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Unexpected Diversity of Escherichia coli Sialate O-Acetyl Esterase NanS
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ABSTRACT

The sialic acids (N-acylneuraminates) are a group of nine-carbon keto-sugars existing mainly as terminal residues on animal
glycoprotein and glycolipid carbohydrate chains. Bacterial commensals and pathogens exploit host sialic acids for nutrition,
adhesion, or antirecognition, where N-acetyl- or N-glycolylneuraminic acids are the two predominant chemical forms of sialic
acids. Each form may be modified by acetyl esters at carbon position 4, 7, 8, or 9 and by a variety of less-common modifications.
Modified sialic acids produce challenges for colonizing bacteria, because the chemical alterations to N-acetylneuraminic acid
(Neu5Ac) confer increased resistance to sialidase and aldolase activities essential for the catabolism of host sialic acids. Bacteria
with O-acetyl sialate esterase(s) utilize acetylated sialic acids for growth, thereby gaining a presumed metabolic advantage over
competitors lacking this activity. Here, we demonstrate the esterase activity of Escherichia coli NanS$ after purifying it as a C-ter-
minal HaloTag fusion. Using a similar approach, we show that E. coli strain O157:H7 Stx prophage or prophage remnants in-
variably include paralogs of nanS$ often located downstream of the Shiga-like toxin genes. These paralogs may include sequences
encoding N- or C-terminal domains of unknown function where the NanS domains can act as sialate O-acetyl esterases, as shown
by complementation of an E. coli strain K-12 nanS mutant and the unimpaired growth of an E. coli 0157 nanS mutant on O-
acetylated sialic acid. We further demonstrate that nanS homologs in Streptococcus spp. also encode active esterase, demonstrat-
ing an unexpected diversity of bacterial sialate O-acetyl esterase.

IMPORTANCE

The sialic acids are a family of over 40 naturally occurring 9-carbon keto-sugars that function in a variety of host-bacterium in-
teractions. These sugars occur primarily as terminal carbohydrate residues on host glycoproteins and glycolipids. Available evi-
dence indicates that diverse bacterial species use host sialic acids for adhesion or as sources of carbon and nitrogen. Our results
show that the catabolism of the diacetylated form of host sialic acid requires a specialized esterase, NanS. Our results further
show that nanS homologs exist in bacteria other than Escherichia coli, as well as part of toxigenic E. coli prophage. The unex-
pected diversity of these enzymes suggests new avenues for investigating host-bacterium interactions. Therefore, these original
results extend our previous studies of nanS$ to include mucosal pathogens, prophage, and prophage remnants. This expansion of

the nan$ superfamily suggests important, although as-yet-unknown, functions in host-microbe interactions.

Our laboratory discovered (1, 2) and later characterized the
transport and metabolism of exogenous N-acetylneuraminic
acid (Neu5Ac) in Escherichia coli, Haemophilus influenzae, and
Pasteurella multocida (3—6), providing also the first evidence that
these processes are essential for animal disease. The essential role
of sialic acid transport in disease has been independently con-
firmed (7). Other studies, using a variety of bacterial species, sup-
port the idea that the metabolism of host-derived sialic acid is
important to colonization or disease (see reference 8 and refer-
ences cited therein). Although these studies have not been inde-
pendently confirmed, the combined evidence suggests that the
metabolism of host-derived sialic acids plays an at least minor to
potentially defining role in different bacterial infections. There-
fore, blocking bacterial access to host sialic acids could have ther-
apeutic benefit (9, 10). However, all studies to date have been
focused on the metabolism of Neu5Ac, the most common sialic
acid, despite evidence that it is just one of several chemically dis-
tinct forms of sialic acid attached to host glycoconjugates (8). A
recent study from this laboratory showed that Escherichia coli uses
O-acetylated sialic acid as a sole source of carbon (11), and that
this metabolic capability is dependent on a sialate, O-acetyl es-
terase (NanS), which is coordinately regulated by the NanR tran-
scription repressor controlling expression of the sialoregulon (5,
12). The function of Nan$ was suggested by a low primary struc-
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tural identity to Rhodopirellula baltica Sh1 AxeA, an acetyl xylan
esterase (11).

The sialoregulon in E. coli is a group of 10 genes organized in
three operons whose expression is controlled by the GntR super-
family regulatory protein NanR (12). The current study presents a
biochemical characterization of E. coli strain K-12 NanS and iden-
tifies functional paralogs of this esterase in E. coli that also express
Shiga or Shiga-like toxins. We further show that Streptococcus spp.
express nanS with resulting O-acetylesterase activity. The com-
bined results support the hypothesis that sialometabolism of sialic
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acids other than Neu5Ac might be important to a wide range of
host-bacterium interactions (8).

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli K-12 and its AnanS mu-
tant derivative have been described (11). E. coli DH5a is a laboratory stock
strain. E. coli K-12 strain KRX was purchased from Promega. This strain
contains an insertion of the gene for T7 polymerase in the chromosomal
rhamnose operon. Thus, the polymerase is induced by the introduction of
rhamnose to a growing culture. Bacterial growth was at 37°C with vigor-
ous aeration in a rotary shaker. The serotype 2 classic Avery Streptococcus
pneumoniae strain D39, Streptococcus agalactiae strain 2603V/R, and E.
coli O157:H7 strain EDL933 were purchased from the ATCC. S. pneu-
moniae strain 0100993 is a type 3 human clinical isolate isolated by Smith-
Kline Beecham. It was passaged through mice, recovered from the lung,
and was the kind gift from Gee Lau in our department. There is no se-
quence for 0100993 available in the NCBI database. Its nanS homolog was
cloned using primers designed for strain D39. An in-frame deletion of E.
coli strain EDL933 nanS was constructed as previously described (11, 21),
using the primer set shown in Table SI in the supplemental material.

E. coli strains were grown in LB (Lennox formulation from Thermo
Fisher) or M63 minimal medium (13), supplemented with 1 mg/ml di-
acetylated sialic acid (Neu5,9Ac,) or 0.4% glycerol as a carbon source.
Streptococcus spp. were grown on Columbia blood agar with 5% sheep
blood (Remel) or in Todd-Hewitt broth (Remel) with 0.5% yeast extract.
Cultures were incubated at 37°C in 5% CO,.

Cloning nan$ and its homologs or paralogs in pFC20K. Primers to
clone each gene of interest into the HaloTag vector pFC20K were designed
using the Flexi vector primer design tool on the Promega website (see
Table S1 in the supplemental material). The genes to be cloned were
amplified from boiled extracts or purified genomic DNA of the appropri-
ate bacterial strain using PCR SuperMix high fidelity (Life Technologies),
according to the manufacturer’s protocol. The resulting PCR fragments
were cloned into the HaloTag vector pFC20K (Promega), according to the
manufacturer’s instructions. Briefly, the PCR fragments were purified us-
ing the Wizard SV gel and PCR Clean-Up system (Promega) and treated
with the appropriate restriction enzymes. The vectors were also digested
with the restriction enzymes and then ligated to the digested PCR frag-
ments. The ligation mixture was transformed into E. coli strain DH5a.
Plasmid constructs were confirmed by restriction digestion of prepared
minipreps (Wizard SV miniprep kit; Promega) with restriction enzyme
sites in the pFC20K plasmid and the PCR product. The resulting plasmid
in each case harbors the gene of interest with the coding sequence for the
HaloTag fused to the gene’s C-terminal end. Expression of the fusion is
under the control of a T7 promoter.

PAGE analysis and purification of the HaloTag fusion proteins.
Strain KRX harboring the pFC20K clones was grown overnight at 37°C in
5 ml of LB with 50 pg/ml kanamycin in a shaking water bath. The cultures
were diluted 1:100 into fresh LB with 50 pg/ml kanamycin and grown to
an Ag, of approximately 0.4. At this point, 180 pl of the culture was
removed and put into two small test tubes each, to which 20 pl of a 1:200
dilution of 6-carboxytetramethylrhodamine (TAMRA), a fluorescent dye
which covalently binds to the HaloTag, was added in LB. One microliter of
20% rhamnose was added to one of the tubes to induce transcription of
the T7 polymerase in KRX and thus transcription of the HaloTag fusion.
The cultures were returned to the water bath for another 1.5 to 2 h. At the end
of the incubation, the cells were pelleted and washed twice in 0.5 ml of phos-
phate-buffered saline (PBS). After the final spin, the cells were resuspended in
20 wl of PBS with 3.5 pl of protease inhibitor; 20 pl of PAGE sample buffer
was added, and the sample was boiled for 5 min and centrifuged to remove
debris. Samples of 20 pl were run on precast 4 to 20% Precise protein gels
(Thermo). The gels were rinsed in distilled water after electrophoresis and the
signals visualized on a Typhoon imager (GE Healthcare).

For purification of the HaloTag fusions, an overnight culture of KRX
harboring the pFC20K clones was diluted 1:100 in 45 ml of LB with 50
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pg/ml kanamycin. After 2 h of incubation, 20 ml of the culture was re-
moved and put into a new flask, and 100 p.l of 20% rhamnose was added.
Growth of both cultures was continued for 1.5 h. Purification with the
HaloLink resin was performed according to the manufacturer’s direc-
tions, with minor modifications. Briefly, cells were pelleted and resus-
pended in 50 mM HEPES (pH 7.5) and 150 mM NaCl buffer with 500 uM
EDTA, 1 mM dithiothreitol (DTT), and 0.005% IGEPAL detergent
(Sigma). Cells were broken by sonication, after which debris was removed
by centrifugation. The lysate was added to 2 ml of HaloLink and mixed for
1 h at room temperature on a tube rotator. The resin was pelleted, and the
flowthrough was removed, saving a portion for PAGE. The resin was
washed with the buffer described above, changing the NaCl concentration
to 500 mM for the first wash, no NaCl for the second wash, and 150 mM
for the third wash. Tobacco etch virus (TEV) protease (fused to a His tag)
was added in the original buffer and incubated at room temperature on a
rotator for 1 h, after which the resin was pelleted. The supernatant was
removed and mixed with HisLink resin on the rotator for 20 min. The
HisLink resin was pelleted, and the supernatant containing the purified
protein was removed. After purification, the concentration of the purified
esterase was determined using the Qubit 2.0 fluorometer (Invitrogen) and
the Qubit protein assay kit, according to the manufacturer’s directions.

Chromatographic analysis. Diacetylated sialic acid (Neu5,9Ac,) and
its enzymatically deacetylated product (Neu5Ac) were detected by high-
performance liquid chromatography of samples fluorescently labeled
with 1,2-diamino-4,5-methylenedioxybenzene (DMB). The analyses
were carried out exactly as we previously described (11, 14, 15).

RNA isolation and quantitative PCR. Three individual cultures of E.
coli O157:H7 strain EDL933 were grown overnight in M63 with glycerol as
the carbon source. The cultures were diluted 1:100 in 2 fresh aliquots of
M63 plus 0.4% glycerol each. After 4 h of growth at 37° with shaking,
Neu5Ac (1 mg/ml final concentration) was added to one of each of the
three cultures. When the cultures reached an A, of 0.6, they were added
to 2 volumes of RNAprotect bacteria (Qiagen), incubated for 10 min at
room temperature, and then pelleted. RNA was purified from the pelleted
cells using the Promega Wizard SV RNA isolation kit. When further
DNase treatment was needed, it was done with Turbo DNase (Life Tech-
nologies). RNA from three of the nanS paralogs was quantified with the
Qubit fluorometer and the Qubit RNA assay kit.

Quantitative PCR (qPCR) was performed using the Promega GoTaq
1-step reverse transcription-quantitative PCR (RT-qPCR) system, ac-
cording to the manufacturer’s protocol. Standard curves using serial di-
lutions of the HaloTag clones were done to ensure that the efficiency of
each set of primers was close to 100%. The reaction parameters were 37°C
for 15 min, 95°C for 10 min, and 40 cycles of 95°C for 10 s, 60°C for 30 s,
and 72°C for 30 s, followed by a dissociation at 60°C to 95°C. The reactions
were performed in an ABI7000 sequence detection system. The quantifi-
cation cycle (C,) values from the triplicate samples were averaged. Fold
induction was calculated using the R = 2724 method (16). The glucan
biosynthesis protein gene mdoG was used as a reference gene for normal-
ization (17). RNA of the Z5905 homolog of E. coli K-12 was analyzed nine
times for the gPCR analysis.

Database search. The search for copies of nan$ in all sequenced En-
terobacteriaceae genomes to date (see Table S2 in the supplemental mate-
rial) was conducted by searching the NCBI database prokaryotic genomes
for any BioProjects with the relevant genera in the groups. The Nan$
primary structure from E. coli strain MG1655 was used in a BLAST search
against all protein or translated nucleotide sequences for the species avail-
able in that genus. Some of these were complete genomes, and some were
whole-genome shotgun projects. If no strains of a particular species con-
tained an nanS homolog, only one accession number was provided, with a
number indicating the number of other strains whose genomes are avail-
able, and these were also searched.

Esterase activity with a model substrate. The esterase activity of bacterial
NanS was determined by monitoring the change in A, 5, per minute per mil-
ligram of protein, as previously described (14). para-nitrophenol acetate
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FIG 1 Genetic organization of nan genes in bacteria investigated in this study. Arrows indicate transcriptional direction and are drawn to scale. (A) Genes in the
E. coli K-12 sialoregulon are color coded, with known or suspected functions listed above the genes, where the esterase gene nanS is circled. (B to D) Colored genes
are homologs or paralogs of E. coli K-12 genes, with the percent identities of gene products indicated. Unshaded arrows indicate nan genes not present in E. coli
K-12. Numbers underneath the lines indicate chromosomal distances in nucleotides from the origins. hypo., hypothetical protein; PTS, phosphotransferase

system. Numbers in parentheses next to the strain names are accession numbers.

(pNP-Ac) was incubated at room temperature with extracts containing over-
produced Halo-tagged polypeptides. The change in A5, was monitored us-
ing the kinetics program with a Beckman DU-640 spectrophotometer.

RESULTS AND DISCUSSION

Genetic organization of nan$ in selected bacterial species or
strains. We previously documented the wide variety of nan gene
organizations in different bacterial commensals and pathogens
(8). Most of these species, though not all, include one or more
copies of nanS. However, Salmonella enterica serovar Typhimu-
rium lacks nan$ entirely and cannot use diacetylated Neu5Ac as a
sole source of carbon due to alack of the encoded O-acetyl esterase
(11), documenting the essential function of NanS$ for the metab-
olism of O-acetylated sialic acids. We have commented at length
on the evolutionary and functional reasons for the observed di-
versity of nan gene clusters (8, 18). Figure 1A shows the canonical
E. coli K-12 nanATEK-yhcH operon required for catabolism of
Neu5Ac, Neu5Gc, and probably all other sialic acid derivatives
(1-3, 5, 12). The canonical operon is negatively regulated by
NanR, as are the other two operons conferring coordinated con-
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trol of the E. coli sialoregulon (12). Figure 1B and C shows that
while Streptococcus species strains D39 and 2603V/R have a differ-
ent nan organization from that of E. coli (Fig. 1A) and each other,
they both include potential homologs of E. coli nanS with low
primary structural identity to E. coli NanS. The low structural
identity raises the question whether these so-called axe genes en-
code O-acetyl sialyl esterases or not.

As we have previously shown, enterohemorrhagic E. coli
(EHEC) strains, such as O157:H7 strain EDL933 (Fig. 1D), in-
clude putative nanS paralogs located downstream of prophage
encoding Shiga-like toxin 1 or 2 and 10 other paralogs in what
appear to be cryptic lysogenic phage (8), as well as the canonical
nanS located in a position identical to that in E. coli K-12 (Fig. 1A).
No other known genes for the catabolism of sialic acid are located
in the vicinity of the genes for the Nan§ paralogs in the prophage
or prophage remnants. Since the canonical nanS (Z5905) of strain
EDL933 has been noted to have some function in EHEC adher-
ence (19), it was of interest to confirm the functions of the paral-
ogs as encoding O-acetyl esterases. Four paralogs were chosen to
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TABLE 1 Primary structural comparison of E. coli NanS to selected orthologs or paralogs in other species or strains

% identity to:

Organism (gene) Accession no. Mol wt Nan$” Axe”
E. coli K-12 (nanS) NP_418729 36,878 100 18
S. pneumoniae (SPD_1506) ABJ55220 37,439 12 12
S. agalactiae (gbs0040) NP_734510 37,225 14 12
E. coli 0157 (725905)° NP_290925 36,886 97 17
E. coli 0157 (Z1466) NP_286978 68,619 55 22
E. coli 0157 (Z2108) NP_287566 34,432 46 15
E. coli 0157 (723927) NP_289184 42,225 56 22
E. coli 0157 (Z3342) NP_288671 68,776 55 23

@ Percent identity of the DUF303 domains from each protein (represented by white rectangles in Fig. 2) to K-12 NanS.

b percent identity to Rhodopirellula baltica SH1 AxeA (GenBank accession no. NP_866453).

€ 75905 encodes the predicted NanS that is present in E. coli K-12.

be representative of the different sizes of the polypeptides due to
additional N-or C-terminal domains. Table 1 summarizes the spe-
cies and strains investigated in this study and the relative sizes and
percent identities of their nanS homologs or paralogs to canonical
E. coli NanS.

The reason for the size variation of paralogous nanS gene prod-
ucts shown in Table 1 was identified by aligning their predicted
primary structures to canonical NanS (Fig. 2). While most poly-
peptides included the four blocks typical of esterases, EHEC cop-
ies had N- or C-terminal domains of unknown function fused to
NanS. The N-terminal domains (most often DUF1737) have no
known function and are found exclusively in prophage, cryptic
prophage, or prophage remnants associated with nanS (DUF303).
The C-terminal domains have no assigned DUF number but are
also associated with prophage and cryptic prophage. One (Z2108)
had a deletion of block IV and another (Z3927) a 6-amino-acid
addition at the NanS C terminus. Neither of these two included
long C-terminal domains, thus accounting for their lower pre-
dicted molecular weights (Table 1).

EHEC nanSis not regulated by NanR. As shown in Fig. 1A, the
E. coli sialoregulon that includes nanS is coordinately controlled
by the NanR repressor. The inducer of this regulon, Neu5Ac, upon
binding shifts the quaternary structure of NanR from functional
homodimer to monomers (12). The NanR binding site is not pres-

ent for EHEC nan$ paralogs, suggesting that these paralogs are not
affected by the inducer of the sialoregulon. This expectation was
demonstrated by qPCR (Fig. 3), which shows the expected induc-
tion of the canonical nanS gene (25905), while the three different
EHEC paralogs indicated were not induced. These results show
that EHEC nanS paralogs are not part of the sialoregulon, strongly
suggesting that the putative esterases encoded by these genes do
not function in any significant manner to augment growth on
diacetylated sialic acids. The implication is that the primary func-
tion of the multiple EHEC NanS§ paralogs is something other than
catabolism, although as shown below, they can compensate for a
loss of canonical nanS for growth on Neu5,9Ac, when Z5905 is
deleted from EHEC strains.

Purification and biochemical characterization of E. coli K-12
NansS paralogs. To facilitate biochemical analysis of Nan$, genes
were cloned as C-terminal fusions to HaloTag, a 33-kDa polypep-
tide that binds TAMRA, allowing sensitive fluorometric detection
of tagged polypeptides. Figure 4 shows the results of various gene
products overproduced in strain KRX (see Materials and Meth-
ods). This method worked well for most tagged polypeptides, ex-
cept 23342, which for unknown reasons was not detectable. Note
that extraneous signals result from the high sensitivity of TAMRA
labeling, indicating the detection of probably proteolytic by-prod-
ucts that, as shown below, are not detectable in purified samples.

VABGBWAMAYG  ILVRCCRGES VOWMOBEFD  RSelFs
(I — 1 nans&Z5905
I —— ] SPD_1506
——— ] gbsood0 ___
S O 2108
| |11 L1 L I z3927
| i - T 171466 & 73342

FIG 2 Schematic alignment of esterase primary structures of nanS homologs and paralogs investigated in this study. The polypeptides encoded by the genes
indicated were aligned using the Clustal W multiple-sequence alignment algorithm in the MacVector software. The location in each polypeptide of the esterase-
conserved blocks I to IV (14) is indicated by boxes within the bars. The gray-shaded regions represent similar amino-terminal domains, and the hatched areas
represent differing carboxy-terminal domains not present in Nan$ or Z5905. The box with the X in Z2108 indicates an 8-amino-acid deletion in this protein
compared to Nan$S when the proteins sequences are aligned. This polypeptide was not further investigated.
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FIG 3 EHEC nanS paralogs are not induced by Neu5Ac. Induction of EHEC
strain EDL933 gene 25905, homologous to the canonical E. coli K-12 nanS, and
prophage paralogs indicated were analyzed by qPCR (see Materials and Meth-
ods). Nine independent samples of Z5905 were analyzed, and three samples
each were analyzed for paralogs. Note that a fold induction of 1.0 indicates no
induction. Data were statistically analyzed by GraphPad Prism software to
indicate standard deviations.

The sizes of overproduced polypeptides are consistent with those
shown in Table 1 plus the HaloTag, except for Z2108, which as
noted, was not investigated further. The band in Fig. 4 representing
the overproduced Z2108 plus HaloTag is likely a proteolytic product
of the fusion polypeptide. Z3927 with the HaloTag runs as an approx-
imately 75-kDa polypeptide, Z1466 with the HaloTag as a 102-kDa
polypeptide, and SPD_1506 as a 71-kDa polypeptide.

Figure 5 shows an example of the purification scheme with
amplified Nan$ from E. coli K-12. Lanes 2 and 3 show different
loadings of overproduced Nan$ (37 kDa) fused to the 33-kDa
HaloTag. The asterisk in Fig. 5 identifies the 70-kDa polypeptide
in the crude extract of induced KRX, which is not detectable in the
uninduced extract (not shown). The induced extract was loaded
onto HaloTag resin, washed, and eluted after cleavage with TEV
protease, resulting in 37-kDa NanS$ and 50-kDa TEV (Fig. 5, lanes

> > N
$ o v A & 2 ©
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FIG 4 Overproduction of HaloTag nanS fusions. HaloTag plasmids harbor-
ing various nanS homologs or paralogs were expressed in strain KRX and
induced or not with rhamnose, as described in Materials and Methods. Cells
were labeled with TAMRA and extracts analyzed after PAGE. Molecular size
markers (lanes 1 and 10) were included, with the molecular mass in kilodaltons
shown at left. The vertical line indicates the alignment of two separate gels.
Lanes4,7,11,14,and 17 are blank. Lanes 2, 5, 8, 12, 15, and 18 show uninduced
extracts (—) from plasmids expressing tagged 22108, 73342, 23927, KRX with
no plasmid, D39 SPD_1506, and Z1466, respectively. The respective induced
extracts (+) are shown in lanes 3, 6, 9, 13, 16, and 18.
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FIG 5 Purification of HaloTag E. coli K-12 NanS. E. coli K-12 NanS (37 kDa)
was overproduced as a C-terminal HaloTag fusion (33 kDa) by induction in
strain KRX with rhamnose (see Materials and Methods). Lanes 2 and 3 show
successive 10- and 20-p.l loadings of soluble proteins from induced lysate. The
asterisk indicates the position of the 70-kDa fusion polypeptide. Extract was
added to affinity-tag resin, washed extensively, and the product released by hydro-
lysis with TEV protease (lanes 4 and 5), showing the 37-kDa esterase and 50-kDa
protease. Lanes 6 and 7 show purification of the esterase after the removal of TEV
by nickel-affinity chromatography. The sample in lane 6 represents 1/70 of the
total purified protein from a 25-ml induced culture. Lane 1 shows markers with
sizes in kilodaltons at the left. The gel was stained with Coomassie blue.

4 and 5). The protease is removed by nickel-affinity chromatog-
raphy, resulting in purified NanS (Fig. 5, lanes 6 and 7).

To demonstrate the esterase activity of the purified E. coli K-12
NanS, either purified enzyme (1 ng) or 5 pl of induced extract was
incubated with Neu5,9Ac, and the activity assayed by monitoring
its conversion to Neu5Ac. As demonstrated previously (11), the
substrate is contaminated by small amounts of free Neu5Ac (Sia)
and the Neu5,8Ac, (5, 8) and Neu5,7Ac, (5, 7) diacetylated forms
(Fig. 6). The presence of 3-deoxy-D-manno-oct-2-ulosonic acid
(Kdo) and pyruvate (Pyr) contaminants in crude extracts has been
previously described (12). When either the purified or crude ex-
tract from HaloTag nanS plasmid transformed into the E. coli
AnanS mutant was inactivated by preheating samples at 95°C for 5
min, the chromatographic profiles were identical to the substrate
profile (Fig. 6), indicating the inactivation of Nan$ and thus sup-
porting the expected biochemical activity of the esterase, demon-
strating its relative activity against the various diacetylated prod-
ucts and the subsequent increase in the Sia peak. The activity of the
induced extract was sufficiently great to collapse nearly all di-
acetylated substrates to Sia. The combined results indicate that
HaloTag fusions can be used for analysis of esterase activity with-
out the need for time-consuming affinity chromatography steps,
and that crude extracts can be used to detect esterase activity.

Sialate esterase activity of S. pneumoniae Axe (NanS). There
are reports that the catabolism of sialic acid is important for S.
pneumoniae colonization (8). Despite the low primary structural
identity of S. pneumoniae Axe to E. coli Nan§, the location of axe
near S. pneumoniae nan genes suggested that axe encodes a sialate
O-acetyl esterase (Fig. 1). To confirm this suspected function, we
transformed an E. coli K-12 nanS deletion strain (11) with
HaloTag fusions of axe from S. pneumoniae strains D39 and
0100933 and E. coli K-12 nanS. Extracts were incubated with
Neu5,9Ac, and subjected to chromatographic analysis. Figure 7A
shows the expected profile of substrate with no extract. Figure 7A
to C shows a nearly complete collapse of the O-acetylated sub-
strate to Neu5Ac (Sia), demonstrating that S. pneumoniae axe
does in fact code for NanS. This result was further confirmed by
complementation for growth on Neu5,9Ac, as a sole source of
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FIG 6 DMB analysis of purified E. coli K-12 NanS. Samples containing 1 ng of purified Nan§ (Fig. 5) or 5 pl of crude extract were incubated with Neu5,9Ac, for
1 h and then analyzed by fluorescent chromatography of DMB-derivatized samples. See the text for details.

carbon, where the E. coli K-12 nan$ deletion strain grew to an A4,
of 0.06 after overnight incubation. In contrast, the strain harbor-
ing the canonical E. coli nanS plasmid grew to an Agq, of 0.40,
while the strain harboring the D39 axe grew to an Ay, 0f 0.87, and
two independent clones of strain 0100933 axe each grew to an A,
of 0.91, confirming that axe is in fact a functional homolog of
nanS. Indeed, the more robust complementation by the S. preu-
moniae clones implies that this Axe may be a more active esterase
than NanS. This conclusion was suggested by an assay of induced
extracts of strain D39 axe and paralog Z1466 (see Table S3 in the
supplemental material). However, we cannot exclude that the
complementation and assay results are not a result of differences
in gene expression. The results strongly suggest that all nanS or axe

homologs located near canonical nan genes in bacterial commen-
sals and pathogens are sialate O-acetyl esterases functioning in the
metabolism of O-acetylated sialic acids. For reasons unknown,
expression of the cloned S. agalactiae axe homolog was undetect-
able, although its similarity to S. pneumoniae axe suggests that it
too encodes a functional NanS.

Sialate esterase activity of EHEC prophage-encoded NanS.
The results of qPCR analysis (Fig. 3) indicated that EHEC nanS
paralogs were constitutively expressed. To demonstrate this ex-
perimentally, we constructed a deletion of the canonical nanS in
strain EDL933, which is identical to that of E. coli K-12 (Fig. 1A).
In the absence of a carbon source, the A, of the deletion strain
after overnight incubation in minimal medium was 0.07. In con-
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FIG 7 DMB analysis of S. pneumoniae Axe. Tagged S. pneumoniae strain D39 or 0100993 axe or E. coli K-12 nan$ plasmids were transformed into the E. coli K-12
nanS deletion strain. Extracts were incubated for 4 h with Neu5,9Ac, and subjected to chromatographic analysis of DMB-labeled samples. (A to D) Substrate with

no extract (A), incubated with NanS (B), incubated with D39 (C), and incubated with 0100993 (D).
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trast, wild-type EDL933 grew to an A, of 0.50 on Neu5,9Ac,,
while the deletion strain grew to an Ay, of 0.44, confirming that
the phage-encoded paralog(s) can compensate for a loss of canon-
ical NanS. In a related experiment, HaloTag plasmids with fusions
to 21466, 23342, and 23927 (Fig. 1D and 2) transformed into the
E. coli K-12 nan$ deletion strain grew to an A, of 0.70, 0.50, and
0.44, respectively, demonstrating complementation of the canon-
ical nan$ deletion. It is possible that while the cloned genes were
induced in a similar manner, differences in relative degradation
and folding account for the differences in growth.

Conclusions. Among dozens of sequenced genomes from En-
terobacteriaceae genera, E. coli is one of the few species to include
nan$ (see Table S2 in the supplemental material), supporting our
previous suggestion that the expression of sialate esterase by E. coli
in part accounts for its success as a mucosal commensal (8). In
contrast, most other mucosal commensals and pathogens include
homologs of nan$, supporting an important function of esterase
in the host-bacterium interaction (8). The results presented here
showing that S. pneumoniae axe is in fact a functional nanS ho-
molog support these suppositions, as does the demonstration of a
functional NanS from the oral pathogen Tannerella forsythia, a
member of the Bacteroidetes group (20). We also previously doc-
umented that EHEC strains contain up to 12 nan$ paralogs and
the one canonical nanS copy (8). Some, as shown in Fig. 1D, are
part of intact prophage, whereas most are part of phage chromo-
somal remnants that probably resulted from past recombinational
events. Our current results show that at least some of these para-
logs encode active esterases. However, the highly varied occur-
rence of N- or C-terminal fusions of nanS to domains of unknown
function in genes located immediately downstream of stx genes is
curious (Fig. 1D). Our results indicate that the function of these
nan$ paralogs is not to augment sialometabolism, although they
can compensate for a loss of canonical nanS. A signature tag mu-
tagenesis study of strain EDL933 identified a function of Z5905 in
the colonization of the bovine intestinal tract (19). This would
seem to exclude any function of the prophage nanS paralogs.
However, if prophage-encoded NanS is excreted, as our prelimi-
nary results suggest, despite the lack of an obvious signal sequence,
in combination with the domains of unknown function, the es-
terase could function in remodeling the host mucosal surface to
enhance the bacterium-host association. However, the location of
these prophage paralogs just downstream of the stx genes also
suggests the function of prophage-encoded Nan§ could be to aug-
ment toxin access to the host cell surface. Our combined results
present numerous experimental avenues to better understand the
functions of sialobiology in host-microbe interactions.
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