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Sulfation is widespread in nature and plays an important role
in modulating biological function. Among the strategies
developed by microbes to access sulfated oligosaccharides as a
nutrient source is the production of 6-sulfoGlcNAcases to
selectively release 6-sulfoGlcNAc from target oligosaccharides.
Thus far, all 6-sulfoGlcNAcases identified have belonged to the
large GH20 family of β-hexosaminidases. Here, we identify and
characterize a new, highly specific non-GH20 6-
sulfoGlcNAcase from Streptococcus pneumoniae TIGR4,
Sp_0475 with a greater than 110,000-fold preference toward N-
acetyl-β-D-glucosamine-6-sulfate substrates over the non-
sulfated version. Sp_0475 shares distant sequence homology
with enzymes of GH20 and with the newly formed GH163
family. However, the sequence similarity between them is suf-
ficiently low that Sp_0475 has been assigned as the founding
member of a new glycoside hydrolase family, GH185. By
combining results from site-directed mutagenesis with mech-
anistic studies and bioinformatics we provide insight into the
substrate specificity, mechanism, and key active site residues of
Sp_0475. Enzymes of the GH185 family follow a substrate-
assisted mechanism, consistent with their distant homology
to the GH20 family, but the catalytic residues involved are
quite different. Taken together, our results highlight in more
detail how microbes can degrade sulfated oligosaccharides for
nutrients.

Most secreted proteins in eukaryotes are glycosylated with
either N-glycans, or O-glycans or a mixture of both. N-linked
glycoproteins can be classified into three groups: high
mannose, complex, or hybrid type (Fig. 1). All N-glycans share
a core structure comprising three mannose (Man) residues
attached to a chitobiose moiety. The core structure is linked to
the protein through a β-configured N-glycosyl linkage to an
asparagine residue present in a defined sequon at the protein
surface (1). O-Glycoproteins, of which the mucin glycoproteins
are the extracellular dominant species, all feature a common
core N-acetylgalactosamine (GalNAc) α-linked to a serine or
threonine, though no consensus peptide sequences are yet
apparent. This foundational GalNAc can then be elaborated in
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a variety of ways to yield eight core structures of which four are
common (Fig. 1). Each of these can be further elaborated to
give linear or branched structures that are similar to those on
complex N-glycans (2). The non-templated nature of glycan
synthesis along with subsequent postglycosylational modifi-
cations such as phosphorylation, sulfation, and acetylation
generate substantial heterogeneity, making the elucidation of
glycan structures difficult (3).

Deciphering the structures of these glycoforms has been
greatly facilitated by mass spectrometric methodologies. In
most cases, these rely upon the selective release of these gly-
cans from their proteins. Although release of glycans can be
achieved through chemical means, enzymes remain the re-
agents of choice (4). For example, N-glycans are released using
an amidase, PNGaseF, which cleaves nearly all N-linked gly-
cans from eukaryotic glycoproteins but cannot be used for
analyzing bacterial N-glycans (1). Endo-β-N-acetylglucosami-
nidases (ENGases) from the GH18 and GH85 families have
proven to be highly useful in characterizing N-glycan glyco-
forms, even though these ENGases typically have a narrower
substrate range than PNGaseF. This specificity can be lever-
aged when selective removal of a specific glycoform is
required. For instance, Tang et al.(5), demonstrated that by
using an ENGase with a particular specificity, they could
achieve N-glycan subtype selective editing on the surface of
living cells. An equivalent enzyme for the release of eukaryotic
O-glycans is lacking, and most enzymatic approaches, beyond
the release of the Core 1 (and sialyl core 1 to a certain extent)
by GH101 endo-β-N-acetylgalactosaminidases (6), rely on O-
glycoproteases, which have distinct peptide sequence and
glycan specificities (7–9).

Postglycosylational modifications, including sulfation,
introduce additional complexity when identifying the precise
sites of sulfation on glycans. Exo-glycosidase sequencing,
which relies on the use of specific exo-glycosidases in
conjunction with HPLC, capillary electrophoresis, and/or mass
spectrometry (MS), can help elucidate the structures of spe-
cific glycoforms (10, 11). However, GHs with high specificity
toward sulfated sugars are needed to help clarify the sites of
sulfation on both O- and N-glycans. Recent work by Chuzel
et al.(12), exploited functional metagenomics to discover a
sugar-specific sulfatase capable of removing sulfate from 6-
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Figure 1. Thecommon structures observed for N- and O-glycans in eukaryotes. Sugars are depicted using the standard symbol nomenclature for
glycans (SNFG). Yellow box highlights the core sugar sequence observed in all N-glycans.

A novel family of 6-sulfo-N-acetylhexosaminidases
sulfo-N-acetylglucosamine (6S-GlcNAc), as well as a 6-
sulfoGlcNAcase that selectively cleaves 6S-GlcNAc from N-
glycans. The discovery of additional enzymes with high spec-
ificity are needed to expand the tools available to glycobiolo-
gists, and the human gut microbiome is a promising source of
enzymes of this type (13). Bacteria in the human gut not only
degrade dietary glycoproteins as an energy source but also
scavenge glycoproteins derived from their eukaryotic host.
Access to novel enzyme activities from this large pool has been
largely achieved through metagenomic approaches involving
activity-based screening (6, 12, 14, 15) or elegant studies
involving transcriptomics coupled with detailed biochemical
characterization of enzymes involved in the degradation of
target glycans (13, 16–20).

Recently it has become apparent that genes for the degra-
dation of N-glycans and O-glycans are often organized in
polysaccharide utilization loci in some microbes (21). Typi-
cally, the glycan, or a large fragment thereof, will be cleaved
from the glycoprotein and imported into the bacterium via a
TonB-dependent transporter, where it is further degraded via
exo-GHs in the periplasm. Terminal anionic sugars such as
sialic acids or anionic appendages such as sulfate moieties are
often cleaved prior to import (22–25). Recent examples
include the unraveling of the enzymology of high-mannose N-
glycan and complex N-glycan degradation (23, 26, 27), as well
as various enzymes involved in O-glycan degradation (2, 16,
22, 28). As part of our interest in the discovery of enzymes for
2 J. Biol. Chem. (2023) 299(10) 105214
glycan removal and modification (6, 13–15, 29, 30) we were
intrigued by the identification of an endo-hexosaminidase
from Bacteroides thetaiotaomicron (BT1035) that cleaves the
GlcNAc-β1,2-Man linkage within complex type N-glycans
(Fig. 1) to release LacNAc (Gal-β1,4-GlcNAc) and Sia-
lylLacNAc (Neu5Ac-α2,3-Gal-β1,4-GlcNAc or Neu5Ac-α2,6-
Gal-β1,4-GlcNAc) fragments. This founding member of the
GH163 family contains two distinct domains, the catalytic N-
terminal DUF4838 (PF16126) domain with distant homology
to the GH20 family, and a C-terminal F5/F8 domain proposed
to be a carbohydrate binding module. An enzyme with such
specificities could be highly valuable for N-glycan remodeling
using approaches similar to those used with GH18 and GH85
family members. In these experiments, desired glycoforms
have been introduced onto therapeutic proteins through the
use of “glycosynthase” mutants to produce biotherapeutics
with improved efficacy (31, 32).

In this article, we describe the characterization of Sp_0475
from Streptococcus pneumoniae TIGR4 which contains a
DUF4838 domain (PF16126). Although Sp_0475 and BT1035
both contain the DUF4838 domain, the sequence similarity
between them is sufficiently low that Sp_0475 has been
assigned as the founding member of a new glycoside hydrolase
family GH185. Through extensive screening of various sub-
strates, we show that Sp_0475, from S. pneumoniae TIGR4, is
an exo-acting 6-sulfo-β-GlcNAcase. Its domain of unknown
function (DUF4838) shows distant homology with the GH20
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family and, consistent with this, NMR analysis confirmed bond
cleavage with net retention of anomeric stereochemistry. In-
hibition studies with 6S-GlcNAc thiazoline suggest a
substrate-assisted mechanism. Based upon kinetic analysis of
active site mutants identified from an AlphaFold structural
model, we identified critical active site residues and assigned
their putative roles in catalysis. Lastly, by isolating the trans-
glycosylation (TG) product produced by Sp_0475 we identify
the probable natural substrate as the 6S-GlcNAc-β-1,6-
GalNAc moiety. Taken together, this work suggests that
Sp_0475 may be useful for the analysis and synthesis of
sulfated oligosaccharides.
Results and discussion

Identification of subfamilies of DUF4838 and expression of a
promising gene

To gain a better understanding of the diversity present
within this domain we generated a sequence similarity network
(SSN) of all genes containing the DUF4838 (PF16126) domain
(33). The SSN was generated using 3826 sequences with an E-
value cutoff of 10−74, which produced clusters with pairwise
sequence identity of over 30% for each cluster. Figure 2
highlights the significant sequence diversity that exists within
the DUF4838 domain, suggesting that this domain could be
involved in various biological activities. Cluster 3 drew our
attention as essentially all 252 sequences lacked a signal pep-
tide suggesting that these enzymes are localized within the
cytoplasm and act on smaller oligosaccharides. This would be
a sharp contrast to the surface-localized BT1035, which
cleaves larger substrates such as N-glycans that have been
released from glycoproteins and glycopeptides by a GH18
Figure 2. Sequence similarity network of PF16126 family (DUF4838 doma
PF16126 family (DUF4838 domain) using an alignment threshold of 10−74. The f
while cluster 3 containing the sequence of Sp_0475 is marked with a turquoi
endo-N-acetylglucosaminidase (23). Furthermore, the mem-
bers of cluster 3 share only low sequence homology to the
GH163 family, suggesting that they may belong to a new
glycoside hydrolase family with potentially distinct substrate
specificities. To explore this, we cloned a S. pneumoniae
TIGR4 gene (Sp_0475) from within this cluster and expressed
and purified it as described in Methods.

Exploration of substrate specificity

Our initial screen of over 30 chromogenic and fluorogenic
glycosides as potential substrates of Sp_0475 (Table S2) iden-
tified only two that were hydrolyzed—4-methylumbelliferyl
N-acetyl-β-D-glucosaminide (MUGlcNAc) and 4-nitrophenyl
N-acetyl-β-D-glucosaminide (pNPGlcNAc) and these at
rather sluggish rates. Since GH163 enzymes cleave N-linked
glycans, we screened Sp_0475 against the complex N-glycan
purified from egg yolk powder, in both its native and sialidase-
treated form (34, 35) but no hydrolysis was observed
(Table S3). It thus seemed likely that some metal ion or other
reaction condition was missing. So, using the basal N-acetyl-β-
D-glucosaminidase activity observed, we embarked on a screen
of divalent and monovalent metal ions using EDTA-treated
enzyme, but could detect no rate enhancement in any case
(Table S4).

Based on our experience with other glycosidases, we then
proceeded to test a range of anions as potential activators of
this basal activity. These included phosphate, sulfate, azide,
acetate, formate, citrate, and nitrate (Table S4). Intriguingly,
increases in the rate of hydrolysis of MUGlcNAc of approxi-
mately 4- and 10-fold were seen in the presence of 300 mM
sodium azide, and sodium nitrate, respectively (Fig. S1),
whereas the other anions had minimal effect. To try to
in). The sequence similarity network was built from 3826 sequences of the
ounding member of the GH163 family, BT1035, is marked with an yellow star,
se star.
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understand these effects we attempted to measure kinetic
parameters for pNPGlcNAc cleavage in the absence and
presence of 500 mM nitrate. KM values were too high to allow
saturation of rates but kcat/KM values could still be measured
(Table 1). These revealed an approximate 10-fold increase in
kcat/KM in the presence of 500 mM nitrate. Analysis of reaction
mixtures by TLC did not reveal any products of TG, sug-
gesting that the rate increases were due to enhanced in-
teractions between the active site and the aryl glycoside
substrate. This in turn suggested that perhaps the preferred
substrate contained an anionic substituent, with the most
probable candidates being those that are phosphorylated or
sulfated at the 6-position.

Accordingly, we synthesized both the 6-phospho- and 6-
sulfo analogs of MUGlcNAc and measured the kinetic pa-
rameters shown in Table 1. The phosphorylated analog
remained a very poor substrate while, by contrast, the 6-sulfo
analogue was rapidly hydrolyzed. Sp_0475 has a greater than
110,000 fold preference for 6S-GlcNAc substrates over the
nonsulfated versions. Moreover, it exhibits Michaelis–Menten
kinetics for pNP-6S-GlcNAc as highlighted in Figure 3A, with
a KM of 250 μM and kcat of 65 s−1 (Table 1). This is well in the
range of kinetic parameters observed for β-N-acetylhex-
osaminidases (36). Comparable parameters were measured for
the methylumbelliferyl glycoside (MU-6S-GlcNAc) whereas
the 6-sulfogalactosaminide (MU-6S-GalNAc) was found to be
a considerably poorer substrate (� 11,000 fold). GH20 β-N-
acetylhexosaminidases often cleave both GlcNAc and GalNAc
substrates, typically with a preference for one epimer over the
other (36). Interestingly, during our initial experiments we
Table 1
Kinetic parameters for hydrolysis of aryl glycosides by WT Sp_0475

Substrate kcat (s
−1) KM (μM) kcat/KM (

MU-6S-GlcNAc 55.0 ± 0.4 264 ± 7 210 ± 60
pNP-6S-GlcNAc 65.0 ± 0.3 250 ± 4 260 ± 80
MU-6S-GalNAc / / (1.8 ± 0.
MU-6P-GlcNAc / / (4.1 ± 0.
pNP-GlcNAc / / (2.2 ± 0.
pNP-GlcNAc + 500 mM
Sodium Nitrate

/ / (2.3 ± 0.

pNP-6N3-GlcNAc / / (2.3 ± 0.

Fold change was determined using the respective 6S-GlcNAc aryl substrate.
ΔΔG (kJ/mol) was calculated using Equation 1, except for * where Equation 2 was used.

ΔΔG
�
binding ¼ −RTln

0
BBB@

�kca
KM�kcat

KM

�

ΔΔG
�
binding ¼ −RTln

0
BBB@
�kcat
KM

�
pN

All measurements were performed at room temperature in 25 mM Mes (pH 7.0), 100 m
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observed that Sp_0475 was inhibited by chloride ions when
assayed in the absence of a reductant but not when a reductant
was present. The mechanism underlying this unusual inhibi-
tion behavior remains unclear, but since Sp_0475 is likely
located in the cytoplasm, no such inhibition should occur in its
natural reducing environment. In line with this, we included
tris(2-carboxyethyl)phosphine (TCEP) in all buffers used
during purification or kinetic analysis.

The extremely strong preference for the sulfated substrate is
impressive. A 110,000 fold difference in kcat/KM values as a
consequence of sulfation corresponds to a decrease in activa-
tion free energy of some 28 kJ mol−1. No rate increase is seen
as a consequence of phosphorylation even though the bond
lengths and geometries of the two species are similar. Earlier
studies have assigned the differential recognition of the
phosphates and sulfates as arising from their different
hydrogen bonding architectures (37–39). The additional space
around C6 allows the enzyme to also cleave pNP-6N3-GlcNAc,
indeed some 10-fold faster than it cleaves pNPGlcNAc.
Overall, the evidence strongly suggests that Sp_0475 functions
as an exo-acting 6-sulfo-N-acetylglucosaminidase. It is likely
that Sp_0475 plays a crucial role in the scavenging of 6S-
GlcNAc by S. pneumoniae where it typically resides in the
upper respiratory tract.
Sp_0475 follows a substrate-assisted mechanism

The distant homology of Sp_0475 with GH20 enzymes
suggested a substrate-assisted catalytic mechanism. In this
mechanism, the substrate acetamide functions as the catalytic
s−1 mM−1)

Approximate fold
decrease relative to

corresponding
6S-GlcNAc substrate

ΔΔG (kJ/mol)
(Relative to corresponding

6S-GlcNAc substrate)

/ /
/ /

03) × 10−2 11,000 −23
1) × 10−4 525,000 /
1) × 10−3 118,000 −28
04) × 10−2 11,000 −5.8*

1) × 10−2 11,000 /

t
�

pNP or MU−6S−GlcNAc

modified pNP or MU substarte

1
CCCA (1)

P−GlcNAcþ500mM sodium nitrate�kcat
KM

�
pNP−GlcNAc

1
CCCA (2)

M NaCl, and 1 mM TCEP.



Figure 3. Biochemical characterization of Sp_0475. A, rates of cleavage of pNP-6S-GlcNAc by WT Sp_0475 as a function of substrate concentration. B,
Sp_0475 cleaves with retention of anomeric configuration. Hydrolysis of MU-6SGlcNAc was monitored by NMR spectroscopy. After addition of enzyme a
peak at 4.7 ppm corresponding to the β-anomer of 6S-GlcNAc forms (highlighted in red). Mutarotation is observed over time as shown by the slow for-
mation of the 6S-GlcNAc α-anomer peak at 5.20 ppm (highlighted in yellow) C, chemical structure of 6S-GlcNAc-thiazoline shown which functions as a
competitive inhibitor for Sp_0475 with a Ki 69 nM.

A novel family of 6-sulfo-N-acetylhexosaminidases
nucleophile to form an oxazoline/oxazolinium ion intermedi-
ate, with the reaction resulting in net retention of anomeric
stereochemistry (Fig. 4). To assess whether Sp_0475 affects
hydrolysis with the same stereochemical outcome we used
NMR spectroscopy. Figure 3B shows the time course for hy-
drolysis of MU-6S-GlcNAc following the addition of enzyme
Figure 4. Substrate-assisted mechanismfollowed by members of the GH20
members. Briefly, GH20s have an acid–base residue that aids in the cleavage
stabilizes the oxazolinium ion intermediate formed during catalysis. (Bottom) a
family, which also use a conserved carboxylic acid as the acid/base residue, b
zolinium ion intermediate through a conserved proton shuttle mechanism. N
(Fig. S3). Here, the peak at 4.7 ppm appearing immediately
following the addition of a large amount of enzyme corre-
sponds to the β-anomer of 6S-GlcNAc, confirming that
Sp_0475 is indeed a retaining glycosidase. Subsequent traces
follow the appearance of the α-anomer of 6S-GlcNAc (δ =
5.20 ppm), and the loss of the β-anomer (δ = 4.7 ppm) over
and GH85 family. (Top) the canonical mechanism followed by GH20 family
of the glycosidic bond, as well as an additional carboxylate residue that

n atypical substrate-assisted mechanism followed by members of the GH85
ut use a conserved asparagine, in its imidic tautomer to stabilize the oxa-
ote: hydroxyl substituents are omitted for clarity.

J. Biol. Chem. (2023) 299(10) 105214 5
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time until equilibrium is reached through mutarotation. Evi-
dence for an oxazoline intermediate was then obtained by
synthesizing a stable mimic and measuring its inhibitory
properties (40, 41). 6S-GlcNAc thiazoline (shown in Fig. 3C)
was synthesized as previously described (42), subjected to ki-
netic analysis and found to function as a potent competitive
inhibitor with a Ki of 69 nM (Fig. S16). The high affinity of this
intermediate analogue, coupled with the stereochemical ex-
periments, strongly support the proposal that Sp_0475 carries
out catalysis via a substrate-assisted mechanism similar to that
of the GH20 family (41). The nonsulfated GlcNAc thiazoline
was also shown to be a competitive inhibitor, but a much
weaker binder with a Ki value of 6.6 mM (Fig. S15). This
almost 100,000-fold weaker binding nicely parallels the
110,000 fold difference in kcat/KM values between the sulfated
and nonsulfated substrates, highlighting the fact that the in-
hibitor is recruiting essentially all the binding interactions
derived between the enzyme and substrate sulfate at the re-
action transition state. Furthermore, nitrate was observed to
function as a weak competitive inhibitor with a Ki value of
68 mM (Fig. S14), thus contributing over 6 kJ/mol of binding
energy (Table 2). This finding is further supported by the
nearly equivalent binding energy of approximately 6 kJ/mol
determined from kcat/KM values (Table 1).

Structure and active site of Sp_0475

Although our efforts to crystallize Sp_0475 in a useful form
proved unfruitful, the AlphaFold structural model deposited in
the AlphaFold Protein Structure Database (43) provided a
convincing structural model of Sp_0475. Based on this, we
made several mutants of residues believed to reside in the
active site and evaluated their activity through kinetic analysis.
As shown in Figure 5C, Sp_0475 adopts the canonical TIM
barrel (triose-phophate isomerase) fold of the GH20 family,
GH-K clan members, and several other clans within the CAZy
database (40, 44). However, while the active sites of GH20
family members are located at the C-terminal end of the TIM
barrel and contain a highly conserved D-E catalytic pair
following a conserved sequence (H-X-G-G) (12) (Fig. 5A),
Sp_0475 entirely lacks these conserved sequence signatures,
making identification of active site residues challenging.
Table 2
Inhibition constants, ΔGBinding and ΔΔGBinding for Sp_0475 with several

Inhibitor Ki

GlcNAc-thiazoline 6.6 ± 0.2 mM
Sodium nitrate 68 ± 13 mM
6S-GlcNAc-thiazoline 69 ± 7 nM

ΔGbinding (kJ/mol) and ΔΔGbinding (kJ/mol) were calculated using Equations 3, and 4, resp

ΔGbinding ¼

ΔΔGbinding ¼ ΔG6SGlcNAc−thiazoline−ΔGGlcN

All measurements were performed at room temperature in 25 mM Mes (pH 7.0), 100 m
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Moreover, sequence analysis of the members of cluster 3 of
our SSN (Fig. 2) did not identify any clear candidates for
catalytic residues near the C-terminal end of the TIM barrel
(Fig. S4). We therefore performed a DALI search on the
AlphaFold structure of Sp_0475 (45) and identified a GH115
(Protein Data Bank (PDB):4C90) from Bacteroides ovatus (46)
as the structure with the highest Z-score (21.1). However,
members of the GH115 family are α-glucuronidases that
follow an inverting mechanism and are thus unlikely to be
good models for a retaining glycosidase. The DALI search also
revealed structural similarities between the retaining GH84 O-
GlcNAcase from Clostridium perfringens (PDB:2V5C) and
Sp_0475. GH84 family members follow a substrate-assisted
mechanism using a pair of conserved carboxylates to carry
out hydrolysis of the glycosidic linkage, similar to the GH20s
(47). The superimposed structures of 2V5C and Sp_0475
reveal a single carboxylic acid (D309) overlaid with the acid/
base residue of the GH84, as shown in Fig. S5, which is found
in the same general area as the GH20 active site (Fig. 5D).
Further sequence analysis shows D309 to be highly conserved
as indicated by the sequence alignment shown in Figure 5B
(and Fig. S4).

To tease out the function of this carboxylic acid residue we
prepared the corresponding Ala mutant of D309 through site-
directed mutagenesis. Kinetic parameters for the purified
mutant are summarized in Table 3. Notably, KM and kcat values
for the cleavage of MU-6S-GlcNAc by the D309A mutant are
170-fold, and 7800-fold lower, respectively, than those of WT,
resulting in a more than 50-fold drop in kcat/KM . Attempts to
use anion rescue studies on mutants to identify key catalytic
residues (48) were confounded in this case by the anionic
nature of the substrate and effects of anions on its binding. To
gain further insight into potential roles we chose to measure
the pH dependence of enzyme activity for the WT and mutant,
as significant changes are expected when the essential acid/
base residues are modified. The low KM value measured with
D309A made the measurement of the pH dependence of kcat/
KM by depletion kinetics (14, 49) challenging. We therefore
measured kcat as a function of pH instead since those mea-
surements could be done at substrate saturation. We first
determined the pH range over which the enzyme retained at
competitive inhibitors

ΔGBinding

� kJ
mol

�
ΔΔGbinding

� kJ
mol

�

−12.4 −28.4
−6.6 /
−40.8 /

ectively.

RTlnðKiÞ (3)

Ac−thiazoline ¼ RTln

�
Ki6SGlcNAc−thiazoline

KiGlcNAc−thiazoline

�
(4)

M NaCl, and 1 mM TCEP.



Figure 5. 3D structures of BT4394, Sp_0475, EndoD, and NagJ with active site residues highlighted for BT4394 and Sp_0475. A, PyMOL rendering of
BT4394 with 6S-GlcNAc bound in the active site (PDB: 7DVA) (54). BT4394 is a GH20 family member with 6-sulfo-GlcNAcase activity. The three-dimensional
structure of BT4394 is illustrated on the left, presenting a (β/α)8 barrel fold. The active sites of GH20 family members are situated at the C-terminal end of the
TIM barrel fold. The inset (on right) emphasizes the essential active site residues that are critical to catalysis and binding of 6S-GlcNAc in the active site. B,
sequence logos illustrate the conservation of several positions in Sp_0475. The height of each letter in the logo represents the degree of conservation at
that specific position. Residues of interest are indicated below each logo with an asterisk and the corresponding residue position. These logos were
generated using WebLogo (65) after performing a sequence alignment of all sequences found in cluster 3 (C) PyMOL rendering of the Sp_0475 AlphaFold
structure obtained from the AlphaFold Database (43). The overall fold of Sp_0475 is shown on the left, which depicts the canonical (β/α)8 barrel fold. The
inset to the right highlights the conserved residues of interest located at the C-terminal end of the (β/α)8 barrel fold. D, PyMOL rendering of EndoD
(PDB:2W91) from the GH85 family and NagJ (PDB:2V5C) from the GH84 family highlighting the three-dimensional structure of each. The key catalytic
residues are clearly marked, and are both found near the end of the (β/α)8 barrel fold. PDB, Protein Data Bank; TIM, triosephosphate isomerase.
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least 80% activity during the time taken for an assay (Fig. S7).
The pH dependence of kcat within the stable pH range for both
WT and D309A is shown in Fig. S7. While the kcat of WT
drops with increasing pH, the dependence is modest,
amounting to only 3-fold over 2 pH units, thus not corre-
sponding to an essential side chain ionisation in this range,
J. Biol. Chem. (2023) 299(10) 105214 7



Table 3
Kinetic parameters for cleavage of aryl glycosides by Sp_0475 mutants

Mutant Substrate kcat (s
−1) KM (μM) kcat/KM (s−1 mM−1)

Approximate
fold change
in kcat/KM

ΔΔGbinding

 
kJ
mol

!

D309A MU-6S-GlcNAc
pNP-6S-GlcNAc

(7.0 ± 0.1) × 10−3

(1.7 ± 0.02) × 10−1
1.5 ± 0.1
4.0 ± 0.1

4 ± 1
41 ± 13

53
6

−9.8
−4.6

R633Q pNP-6S-GlcNAc
pNP-GlcNAc

/
/

/
/

(2.7 ± 0.1) × 10−2

(1.4 ± 0.02) × 10−2
9700
/

−22.8
/

R633I pNP-6S-GlcNAc
pNP-GlcNAc
pNP-GlcNAc +
500 mM Sodium Nitrate
pNP-6N3-GlcNAc

/
/
/

/

/
/
/

/

(6.9 ± 0.03) × 10−2

(2.9 ± 0.2) × 10−2

(2.8 ± 0.1) × 10−2

(1.0 ± 0.03) × 10−1

3700
/
/

/

−20.4
/
/

/
Y436F pNP-6S-GlcNAc (1.5 ± 0.02) × 10−1 57 ± 4 3.0 ± 0.5 86 −11.1
H227N pNP-6S-GlcNAc 17.5 ± 0.3 3000 ± 80 6.0 ± 4.0 43 −9.3
Q174A pNP-6S-GlcNAc / / 1.3 ± 0.1 200

Fold change of kcat/KM with respect to the corresponding aryl glycoside by WT Sp_0475. kcat/KM values of MU-6S-GlcNAc and pNP-6S-GlcNAc used to calculate fold change were
210 s−1 mM−1, and 260 s−1 mM−1, respectively.
All measurements were performed at room temperature in 25 mM Mes (pH 7.0), 100 mM NaCl, and 1 mM TCEP.
ΔΔG (kJ/mol) was calculated using Equation 5.

ΔΔGbinding ¼−RTln

0
BBB@
�kcat
KM

�
WT�kcat

KM

�
Mutant

1
CCCA (5)
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while kcat for the mutant does not show a similar decrease over
the same pH range. Thus, while we cannot definitively assign
D309 a role in acid/base catalysis, it is undoubtedly very
important and the drop in KM upon mutation is consistent
with such a role (36, 48).

Superimposition of the structures of 2V5C and Sp_0475 did
not identify any additional carboxylic acid residue candidates
in the immediate vicinity of D309; thus, we expanded our
search. While the acid/base and oxazoline-stabilizing residues
of this class of hexosaminidases are typically carboxylic acids,
this is not the case for enzymes of the GH85 family, which
share similarities in fold and active site location (Fig. 5D). In
those cases a conserved asparagine in its imidic tautomer has
been proposed to stabilize the oxazoline through a conserved
proton shuttle (50) as shown in Figure 4B. Therefore, we set
out to identify other highly conserved residues within 10 Å of
D309, including Gln, Asn, Glu, and Asp. By coupling the
AlphaFold structural model to our sequence analysis, we
identified Q174 as being within 8 Å of D309 (Fig. 5C). This
residue is largely conserved within cluster 3 with the only
substitutions being a small number of sequences containing
Glu rather than Gln (Fig. 5B). Indeed, the mutation of Q174A
resulted in a nearly 200-fold decrease in kcat/KM, suggesting
that it may well play a role in stabilizing the oxazoline
intermediate.

Another conserved residue identified nearby is H227, which
lies within 3 Å of D309, and 5 Å of Q174 (Fig. 5C). A similarly
placed His residue is found in some GH20s (Fig. 5A), and both
computational and mutagenesis studies have pointed at
important roles, possibly in setting the pKa of the acid/base
residue (40, 51). We, therefore, prepared the H227N mutant
and measured a kcat/KM value some 40-fold lower than that of
WT pointing to similar importance. A second active site
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residue in GH20s that plays a critical role in stabilizing the
oxazoline and orienting the incoming water is a conserved
tyrosine (Fig. 5A), for which mutations to either Phe, His, or
Gln significantly diminish activity (36, 52). In Sp 0475 Y436 is
found within 8 Å (Fig. 5C) of D309 and is fully conserved in
this cluster (Fig. 5B), suggesting it may well play a similar role.
Consistent with this, the kcat value of the Y436F mutant is 400-
fold lower than that of the WT, with a more modest decrease
in KM (Table 3) as is typical for such mutants (36, 53). Based
on the AlphaFold model and Michaelis–Menten parameters of
the Y436F mutant, it probably shares a similar function to that
of the conserved tyrosine in GH20s. It is worth noting that all
predicted active site residues of Sp_0475 sit near the C-ter-
minal end of TIM barrel, which is in the same general region
the active site of GH20 is located. Though they are located
largely at the end of the TIM barrel, they are arranged in a
slightly different orientation as illustrated in overlaid struc-
tures of BT4394 and Sp_0475 in Fig. S6.

The residues involved in the recognition of sulfated sugars by
6-sulfoGlcNAcases belonging to the GH20 family have been
extensively studied, (54, 55). Figure 5A highlights the active site
of BT4394, a GH20 family member that exhibits 6-
sulfoGlcNAcase activity (54). Recent work has established the
R438 residue of BT4394 as playing a critical role in stabilizing
the sulfate (Fig. S13) (54). Using the AlphaFold structure, we
identified R633 as a likely candidate to play such a role in
Sp_0475 (Fig. 5C). Table 3 summarizes the kinetic parameters
for cleavage of pNP-6S-GlcNAc by two mutants in which the
positively charged Arg has been replaced by Ile or Gln. The two
mutants cleave pNP-6S-GlcNAc with kcat/KM values almost
4000 to 10,000 fold lower than those of WT. By contrast, they
cleave pNP-GlcNAc some 6-fold faster. Interactions between
the sulfate and R633 contribute at least 22.8 kJ/mol to the
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binding affinity, which is close to the nearly 28 kJ/mol stabili-
zation provided by the sulfate group based upon relative kcat/KM

values of the two substrates with WT. Moreover the 10-fold
increase in the rate of hydrolysis of pNP-GlcNAc in the pres-
ence of nitrate is no longer observed for the R633I mutant,
suggesting that R633 mediates the interaction between nitrate
and pNP-GlcNAc. Interestingly, the sequence alignment shown
in Fig. S4 shows that R633 is not highly conserved within this
cluster (Fig. 5B), suggesting that other enzymes in cluster 3 re-
cruit alternative residues to stabilize the sulfate group, similar to
what has been reported recently (54, 55).

Investigation of GH1 found downstream of Sp_0475

As one approach toward the identification of a natural
substrate of this GH we examined the genes surrounding
Sp_0475 as shown in Fig. S8. In addition to both lactose type
phosphoenolpyruvate-dependent sugar phosphotransferase
system and ATP-binding cassette transporter components, a
gene annotated as a 6-phospho-β-galactosidase (Sp_0477)
from the GH1 family is found downstream. This organization
suggests that Sp_0475 and the GH1 might work together to
degrade a common natural substrate such as keratan sulfate.
This glycosaminoglycan consists of repeating N-acetyllactos-
amine [3-Gal-β1,4-GlcNAc-β1] disaccharide units, with vari-
able regions of sulfation at the 6 hydroxyls of Gal and/or
GlcNAc (56). We therefore cloned Sp_0477 and tested its
in vitro activity against keratan sulfate isolated from porcine
lung, but TLC analysis indicated no hydrolysis products when
incubated alongside Sp_0475. Testing against fluorogenic
substrates was more successful, and while Sp_0477 could not
hydrolyze aryl glycosides of 6-sulfo-galactose, it could hydro-
lyze the corresponding 6-sulfo- and 6-phospho-glucoside
Figure 6. Transglycosylation activity of Sp_0475. (Left) Generalized scheme
assisted mechanism. (Right) TLC of transglycosylation reaction of GalNAc (top)
GlcNAc and 50 mM Gal or GalNAc with vary amounts of WT Sp_0475 monitore
at room temperature in 25 mM Mes (pH 7.0), 100 mM NaCl, and 1 mM TCEP. To
was run in 5:4:4:1 (butanol:methanol:ammonium hydroxide:water) mobile phas
pNP-6S-GlcNAc, 50 mM acceptor (Gal or GalNAc), and 1 μM WT. GalNAc, N-ac
glycosides. However, it is not clear what oligosaccharide sub-
strates this might suggest.

TG studies with WT Sp_0475

An alternative approach to identifying possible natural
substrates, or at least to narrowing the probable substrate
range, is to investigate whether the enzyme can carry out TG,
and if so to screen for acceptor molecules that bind produc-
tively in the +1 site by identifying the product formed (Fig. 6).
Using a high concentration of pNP-6S-GlcNAc as the acti-
vated donor substrate we monitored reaction mixtures by TLC
for possible TG in the presence of various monosaccharides.
Indeed, as shown in Figs. S17–S19 TG product was observed
for all the acceptors surveyed, but the TG reaction was most
dominant when Gal or GalNAc were the acceptors suggesting
that these may naturally be the preferred sugar for the +1 site.
Closer examination of the TLC reveals two clear TG products
when Gal is the acceptor sugar. Mass spectrometric analysis
indicates that they are likely linkage isomers, and further ex-
periments show that 6S-GlcNAc does not serve as an acceptor
for Sp_0475. Curiously, when GalNAc is used as the acceptor
only one TG product is formed leading us to believe that
GalNAc is the preferred monosaccharide in the +1 subsite
(Fig. 6). To simplify purification and analysis of the product we
used pNPGalNAc as the acceptor, though the poorer solubility
of pNPGalNAc versus GalNAc adversely affected the yield
(Fig. S20). 1-D and 2-D NMR analysis was used to characterize
the isolated TG product (Table S5). The large coupling con-
stant of 8.5 Hz associated with the anomeric proton of 6S-
GlcNAc at 4.6 ppm indicates a β-glycosidic linkage of the
isolated TG product. To assign the linkage we used (1H, 13C)-
HMBC, which reveals three-bond correlations of [6S-GlcNAc
highlighting transglycosylation, and hydrolysis for GHs following a substrate
and Gal (bottom). General reaction conditions consisted of 25 mM pNP-6S-
d after 24 h of incubation at room temperature. All reactions were incubated
p TLC was run in 2:1:1 (butanol:water:acetic acid) mobile phase. Bottom TLC
e. C1: 25 mM pNP-6S-GlcNAc, C2: 50 mM acceptor (Gal or GalNAc) R1: 25 mM
etylgalactosamine; TCEP, tris(2-carboxyethyl)phosphine.
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C-1, pNP-GalNAc H-6] and [pNP-GalNAc C-6, 6S-GlcNAc
H-1], suggesting a β1,6 linkage between 6S-GlcNAc and
pNPGalNAc. Incubation of a sample of this isolated TG
product with WT Sp_0475, resulted in complete hydrolysis
after 1 h (Fig. S21) confirming that the 6S-GlcNAc-β1,6-
GalNAc linkage can be cleaved and is likely the natural sub-
strate. S. pneumoniae commonly colonizes the upper respira-
tory tracts of humans, where it uses host glycans as a major
source of nutrients (24, 57). The mucus layer in the human
body provides a rich source of carbohydrates, including heavily
sulfated O- and N-glycans, that can be metabolized by this
microbe (2). This GlcNAc-β1,6-GalNAc linkage is found
within the structure of Core 2-O-glycans, as depicted in
Figure 1. It is therefore quite plausible that sulfated Core 2 O-
glycans, once released from the peptide backbone and trans-
ported into the cytoplasm, could serve as a natural substrate
for Sp_0475. However, further in vivo studies would be needed
to confirm this hypothesis.

Discussion and conclusion

In this work, we leveraged SSNs to aid in the discovery of a
6-sulfoGlcNAcase that appears to be the founding member of
a new GH family. By constructing an SSN of the DUF4838
domain (PF16126) we illustrated the vast diversity present
within this grouping, implying the existence of potentially
unique substrate specificities within this large domain. Our
discovery that Sp_0475 was indeed a 6-sulfoGlcNAcase was
largely inspired by our serendipitous experimental observation
that the presence of nitrate resulted in a substantial increase in
the rate of hydrolysis of pNPGlcNAc. It will be interesting to
see if similar rate activation by nitrate or other anions is seen
in other sulfosugar-active enzymes when tested with non-
sulfated substrates. If so, this may provide a useful screening
strategy for the identification of other GHs suspected to be
active on sulfated substrates.

Sp_0475 and presumably other members of cluster 3
represent a new GH family that has considerable structural
and mechanistic parallels with the distantly related GH20
family. The success we observed in identifying the active site
residues through our site-directed mutagenesis studies illus-
trate the power of new structure prediction methods.
Furthermore, our biochemical studies of Sp_0475 may
broaden or inspire our understanding of other DUF4838-
containing GHs, such as the newly established GH163 fam-
ily. Comparison of the active site of Sp_0475, with the hypo-
thetical active site of BT1035 of the GH163 family reveals that
many of the same catalytic residues investigated in this study
are shared, suggesting similarities in mechanism, and catalytic
residues (Fig. S22). Further investigation of the DUF4838
domain is likely to lead to the discovery of other novel gly-
cosidases with distinct activities.

While the physiological role of Sp_0475 remains unclear, its
specificity for sulfated oligosaccharides, its capacity for TG and
its oxazoline mechanism suggest it may prove useful in the
assembly of sulfated oligosaccharides. This could provide a
useful alternative enzymatic approach to the use of highly
specific sulfotransferases, which can be challenging enzymes to
10 J. Biol. Chem. (2023) 299(10) 105214
deploy. Further, the high cost of the activated donor, 30-
phosphoadenosine-50-phosphosulfate makes scale-up a prob-
lem, even in the presence of substrate recycling schemes (58,
59). Selective chemical sulfation of pNPGlcNAc with trime-
thylamine sulfur trioxide complex (Et3N:SO3) would provide
inexpensive access to the sulfated donor sugar, which could
further be incorporated to target acceptors with a single
engineered enzyme. The relatively promiscuous nature of
Sp_0475 demonstrated by the formation of TG products when
incubated with Glc, GlcNAc, Man, Gal, and GalNAc suggests
that this one enzyme could be used to prepare a range of
sulfated oligosaccharides.

Experimental procedures

Materials and reagents

All chemicals, buffers, and reagents were purchased from
Sigma-Aldrich, Thermo Fisher Scientific, Biosynth/Carbo-
synth or Toronto Research Chemicals unless otherwise stated.
Dry solvents were distilled under a nitrogen atmosphere over
calcium hydride. All glassware used in synthesis was dried in
an oven prior to use. TLCs were run on TLC Silica gel 60 F254
plates (Merck) and were visualized by either a p-anisaldehyde
stain or 10% (v/v) sulfuric acid in methanol followed by
heating. For TLCs stained with 10% (v/v) sulfuric acid in
methanol a UV tray was used to visualize the TLC. Sep-Pak C8
35 cc Vac Cartridge, 10 g sorbent cartridges were purchased
from Waters. The sodium form of DOWEX 50WX8 was
routinely prepared from the DOWEX 50WX8 hydrogen form
by washing the resin with 1 M sodium bicarbonate, followed
by washing the resin with water until conductivity of flow-
through stabilizes. All MS was performed at the UBC Mass
Spectrometry Centre. Low resolution mass spectrometry was
run on the Waters 2695 HPLC, with Waters ZQ equipped with
an electrospray chemical ionization ion source. High resolu-
tion mass spectra were collected by the UBC Mass Spec-
trometry Centre. All PCR reactions used Phusion High-
Fidelity DNA Polymerase from New England Biolabs. PCR
clean ups and agarose gel extractions were done with the
GeneJET Gel Extraction Kit (Thermo Fisher Scientific). For
cloning and site-directed mutagenesis, PCR reactions were
transformed into Subcloning Efficiency DH5α competent cells
(Thermo Fisher Scientific). Plasmid DNA was extracted with
the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific).
Plasmid sequencing related to cloning and mutagenesis was
done at Genewiz (Azenta Life Sciences).

Cloning and site directed mutagenesis of Sp_0475 and
Sp_0477

All cloning for this work used the mega primer mediated
molecular cloning strategy as previously described (60).
Primers listed in Table S1 were used to clone Sp_0475 and
Sp_0477 into pET-28a(+). Each construct contained an N-
terminal hexahistidine tag and thrombin cleavage site. Briefly,
primers in Table S1 were used to amplify desired genes directly
from genomic DNA (S. pneumoniae TIGR4). Following the
first PCR, an agarose gel was used to visualize the amplified
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DNA, and the insert with the desired number of kilobases was
extracted. Next, circular amplification was performed using
the purified DNA, and pET-28-a(+). Following DPN1 digest,
the PCR product was transformed into DH5α competent cells.
Desired mutations were introduced using primers listed in
Table S1.
Expression and purification of WT Sp_0475 and mutants

All constructs used were transformed into E. coli BL21 (DE3)
cells for expression. For large scale growth, cultures were grown
in ZY5052 auto induction media (61) for 72 h (18 �C,180 rpm).
Cells were harvested through centrifugation (5000 rpm, 20 min,
4 �C), and stored at −20 �C till needed. Frozen cell pellets were
resuspended in lysis buffer (25 mM tris(hydroxymethyl)ami-
nomethane (tris) (pH 7.5), 300 mM sodium chloride (NaCl),
10 mM imidazole, 1% (w/v) glycerol, 1 mM TCEP, 1X protease
inhibitor tablet EDTA free (Thermo Fisher Scientific Pierce), 2
U benzonase (EMD Millipore), 0.1 mg ml−1 lysozyme) and
sonicated on ice for a total of 4 min (pulse time: 4 min pulse: 5 s,
pause: 15 s, amplitude: 35%). Lysate was then clarified through
centrifugation (13,500 rpm, 35 min, 4 �C) and supernatant was
loaded directly onto either a 5 ml HisTrap HP column (GE
HealthCare) using a peristaltic pump, or 5ml of HisPurNi-NTA
resin pre-equilibrated with buffer A (25 mM tris (pH 7.5),
300 mM NaCl, 10 mM imidazole, 1% (w/v) glycerol and 1 mM
TCEP). The 5 ml HisTrap HP Column (GE HealthCare) was
attached to the ÄKTA GO protein purification system (Cytiva
Life Sciences) and washed with buffer A till the absorbance at
280 nm stabilized. Then a linear gradient to 100% buffer B
(25mM tris (pH 7.5), 50mMNaCl, 400mM imidazole, 1% (w/v)
glycerol + 1 mM TCEP) over 50 min was set, and 3 ml fractions
were collected. Alternatively, after loading the crude lysate onto
5 ml of Ni-NTA resin HisPur, resin was washed with 30 column
volumes (CVs) of buffer A, followed by 10 CVs of buffer C
(25mM tris (pH 7.5), 300mMNaCl, 40mM imidazole, 1% (w/v)
glycerol, and 1 mM TCEP). The protein of interest was then
eluted with approximately 8 CVs of buffer B. SDS-PAGE was
used to confirm which fractions contained the desired protein.
Fractions containing Sp_0475 were pooled and concentrated
using an Amicon Ultra centrifugal filter unit with a molecular
weight cutoff (MWCO) of 30 kDa and exchanged to buffer D
(25 mM 2-(N-morpholino) ethanesulfonic acid (Mes) (pH 7.0),
100mMNaCl and 1mMTCEP). Sp_0475 was then loaded onto
a Superdex 200 column equilibrated with buffer D. Fractions
containing desired protein were confirmed through SDS PAGE
gel (Fig. S2 for representative gel of purification), and then
concentrated with Amicon Ultra centrifugal filter unit with a
MWCO of 30 kDa. Molar extinction coefficients of WT
Sp_0475 and mutants were calculated using an online protein
calculator (https://protcalc.sourceforge.net/). Absorbance at
280 nmwasmeasured with a Take3Micro-Volume Plate using a
plate reader (BioTek Synergy) and protein concentrations were
calculated accordingly. Typical yields from 1 L of autoinduction
media varied anywhere from 10 to 30 mg depending on the
protein purified. Concentrated protein was then flash frozen in
liquid nitrogen and stored at −70 �C until needed.
Kinetic analysis of WT Sp_0475 and mutants

All kinetic assays were performed using a plate reader
(Biotek Synergy) with Corning 96-Well plates (clear, flat bot-
tom, half -area). All measurements were performed in tripli-
cate and the total volume for each well was 90 μl. Substrates
used were either purchased (Toronto Research Chemicals,
Sigma-Aldrich, and Carbosynth) or prepared as described
below. For para-nitrophenyl glycoside substrates, absorbance
was monitored at 405 nm. For methylumbelliferyl glycosides
absorbance (absorbance:360 nm) and fluorescence
(excitation:360 nm, emission:450 nm) data were collected. All
kinetic assays were performed at room temperature, in 25 mM
Mes (pH 7.0), 100 mM NaCl, and 1 mM TCEP. The amount of
enzyme used for assays varied depending on activity; see SI for
the concentration of enzyme used for each mutant/assay
(Figs. S9-S12). Initial rates were determined (either absor-
bance/s, or relative fluorescence units/s) and converted to M/s
with appropriate standard curves under identical conditions.
Data were either fit using nonlinear regression to obtain
Michaelis–Menten kinetic parameters, or linear regression to
obtain specificity constants using Prism (GraphPad) (https://
www.graphpad.com/features).

Preparation of MU-6P-GlcNAc

ATP-dependent beta-glucoside kinase from Klebsiella pneu-
moniae was expressed and purified as previously described (62).
For the synthesis of MU-6P-GlcNAc, the reaction included
0.2 mg ml−1 of beta-glucoside kinase, 5 mM MUGlcNAc,
8.7 mM adenosine 50-triphosphate disodium salt, and 1 mM
MgSO4 in 50 mM tris (pH 7.5) with final concentration of 1.5%
(v/v) of dimethylsulfoxide (DMSO). The reaction was incubated
overnight at 37 �C, and TLC was used to check the progress of
the reaction. When the reaction had gone to completion, the
reaction mixture was lyophilized, redissolved in a minimal
amount of water and loaded directly onto a Sep-Pak C8 column
(10 g sorbent). The column was washed with water, and 2 ml
fractions were collected. Fractions were analyzed through TLC,
and those containing MU-6P-GlcNAc (2:1:1 butanol: water:
acetic acid, Rf: 0.41) were pooled and immediately incubated
with the sodium form of DOWEX 50WX8 resin for 2 h at 4 �C.
Resin was removed through filtration, and solution was lyophi-
lized to afford the desired product in the disodium form. NMR:
1H NMR (600 MHz, D2O) δ 7.26 (d, J = 8.8 Hz, 1H. H-50), 6.80
(dd, J=8.8, 2.4Hz, 1H,H-60), 6.58 (d, J=2.5Hz, 1H,H-80), 5.80 (s,
1H, H-30), 5.15 (d, J = 8.4 Hz, 1H, H-1), 4.32 to 4.08 (m, 2H, H-
4&5), 4.03 (dd, J= 10.3, 8.4Hz, 1H,H-2), 3.80 to 3.75 (m, 3H,H-6
& 3), 2.29 to 1.94 (m, 6H,NHAc,Me). 13CNMR (151MHz,D2O)
δ 174.2, 163.1, 158.7, 155, 152.6, 125.9, 114.0, 113.0, 110.4, 102.8,
98.1, 74.8, 74.7, 72.4, 68.5, 62.8, 54.9, 21.9, 17.4. HRMS: Calcd for
C18H22NO11P: ([M+Na]+): 482.0792 found 482.0830.

Preparation of 6S-GlcNAc-thiazoline

GlcNAc-thiazoline (175 mg, 797 μmol) was suspended in dry
pyridine (12 ml) and the reaction mixture was cooled to 0 �C.
Sulfur trioxide triethylamine complex (139 mg, 998 μmol) was
added to the mixture and stirred for 30 min. The reaction
J. Biol. Chem. (2023) 299(10) 105214 11
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mixture was thenmoved to a 4 �C incubator, and stirred for 18 h
while stirring. The resulting white product was filtered off and
washed thoroughly with pyridine. The residue was then dis-
solved in water (50 ml) and immediately incubated with the
sodium form of DOWEX 50WX8 resin for 2 h at 4 �C. Resin was
then removed through filtration, and solution was lyophilized to
afford 110mg (42%) of the sodium-6S-GlcNAc-thiazoline. NMR
and ESI-MS was in agreement with literature values (42).

Competitive inhibition experiments

All competitive inhibition assays were performed using a
plate reader (BioTek Synergy H1) with Corning 96-well plates
(clear, flat bottom, half-area). The final concentration of WT
Sp_0475 was 2.6 nM, and all inhibition measurements were
performed at room temperature, in 25 mM Mes (pH 7.0),
100 mM NaCl, and 1 mM TCEP. Rates of hydrolysis of either
MU-6S-GlcNAc or pNP-6S-GlcNAc were measured at four
different substrate concentrations, in the presence of
several different concentrations of 6S-GlcNAc-thiazoline
(0–2.9 μM), sodium nitrate (0–467 mM), or GlcNAc-thiazoline
(0–48.4 mM). Data were fit to a competitive inhibition model
using nonlinear regression analysis on GraFit (version 7.0.3)
(http://www.erithacus.com/grafit/), see SI (Figs. S14-S16).

Stereochemical outcome of Sp_0475 monitored through NMR
spectroscopy

Sp_0475 was exchanged into deuterated buffer (5 mM so-
dium phosphate, pH 7) using an Amicon Ultra centrifugal
filter unit with a MWCO of 30 kDa. To initiate reaction, 50 μl
of WT Sp_0475 (16.9 mg ml−1) was added to afford a final
working concentration of 2.1 mg ml−1 of WT Sp_0475 and
5 mMMU-6S-GlcNAc in 5 mM deuterated sodium phosphate
(pH 7), with a final d6-DMSO concentration of 5% (v/v). 1H
NMR spectra was acquired using a 400 MHz spectrometer
(Bruker). Full time course hydrolysis of MU-6S-GlcNAc is
shown in Fig. S3.

pH dependence of WT Sp_0475 and D309A

All pH stability and dependence data were collected using a
plate reader (Biotek Synergy H1) with Corning 96-Well plates
(clear, flat bottom, half -area). Since the KM for D309A
Sp_0475 is significantly lower than that of WT Sp_0475,
substrate depletion experiments were not feasible, thus we
monitored kcat with respect to pH. Briefly, to determine the
working pH range within which WT Sp_0475 and D309A did
not lose more than 20% activity over the course of 5 min at a
given pH, we performed enzyme stability experiments. For
D309A Sp_0475 experiments, enzyme stocks were diluted to
the appropriate concentration in 5 mM Hepes and 1 mM
TCEP pH 7.2 and then reaction was initiated via a 7-fold
dilution into an assay mixture (25 mM sodium citrate,
25 mM Mes, 25 mM Hepes, 25 mM glycine, and 1 mM TCEP)
containing 131 μM pNP-6S-GlcNAc. For WT Sp_0475,
enzyme stocks were prepared to the appropriate concentration
in 5 mM Hepes and 1 mM TCEP pH 7.2, and the reaction was
initiated with a 7-fold dilution into an assay mixture (25 mM
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citrate, 25 mM Mes, 25 mM Hepes, 25 mM glycine, and 1 mM
TCEP) containing 1.3 mM pNP-6S-GlcNAc. For both WT and
D309A Sp_0475 we also measured rates at the pH extremities
using substrate at double the concentration to ensure we were
at saturation conditions.

TG acceptor screening

All TG reactions were performed in 25 mM Mes (pH 7.0),
100 mM NaCl, and 1 mM TCEP, at a total volume of 20 μl. For
monosaccharide screening, reactions contained 25 mM pNP-
6S-GlcNAc, 50 mM monosaccharide acceptor (Gal, GalNAc,
Man, Glc, GlcNAc, and 6S-GlcNAc), with varying amounts of
WT Sp_0475 (1 μM-1 nM). All reactions stated above were
incubated at room temperature and monitored through TLC.
TLCs were visualized by p-anisaldehyde stain. In the cases
where a product was generated, low resolution MS was used to
confirm product formation.

General procedure for the preparation of pNP-6S-GlcNAc, and
MU-6S-GalNAc

Aryl glycosides were dissolved in dry pyridine, to give a final
concentration of approximately 37 mM, and mixture was sub-
sequently cooled to 0 �C. Sulfur trioxide triethylamine complex
(0.8 eq) was dissolved in dry pyridine, and then added to the aryl
glycoside solution dropwise while mixing (final concentration of
the aryl glycosides is approximately 30 mM). Following the
addition of sulfur trioxide triethylamine complex, the reaction
mixture was stirred at 4 �C, and incubated for an additional 56 h
while stirring. The reaction is then quenched with methanol and
dried under reduced pressure. The crude reaction mixture is
then purified using a Sep-Pak C8 column (10 g sorbent) and
washed with water to elute the product of interest. TLCwas used
to confirm which fractions contained the product of interest
which were next pooled and incubated with the sodium form of
DOWEX 50WX8 resin at 4 �C overnight. Resin was removed
through filtration, and solution was lyophilized to afford the
desired product as its sodium adduct. NMR andMS for pNP-6S-
GlcNAc were in agreement with literature values (63). NMR
(MU-6S-GalNAc) 1HNMR (600MHz,D2O) δ 7.53 (d, J= 8.8Hz,
1H, Ar), 6.97 (dd, J = 8.9, 2.4 Hz, 1H, Ar), 6.82 (d, J = 2.4 Hz, 1H,
Ar), 6.08 (d, J = 1.5 Hz, 1H, H-30), 5.16 (d, J = 8.4 Hz, 1H, H-1),
4.33 to 4.19 (m, 5H), 4.10 (d, J = 3.3 Hz, 1H, H-4), 3.96 (dd, J =
10.9, 3.4Hz, 1H,H-3), 2.31 (s, 3H,Me), 2.08 (s, 3H,Ac). 13CNMR
(151MHz, D2O) δ 174.5, 163.7, 159.0, 155.4, 153.0, 126.1, 114.5,
113.1, 110.7, 103.2, 98.8, 72.7, 69.9, 66.9, 66.9, 51.6, 21.8, 17.4.

Isolation of TG product and NMR analysis

A reaction mixture with a total volume of 8160 μl was
prepared in buffer A (25 mM Mes pH 7.0, 100 mM NaCl, and
1 mM TCEP) and contained 25 mM pNP-6S-GlcNAc and
15 mM pNPGalNAc with a final DMSO concentration of
20 v/v %. This reaction mixture was incubated with 2.5 μM
WT Sp_0475 for 3 h at room temperature. After 3 h, the
enzyme was removed with an Amicon Ultra centrifugal filter
unit with a MWCO of 10 kDa to avoid substrate hydrolysis,
and the flow through was lyophilized. The lyophilized reaction
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mixture was then resuspended in 3 ml of 20% ethanol in water
(v/v%), filtered, and loaded onto a P2 column equilibrated with
20% ethanol in water (v/v%). Fractions containing TG product
were pooled based on TLC (2:1:1 butanol:water:acetic acid
Rf:0.44). The pooled fractions were then lyophilized, resus-
pended in 500 μl water and loaded directly onto a Sep-Pak C8
column (2 g sorbent). TLC was used to determine which
fractions contained the product of interest, which were then
pooled and lyophilized to give 5 mg of target TG product.
HRMS: Calcd for C22H31N3O16S: ([M + H]-): 624.1327 found
624.1349 1H NMR (400 MHz, D2O) δ 8.27 (d, J = 9.3 Hz, 2H,
Ar), 7.27 (d, J = 9.3 Hz, 2H, Ar), 5.27 (d, J = 8.5 Hz, 1H), 4.62
(d, J = 8.5 Hz, 1H), 4.41 (dd, J = 11.1, 2.2 Hz, 1H), 4.28 to 4.24
(m,1H), 4.25 (dd, J = 8.5,10.8 Hz, 1H),4.20 (dd, J = 11.0, 6.8 Hz,
1H), 4.01 to 3.97 (m, 3H), 3.87 (dd, J = 10.8, 3.3 Hz, 1H), 3.78
(dd, J = 10.3, 8.4 Hz, 1H), 3.76 to 3.69 (m, 1H), 3.60 to 3.55 (m,
2H), 2.03 (s, 3H,Ac), 1.90 (s, 3H,Ac). 13C NMR (101 MHz,
D2O) δ 175.4, 174.7, 162.2, 142.8, 126.3, 116.8, 102.4, 99.2,
74.3, 74.2, 73.9, 71.0, 70.9, 70.2, 67.9, 67.6, 55.9, 52.3, 22.4, 22.3.
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