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Abstract

UDP-glucose dehydrogenase (UGDH) catalyzes the conversion of UDP-glucose to UDP-glucuronic
acid by NAD*-dependent two-fold oxidation. Despite extensive investigation into the catalytic
mechanism of UGDH, the previously proposed mechanisms regarding the first-step oxidation are
somewhat controversial and inconsistent with some biochemical evidence, which instead supports a
mechanism involving an NAD"-dependent bimolecular nucleophilic substitution (Sy2) reaction. To
verify this speculation, the essential Cys residue of Streptococcus zooepidemicus UGDH (SzZUGDH)
was changed to an Ala residue, and the resulting Cys260Ala mutant and SzZUGDH were then
co-expressed in vivo via a single-crossover homologous recombination method. Contrary to the
previously proposed mechanisms, which predict the formation of the capsular polysaccharide
hyaluronan, the resulting strain instead produced an amide derivative of hyaluronan, as validated via
proteinase K digestion, ninhydrin reaction, FT-IR and NMR. This result is compatible with the
NAD*-dependent S\2 mechanism.

Key words: bimolecular nucleophilic substitution reaction (Snx2), catalytic mechanism, NAD*-dependent,
two-fold oxidation, UDP-glucose dehydrogenase

Introduction

UDP-glucose dehydrogenase (UGDH; EC
1.1.1.22) catalyzes the NAD*-dependent two-fold

currently controversial mechanism of the first-step
oxidation.

oxidation of UDP-glucose to UDP-glucuronic acid
(UDP-GIcUA), which was originally reported by
Strominger and collaborators more than sixty years
ago [1]. UGDH is required for the formation of the
zebrafish cardiac valve [2], the synthesis of
hemicellulose and pectin precursors that are present
in newly formed plant cell walls [3,4] and multiple
functions in pathogenic bacteria [5]. UDP-GIcUA is a
major precursor of many polysaccharides, especially
glycosaminoglycans, e.g., hyaluronan (HA), heparin,
chondroitin sulfate, and dermatan sulfate. These
polysaccharides play important roles in metabolism
[6-14] and are promising materials for tissue
engineering [15,16]. The significance of UGDH and
these polysaccharides necessitates resolving the

The oxidation of a free alcohol to a free acid
generally occurs through an aldehyde intermediate.
Nelsestuen and Kirkwood discovered that bovine
UGDH catalyzes not only the oxidation of
UDP-a-D-gluco-hexodialdose (UDP-Glc-6-CHO, the
corresponding aldehyde of UDP-glucose) to
UDP-GIcUA but also the reduction of the aldehyde to
UDP-glucose [17], resulting in their proposal that
UDP-GIc-6-CHO acts as an intermediate throughout
the UGDH catalytic pathway.

Ridley et al. proposed a classic four-step catalytic
mechanism (Figure 1A) [18]: (i) the first step generates
the aldehyde UDP-Glc-6-CHO and NADH via
transfer of pro-R  hydride to NAD* (i)
UDP-Glc-6-CHO is attacked by the nucleophile Cys to
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generate a thiohemiacetal intermediate, resulting in
covalent binding of the substrate to the enzyme; (iii)
the thiohemiacetal is oxidized to a thioester
intermediate, coupled to the formation of a second
NADH; and (iv) the last step is the irreversible
hydrolysis of the thioester, yielding UDP-GIcUA.

UGDH accepts UDP-Glc-6-CHO and catalyzes
its oxidation to UDP-GIcUA [17], but UDP-Glc-6-CHO
is neither released into solution nor derivatized by
carbonyl-derivatizing agents [1]. A seemingly simple
explanation for this finding is that the aldehyde is
covalently bound to the enzyme in a thiohemiacetal
form (as described in Figure 1A). However, UGDH
still does not release UDP-Glc-6-CHO after the
essential thiol group is derivatized with cyanide to
prevent the formation of the thiohemiacetal [18]. This
finding suggests that the aldehyde should not act as
an intermediate; therefore, Ordman and Kirkwood
proposed a mechanism [20] (Figure 1B) in which
UDP-glucose is directly oxidized to a Schiff base
intermediate. The Schiff base is hydrolyzed to the
thiohemiacetal intermediate through concomitant
attack by a nearby Cys. The remaining steps are
similar to those in the mechanism proposed by Ridley
et al. [18].

Biochemical evidence supports the possibility
that Streptococcus pyogenes UGDH (SpUGDH) and
bovine UGDH share an identical catalytic pathway
[21-24]. Ge et al. performed oxidation of UDP-glucose,
catalyzed by SpUGDH in an H'®O solvent [19]. Only
a single 180 atom was incorporated into UDP-GIcUA.
However, the mechanism proposed by Ordman and
Kirkwood [20] (Figure 1B) indicates that both oxygens
of the carboxyl group in UDP-GIcUA should be
isotopically labeled.

To explain the failure to  observe
UDP-GIc-6-CHO in the absence of the essential Cys,

Ge et al. proposed that UDP-Glc-6-CHO forms the
ternary complex NADH-aldehyde-Cys260Ala, such
that it is slowly released and not readily hydrated
[19]. Unless otherwise stated, the numbering is
according to the sequence of SyUGDH. Accordingly,
Ge et al. [19] proposed a mechanism (Figure 1C) in
which the first oxidation gives rise to the ternary
complex, whereas the following steps are similar to
those of the previously suggested mechanism (Figure
1A). Note that the aldehyde can be reduced by bovine
UGDH in the absence of the essential Cys [18],
consistent with the fact that UDP-Glc-6-CHO can be
readily reduced by Cys260Ala of SpUGDH in the
presence of NADH [19]. Therefore, once NADH and
UDP-Glc-6-CHO are located at the center of
Cys260Ala, UDP-Glc-6-CHO will be immediately
reduced to UDP-glucose. i.e., this putative ternary
complex [19] does not exist. As a result, this
ternary-complex hypothesis cannot explain the failure
to observe the aldehyde in the absence of the essential
Cys.

Subsequently, Egger et al. investigated human
UGDH using multiple methods and proposed that the
oxidation of UDP-glucose to the thiohemiacetal
occurs via a hydride transfer kinetically coupled to
the nucleophilic attack from the Cys-S- (Figure 1D)
[25,26]. This mechanism supports the notion that the
aldehyde is generated in the first-step oxidation and
then immediately trapped by the deprotonated
Cys276 (homologous to Cys260 of SpUGDH) to
generate the thiohemiacetal, i.e., Egger et al. merged
together the classic two steps proposed by Ridley et al.
[18]. Likewise, this mechanism cannot explain the
failure to detect UDP-Glc-6-CHO in the absence of the
essential Cys.
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Figure 1. Previously proposed mechanisms of UGDH. (A) A four-step catalytic mechanism of UGDH. First, pro-R H is abstracted by the first NAD* to produce
UDP-Glc-6-CHO and NADH. Second, an essential Cys is added to the aldehyde to produce a thiohemiacetal intermediate, covalently binding the substrate to UGDH. Third, the
second NAD* removes pro-S H, generating a thioester and NADH. These three steps are reversible. The last step is the irreversible hydrolysis of the thioester to yield
UDP-GIcUA. (B) Mechanism in which UDP-GIlc-6-CHO is not generated. UDP-glucose is attacked by Lys to generate a Schiff base intermediate, which is concomitantly attacked
by a nearby Cys residue to generate a thiohemiacetal. The second oxidation and hydrolysis of the thioester are similar to those in the mechanism described by Ridley et al. [18].
(C) An improved version of the mechanism reported by Ridley et al. [18]. Wavy lines indicate peptides containing the necessary active amino acid residues. A general base (—B:)
serves as the acceptor of the hydroxyl proton. UDP-glucose is oxidized to UDP-Glc-6-CHO via hydride transfer, but the aldehyde forms a ternary complex with NADH and the
enzyme. The nucleophilic addition of Cys—S- destroys this complex to generate a thiohemiacetal, accompanied by the release of the first NADH. The following two steps are
similar to those in the mechanism described by Ridley et al. [18]. (D). One mechanism in which the incipient aldehyde is trapped by the Cys thiolate. The first oxidation generates
UDP-Glc-6-CHO via hydride transfer, which is kinetically coupled to the addition of the deprotonated Cys276. The subsequent steps are similar to those in the mechanism
described by Ge et al. [19].
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These previously proposed catalytic mechanisms
of UGDH (Figure 1) diverge mainly in the first
oxidation step, with the subsequent steps being nearly
identical and consistent with biochemical evidence.
However, the first-step oxidation mechanism remains
controversial and ambiguous. Kinetic studies indicate
that UGDH from mammals [18,27-29], humans
[25,26], bacteria [21,22,24,30] and plants [31,32]
catalyzes an identical reaction, i.e., NAD*-dependent
two-fold oxidation. It is easier to obtain UGDH from a
bacterium (e.g., Streptococcus) than from eukaryotes
(e.g, bovine, human, plant); moreover, the
corresponding characters of a bacterium are readily
observable when UGDH is studied in wivo.
Streptococcus zooepidemicus was thus chosen in this
study to investigate the mechanism of UGDH.

Results and Discussion

A single-crossover homologous recombination
strain is distinct from the starting strain

Hyaluronan (HA) is a naturally occurring, linear
polysaccharide that consists of repeating disaccharide
units of N-acetyl-D-glucosamine (GIcNAc) and
D-glucuronic acid (GlcUA) connected via alternating
B(1—3) and P(1—4) glycosidic linkages. HA is
synthesized as an extracellular capsule by S.
zooepidemicus via the has operon [33]. Briefly, UGDH
of S. zooepidemicus (SzZUGDH) releases UDP-GIcUA
into the cytoplasm, and then HA synthase (EC
24.1212) embedded in the cytomembrane
incorporates the activated sugars UDP-GIcUA and
UDP-N-acetyl  glucosamine (UDP-GIcNAc) to
generate HA, which is then released into solution
(Figure S1). The product of SzUGDH (ie,
UDP-GIcUA) is a substrate of HA synthase, thereby
facilitating in vivo investigation into the mechanism of
the first-step oxidation of UDP-glucose.

The essential nucleophilic Cys residue (at the
260th site) of SzUGDH was mutated to Ala via
site-directed mutagenesis of the hasB gene (encoding
the native SzUGDH) to hasB* (encoding the
Cys260Ala mutant) based on an erroneous-matching
PCR method [34]. Then, the recombined plasmid
pKSV7-hasB* was transformed into S. zooepidemicus
(labeled as S-1) via electroporation [35]. The colonies
of the resulting strain (labeled as S-2) were distinct
from those of S-1 (Figure S2). A single-crossover
homologous recombination strain (S-3), in which
hasB* is incorporated into the genomic DNA, was
screened out (Figure S2) to better purify and
characterize the new product released by HA
synthase. The difference between S-1 and S-3 is that
S-3 harbors the C260A mutant (note that C260A
represents the Cys260Ala mutant of SZUGDH in the

following text).

The proposed mechanisms (Figure 1A and 1D)
and the postulated ternary complex (Figure 1C)
support the production of UDP-Glc-6-CHO, which
should be halted in the C260A mutant [19], and the
mechanism (Figure 1B) indicates that a Schiff base
should be covalently bound to C260A. According to
these mechanisms (Figure 1), S-3 should secrete HA
because C260A can neither release the putative
intermediate (the aldehyde or the Schiff base) nor
accept any other substrates. However, the colony
characteristics among S-1, S-2 and S-3 were strikingly
distinct (Figure S2), and the cultivation medium of S-1
was significantly clearer than that of S-2 or S-3 (Figure
S3). These differences indicate that the C260A mutant
in S-3 releases a derivative of UDP-GIcUA, and this
derivative is subsequently incorporated by HA
synthase to generate an HA derivative (denoted by
HAd). HAd is then released from the inner surface of
the cytomembrane into the cultivation medium,
resulting in the noteworthy turbidity of S-3. Is it
possible that UDP-Glc-6-CHO or the Schiff base, as
proposed in the previous mechanisms (Figure 1),
reacts with other reagents in the center of C260A to
give rise to HAd?

If this is the case, the potential reagent for a
-CHO is either H>O molecules or the primary amines
from the heart extract powder and peptone in the
Todd-Hewitt broth medium, whereas the putative
Schiff base is a stable intermediate and therefore does
not react with ingredients from the medium. It was
assumed that peptone and heart extract are totally
composed of amino acids and oligopeptides, which
belong to the primary amine family, and their average
molecular mass was considered to be 75 g/mol
(corresponding to the lowest-molecular-weight amino
acid, Gly), so the molar concentration of primary
amines was 0.3 M. The nucleophilic form (:NH:2R) was
less than 1/10 that of the total forms (:RNH: and
RNH;3*) when pH was 8, due to the protonated amino
pKa (approx. 9~10). Therefore, the H O concentration
(55.56 M) was 1800-fold greater than the concentration
of the nucleophile (:NH:R), i.e., UDP-Glc-6-CHO (if
present) should be virtually completely surrounded
by H>O molecules and, thus, inaccessible to primary
amines. Moreover, UDP-Glc-6-CHO is intrinsically
readily hydrated [23] and the hydrated form is
rapidly oxidized to UDP-GIcUA [22], whereas the
addition of a primary amine to an aldehyde is slow
and requires slightly acidic catalysis conditions (pH
4~5). If UDP-Glc-6-CHO were to be generated in
C2604, it would be hydrated and then oxidized to
UDP-GIcUA, i.e., the product of S-3 should still be
HA. This observation is compatible with the failed
trapping of UDP-Glc-6-CHO [36] because H>O
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molecules essentially act as carbonyl-derivatizing
agents. The resulting HAd cannot be explained by
these previous mechanisms (Figure 1), suggesting a
new mechanism for UGDH.

A new mechanism for UGDH is suggested
based on existing experimental evidence

(i) The first oxidation should involve the nucleophilic
addition of the essential Cys

In the absence of the essential nucleophile Cys
thiolate, little oxidation of UDP-glucose by UGDH
occurs, regardless of whether the source is bovine
[18], human [26] or bacterial [22]; moreover, the
putative intermediates (UDP-Glc-6-CHO and the first
NADH) are barely detectable [19,26,36]. Therefore, the
essential thiolate is strongly suggested to be involved
in the first oxidation. Furthermore, this hypothesis has
been demonstrated to be reasonable by Egger et al.
using a stopped-flow kinetic method [26], although
their proposal is inconsistent with the failed detection
of the aldehyde in the absence of the essential Cys.

(i) The first oxidation should not involve the classic
hydride transfer

An analog of UDP-glucose, UDP-65-6C-
methylglucose (i.e., pro-S H substituted with a -CHs,
Figure S4), can be used to verify whether the classic
H-transfer (i.e., transfer of pro-R H and C6-OH proton
to NAD* and the proton acceptor, respectively) occurs
during the first oxidation because the group at the
pro-S site is not involved in the first oxidation. If the
classic H-transfer occurs in the first oxidation, a
corresponding carbonyl intermediate (a ketone, in this
case) will be readily detected (Figure S4). However,
the oxidation rate of this analog by SpUGDH was
found to be 10,000-fold slower than that of
UDP-glucose oxidation [21], indicating that hydride
transfer is unlikely to occur in the first oxidation.

(iii) The acceptor of C6—OH of UDP-glucose should
be an ordered H,O

Campbell et al. revealed the binding interactions
between SpUGDH and UDP-glucose using a
crystallographic method and proposed that the
acceptor of C6-OH 1is either an ordered H>O
(H-bonded to Thr118, Figure S5A) or an unprotonated
Lys-NH, (Figure S5B) [30]. A primary kinetic isotope
effect is observed during the oxidation of
UDP-glucose by the Thr118Ala (Thr118 replaced by
Ala) mutant of SyUGDH [19], suggesting that Thr118
is involved in this oxidation, thus supporting the
hydride transfer pathway in which this ordered H>O
molecule serves as the acceptor of C6-OH (Figure
S5A). Moreover, this speculation is consistent with a
theoretical computation [37] indicating that Lys204 is

protonated to stabilize the oxygen rather than to act as
the proton acceptor.

(iv) The second NADH should be released after
hydrolysis of the thioester intermediate

Incubation of the Cys276Ser mutant of human
UGDH with UDP-glucose in the presence of NAD*
results in a covalent bond between Ser276 and
acylated UDP-GIcUA [26], demonstrating that the net
4-electron oxidation has been completed, i.e., the
second NADH can be generated by Cys276Ser.
Cys276Ser has been independently validated to
release only one NADH [26,38]; therefore, the second
NADH is still in the center of the mutant. The
thioester intermediate in the native UGDH is
hydrolyzed to produce the UDP-GIcUA product;
thus, the second NADH should be released after the
hydrolysis of the thioester to enable the second round
of catalysis. Note that the Cys260Ser mutant of
SpUGDH also forms an ester with UDP-GIcUA [22];
hence, this release order is presumably applicable to
SpUGDH.

(v) An NAD*-dependent bimolecular nucleophilic
substitution (Sn2) reaction is suggested for the
first-step oxidation of UGDH

As the first oxidation is expected to involve the
nucleophilic addition of Cys-S™ rather than the classic
H-transfer, the nucleophilic addition of Cys-S and
the departure of pro-R H (in the form of NADH)
should be coupled, i.e., the breakage of the old bond
between pro-R H and C-6 is synchronous with the
formation of the new bond between Cys-S and C-6.
Note that the leaving group (pro-R H) cannot depart
all alone, but is abstracted with the ‘help” of NAD+*.
The first oxidation is thus an NAD*-dependent
bimolecular nucleophilic substitution (Snx2) reaction,
generating thiohemiacetal intermediate 2 via a
transition state (Figure 2).

For the second oxidation, the classic H-transfer is
reasonable because the hydroxyl proton of a
thiohemiacetal (similar to a gem-diol or aldehydrol) is
easier to remove than an alcoholic hydroxyl proton;
e.g., the hydrated form of acetaldehyde is present at
the high ratio of approximately 50%, and the solution
is slightly acidic, indicating that removal of an
aldehydrol proton by HxO is intrinsically feasible.
Moreover, the removal of pro-R H (by NAD*) and
abstraction of the C6-OH proton are mechanistically
synergetic, thereby favoring the occurrence of the
second oxidation.

A single-step NAD*-assisted Sn2 reaction
consequently replaces the putative two steps (the first
hydride transfer and the nucleophilic addition),
whereas the remaining steps are not revised except
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Figure 2. The new catalytic mechanism of UGDH. The nucleophilic addition of Cys—S-and the removal of pro-R H (in NADH form) are simultaneous in the first oxidation, giving
rise to thiohemiacetal 2. This step is essentially an NAD*-dependent Sn2 reaction. Thiohemiacetal 2 is then oxidized to thioester 3 through hydride transfer. The hydrolysis of
3 generates UDP-GIcUA 4, which is followed by the release of NADH and 4 to the solution.

that the second NADH is released after the hydrolysis
of the thioester 3.

Proteinase K digestion and ninhydrin reaction
suggest that C260A released a product

The previous mechanisms (Figure 1) suggest that
the S-3 strain should produce HA, and the deduced
NAD*-dependent Sy2 mechanism (Figure 2) shows
that the first oxidation cannot occur in the absence of
the essential nucleophile Cys thiolate, i.e., S-3 should
produce HA. However, there are three main
nucleophilic reagents (H>O, -OH, and NHR) in this
case. H;O molecules should be neglected due to their
weak nucleophilic ability. The nucleophilic capacity of
-OH (>:NHR) is sufficient, and the resultant product
is a hydrated aldehyde (Figure S6). The hydrated
aldehyde is readily oxidized [23], but the
concentration of -OH is too low (10-* M when pH is 8),
which is one of the reasons that the Cys260Ala mutant
of SpUGDH [22] or the Cys276Ala mutant of human
UGDH [26] catalyzes the two-fold oxidation
exceedingly slowly. Therefore, the primary amine
serves as a key nucleophilic reagent in the attack of
C-6 of UDP-glucose. According to the NAD*-

dependent Sn2 mechanism, hydramine intermediate
2' is generated in the first oxidation (Figure S7). The
second oxidation (hydride transfer) can proceed
favorably because the tetrahedron geometry at C-6 is
similar to that of thiohemiacetal 3, which is generated
by native UGDH according to all mechanisms
including the new one. Finally, amide product 3' is
generated. The entire catalytic process of C260A does
not involve covalent catalysis, as occurs in native
UGDH, and 3' (UDP-Glc-6-amide) could therefore be
released from the mutant center upon formation,
skipping the hydrolysis step, as occurs in native
UGDH.

UDP-Glc-6-amide, UDP-GIcNAc and UDP-
GIcUA are incorporated by HA synthase to yield the
derivative HAd (Figure S8). The formation of HAd
supports the Sx2 mechanism and, thus, refutes those
previously proposed mechanisms (Figure 1) in which
the first oxidation generates UGD-Glc-6-CHO or a
Schiff base. It can also be taken into consideration that
primary amines are covalently bound to HA. The
incorporation of primary amines into HA was verified
based on the following findings: (1) S-3 medium
became significantly clearer after proteinase K
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digestion for 12 h (Figure S3); (2) HAd powder
isolated from S$-3 medium could be digested by
proteinase K, due to a striking increase of the
solubility; and (3) the digested HAd solution showed
a chromogenic reaction [39] with ninhydrin, whereas
neither the controls (H2O or undigested HAd) nor the
digested solution subjected to purification to remove
small molecules (e.g., amino acid and oligopeptide)
turned purple (Figure S9).

FT-IR and NMR spectroscopy suggest that
C260A released an amide derivative of
UDP-GIcUA

Proteinase K does not change the main-chain
structure of HAd because it can only cut the peptide
bonds of side chains, but it can significantly increase
the solubility of HAd, making it possible to better
characterize its structure. The 'H NMR spectrum
(Figure S10) of digested HAd showed that there were
two broad low-intensity peaks at 7.11 and 7.75 ppm
(de-DMSO as solvent). These peaks corresponded to
two amide protons. The peak at 7.75 ppm should be
assigned to the amide proton of CHs;CONH- of the
GlcNAc subunit [40], and the peak at 7.11 ppm
suggested that a primary amine formed an amide
bond with C-6 of UDP-glucose. It is difficult to
precisely assign each peak in the spectrum because of
the various primary amine species present (e.g.,
approximately 20 single amino acids and innumerable
oligopeptides) and the random incorporation of the
corresponding amide derivative (UDP-Glc-6-amide)
into the backbone of HA by HA synthase.
Nevertheless, the FT-IR spectrum of thoroughly
digested HAd (denoted by HAJ-K, Figure S11)
strongly suggested that the linkage is an amide bond,
as the benzylamide derivative of HA shows a highly
similar broad peak at 1537 cm!, which is attributed to
bending in the NH plane (i.e., the amide band) [41];
moreover, the spectra of HAd and HAd-K are nearly
identical, consistent with the above speculation that
proteinase K does not change the main-chain
structure of HAd.

Conclusion

This NAD*-dependent Sn2 reaction indicates
that UDP-Glc-6-CHO and the first NADH cannot be
detected in the absence of the essential Cys-S- because
the first oxidation does not occur, rather than because
the already formed aldehyde and NADH cannot be
released by Cys260Ala [19]. Moreover, it is compatible
with the results of O incorporation experiments
[19,28], as only one oxygen atom of the carboxylate
group in the product UDP-GIcUA should originate
from the solvent.

The C260A mutant releases an amide derivative
of UDP-GIcUA (UDP-Glc-6 amide), which is
incorporated into the backbone of HA, as validated by
proteinase K digestion, ninhydrin reaction, FT-IR, and
NMR. Therefore, the formation of HAd refutes the
previously proposed mechanisms (Figure 1) and
instead supports the new mechanism (Figure 2).

To the best of our knowledge, this
NAD+*-dependent Sn2 mechanism has not been
reported before, although many other enzymes are
known to involve an Sn2 reaction, e.g., haloalkane
dehalogenase [42-45],  uridine  diphosphate
glucuronosyltransferase [46], sorbitol dehydrogenase
[47], and uridine phosphorylase [48-50]. These Sn2
reactions are however independent of the cofactor
NAD+.

UGDH belongs to the family of oxidoreductases
that catalyze a net four-electron oxidation. The
NAD*-dependent Sn2 mechanism is probably also
suitable for other members of this family, including

histidinol dehydrogenase [51,52], UDP-ManNAc
dehydrogenase [53], and GDP-mannose
dehydrogenase [54,55].

Materials and Methods

Streptococcus  zooepidemicus ATCC 39920 was
purchased from the American Type Culture
Collection (ATCC). Todd-Hewitt broth (g/1: peptone
20.0, heart extract powder 3.1, dextrose 2.0. sodium
chloride 2.0, disodium hydrogen phosphate 0.4, and
sodium bicarbonate 2.5, pH 7.8 + 0.2) was purchased
from Nissui Biotechnologies (Qingdao, China).
Hyaluronan was purchased from FREDA (Ji'nan,
China). The strains, plasmids and primers used in this
study are listed in Table S1.

Site-directed mutagenesis of the hasB gene,
which encodes UDP-glucose dehydrogenase

The genomic DNA of S. zooepidemicus ATCC
39920 was extracted according to the instructions
from the Ezup Column Bacteria Genomic DNA
Purification Kit (Sangon). The hasB gene was
amplified with the primers hasB-F and hasB-R,
digested with Kpn I and BamH I, and then ligated into
the plasmid pUC57 to generate pUCS57-hasB.
Site-directed mutagenesis was conducted with a
PCR-based method [34]. Briefly, pUC57-hasB was
amplified as the template using a pair of mismatched
primers (hasB*-F and hasB*-R). The mixture was then
digested with Dpn I and transformed into competent
DHb5a cells. The resulting plasmid (pUC57-hasB*) was
extracted from a positive clone. The hasB* gene,
verified by sequencing (Sangon), was ligated into
pKSV7 to generate pKSV7-hasB*.
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Electrotransformation of pKSV7-hasB* into
Streptococcus zooepidemicus ATCC 39920

Competent S. zooepidemicus was obtained based
on a previous method [35]. A 100-ul aliquot of the
bacterial suspension was blended with approximately
5 pg of DNA (pKSV7-hasB*) in a cuvette (2 mm). The
mixture was subjected to a pulse of 12.5 kV/cm, 25 pF,
and 200 € (time constant 4.8 ms). After
electroporation, the suspension was transferred to 1
ml of fresh Todd-Hewitt medium and incubated on
ice for 30 min. Then, it was cultured at 37 °C for 1 h.
The suspension was spread on a Todd-Hewitt plate
with 25 mg/1 of chloramphenicol (Chl) at 37 °C for 48
h. The positive clone was labeled S-2.

Single-crossover homologous recombination

A 100 pl aliquot of a bacterial (S-2) culture was
transferred to 20 ml of fresh Todd-Hewitt medium
containing 5 mg/1 of Chl. The solution was cultured at
42 °C. The medium became turbid after
approximately 3 days, indicating that the
single-crossover homologous recombination strain
was successfully screened. This mixture was spread
onto a plate with 5 mg/l of Chl, generating the
targeted strain S-3.

Extraction of the HAd product from S-3
cultivation medium

The cultivation medium of S-3 was sterilized at
121 °C for 20 min, followed by centrifugation at 10,
000xg for 2 min. The supernatant was subsequently
collected and mixed with three volumes of ethanol
(3V). This mixture was placed at 4 °C for
approximately 1 h and then centrifuged at 10,000xg
for 2 min. The sediment was washed with 75% (V/V)
ethanol twice, dried in air (or in an oven at 60 °C), and
then resuspended with deionized water (1V). Heating
(at 55 °C) and shaking were recommended. The
supernatant was collected from the suspension and
then mixed with ethanol (3V). After centrifugation at
10, 000xg for 5 min, the supernatant was collected
again. Then, a moderate volume of saturated NaCl
solution was added until the turbidity of the solution
did not increase further. The turbid solution was
stored at 4 °C for at least 1 h (or overnight). The
sediment was collected after centrifuge at 10,000xg for
5 min and then dried in air.

Proteinase K digestion

Proteinase K (1 mg/ml) was dissolved in
phosphate buffer (50 mM, pH 7.0). A 100 ul aliquot of
proteinase K solution was added to 3 ml of S-3
medium with 10 mM urea. The medium became
significantly clearer after incubation at 55 °C for 12 h.
Additionally, 5 mg of HAd powder isolated from S-3
medium was suspended with 2 ml of H>O, and then a

20 pl aliquot of proteinase K solution was added into
the suspension. The suspension became clear after
incubation at 55 °C for approximately 5 min. The
thoroughly digested solution (for 24 h) was then
subjected to the ninhydrin reaction.

Ninhydrin chromogenic reaction

Chromogenic  reactions were performed
according to Lee ef al. [39]. Briefly, 0.1 ml of reaction
solution (or the control) was added into 1.9 ml of a
ninhydrin-citrate-glycerol mixture containing 0.5 ml
of 1% ninhydrin solution in 0.5 M citrate buffer (pH
5.5), 1.2 ml of glycerol, and 0.2 ml of 0.5 M citrate
buffer (pH 5.5). The mixture was shaken sufficiently
and then heated in a boiling water bath for 12 min.
The reaction was stopped by cooling under flowing
tap-water until it reached room temperature. The
HAd suspension (2.5 mg/ml) was thoroughly
digested by proteinase K. The digested HAd (labeled
as HAd-K) was isolated from the digestion solution
via ethanol precipitation (see the above extraction
method) and then dissolved with water (1V). The
resulting HAd-K solution, as one control, was
subjected to the ninhydrin reaction.

FT-IR and NMR spectroscopy

The thoroughly digested HAd solution was
subjected to ultrafiltration with a molecular weight
cut-off of 3000 Da (Minipore) to remove small
molecules. The retention was recovered and
lyophilized. The resulting HAd-K, HAd, and HA
were subjected to FT-IR (Nicolet i510 spectrometer).
HAd-K was dissolved with DMSO-ds (approximately
5 mg/ml) and then subjected to 'TH NMR on a Bruker
AVANCE III 600 MHz spectrometer.

Abbreviations

Ala: alanine; Cys: cysteine; FI-IR: Fourier
transform infrared spectrum; GDP: guanine
diphosphate; HA: hyaluronan; Lys: lysine; NADH/
NAD*: reduced and oxidized form of nicotinamide-
adenine dinucleotide, respectively; NMR: nuclear
magnetic resonance; Ser: serine; Sn2: biomolecular
nucleophilic substitution reaction; Thr: threonine;
UDP: uridine diphosphate; UGDH: UDP-glucose
dehydrogenase.
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