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Abstract: There is a high prevalence of sialic acid in a number of different organisms, resulting in
there being a myriad of different enzymes that can exploit it as a fermentable carbon source. One
such enzyme is NanS, a carbohydrate esterase that we show here deacetylates the 9 position of
9-0O-sialic acid so that it can be readily transported into the cell for catabolism. Through structural
studies, we show that NanS adopts a SGNH hydrolase fold. Although the backbone of the
structure is similar to previously characterized family members, sequence comparisons indicate
that this family can be further subdivided into two subfamilies with somewhat different fingerprints.
NanS is the founding member of group Il. Its catalytic center contains Ser19 and His301 but no
Asp/Glu is present to form the classical catalytic triad. The contribution of Ser19 and His301 to
catalysis was confirmed by mutagenesis. In addition to structural characterization, we have
mapped the specificity of NanS using a battery of substrates.
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Introduction
Acetylation of carbohydrates yielding singly or mul-
tiple O- or N-acetylated forms and their subsequent
deacetylation occurs commonly in nature. The multi-
plicity of enzymes involved in deacetylation is
reflected by the classification of carbohydrate ester-
ases within 16 groups in the carbohydrate active
enzymes database, CAZy (http://www.cazy.org/;)).
Despite its wide occurrence, in many instances, we
have an incomplete understanding of the function of
carbohydrate acetylation and deacetylation, as well
as the enzymes involved in these processes. The
deacetylase enzymes can be grouped within two
broad functional classes: those that remove acetyl
groups from carbohydrate units of polysaccharides,
including pectin,? xylan,® galactoglucomannan,* chi-
tin,> rhamnogalacturonan,® or conjugated sialic
acids™® as part of their catabolism of carbon sources,
and those associated with a regulatory or virulence-
related function, often found within pathogenic bac-
teria.®"!! Many of these N- and O-deacetylases show
a relatively broad substrate specificity profile with a
variety of naturally occurring and synthetic sub-
strates,'?"'* although some are remarkably specific
for their natural substrate, such as the enzymes in
carbohydrate esterase family (CE) 2 which are spe-
cific for the 6-O-deacetylation of aldohexoses.'®

In higher organisms, sialic acid (2-keto-3-deoxy-
5-acetamido-D-glycero-p-galacto-nonulosonic acid) is
usually found as a glycoconjugate, which plays
diverse roles in a range of biologically important
processes from cell-cell recognition and signaling to
neural development.'®'” Some bacteria, in particular
pathogenic strains, utilize sialic acid as a decoy mol-
ecule, where it is often found as part of the capsular
polysaccharide or of lipopolysaccharide,’ allowing
the pathogen to evade the host immune response by
masquerading as “self” (reviewed in Ref. 16). The
abundance of sialic acid within the host, especially
in the mucosal environment, provides a source of
carbon and nitrogen for bacteria such as Escherichia
coli, which possess pathways to catabolize sialic
acid.'®'® The enzymes in these pathways are coregu-
lated in response to the sialic acid environment that
surrounds the pathogen, in particular the presence
of the most common form of sialic acid, N-acetyl neu-
raminic acid (NeubAc). In E. coli, there are three
operons, nanATEK-yhcH, nanCMS  (formerly
yjhATS), and yjhBC, whose enzyme products have
been shown or are predicted to be involved in a si-
alic acid catabolism, and whose expression is regu-
lated by the NanR repressor in response to NeubAc
concentration-dependent manner.1%1°

The functions of all three enzymes within the
nanCMS operon have been assigned. NanC (YjhA) is
an outer membrane porin inducible by Neu5Ac.?°
NanM (YjhT) is a mutarotase which produces the
thermodynamically more stable beta form of sialic
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acid from its corresponding alpha isomer.?! NanS
(YjhS) was annotated as a putative acetylxylan es-
terase or 9-O-sialic acid esterase and has recently
been shown to be capable of using 9-O-acetyl N-ace-
tyl neuraminic acid (Neub,9Ac,) as a substrate and
is necessary for the ability of E. coli to grow on this
sugar.® NanS is a member of a relatively small fam-
ily of characterized bacterial sialate esterases,
including the bi-functional synthetase/O-acetylester-
ase NeuA from group B Streptococcus,?> and a
related enzyme from E. coli K1.22 Both enzymes
show the capacity for removing acetyl groups from
the 9-O position of sialic acid.?23

Sialate esterases are found in all forms of life.
For example, in mammals, the enzyme SIAE has
been showed to remove the 9-O-acetyl group of ace-
tylated sialic acid.2* This processing is necessary for
B cell function as the deacetylation at the 9 position
is required for interaction with CD22 and possibly
other Siglecs.?’> Mutations in the SIAE gene have
recently been linked to autoimmunity.2® The first vi-
ral sialate esterase to be identified was from the
influenza C virus.?” Since then, a number of sialic
acid modifying esterases have been identified in
corona- and toroviruses.?® Although it is known that
sialate esterases exist in prokaryotes, especially in
intestinal bacteria, to our knowledge no bacterial
9-O-acetyl sialate esterase has been structurally
characterized.

NanS is predicted to belong to the SGNH super-
family of hydrolases,?® a distinct class from the well-
characterized o/f-hydrolases.?® This classification is
based on the presence of the catalytic serine (S), the
oxyanion hole forming residues glycine (G), and as-
paragine (N) along with an invariant histidine (H).*!
Each of these residues are located within blocks of
conserved sequences present in all family members
regardless of catalytic function, and they all employ
a nucleophile-His-Acid catalytic triad for efficient
hydrolysis of their substrates. The SGNH hydrolase
scaffold contains a central, five-stranded parallel -
sheet that is flanked by o-helices on either side. The
nucleophile is situated on a sharp turn between a -
strand and the leading o-helix, while the invariant
histidine is situated within a loop preceding the C-
terminal o-helix. The aspartate that is part of the
catalytic triad is situated two residues prior to the
invariant histidine. This makes SGNH hydrolases
different from other hydrolases, wherein the aspar-
tate follows the histidine in the primary sequence.

Although crystal structures are available for a
number of carbohydrate acetyl esterases from a vari-
ety of sequence families,'®>32734 little structural in-
formation is available for those enzymes that deace-
tylate sialic acid. Here, we report the crystal
structure of NanS and characterize its enzymatic ac-
tivity profile using a variety of potential substrates.
Structural investigation revealed that NanS (YjhS)
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has indeed an SGNH esterase fold. Only two cata-
Iytic residues, Serl9 and His301, have been identi-
fied; the closest acidic residue, Glu26, is not close
enough to His301 to fulfill the role of the third mem-
ber of the classic triad. Enzymatic studies showed it
to be a sialate esterase that deacetylates the 9-O
position of Neu5,9Acs,.

Results and Discussion

NanS activity profile

In E. coli, the nanS gene is found along with nanC
and nanM in the nanCMS operon.?® It has been
established that NanC is an N-acetylneuraminic
acid outer membrane channel protein and the gene
is regulated by NanR, which is a regulator of N-ace-
tylneuraminic acid (sialic acid) metabolism in
E. coli.?° The other product of the operon, NanM, is
a sialic acid mutarotase that has a dimeric B-propel-
ler structure.?!

It has been observed that the presence of O-ace-
tyl substitutions at positions 4, 7, 8, or 9 on sialic
acids reduces the rate of action of many, but not all,
sialidases (or neuraminidases).” Therefore, deacety-
lation of sialic acid is necessary for efficient catabo-
lism of sialic acids, as performed by the products of
nanATEK operon, and also for the transport through
outer membrane by NanC. Based on this, we specu-
lated that NanS performs the role of deacetylating
9-O-acetylated sialic acid, as it is one of the most
predominant forms found among the acetylated si-
alic acids.®® The presence of nanS in the same op-
eron as that of nanC pointed toward the probable
involvement of NanS in N-acetylneuraminic acid me-
tabolism. Recently, NanS was shown to be required
for E. coli cells to grow in the presence of Neub,9Ac,
and was postulated to be a 9-O-acetyl N-acetylneur-
aminic acid esterase.®

We decided to investigate the enzymatic activity
of NanS in vitro using a set of standard reaction
conditions®”3® to define its substrate specificity.
Enzymatic assays showed that NanS is clearly an
esterase, in agreement with our expectations and
the predictions of Steenbergen et al.® These results
showed that NanS is active against an array of syn-
thetic substrates, with the highest activity being
observed against acetyl-esters, especially those con-
taining bulky groups such as phenyl acetate, in com-
parison with carboxyl-esters containing extended
alkyl chains. NanS showed negligible aryl esterase
activity with a-naphthyl acetate and a-naphthyl pro-
pionate as substrates. No measurable lipolytic activ-
ity (turbidimetric assay) or thioesterase activity was
detected with various coenzyme A derivatives.

To better define the selectivity of NanS, a more
detailed investigation was carried out using a bat-
tery of closely related substrates, with a larger spec-
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Figure 1. Esterase activity of NanS. (a) A range of
substrates that were used to define the substrate selectivity
profile (see also Table I); (b) Mutant activity compared to
wild type NanS (see Table Il). The bars on the graph
indicate standard deviation. The substrates were butyl
acetate, phenyl acetate and pNP-acetate. H301N and S19A
show no activity while the remaining four mutants show
varying levels of activity.

trum of acetyl-containing groups tested (Fig. 1(a),
Table I). Low-level activity was observed for more
bulky acetylated compounds, as was predicted from
the initial screen. However, the esterase activity
with these synthetic substrates is over one order of
magnitude less than that observed for the predicted
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Table 1. Activity of NanS for Assayed Substrates that are Processed by the Enzyme

Substrate

(umol mg ™! min~1)

Activity
Structure

Butyl acetate

Phenyl acetate

Triacetin

9-0O-acetyl-NeuAc

9-0-acetyl-GD3-S-phenyl (9-O-acetyl-
NeuAca-2,8-NeuAca-2,3-Galp-1,4-Glcf-S-phenyl)

0.093 + 0.05 j\
0.088 = 0.01 ©/ T
0.046 = 0.04 J\ JJ\
\L]/
2.31 = 0.31 0
OJ\
OH
0
0
HO OH
OH
HN
OH
1.29 + 0.18

gﬁ@

true substrate, 9-O-acetyl-NeuAc (Fig. 1). This is
consistent with 9-O-acetyl-NeuAc being the natural
substrate for this enzyme.

Monomer structure

NanS exists as a monomer in solution, which was
established using size exclusion chromatography as
well as dynamic light scattering experiments (data
not shown). This was further confirmed by the crys-
tal structure of NanS, which shows that NanS is a
monomer. NanS consists of a single compact domain
resembling a canonical o/p-hydrolase fold [Figs. 2
and 3(a)] and more specifically the SGNH family.?®
The monomer has a central seven-stranded mixed
B-sheet with a strand order of B5/B21B6TR1TRIT
f101p117. Additionally, two B-hairpins are present
following strands 2 and 6. The N- and C-terminal
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a-helices, a1l and a7 respectively, are situated on the
concave side of the B-sheet while the remaining o-
helices (02, 04, and a6) are positioned on the convex
side with a3 and o5 being one-turn 3;p-helices. Sev-
eral extended loops are present on the concave side
of the B-sheet. One solvent exposed loop (Asn216-
Thr218) located between o4 and 6 is disordered in
our structure.

Structure comparisons

Proteins with the highest structural similarity to NanS
determined using the DALI server®® include the
At4g34215 gene product from Arabidopsis thaliana
(PDB ID 2APJ, Z-score = 25.9, rmsd 2.1 A over 220 Ca
atoms®®), an acetyl xylan esterase related protein
(AXE) from Clostridium acetobutylicum (PDB ID
1ZMB, Z-score = 24.2, rmsd 2.1 A over 214 Co. atoms,

PROTEIN SCIENCE ‘ VOL 20:1208-1213 1211



Y

Figure 2. A topological representation of NanS. a helices are shown as cylinders, p sheets as arrows, which show their
direction and random coil as lines. The short section (216-218) that was not observed in the crystal structure is shown as a
dashed line. Image created using PDBSum (http://www.ebi.ac.uk/pdbsum/)

unpublished) and an acyl esterase from Mycobacterium
smegmatis that catalyses acyl transfer to alcohols
under aqueous conditions from Mycobacterium smeg-
matis (PDB ID 2Q0S, Z-score = 13.6, rmsd 2.9 A over
179 Co atoms?!). All of these proteins belong to the
SGNH superfamily,2®®! with the first two proteins
belong to carbohydrate esterase family 6 (CE6). The
structurally characterized members of the SGNH
superfamily include a serine esterase (SsEst) from
Streptomyces scabies (PDB ID 1ESC*?) [Fig. 3(b)], pla-
telet activating factor acetyl-hydrolase (PAF-AH(Ib)x1)
from Bos taurus (PDB ID 1WAB*3), a haemagglutinin-
esterase fusion (HEF) glycoprotein from influenza C

1212 PROTEINSCIENCE.ORG

virus (PDB ID 1FLC**), rhamnogalacturonan acetyles-
terase (RGAE) from Aspergillus aculeatus, a CE12
member (PDB ID 1DEO?®), and thioesterase I (TAP)
from E. coli (PDB ID 1JRL3Y). All these enzymes have
a conserved overall fold with similar relative positions
of the central B-sheet and five a-helices flanking either
side of the sheet as well as similar catalytic machinery,
in particular serine and histidine residues. However,
this similarity does not extend to their substrate bind-
ing sites. Different conformations of extended loops
around the substrate binding site create distinct sites
to accommodate their very different substrates [Fig.
3(b)].

Structural and Enzymatic Characterization of NanS (YjhS)
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site residues, His301 and Ser19, are shown in stick mode to indicate the location of the substrate binding site.
Semitransparent molecular surface is colored wheat; (b) superposition of NanS (family Il), shown in blue, and serine esterase
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bond network (green dashed lines) in the active site pocket in NanS. (d) All residues that are involved in the hydrogen
bonding network of the oxyanion hole in NanS are shown. Magenta dashed line shows the interaction between the catalytic
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].

Sequence motifs and two subfamilies

of SGNH hydrolases

Analysis of the SGNH family of hydrolases revealed
the presence of four blocks of conserved sequences.??
Block I contains the GDS motif, which has the
nucleophilic serine residue and a hydrogen-bond do-
nor to the oxyanion hole. Block II contains the con-
served Gly and block III contains the conserved Asn,
which are involved in the oxyanion hole. The con-
served Asn of block III encompasses the GXN motif.
The final block, block IV, contains the two catalytic
residues, aspartic acid and histidine, within the
DXXH motif.

NanS and its structurally similar homologs AXE
and the At4g34215 gene product, contain a variation
in the motifs common to the SGNH family hydro-
lases. These differences were first noted by Bitto
et al®® in the At4g34215 structure. Instead of the
classic GDS motif of block I, these enzymes possess a
more extensive GQSN motif (Fig. 4). The glutamine
(GIn18 in NanS) that is adjacent to the catalytic ser-
ine (Ser19 in NanS) participates as a hydrogen bond
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donor in forming an oxyanion hole and functionally
replaces the asparagine (part of the GXN Block III
motif) found in the classic SGNH family proteins.
The GXN block IIT motif is replaced by QGEX(D/N).
These residues are involved in stabilizing the orienta-
tion of GIn18 and a single turn 3iy-helix structural
element. Block II is extended and now includes
PCX,GG instead of only the conserved Gly, which is
attributed to the stabilization of the formation of the
oxyanion hole. Interestingly, the Asp in block IV
DXXH motif, which constitutes the third member of
the catalytic triad, is not always present.

The presence of modified, conserved motifs in
NanS and its close sequence homologs suggests that
the SGNH hydrolase family can be further subdi-
vided. Accordingly, we propose that sequences con-
taining the classic serine (GDS), glycine, asparagine
(GXN), and histidine in four different sequence
motifs, as described earlier,?>?! should be reclassi-
fied as group-I SGNH hydrolases, while the sequen-
ces containing serine and asparagine in a single
sequence motif (GQSN) with an additional QGE
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Figure 4. Structure-based sequence alignment of several enzymes from Family | and Family Il SGNH hydrolases.
Representing Family Il, which are shown above the line, are NanS, acetyl xylan esterase (AXE) from Clostridium
acetobutylicum (PDB ID 2APJ) and the At4g34215 gene product (At4g) from Arabidopsis thaliana (PDB ID 1ZMB). The
sequences that represent Family |, below the line, are serine esterase (SsEst) from Streptomyces scabies (PDB ID 1ESC),
rhamnogalacturonan acetylesterase (RGAE) from Aspergillus aculeatus, (PDB ID 1DEO) and thioesterase | (TAP) from E. coli
(PDB ID 1JRL). Each conserved Block is labeled. White letter in a black box indicate residues that are conserved in all
sequences. Bold boxed letters indicate conserved residue types in some of the sequences.

sequence motif in block III, should be classified as
group-II SGNH hydrolases.

The difference in sequence conservation between
NanS and Group-I SGNH hydrolases results in dif-
ferent hydrogen-bonding interactions within the
active site. These interactions seem to be specific for
Group-II proteins. The hydrogen bonding interac-
tions involved in oxyanion hole formation in the
active site of NanS revealed that OE1%®!8 is stabi-
lized by hydrogen bonds with NE2©I"179 NGW180
and N18! [Fig 3(c,d)]. Additionally, the orientation
of GIn179 is stabilized further through NE2¢"17 to
OD24%183  and OE19™'7 to NE2H92 hydrogen
bonds. In most related sequences, His192 is replaced
by a tyrosine, which could also participate in similar
hydrogen bonding interactions with OE14™17°, Simi-
lar hydrogen bonding interactions would be expected
in all structures belonging to the Group-II SGNH
family as the structure-based sequence alignment of
Group-II SGNH hydrolases shows conservation of
residues involved in this network.

The proposed classification is consistent with
structural differences between these two groups.
Group-I proteins, represented by the crystal struc-
tures of PAF-AH(Ib)a1, SsEst, RGAE, and HEF, pos-
ses a central, five stranded parallel B-sheet, while in
the members of Group-II, represented by NanS,
AXE, and the At4g34215 esterase, this f-sheet is
extended by two strands at one end, with the last
strand being antiparallel to the rest. The insertion
found between the N-terminal B-strand and the fol-
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lowing o-helix is significantly longer in Group-II
members (~70 residues in NanS) as compared to
~30-40 residues in Group-I members.

NanS has not yet been classified within a spe-
cific carbohydrate esterase family in the CAZy data-
base. Our sequence comparisons show that it is
related to family CE6, which also contains AXE and
At4g34215. Although other prokaryotic 9-O-sialate
esterases have been identified?>?® and have been
predicted to adopt the SGNH hydrolase fold,23
sequence conservation shows that they would belong
to Group-I SGNH hydrolases. However, the mamma-
lian sialate esterase SIAE that has been predicted to
be a SGNH hydrolase, does contain the Group-II
sequence motifs.

Active site and catalysis

The putative substrate-binding site in NanS, as
deduced from the crystal structure and loss in activ-
ity of mutant enzymes, consists of a solvent-exposed
shallow pocket [Fig. 3(a,c)]. The active site cavity is
not as well defined as in some other esterases of the
SGNH family such as At4g34215 gene product from
A. thaliana,*® SsEst from S. scabies*? and AXE from
C. acetobutylicum (PDB ID 1ZMB). However, the
size of this pocket is comparable with those seen in
PAF-AH(Ib)a1 and influenza C virus HEF. The shal-
low active site is consistent with the binding of both
monomeric, acetylated sialic acid substrates and
polymeric substrates such as acetyl xylan.

Structural and Enzymatic Characterization of NanS (YjhS)



Table II. Relative Activity of the Mutant Enzymes Measured for Three Substrates Compared with the Wild Type

NanS
Relative activity (%)

Substrate WT H301N S19A E26A S300A T294S T294A
Phenyl acetate 100.0 = 1.2 0.00 0.00 10.0 = 2.6 70.3 = 1.7 458 + 3.5 589 + 9.1
Butyl acetate 100.0 = 0.6 0.00 0.00 0.00 30.1 = 0.2 12.0 = 0.9 214 + 1.2
pNP-acetate 100.0 = 0.6 0.00 0.00 8.6 = 2.2 68.8 = 0.3 429 + 54 324 +0.3

The active site in SGNH hydrolases is a modifi-
cation of the classical serine protease catalytic triad
that contains serine, histidine, and aspartate, the
latter participating in the charge relay system nec-
essary for activation of the serine nucleophile. In
SGNH enzymes, the serine and histidine are always
present while the aspartate/glutamate is absent in
some of these enzymes, for example, SsEst from S.
scabies. In the latter case, a Group-I SGNH hydro-
lase, it was postulated that the role of an acidic side-
chain is taken over by a mainchain carbonyl
group.*? The active site residues of SsEst are Serl4
and His283 and the carbonyl group is provided by
the mainchain of Trp280. Superposition of the NanS
structure with other SGNH hydrolases shows that
the active site serine and histidine correspond to
Serl9 and His301. However, NanS has neither an
acidic sidechain nor a carbonyl group in the vicinity
of His301. Instead, there are two polar residues that
could potentially fulfill the role of the third member
of the “classic” catalytic triad, Ser300 and Thr294.
The first, Ser300, is an unlikely candidate as the
0G1%°73% hydroxyl is ~3.9 A from the ND1His301
atom, and the hydroxyl group is nearly perpendicu-
lar to the imidazole ring of His300 when the latter
forms a hydrogen bond to Ser 19. This 0G15¢r300
hydroxyl group forms a strong hydrogen bond to the
mainchain carbonyl 0™"*7 (2.6 A) [Fig. 3(c)]. The
other close neighbor of His301, Thr294, points its
hydroxyl group OG1 toward the ND1™s3%1 atom
(~3.9 A) and is in an appropriate orientation to form
a hydrogen bond. This Thr294 hydroxyl group
makes a simultaneous hydrogen bond to OE26126
(2.8 A) [Fig. 3(c)l.

To confirm that Ser1l9 and His301 are indeed
catalytically essential, these residues were mutated
to Ala and GIn, respectively, and enzyme activity
measured against phenyl, butyl, and pNP acetate,
all of which showed significant activity with wild-
type enzyme. In both cases, the mutants had no ac-
tivity even though they behaved as well-folded,
monomeric enzymes by gel filtration, dynamic light
scattering, native gel, and CD analysis.

A further four mutants were tested to see if the
third component of the catalytic triad could be iden-
tified. These mutants were S300A, T294A, T294S,
and E26A. It was hypothesized that if T294A
resulted in a decrease in activity, T294S may restore
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this activity. These four mutants were expressed in
BL21(DE3)Star cells, and the proteins behaved simi-
larly to the wild type during purification. All four
mutants had the same CD spectra identical to the
native protein (Supporting Information Fig. S1),
indicating that they were all correctly folded. All
mutants showed activity against three standard es-
terase substrates, although the level of activity was
somewhat lower than the wild type enzyme [Fig.
1(b), Table II]. This shows that Thr294 is not essen-
tial for catalysis and leaves the question of the third
member of the triad open. Most affected was the
E26A mutant, which retained only ~10% wild type
activity. Glu26 is 5.5A from His301 and could not
perform the classical function in catalysis. The car-
bonyl of Arg298, residue equivalent to Trp280 in
SsEst, is also not close enough to His301 due to dif-
ferent conformations of the loop following the active
site histidine in these enzymes. We hypothesize that
either the catalytic role is played by a hydroxyl ion
or a reorganization of the active site occurs upon
substrate binding.

In summary, we have shown here that NanS is
a sialate esterase that deacetylates the 9-O’ position
of sialic acid. The structure reveals that it is a mem-
ber of the SGNH hydrolase family containing a cata-
lytic Ser-His dyad. Based upon patterns of both
sequence and structural conservation, we subdivided
the SGNH family into two subfamilies. As yet, NanS
has not been classified into a carbohydrate esterase
family.

Materials and Methods

Cloning, expression, and purification

The yjhS gene from E. coli O157:H7 (Z5905) was
PCR amplified and inserted into a modified pET15b
vector (EMD Biosciences, San Diego, CA) to obtain a
fusion protein containing a noncleavable N-terminal
(His)s tag. Point mutations were introduced into
yjhS using mutagenic primers. All mutations were
confirmed by sequencing. For expression of unla-
belled proteins, both the wild-type and genes con-
taining S18A or H301N mutations were transformed
into BL21(DE3) cells, while the mutant plasmids
containing the E26A, T294A, T294S, and S300A
mutants were transformed into BL21(DE3)Star cells.
For preparation of SeMet-substituted protein, the E.
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coli methionine auxotroph DL41 was transformed
with the vector and protein expressed in 1 L LeMas-
ter medium containing 100 pg mL™! ampicillin.*®
Cells were grown for 2 h at 37°C, then induced with
100 uM IPTG and cultured at 21°C for 16 h. Cells
were harvested by centrifugation (4000g, 30 min,
4°C), resuspended in 50 mM Tris-HCl pH 7.5, 400
mM NaCl, 1% (v/v) Triton X-100, 5% (v/v) glycerol,
10 mM pB-mercaptoethanol, 20 mM imidazole and a
cocktail of protease inhibitors (10 uM leupeptin
(Boehringer Mannheim, Canada), 0.5 mM benzami-
dine (Sigma Aldrich), 0.1 mM Pefabloc™ (Roche)).
Cell lysis was achieved by sonication for a total of 2
minutes with on and off cycles of 15 s duration and
clarified by centrifugation (150,000g, 45 min, 4°C).
The lysate supernatant was incubated with 1 mL
Ni-NTA (Qiagen Inc., Canada) for 1 h with shaking.
Beads were washed with 50 mM Tris-HCI pH 7.5,
1M NaCl, 5% (v/v) glycerol, 10 mM B-mercaptoetha-
nol, 20 mM imidazole followed by the same buffer
containing 0.4 M NaCl and 40 mM imidazole. The
elution of the histidine-tagged protein was achieved
with buffer containing 250 mM imidazole. Purified
protein was concentrated by ultrafiltration to 22
mgmL~! in the final buffer consisting of 20 mM
Tris-HCI pH 7.5, 0.2M NaCl, 5 % (v/v) glycerol, 5
mM DTT. Mutant proteins were purified under simi-
lar conditions as for wild-type enzyme.

The total selenium incorporation as selenome-
thionine in the protein was confirmed by ESI-MS on
an Agilent 1100 series mass spectrometer using an
isocratic condition of 30% (v/v) acetonitrile contain-
ing 0.1% (v/v) formic acid. NanS mutants were also
confirmed by ESI-MS. Dynamic light scattering
measurements were performed for all samples using
a DynaPro plate reader (Wyatt Technology Corpora-
tion, Santa Barbara, CA) at room temperature. Size
exclusion chromatography using a Superdex 75 (10/
16) column (Amersham Bioscience) on an AKTA
purifier (Amersham Bioscience) was performed in
the crystallization buffer to ascertain the oligomeric
state of the purified protein. Circular Dichroism was
carried out using a Jasco J-815 Spectrometer. Sam-
ples were dialyzed into 10 mM Potassium Phosphate
pH 7.5, 20 mM NaF and were tested at a final con-
centration of 0.2 mgmL™1.

Crystallization, data collection, and refinement

Initial crystallization conditions were identified
using sparse matrix screens from Hampton Research
(Hampton Research, Aliso Viejo, CA). The best dif-
fracting crystals were obtained by mixing 1 uL pro-
tein in the final buffer with 1 pL of reservoir solu-
tion containing 0.2M NaCl, 0.1M Bis-Tris pH 5.5,
30% (w/v) PEG 3350, in micro batch experiments
under oil. Prior to data collection crystals were flash
frozen in the Ny cold stream at 100 K (Oxford Cryo-
system, Oxford, UK). SeMet crystals belong to space
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group P2,2,2; with unit cell dimensions a = 41.1 A,
b=1319 A, ¢ = 172.2 A (Z = 12) and Mathews coef-
ficient of 2.2 A®Da! with a solvent content of
~42%. Native crystals were obtained from the same
conditions. These crystals also belong to space group
P2,2,2; but have different cell dimensions, a = 41.1
A, b=579 A, ¢ = 135.4 A and contain one molecule
in the asymmetric unit.

Data collection of the SeMet-labeled NanS crys-
tals were carried out using a two wavelength MAD
regime (peak, inflection point) to 2.2 A resolution
with a Quantum-4 CCD detector (Area Detector Sys-
tems Corp., San Diego, CA) at beamline X29,
National Synchrotron Light Source, Brookhaven
National Laboratory. Data processing and scaling
were performed with HKL2000.4¢ Of 18 expected se-
lenium atoms in the asymmetric unit 15 were
located with SHELXD*? and refined further using
SHARP*® to obtain preliminary phases with a figure
of merit of 0.43. Solvent flattening and iterative
model building using the RESOLVE auto-build pro-
cedure *° resulted in automated building of 92% of
the overall model. The model was completed man-
ually using XtalView®® and Coot®' and refined with
REFMAC5°? (Table III).

A native data set was collected to 1.6 A resolu-
tion from a single crystal at the Canadian Light
Source (CLS), Saskatoon, Saskatchewan. Data was
processed and scaled using HKL2000.*® The SeMet
model was used to solve the native data set by mo-
lecular replacement using Phaser®® and refined with
REFMAC5 to a final Ry of 0.201 and Rgee of
0.242. The final model of NanS contains residues 4-
325 with one short regions, 216-18, lacking clearly
defined electron density. The model has good stereo-
chemistry as analyzed using Molprobity.>*

Determination of enzyme activity

To determine the substrate profile of NanS, assays
with various carboxyl esters were carried out accord-
ing to the published protocol.?” The reaction mixture
in a final volume of 105 uL contained 3 to 30
pgmL™! of enzyme in 4.5 mM N,N-bis(2-hydrox-
yethyl)-2-aminoethanesulfonic acid (BES) buffer pH
7.2, 0.44 mM indicator 4-nitrophenol (pNP) and 1
mM of substrate. The high buffer concentration
related to pNP is critical to sense small changes in
pH with minor modifications in the reaction condi-
tions. The reaction was initiated by the addition of
enzyme and the color change of the indicator dye
was continuously monitored for 10 min at 412 nm at
25°C. Activity was estimated from the linear range
of the reaction, with the typical variation of ODyio
in a range of 5 to 50 mAU. The 9-O-acetyl sialic acid
used as substrates in the screening panel was a gift
from Dr. Shawn DeFrees (Neose Technologies, Hor-
sham, PA). 9-O-acetyl-GD3-S-phenyl was synthe-
sized by adding enzymatically the O-acetyl group to
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Table III. X-ray Crystallographic Data

Dataset Se-Met (Peak) Apo
Data collection
Space Group P2,2,2, P2,2,2,
Unit Cell

abe (A) 41.1, 131.9, 172.2 41.1, 57.9, 135.4
Resolution (A) 50.0-2.2 38.8-1.6
VA 12 4
Resolution (A) 50-2.2 (2.28-2.20) 33.8-1.6 (1.66-1.6)
Wavelength (A) 0.9793 0.9793
Unique hkl 84455° 40213
Redundancy 3.2 (2.7) 7.2 (7.3)
Completeness 92.0 (79.0) 92.8 (100)
Reym® 0.053 (0.222) 0.097 (0.430)
I/s(I) 16.2 (4.9) 27 (5.2)

Refinement

Ryond (# hkl) 0.201

Rfreed (# hkl) 0.242
Average B-factors

Protein 15

Solvent 26
Ramachandran plot

Allowed (%) 96.9

Generous (%) 3.1

Disallowed (%) 0.0
rms bonds (A) 0.012
rms angles (°) 1.43
PDB code 3PT5

2 Number of molecules in the unit cell.
b Bijovet pairs unmerged.

¢ Rsym = (Z |Iobs - Iavgl )/Zlavg.

d Rwork/free = (Z IFobs - Fcalc | )/EFobsA

the terminal NeuAc in GD3-S-phenyl (NeuAca-2,8-
NeuAca-2,3-Galp-1,4-Glcp-S-phenyl) using a
recombinant sialic acid O-acetyltransferase from
Campylobacter jejuni.?® Aryl esterase activity was
measured by continuous monitoring at 310 nm for
2-3 min using 2.6 ugmLf1 enzyme in 50 mM BES
pH 7.2, at a substrate concentration of 1 mM. The
substrates used were, o-naphthyl acetate, B-naph-
thyl acetate, a-naphthyl-propionate, a-naphthyl-pro-
pionate, o-naphthyl dodecanoate. NanS was also
screened for lipolytic using Tween 80 as enzyme sub-
strate®® as well as thioesterase®” activities. The thio-
ester substrates used were DL-3-hydroxy-3-methyl-
glutaryl-CoA, methylmalonyl-CoA, phenylacetyl-
CoA, phenylacetyl-CoA, hexanoyl-CoA, succinyl-CoA,
stearoyl-CoA, octanoyl-CoA, hydroxybutyryl-CoA,
palmitoyl-CoA, methyl-crotonyl-CoA, glutaryl-
CoA, acetyl-CoA, dodecanoyl-CoA, malonyl-CoA.

To determine the residual activity of the NanS
mutant proteins, enzymatic activity was monitored
on the butyl acetate and phenyl acetate substrates
previously identified to be preferential substrates of
the wild type protein. The reaction mixture con-
tained 30 pgmL ™! of enzyme in 4.5 mM BES buffer
pH 7.2, 0.44 mM indicator 4-nitrophenol and 1 mM
of substrate. The reaction was initiated by the addi-
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tion of enzyme and the color change of the indicator
dye was monitored for 10 min at 412 nm at 25°C.
Additionally, residual activity of NanS mutants was
monitored by following the hydrolysis of pNP-ace-
tate. The final reaction mixture contained 20 mM
Tris pH 7.5, 1 mM pNP-acetate substrate, and 3
pgmL~! NanS. The reaction was monitored at 412
nm for 10 min at 25°C. Samples were monitored in
triplicate, and data are expressed as percentage re-
sidual activity in comparison with the native NanS
protein.
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