crossmark.crossref.org/dialog/?doi=10.1128/AEM.01671-16&domain=pdf&date_stamp=2016-7-29
http://aem.asm.org


recent review, Vimr (16) postulated that chromosomally encoded
NanS of E. coli may be responsible for the use of Neu5,9Ac2 as a
carbon source. The author demonstrated by in silico analyses that
pathogenic E. coli bacteria carry numerous prophage-encoded
ORFs which are homologous to the chromosomal nanS (yjhS)
gene, which is part of the nanCMS operon of E. coli (16–18).

Landstorfer et al. (19) compared the transcriptome of strain
EDL933 grown in LB medium to the transcriptome present after
growth in different growth media such as minimal media, radish
sprouts, or feces or under different conditions such as the use of
differing pH values or antibiotics. Although transcription of the
nanS-homologous ORFs was mostly downregulated under the
tested conditions, it could be shown that the nanS-homologous
ORFs are transcribed under certain conditions.

The major site of infection for EHEC is the large intestine,
where carbon sources are limited. Mucus, which is composed of
mucins containing various carbohydrates such as galactose, hexo-
samines, fucose, and neuraminic (sialic) acids, is thought to be
one of the most important sources of energy supply. While highly
fucosylated glycans were mainly found in the small intestine of
human, the content of sialic acids increases along the colon (20).
Following Neu5Ac, Neu5,9Ac2 is the most frequently occurring
neuraminic acid derivative in humans (16).

E. coli O157:H7 strain EDL933 was isolated from ground beef
in 1982, during an EHEC outbreak in the United States (21). Since
that time, EDL933 has been used as a reference EHEC strain in
many laboratories worldwide. The genome sequence of EDL933
was first published in 2001 (22). Besides potential virulence fac-
tors and different metabolic pathways, 18 prophages were de-
scribed. The genome of this strain has been resequenced by next-
generation sequencing and has been published recently (23). The
authors corrected the genome sequence by eliminating ambigu-
ous base calls, closing a chromosomal gap, and revising the pro-
phage regions. Therefore, a number of differences from the se-
quence published by Perna et al. (22) were found.

The aims of the current study were to identify, quantify, and
analyze the nanS-homologous ORFs in the genome of EDL933 by
in silico analyses, to clone selected nanS-homologous ORFs, and to
determine their enzymatic activity. Generating isogenic and se-
quential deletions of the nanS-homologous ORFs demonstrated
their importance for substrate utilization.

MATERIALS AND METHODS
Nomenclature of prophage-encoded nanS-homologous ORFs and use
of a particular EDL933 derivative. The genome sequence of E. coli
O157:H7 strain EDL933 was annotated twice (National Center of Biolog-
ical Information [http://www.ncbi.nlm.nih.gov/] accession numbers
AE005174.2 and NZ_CP008957.1). The experiments of this study were
initially performed using the prior sequence published by Perna et al. (22)
(AE005174.2). Therefore, many of the primers used in this study (see
Table S1 in the supplemental material) were named according to the locus
tags used in that sequence entry. Recent work was based on this sequence
and the nomenclature that we used was also applied accordingly, e.g., gene
locus z1466, plasmid pET-z1466-his (13–15).

Following the naming scheme used in the more recently reported se-
quence (NZ_CP008957.1), we renamed the corresponding loci. Due to
their homologies to the chromosomal nanS gene and their prophage lo-
cations, we termed the prophage-encoded nanS-homologous genes the
nanS-p genes and numbered them in accordance with the order in which
they were deleted in our study (see below) (Table 1). The nanS-p8, nanS-
p9, and nanS-p10 alleles published by Latif et al. (23) were not present
in the genome of our EDL933 laboratory strain derivative (see below), and
the numbering of these was determined according to their appearance in
the genome sequence. The nanS-p1 allele is synonymous with the ORF
formerly named z1466, but when materials from former work were used
in this study, we kept this name.

Bioinformatic methods. The nanS-p alleles in the E. coli O157:H7
strain EDL933 genome were analyzed by BLAST analysis (24), and the
prophage regions were aligned and depicted with ClustalW using Ge-
neious R9 software (Biomatters Ltd., Auckland, New Zealand). ln order to
identify putative functional domains in the proteins, the NCBI BLASTP
suite (http://blast.ncbi.nlm.nih.gov/Blast.cgi) was used. To analyze the
phylogenetic relationships among NanS-p amino acid sequences in E. coli
strain EDL933, a tree was calculated with the unweighted pair group
method using average linkages (UPGMA) and Mega6 (25) from a Clustal
alignment calculated with Bioedit, version 7.2.5, based on the amino acid
sequences (26). The NanS sequence of EDL933 was used as an outgroup.

Bacterial strains, growth media, plasmids, and genome sequencing.
Bacterial strains and plasmids used in this study are listed in Table 2.
Plasmids were prepared with a QlAprep Spin Miniprep kit (Qiagen) ac-
cording to the manufacturer’s recommendation. Genomic DNA of
EDL933 was prepared with a GenElute bacterial genomic DNA kit from
Sigma-Aldrich according to the manufacturer’s instructions and was se-
quenced on a PacBio RS2 device (Pacific Biosciences, Menlo Park, CA,
USA) with a 10-kb size-selected insertion library and P6/C4 chemistry.
One SMRT cell was used. De novo assembly (HGAP3 algorithm) was

TABLE 1 Characteristics of nanS and nanS-p1-p10 and corresponding proteins in Escherichia coli O157:H7 strain EDL933 (accession no.
NZ_CP008957.1)a

Phylogroup Gene designation
Gene
length (bp)

Chromosomal position in
EDL933 (NZ_CP008957)

Designation of corresponding
protein

Protein
length (aa)

nanS 981 5440406–5441386 NanS 326
1 nanS-p1 (z1466) 1,938 1356672–1358609 NanS-p1 (933Wp42) 645
1 nanS-p2 1,947 3010352–3012298 NanS-p2 648
3 nanS-p3 1,851 1267489–1269339 * 616
3 nanS-p4 1,851 2332008–2333858 NanS-p4 616
3 nanS-p5 1,854 3571915–3573768 * 617
3 nanS-p6 1,854 1859884–1861737 * 617
3 nanS-p7 1,851 2789290–2791140 * 616
2 nanS-p8 1,938 1642848–1644785 * 645
3 nanS-p9 1,851 1907347–1909197 * 616
3 nanS-p10 1,854 2152546–2154399 * 617
a *, not analyzed in this study. Italic or boldface data represent nucleotide and amino acid sequences that are altered or not present, respectively, in the EDL933 strain used in this
study (accession no. CP015855).

EHEC Esterases
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performed using SMRT Analysis version 2.3 software (Pacific Biosci-
ences). HGAP3 settings were kept at the defaults, except for the expected
genome size of 5 Mbp. LB medium was used for all routine purposes and
consisted of 10 g/liter tryptone, 5 g/liter yeast extract, and 10 g/liter NaCl.
The pH was adjusted to 7.0 with 1 N NaOH. The medium was autoclaved
at 121°C for 15 min. Kanamycin sulfate (Sigma-Aldrich) or ampicillin
sodium salt (Roth) was added at a final concentration of 50 �g/ml or 100
�g/ml, respectively, when required.

M9 minimal medium was prepared basically as described previously
(27). Casamino Acids (Difco) were added to reach a final concentration of
0.1% (wt/vol), and glucose, Neu5,9Ac2, or Neu5Ac was added from sterile
stock solutions, when required, to reach a final concentration of 0.4%
(wt/vol). For growth of E. coli C600 and derivatives, the medium was
supplemented with leucine, threonine, and thiamine solutions at a final
concentration of 0.0001% (wt/vol). SOC medium was prepared as de-
scribed elsewhere (27).

Production of electrocompetent bacterial cells and electroporation.
For transformation experiments, overnight cultures (LB medium, 37°C,
180 rpm) of E. coli BL21(DE3), E. coli JM109, E. coli C600, or EDL933 or
the corresponding deletion mutants were diluted 1:100 in 50 ml SOC
medium and the cultures were incubated at 37°C and 180 rpm up to an
optical density at 600 nm of 0.5 to 0.7. If strains contained temperature-
sensitive plasmids, they were grown at 30°C. The cultures were cooled on
ice for 30 min, and the following steps were performed at 2°C: the cells
were harvested by centrifugation at 4,000 � g for 8 min and washed first
with 40 ml sterile ultrapure water (Millipore), then with 20 ml sterile
ultrapure water, and finally with 2 ml sterile ultrapure water containing
10% (vol/vol) glycerol. The resulting cell pellets were dissolved in 100 �l
sterile ultrapure water containing 10% glycerol. Aliquots (40 �l) of com-
petent cells were used immediately for transformation or stored as elec-
trocompetent cells at �70°C until use.

For transformation experiments, 40-�l volumes of electrocompetent
cells were thawed on ice and mixed with 30 to 300 ng DNA in an ice-cold
Gene Pulser/MicroPulser cuvette (Bio-Rad). The mixture was pulsed in a
Gene Pulser Xcell electroporation system (Bio-Rad) at 25 �F, 200 �, and
2.5 kW for 5 ms. Following this, 1 ml of prewarmed SOC medium was
added immediately. The suspension was then incubated for 1 h at 37°C (or
at 30°C if temperature-sensitive plasmids were present) and then spread
on LB agar with or without antibiotics.

Cloning of nanS-p alleles and recombinant production of NanS-p
proteins. PCR products, which were used not only for confirmation but
also for further steps, were purified using a Qiagen QlAquick PCR purifi-
cation kit (Qiagen), and DNA concentrations were determined with a
Nanodrop 2000 device (Thermo Scientific).

The nanS-p4 allele of E. coli O157:H7 strain EDL933 was amplified by
PCR with primers z6054-NdeI-for and z6054-XhoI-rev (see Table S1 in
the supplemental material).

The nanS-p2 allele showed high sequence similarity to nanS-p1.
Therefore, it was amplified in a nested PCR approach using primers
z3342-for and z3342-rev (see Table S1 in the supplemental material).
Since nanS-p2 contains a NdeI restriction site, this site had to be removed
to facilitate cloning. Therefore, the nucleotide sequence of the restriction
site was modified by site-directed mutagenesis (28). Briefly, A-tailing with
Taq polymerase modified the first-round nested PCR product of nanS-p2
according to the specifications of the manufacturer (New England Bio-
Labs). It was then ligated to vector pGEM-T Easy (Promega) and trans-
formed (see above) in E. coli JM109 according to the manufacturer’s spec-
ifications. Correct insertion was verified by PCR with oligonucleotides
M13-f and M13-r (see Table S1). A nucleotide exchange of adenine to
cytosine was performed by PCR with primers z3342-18A/C-for and
z3342-13T/G-rev at position 312 of nanS-p2, using Phusion High-Fidelity
DNA polymerase (Thermo Scientific) (see Table S1). This procedure was
modified from that described in a QuikChange II site-directed mutagen-
esis kit instruction manual (Agilent Technologies). The former NdeI re-
striction site changed to 5=-CCTATG-3=, which did not result in an amino
acid change. A digestion with NdeI was performed subsequently (by the
method described in a Thermo Scientific manual) to cut the unchanged
template plasmid. The resulting target plasmid was used as the template
for amplification of nanS-p2 with primers z3342-NdeI-for and z3342-
XhoI-rev (see Table S1).

The PCR products of each approach were ligated into expression vec-
tor pET22b(�) as described elsewhere (17) and transformed into E. coli
BL21(DE3) (see above). Correct insertion of the genes into pET22b(�)
and the corresponding nucleotide sequences were confirmed by sequenc-
ing both DNA strands.

The resulting recombinant E. coli BL21(DE3)/pET-nanS-p2-his and
BL21(DE3)/pET-nanS-p4-his strains, as well as the previously described
BL21(DE3)/pET-z1466-his strain and the negative-control BL21(DE3)/

TABLE 2 Bacterial strains and plasmids used in this study

Bacterial strain Relevant characteristic(s)/plasmid Reference or source

E. coli BL21(DE3) F� ompT hsdSB(rB
� mB

�) gal dcm (DE3) 44
E. coli BL21(DE3)/pET-z1466-his 15
E. coli BL21(DE3)/pET-22b(�) Donor for plasmid pET-22b(�) (Novagen, Merck) 15
E. coli BL21(DE3)/pET-nanS-p2-his This study
E. coli BL21(DE3)/pET-nanS-p4-his This study
E. coli JM 109 recA1 endA1 gyrA96 thi hsdR17 supE44 relA1 �� �(lac-proAB) [F� traD36 proAB

lacIq lacZ�M15]
45

E. coli BW25113/pKD46 Donor for plasmid pKD46 46
E. coli BW25141/pKD4 Donor for plasmid pKD4 46
E. coli BT340 E. coli DH5	 carrying pCP20 47
E. coli C600 Wild type 48
E. coli C600�nanS Deletion of nanS This study
E. coli EDL933 Wild type 49
E. coli EDL933�nanS Deletion of nanS This study
E. coli EDL933�nanS�nanS-p1a Deletion of nanS, nanS-p1a This study
E. coli EDL933�nanS�nanS-p1a-p2 Deletion of nanS, nanS-p1a, nanS-p2 This study
E. coli EDL933�nanS�nanS-p1a-p3 Deletion of nanS, nanS-p1a, nanS-p2, nanS-p3 This study
E. coli EDL933�nanS�nanS-p1a-p4 Deletion of nanS, nanS-p1a, nanS-p2, nanS-p3, nanS-p4 This study
E. coli EDL933�nanS�nanS-p1a-p5 Deletion of nanS, nanS-p1a, nanS-p2, nanS-p3, nanS-p4, nanS-p5 This study
E. coli EDL933�nanS�nanS-p1a-p6 Deletion of nanS, nanS-p1a, nanS-p2, nanS-p3, nanS-p4, nanS-p5, nanS-p6 This study
E. coli EDL933�nanS�nanS-p1a-p7 Deletion of nanS, nanS-p1a, nanS-p2, nanS-p3, nanS-p4, nanS-p5, nanS-p6, nanS-p7 This study
E. coli EDL933�nanS�nanS-p6 Deletion of nanS, nanS-p6 This study
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pET-22b(�) strain (15), were induced with 1 mM isopropyl 
-D-1-thio-
galactopyranoside (IPTG), harvested, and lysed, and the resulting protein
solutions were purified and confirmed by Western blotting with an anti-
His-tag antibody as described previously (15). The protein solutions were
dialyzed in Slide-A-Lyzer dialysis cassettes (Thermo Scientific) (3.5-K-
molecular-weight cutoff) in sodium-potassium buffer (10 mM Na2HPO4,
10 mM KH2PO4, pH 7.0) at 4°C in a 2.5-liter volume. The buffer was
changed after 16 h, and the dialysis process continued for a further 4 h.
The resulting protein preparations were designated NanS-p2-His and
NanS-p4-His in addition to 933Wp42-His and the no-insertion control
(NIC). The determination of protein concentrations by Bradford protein
assay was carried out as previously described (15) using bovine serum
albumin as a standard. The protein solutions were stored at �70°C.

Determination of the esterase activity of recombinant NanS-p pro-
teins using Neu5,9Ac2 and mucin. 5-N-Acetyl-9-O-acetyl neuraminic
acid (Neu5,9Ac2) was provided by Wolfgang Fessner and Ning He, Tech-
nical University Darmstadt, Darmstadt, Germany. It was synthesized as
described previously (29) and analyzed by nuclear magnetic resonance
(NMR) spectroscopy. The purity was �95%. 5-N-Acetyl neuraminic acid
(Neu5Ac) was purchased from Applied BioTech, Austria. Neu5,9Ac2 and
Neu5Ac were used at a concentration of 6.25 mg/ml, corresponding to
molar concentrations of 17.79 and 20.21 mmol, respectively, in 50 mM
Tris-HCl (pH 8.0). Mucin from porcine stomach (Sigma-Aldrich) and
mucin from bovine submaxillary gland (Merck Millipore), both dissolved
in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 2 mM KH2HPO4, pH 7.4), were used at a final concentration of
12.5 mg/ml. NanS-p2-His and NanS-p4-His as well as the 933Wp42-His
positive control (15) and the NIC (see above) were diluted in 10 mM
sodium potassium buffer (pH 7.0) to the concentrations used. The final
protein concentrations used were 0.18 mg/liter for deacetylation of
Neu5,9Ac2 and 6.7 mg/liter for deacetylation of mucin. In this case, 1 katal
(kat) esterase activity was defined as the release of 1 mol acetic acid per
second.

Mixtures of 100 �l Neu5,9Ac2 or the mucin solutions, respectively,
were preincubated at 37°C. The reactions were started by adding 5 �l of
the diluted protein solutions of the recombinant proteins or the positive
control, respectively, with shaking at 300 rpm for 20 min. All assays were
performed in triplicate. The reactions were stopped at 95°C and 500 rpm
for 10 min. The released acetic acid concentrations were detected with a
commercial kit (acetic acid; Boehringer Mannheim/R-Biopharm) ac-
cording to the manufacturer’s instructions. Neu5Ac and the NIC were
used as negative controls.

The measurement range was 999 to 4,995 �mol acetic acid according
to the instructions of the manufacturer. Amounts of substances below
those values were assessed as representing negative conditions.

Biochemical characterization of recombinant NanS-p esterases.
Esterase activity was determined by measuring hydrolysis of 4-methylum-
belliferyl acetate (4-MUF-Ac) (Sigma-Aldrich) for investigation of the pH
and temperature optima as described by Nübling et al. (15) with minor
modifications as described below. The absorption measurements were
carried out in an Infinite M200 microplate reader (Tecan). The
4-MUF-Ac stock solution was 5 mM. The buffers used had a molar
concentration of 50 mM. Briefly, 80 �l of the corresponding recombinant
esterase solution was preincubated for 4 min in 352 �l of the correspond-
ing buffer system at the corresponding temperature. The reaction was
started by adding 48 �l substrate stock solution and stopped by adding
100 �l 50% (vol/vol) acetic acid solution. A pH range of 4.0 to 9.0 in
acetate buffer (pH 4.0 to 5.0), potassium phosphate buffer (pH 5.0 to 7.0),
or Tris-HCl (pH 7.0 to 9.0), and a temperature range of 10 to 70°C were
tested. The measurement of pH optimum was performed at 20°C or 40°C
for NanS-p4-His or 933Wp42-His and NanS-p2-His, respectively. For
detection of the temperature optima, a Tris-HCl (pH 7.0) buffer system
was used. For the investigation of substrate specificity, 4-methylumbel-
liferyl caprylate (Santa Cruz Biotechnology), 4-methylumbelliferyl bu-
tyrate (Sigma-Aldrich), and 4-MUF-Ac were used as potential substrates.

A commercial lipase (from Candida rugosa; Sigma-Aldrich) served as a
positive control.

All measurements were performed in triplicate. Percentages of relative
activity were calculated by assigning the highest level of enzymatic activity
a value of 100%. For calculation of the enzymatic activity, determinations
of calibration curves between 0 and 90 �mol 4-methylumbelliferone (Sig-
ma-Aldrich) in each buffer system at each pH were performed. One katal
(kat) of esteraseMuf-Ac activity was defined as the release of 1
mol 4-methylumbelliferone within 1 s. For determinations of specific
esteraseMuf-Ac activity (measured as nanokatals per milligram), the activ-
ity (in nanokatals) was quantified in reference to 1 mg protein. The limit
of quantification (LOQ) was calculated by multiplying the standard devi-
ation of the blank values by a factor of 9.

Construction of nanS- and isogenic sequential nanS-p deletion mu-
tants and growth experiments. Deletion mutagenesis was performed ac-
cording to the method described by Datsenko and Wanner (28) using
plasmids pKD46, pKD4, and pCP20 (Table 2). Primer pairs and PCR
programs for deletion of nanS in E. coli C600 and EDL933 and sequential
deletion of nanS-p1a to nanS-p7 in strain EDL933 are listed in Table S1 in
the supplemental material. PCR products were purified and the DNA
concentration was measured as described above. Deletions were con-
firmed by PCR with primer pairs surrounding the position where the
deletion had taken place (see Table S1).

The resulting E. coli C600�nanS mutant strain was grown at an initial
optical density at 600 nm of 0.1 in 5 ml M9 minimal medium with
Neu5,9Ac2 as a carbon source (see above) and a supplementation of 4
�g/ml NanS-p2-His, NanS-p4-His, or 933Wp42-His at 37°C and 180 rpm
and compared to controls without supplement. Similarly, EDL933 and its
mutant derivatives (Table 2) were cultivated with Neu5,9Ac2, Neu5Ac,
or glucose or without a carbohydrate source. The mutant strain
EDL933�nanS�nanS-p1a-p7, with eight deletions, was cultivated with
Neu5,9Ac2 and with supplemental recombinant protein. Growth experi-
ments were generally performed in triplicate with two measurements of
optical density each per measurement point. Complementation experi-
ments were performed in duplicate for the EDL933 deletion mutants.

Accession number(s). The sequence determined in this work was de-
posited in the NCBI database under accession no. CP015855 and organ-
ism designation Escherichia coli EDL933-1.

RESULTS
Bioinformatic analyses of the nanS-p alleles. The E. coli O157:H7
strain EDL933 genome as published by Latif et al. (23) contains a
single chromosomal nanS gene and 10 nanS-p alleles (nanS-p1 to
nanS-p10) (Fig. 1), the latter with high nucleotide sequence sim-
ilarities to nanS. All nanS-p alleles in E. coli EDL933 are located in
the genome of functional or cryptic lambdoid prophages. They are
located between the respective late antiterminator Q gene and the
lysis S gene, and the DNA region surrounding nanS-p is conserved
in E. coli EDL933 (Fig. 2).

Sequence and phylogenetic analyses revealed that the corre-
sponding NanS-p proteins of E. coli EDL933 cluster into three
phylogroups (Fig. 1A and Table 1). NanS-p1 and NanS-p2, be-
longing to group I, are encoded by nanS-p1 and nanS-p2, located
in close proximity to and downstream of stx2a and stx1a in the
corresponding prophage genomes, and are 645 and 648 amino
acids in length, respectively. They share overall amino acid simi-
larity of 91.5%. Differences occur mainly between amino acids 34
and 78. NanS-p8 belongs to group II, with a size of 645 amino
acids. The corresponding proteins of the seven nanS-p alleles
nanS-p3 to nanS-p7, nanS-p9, and nanS-p10 belong to group III.
In this group, the proteins consist of 616 or 617 amino acids and
share sequence similarity of 95.0% to 99.7%.

The chromosomally encoded NanS is 326 amino acids in length
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and carries domain of unknown function 303 (DUF303), which has
been previously linked to its esterase activity (18). In addition, NanS
harbors four sequence blocks (blocks I to IV) (Fig. 1B) which have
been described for the SGNH superfamily of enzymes (18). All
NanS-p proteins also contain a DUF303 superfamily domain and
possess those conserved sequence blocks which are present in en-
zymes of the SGNH superfamily. Moreover, the NanS-p proteins
harbor a conserved DUF1737 domain of unknown function at their

N-terminal ends. The DUF1737 sequence is similar to the CIII pro-
tein sequence of phage lambda from amino acid 14 to amino acid 37
which is the essential region for the activity of �CIII (30).

Since the genome sequence reported by Latif et al. (23) was
generated with an EDL933 derivative deposited in the American
Type Culture Collection (ATCC) and since we used a derivative
that has been propagated over 30 years in German laboratories, we
found some differences and decided to determine the genome

FIG 1 Phylogenetic analysis and structure of NanS and NanS-p protein sequences in E. coli O157:H7 strain EDL933. (A) The UPGMA tree of NanS and the
NanS-p family was calculated with Mega6 (25) based on the amino acid (aa) sequences. (B) Structural organization of NanS and the NanS-p family. Potential
functional domains (DUF, domain of unknown function) were predicted using BLAST. Horizontal boxes with black diagonal stripes depict DUF1737; white
horizontal boxes indicate DUF303. Amino acid sequence blocks typical of the SGNH enzyme family of hydrolases as described previously (18) are depicted as
vertical lines I, II, III, and IV. Thin horizontal continuous lines illustrate continuous amino acid chains.

FIG 2 Comparison of the prophage regions between genes Q and S in E. coli O157:H7 strain EDL933. ClustalW alignment of prophage regions was performed
using Geneious R9 software. Blank and pink arrows depict different prophage genes and transfer ribonucleic acids (tRNA), respectively. The compared prophage
regions are flanked by an antiterminator Q gene and a lysis S gene. The stx1A and stx1B genes as well as the stx2A and stx2B genes are labeled.
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sequence of our EDL933 derivative. A total of 63,172 reads with
651 Mbp were produced. The HGAP3 analysis produced a com-
plete de novo genome sequence with 100-fold coverage over the
entire molecules. Although we found the sequence to be mostly in
accordance to the recently described EDL933 genome sequence
(NZ_CP008957.1), there are some differences concerning the
nanS-p alleles. Besides nanS, we discovered only 7 nanS-p alleles
(nanS-p1 to nanS-p7) instead of the 10 present in the Latif ge-
nome. Alleles nanS-p8 to nanS-p10 were not present. The
nanS-p1 allele (formerly z1466) which is located on the stx2a

prophage is slightly altered in its sequence in comparison with the
z1466 sequence present in 933W. We designated it nanS-p1a. Al-
leles nanS-p2, nanS-p3, nanS-p4, nanS-p5, nanS-p6, and nanS-p7
showed the same nucleotide sequences as those previously pub-
lished (23).

Functional characterization of recombinant NanS-p2 and
NanS-p4 proteins. In order to characterize some NanS-p proteins
in E. coli O157:H7 strain EDL933 enzymatically, we selected
nanS-p2 and nanS-p4 for cloning. The nanS-p2 allele, which is
located in the genome of the Stx1a-encoding phage (15), is highly
homologous to the already described z1466 (nanS-p1) and be-
longs to group I. NanS-p4 belong to the more distantly related
group III (Fig. 1). Since nanS-p8 was not present in our EDL933
laboratory strain, we did not analyze the group II protein. The
selected nanS-p alleles were cloned into vector pET-22b(�),
transformed into E. coli BL21(DE3), expressed as His-tagged pro-
teins, and purified. The resulting proteins were designated NanS-
p2-His and NanS-p4-His. For comparison purposes, 933Wp42-
His (15) was used as a positive control in all experiments.
Polyacrylamide gel electrophoresis of all preparations resulted in
large (approximately 70-kDa) bands for all recombinant proteins.
Western blotting with an anti-His-tag antibody demonstrated
that all homologous proteins could be detected with high specific-
ity (data not shown).

Characterization of the esterase activity of NanS-p2-His and
NanS-p4-His. To demonstrate the esterase activity of NanS-p2-
His and NanS-p4-His, cleavage of acetic acid from Neu5,9Ac2 and
from two different mucins was investigated with a commercial
acetic acid detection assay. Release of acetic acid from Neu5,9Ac2

demonstrated enzymatic activities of 7,578 � 637 nkat/mg, 9,231 �
300 nkat/mg, and 7,882 � 294 nkat/mg for NanS-p2-His, NanS-
p4-His, and the 933Wp42-His control, respectively, after incu-
bation with the putative recombinant esterases. This result
demonstrated slight differences in the esterase activities of the
recombinant enzymes tested. Using the NIC, the free acetic acid
molar concentration was below the recommended measurement
range of the assay and was therefore considered a negative result.
Moreover, acetic acid release from Neu5Ac was also considered a
negative result. These results confirmed the assumption that
NanS-p2-His and NanS-p4-His as well as 933Wp42-His (15) pos-
sess an O-acetyl esterase activity and cleave the acetyl group from
C9 of Neu5,9Ac2.

However, differences in the amounts of released acetic acid
were observed when porcine stomach mucin and mucin from
bovine submaxillary glands were used as substrates. Release of
acetic acid from mucin from bovine submaxillary gland demon-
strated specific enzymatic activities of 193 � 12 nkat/mg, 196 � 5
nkat/mg, and 200 � 8 nkat/mg for NanS-p2-His, NanS-p4-His,
and 933Wp42-His, respectively. Negative-control results were be-
low the recommended measurement range.

In contrast, acetic acid release could not be detected after in-
cubation of mucin from porcine stomach with the Neu5,9Ac2 es-
terases. Kit controls were tested and gave positive results; thus, the
possibility of any disturbing interaction between kit components
and samples could be excluded.

Determination of characteristic enzymatic properties of the
selected recombinant Neu5,9Ac2 esterases. Due to the amounts
of the different nanS-p alleles that were present in E. coli EDL933
and their proved Neu5,9Ac2 esterase activity, we hypothesize that
the different Neu5,9Ac2 esterases of E. coli EDL933 may act under
different environmental conditions. Initially, standard enzymatic
tests were performed as described earlier (15). Using 4-methylum-
belliferyl acetate, 4-methylumbelliferyl butyrate, and 4-methyl-
umbelliferyl caprylate as synthetic esterase substrates, it was
shown that NanS-p2-His, NanS-p4-His, and the positive control
933Wp42-His could cleave the acetic acid residues from 4-methy-
lumbelliferyl acetate but not from 4-methylumbelliferyl butyrate
and 4-methylumbelliferyl caprylate. Lipase activity could not be
detected for any of the enzymes (data not shown).

In a next step, the temperature optima of the 3 Neu5,9Ac2

esterases were determined in a range between 10°C to 70°C and
the pH optimum was measured in a range between 4.0 and 9.0 in
different buffer systems (Fig. 3). For NanS-p2-His and 933Wp42-
His, a temperature of 50°C was determined to be optimal (Fig. 3A
and B). Moreover, for NanS-p4-His, the temperature optimum
was 40°C (Fig. 3C). The optimal pH range determined for all
Neu5,9Ac2 esterases in Tris-HCl buffer was between 7 and 9
(Fig. 3).

Supplementation of growth medium with recombinant
Neu5,9Ac2 esterases facilitates growth of E. coli C600�nanS. To
test the hypothesis that the enzymatic activity of the prophage-
encoded Neu5,9Ac2 esterases allows growth of E. coli on
Neu5,9Ac2 as a carbon source, an E. coli C600 derivative lacking
the chromosomal nanS gene was constructed and designated
mutant strain C600�nanS. The wild-type E. coli C600 strain
grew well in M9 minimal medium containing Neu5,9Ac2 as a
sole carbon source until an optical density at 600 nm of 2.1 was
reached (Fig. 4).

In contrast, the C600�nanS deletion mutant grew only mini-
mally in the medium (Fig. 4). Given that there should have been
no growth, since nanS was deleted, the weak growth was probably
due to the presence of a low concentration of Casamino Acids
in the medium. Furthermore, the possibility cannot be ex-
cluded that there were side activities of other enzymes present
which were produced from the strain. After addition of each of the
Neu5,9Ac2 esterases to the growth medium, the C600�nanS mu-
tant regained the ability to grow on Neu5,9Ac2. The growth rate
and the obtained optical density were nearly identical to those
seen with the E. coli C600 wild-type strain, suggesting that the
Neu5,9Ac2 esterases can complement the chromosomal NanS
function.

Sequential deletion of nanS-p alleles induces loss of the abil-
ity of EDL933 to grown on Neu5,9Ac2. Deletion mutagenesis in
EDL933 was performed sequentially starting with the deletion of
the chromosomal nanS gene. Subsequently, nanS-p1a, nanS-p2,
nanS-p3, nanS-p4, nanS-p5, nanS-p6, and nanS-p7 were deleted
in the same strain. This resulted in a mutant of EDL933, desig-
nated mutant strain EDL933�nanS�nanS-p1a-p7, which had
eight deletions and which did not contain any nanS-p allele. Each
deletion step was confirmed by PCR analysis. Furthermore, after
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deletion of all nanS-p alleles, we double-checked the number of
homologs by PCR using primers which bind in all nanS-p al-
leles that are present in the EDL933 genome sequence
(NZ_CP008957.1). We confirmed that there were no further
nanS-p alleles in the EDL933�nanS�nanS-p1a-p7 mutant strain.

Preliminary tests did not show noteworthy growth defects
on Neu5,9Ac2 of mutant strains EDL933�nanS�nanS-p1a-p2,
EDL933�nanS�nanS-p1a-p3, EDL933�nanS�nanS-p1a-p4,
and EDL933�nanS�nanS-p1a-p5 compared to the wild type
(data not shown). Therefore, we performed an experiment
in which we grew mutant strains EDL933, EDL933�nanS,
EDL933�nanS�nanS-p1a-p5, EDL933�nanS�nanS-p1a-p6,
and EDL933�nanS�nanS-p1a-p7 in M9 minimal medium
with Neu5,9Ac2 as a carbon source (Fig. 5A). Mutant strains
EDL933�nanS and EDL933�nanS�nanS-p1a-p5 grew just as well
as the EDL933 wild-type strain. Interestingly, starting with the
7-fold deletion mutant, EDL933�nanS�nanS-p1a-p6, the strain
lost its ability to grow on Neu5,9Ac2, although nanS-p7 was still
present. To exclude any undesired defects in the nan operons

FIG 4 Supplementation of the growth medium of E. coli C600�nanS with the
different recombinant NanS-p proteins. Data represent the results of growth of
E. coli C600 (white squares) and the C600�nanS mutant (light gray triangles)
on 0.4% Neu5,9Ac2 in M9 minimal medium at 37°C and 180 rpm and of
growth of the C600�nanS mutant with 4 �g/ml supplemented 933Wp42-His,
NanS-p2-His, and NanS-p4-His (triangles with vertical stripes, dark gray tri-
angles, and triangles with horizontal stripes, respectively).

FIG 3 Measurement of temperature and pH optima of NanS-p2-His (A), 933Wp42-His (B), and NanS-p4-His (C). The substrate was 4-methylumbelliferyl
acetate. Temperature conditions for measurement of pH optimum and buffer system (dot, acetate; square, potassium phosphate; triangle, Tris-HCl) were 40°C
or 20°C for panels A and B or panel C, respectively. The temperature optimum was detected in Tris-HCl buffer (pH 7.0). In the case of temperature optima, 100%
relative esteraseMuf-Ac activity data represent 50.9 � 0.9 nkat/mg (A), 35.3 � 1.3 nkat/mg (B), and 53.1 � 0.7 nkat/mg (C). In the case of pH optima, 100% relative
esteraseMuf-Ac activity data represent 41.5 � 0.7 nkat/mg (A), 30.3 � 0.9 nkat/mg (B), and 52.7 � 0.4 nkat/mg (C).
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or in growth ability in general, we let this strain and the other
mutant strains grow on Neu5Ac and glucose in parallel (Fig. 5B
and C). To test whether the growth defect of mutant strain
EDL933�nanS�nanS-p1a-p6 was attributable to the deletion of
nanS-p6 or whether it was a consequence of the number of
nanS-p alleles that had been deleted, we constructed a double
mutant with deletion of nanS and nanS-p6 (mutant strain
EDL933�nanS�nanS-p6) and let it grow as before. Indeed,
mutant strain EDL933�nanS�nanS-p6 grew well (Fig. 5A),
and we reasoned that the growth defect of mutant strain
EDL933�nanS�nanS-p1a-p6 on Neu5,9Ac2 was attributable
to the quantity of deletions and thus that a gene dose effect
exists. Mutant strain EDL933�nanS�nanS-p1a-p7 could not
grow on Neu5,9Ac2, as expected, and a basal level of growth
could be measured in all cases (Fig. 5D) that was attributable to
the supplemented Casamino Acids.

In order to analyze whether the ability of mutant strain
EDL933�nanS�nanS-p1a-p7 to grow could be restored, M9 min-
imal medium was supplemented with recombinant 933Wp42-
His, NanS-p2-His, or NanS-p4-His. It was found that the growth
of the complemented strain could be restored to approximately
the wild-type level in all three cases (Fig. 6).

DISCUSSION

E. coli O157:H7 strain EDL933 has been used as an EHEC refer-
ence strain worldwide for more than 30 years. Its genome se-

quence was analyzed and published twice (NCBI accession num-
bers AE005174.2 and NZ_CP008957.1), with the most notable
sequence differences located in the repeated prophage regions (22,
23). In this context, Vimr (16) described 7 complete and 5 partial
nanS-homologous alleles in the EDL933 genome, while we found

FIG 5 Growth curves of E. coli O157:H7 strain EDL933 and selected EDL933 deletion mutants with different numbers of deleted nanS-p alleles. Data represent
the results of cultivation in M9 minimal medium with 0.4% Neu5,9Ac2 (A), Neu5Ac (B), or glucose (C) or without a special added carbohydrate source (D) at
37°C and 180 rpm over 8 h. (A and D) The EDL933 wild-type strain and the EDL933�nanS, EDL933�nanS�nanS-p6, and EDL933�nanS�nanS-p1a-p5 mutant
strains grew well to approximately the same optical density (A), while the EDL933�nanS�nanS-p1a-p6 and EDL933�nanS�nanS-p1a-p7 mutant strains grew
just up to the basal optical density (A and D). (B and C) All mutants grew as well as the wild-type strain on the positive controls with Neu5Ac (B) or glucose (C)
as the carbon source. (D) Basal growth was measured in the negative control, where no carbon source had been added.

FIG 6 Supplementation of the growth medium of the EDL933�nanS�nanS-
p1a-p7 mutant with different recombinant NanS-p proteins. Data represent
the results of growth of the EDL933 wild-type strain (white squares) and the
EDL933�nanS�nanS-p1a-p7 mutant strain (light gray triangles) on 0.4%
Neu5,9Ac2 in M9 minimal medium at 37°C and 180 rpm and of growth of the
EDL933�nanS�nanS-p1a-p7 mutant strain with 4 �g/ml supplemented
933Wp42-His, NanS-p2-His, and NanS-p4-His (triangles with vertical stripes,
dark gray triangles, and triangles with horizontal stripes, respectively).
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10 complete nanS-p alleles using the recently determined nucleo-
tide sequence (23). Moreover, analyzing our EDL933 laboratory
strain by whole-genome sequencing, only seven nanS-p alleles
were detected. We hypothesize, in accordance with a recent pub-
lication (31), that the EDL933 genomes of different isolates were
different from that of the original isolate due to evolutionary
events that took place over the period of time since the strain was
first isolated (21). Different storage and inoculation techniques
could probably trigger such mutations. Such events have been
demonstrated earlier by Papadopoulos et al. (32), who have
shown the dynamic nature of the E. coli genome. Moreover, the
specific genetic structures of the phages encoding NanS-p6 and
NanS-p9, localized in tandem and separated only by transposases,
would probably lead to instability in this region (data not shown).

In silico analysis of EDL933 identified the location of all nanS-p
alleles in the region of late gene expression of prophages. More-
over, the positions of nanS-p1 and nanS-p2 are directly down-
stream of the positions of stx2a and stx1a, respectively, in the ge-
nome of Stx phages. In fact, nanS-p1 and stx2a or nanS-p2 and stx1a

are cotranscribed after phage induction (13). The other nanS-p
alleles are located in the genome of non-Stx phages but positioned
in the corresponding region. Detailed investigation within the
nanS-p alleles showed differences from the nanS gene. The addi-
tional nucleotide sequences which are present downstream of the
typical sequence blocks for the SGNH enzyme family may be rel-
evant for a further enzymatic function or for structural purposes,
but the details are currently not known. A further region
(DUF1737) which shows similarities to a prophage repressor gene
was identified at the N terminus, but its function is currently un-
known (see Fig. 1).

The presence of multiple nanS-p alleles in the EHEC genomes
raises the issue of the functionalities and activities of the corre-
sponding gene products. Based on the bioinformatic analyses and
molecular experiments performed during this study, there is
strong body of evidence that derivatives of Neu5Ac may serve as
substrates for carbon nutrition in the large intestine. The presence
of multiple nanS-p genes suggests that their gene products may
give an advantage for growth under certain environmental condi-
tions. By performing deletion experiments in EDL933, we were
able to show that it did not lose the ability to grow on Neu5,9Ac2 if
at least 2 nanS-p alleles were still present. That indicated that large
mutations or other genetic events could happen without loss of
carbohydrate utilization in the large intestine.

To evade naturally occurring colonization resistance in the gut,
EHEC bacteria have to outcompete the gut microbiome for at least
one nutrient (33). Furthermore, E. coli O157:H7 needs mecha-
nisms to avoid host defense and to penetrate the mucus layer to
reach the gut epithelium (34). Human gastrointestinal mucus
consists of two layers, a thick loosely mucus layer and a thinner
layer attached to the mucosa (35). While the inner layer is nearly
sterile, the outer mucus layer forms a microbial niche that also
includes nonmucolytic bacteria (36, 37). One of those bacterial
species is E. coli (38). E. coli bacteria lack the ability to degrade the
complex sugar chains present in the MUC2 mucus glycoprotein.
However, they are actually in equilibrium with the turnover rate of
mucus. One possibility is explained in the “Restaurant” hypothe-
sis, which implies that E. coli bacteria grow in synergy with gut
anaerobes which can degrade large polysaccharide chains to
mono- or disaccharides (34). Indeed, it was shown that commen-
sal E. coli strain MG1655 as well as E. coli O157:H7 strain EDL933

can grow well on mucus-derived saccharides such as N-acetylglu-
cosamine, gluconate, galactose, N-acetyl neuraminic acids, and
others (39). Interestingly, the same authors showed that deletion
defects in one of the nan operons, responsible for growth on N-
acetyl neuraminic acid, led to a growth defect in E. coli MG1655
but not in EDL933.

Regarding the distribution of sialic acids in the human gut,
the monoacetylated Neu5Ac and the diacetylated Neu5,9Ac2

are represented in large amounts (16). In the mucin, they play
a role in protection of the core protein against microbes. Nev-
ertheless, there are some anaerobes which can remove the sialic
acids from the glycoprotein by sialidases (40–42). Mostly, siali-
dases are specialized to cleave only a few bonds of sialic acids to
the glycoprotein or to have narrow substrate specificity. Thus,
Tannerella forsythia, a pathogenic member of the phylum Bacte-
roidetes, uses NanS to deacetylate glycolytically bound
Neu5,9Ac2 and Neu5Gc,9Ac (43). The residual Neu5Ac or
Neu5Gc can then be separated from the glycoprotein with
NanH, which is the sialidase corresponding to Bacteroidetes, and
the neuraminic acids can then be used as the carbon source. Al-
though E. coli does not express any sialidases, it still possesses the
nanS gene (17, 18).

We hypothesize that the multiple Neu5,9Ac2 esterases could
provide E. coli O157:H7 with a colonization advantage by enabling
it to outcompete the commensal E. coli strains in the gut for
Neu5,9Ac2.

While NanS is located in the periplasm of the bacterial cells
(16), it is probable that, similarly to Stx, additional Neu5,9Ac2

esterases may be released by phage lysis into the environment.
This hypothesis is justified by the localization of the genes in the
late regulated prophage regions. Therefore, we added different
Neu5,9Ac2 esterases to the medium containing Neu5,9Ac2 and
grew laboratory E. coli strain C600�nanS and EDL933 mutant
strain EDL933�nanS�nanS-p1a-p7 under this set of conditions.
As expected, both grew to almost the same optical density as the
wild-type strain without deletions in the nanS gene and the
nanS-p gene, respectively.

The different Neu5,9Ac2 esterases could be part of a larger
network of substrate utilization enzymes in the gut. This could be
a reason for the high number of homologous genes with similar
functions present in EHEC strains.
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