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7 ABSTRACT: The lack of α2−6-linkage specific sialidases limits the structural and functional studies of sialic-acid-containing
8 molecules. Photobacterium damselae α2−6-sialyltransferase (Pd2,6ST) was shown previously to have α2−6-specific, but weak,
9 sialidase activity. Here, we develop a high-throughput blue-white colony screening method to identify Pd2,6ST mutants with
10 improved α2−6-sialidase activity from mutant libraries generated by sequential saturation mutagenesis. A triple mutant (Pd2,6ST
11 S232L/T356S/W361F) has been identified with 101-fold improved activity, high α2−6-sialyl linkage selectivity, and ability to
12 cleave two common sialic acid forms, N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc). It is a
13 valuable tool for sialoglycan structural analysis and functional characterization. The sequential saturation mutagenesis and
14 screening strategy developed here can be explored to evolve other linkage-specific neoglycosidases from the corresponding
15 glycosyltransferases.

16 Sialidases are crucial tools for the structural and functional
17 characterization of sialic-acid-containing carbohydrates and
18 glycoconjugates, including those presented in cellular extracts
19 and physiological fluids,1 on cellular surfaces,2−4 and in
20 tissues.5−8 Sialidase treatment provides a convenient method
21 for determining the presence of sialic acids,9 and it is mild
22 enough to be useful for the functional evaluation of sialic acids
23 on sensitive biological samples.10 For example, glycoproteins
24 treated with a sialidase were rapidly cleared to the liver upon
25 intravenous injection in rabbits, leading to the discovery that
26 terminal sialic acids are critically important to the serum half-
27 life of circulating therapeutic glycoproteins.11 Similarly, α2−3-
28 selective sialidase treatment of lymphoid organ samples
29 eliminated binding of mouse lymphocytes to the peripheral
30 lymph node high endothelial venules, providing the first
31 evidence that the endogenous ligands of L-selectin contained
32 terminal α2−3-linked sialic acid.12 Sialidase treatment has also
33 been used to enhance the immunogenicity of conjugated
34 vaccines prepared from group B Streptococcus type V capsular
35 polysaccharide, producing robust protection against lethal
36 challenge by live group B Streptococcus in neonatal mice.13

37 Although powerful and broadly useful for the study or
38 modification of carbohydrates, known sialidases possess either
39 specificity toward α2−3-linked sialic acid or a broad
40 promiscuity toward sialic acid with α2−3-, α2−6-, and α2−8-
41 linkages.14 For example, commercially available sialidases from
42 Arthrobacter ureafaciens, Clostridium perf ringens, and Vibrio

43cholerae, as well as recombinant human cytosolic sialidase
44hNEU2, Streptococcus pneumoniae SpNanA, and Bif idobacterium
45infantis sialidase BiNanH2 can catalyze the cleavage of α2−3/
466/8-linked sialic acid. While commercially available, sialidases
47from Salmonella typhimurium and Streptococcus pneumoniae
48SpNanB and the sialidase activity of multifunctional Pasteurella
49multocida α2−3-sialyltransferase PmST1 are selective toward
50α2−3-linked sialic acid. All of these sialidases can cleave N-
51acetylneuraminic acid (Neu5Ac, the most common sialic acid
52form),15 N-glycolylneuraminic acid (Neu5Gc, a nonhuman
53sialic acid form),15 and some of their C-9, C-5, and C-7
54derivatives.16−22 The lack of α2−6-linkage specific sialidases in
55the toolbox limits the functional studies of sialic-acid-containing
56biomolecules. We aim to obtain a highly active, α2−6-linkage-
57specific sialidase with promiscuity in cleaving various sialic acid
58forms.
59Previously, we have shown that several bacterial sialyltrans-
60ferases including those in the Carbohydrate Active Enzyme
61(CAZy)23 glycosyltransferase GT8024−26 and GT5427 families
62display linkage-specific sialidase and donor hydrolysis activities,
63although such activities were much lower than their
64glycosyltransferase activities. Recently, Withers et al. showed
65that these types of sialidase activities require cytidine 5′-
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66 monophosphate (CMP) and suggested a two-step mechanism
67 beginning with the cleavage of the sialosidic linkage in the
68 presence of CMP by a reverse sialyltransferase reaction to form
69 CMP-sialic acid, followed by a forward sialyltransferase reaction
70 using water as the acceptor substrate to form CMP and sialic
71 acid (donor hydrolysis26).28 Here, we use enzyme engineering
72 to improve this “neosialidase” activity of Photobacterium
73 damselae α2−6-sialyltransferase (Pd2,6ST) to useful rates
74 while retaining its sialyl-linkage specificity.

75 ■ RESULTS AND DISCUSSION
76 Development of a Blue-White Membrane-Blot High-
77 Throughput Screening Method. To allow easy identifica-
78 tion of mutants with improved α2−6-sialidase activity, a novel
79 blue-white membrane-blot high-throughput screening method
80 was developed. To do this, a 5-bromo-4-chloro-3-indolyl-D-
81 galactopyranoside (X-Gal or GalβX)-like α2−6-sialoside probe

s1 82 Neu5Acα2−6GalβX (1; Scheme 1) was designed and

83 synthesized. The screening works similarly to a plate-based
84 high-throughput method for linkage-specific sialidase substrate
85 specificity studies using para-nitrophenyl sialyl galactosides
86 (Siaα2−3/6/8GalβpNP).16,20 Enzymatic cleavage of the α2−6-
87 linked sialic acid on the Neu5Acα2−6GalβX probe by active
88 Pd2,6ST mutants expressed in E. coli BL21(DE3) cells forms
89 GalβX (or X-Gal). The terminal galactose (Gal) residue is then
90 rapidly hydrolyzed by endogenous β-galactosidase expressed in
91 E. coli BL21(DE3) cells to yield the indole aglycone. This
92 aglycone spontaneously dimerizes and forms a bright blue
93 precipitate (Scheme 1). To avoid potential problems with
94 membrane impermeability of the probe and minimize the
95 amount of the probe used, colonies are not screened directly on
96 agar plates but are instead lifted onto nitrocellulose filters,
97 induced to express the mutant proteins, lysed over chloroform
98 vapors, and screened by soaking the nitrocellulose filter in the
99 Neu5Acα2−6GalβX solution. The ease and high throughput of
100 this assay allow mutant libraries to be screened as quickly as
101 they can be generated. Therefore, each round of mutagenesis
102 ends upon identification of an improved variant, and further
103 mutagenesis is performed on the improved variant to provide
104 libraries for the next round of saturation mutagenesis.
105 Selection of Mutation Sites Based on Crystal
106 Structures of Sialyltransferases. Considerable structural
107 information is available for GT80 sialyltransferases, including
108 the binary complex structure (PDB ID: 4R84) of Δ15Pd2,6ST-
109 (N) with CMP-3F(a)Neu5Ac,29 the ternary complex structure
110 (PDB ID: 2Z4T) of Photobacterium sp. JT-ISH-224 α2−6-

111sialyltransferase (or Δ16Psp2,6ST) with CMP and acceptor
112lactose,30 and the ternary complex structure (PDB ID: 2IHZ)
113of Pasteurella multocida sialyltransferase 1 (Δ24PmST1) with
114donor analog CMP-3F(a)Neu5Ac and lactose.31 Analysis of
115these structures identified four (Asp229, Ser232, Trp361, and
116Ala403 in the substrate binding site) of the six residues
117 f1ultimately chosen for mutagenesis (Figure 1). Thr356 and
118Ile425 were also chosen based on previously described mutants
119of PmST1 and Pd2,6ST, respectively, with increased sialyl-
120transferase activity.32

121The first two residues targeted for mutagenesis were Asp229,
122the catalytic aspartate, and Trp361, a tryptophan sitting
123underneath the lactose and hydrogen bonded to the 7-OH of
124CMP-3F(a)Neu5Ac in PmST1 (PDB ID: 2IHZ). Mutating
125Asp229 was a test of the proposed mechanism, as any
126detectable sialidase activity from mutants at this position
127would be evidence that the proposed catalytic function of
128Asp229 was incorrect. No improved variants were found from
129this library. In comparison, several colonies from the W361X
130library became noticeably blue after approximately 2 h (Figure
131S1). All of these colonies were found to have the same W361F
132mutation.
133From the W361F mutant, libraries S232X and A403X were
134generated. Mutations of Ser232 and the homologous residue in
135related enzymes have been shown to affect a wide variety of
136properties including donor hydrolysis and sialidase activities,
137donor specificity, and acceptor specificity.26,33 Ala403 aligns
138with PmST1 residue Arg313, which has been found to affect
139sialidase activity.34 From the A403X library, the colonies that
140turned blue first were those retaining Ala403. However, in the
141S232X library, several colonies turned noticeably blue after only
14220 min (Figure S1). These colonies were sequenced and all
143were found to have the S232L mutation.
144From the S232L/W361F mutant, the next library screened
145was T356X. Mutations at this site were previously found to
146improve the sialyltransferase activity of PmST1.32 Interestingly,
147this site is positioned near the nucleotide binding region of the
148active site and does not interact with any part of the sialoside.
149This library was screened at pH 7.0 and with no supplemented
150CMP in order to slow the reaction down and improve visual
151detection of the fastest color development. Two colonies
152turned light blue with overnight incubation and were found to
153encode the T356S mutation (Figure S1). From the S232L/

Scheme 1. High-Throughput α2−6-Sialidase Activity
Screening for LacZ-Containing E. coli Cells Expressing
Sialidase Mutants

Figure 1. Substrate binding site of Δ15Pd2,6ST(N) structure modeled
based on the cocrystal structure of Δ16Psp2,6ST (PDB ID: 2Z4T)
with CMP and lactose (represented with green-colored carbons).
Structural modeling was performed with SWISS-MODEL. The six
sites chosen for mutagenesis are represented with teal-colored carbons.
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154 T356S/W361F mutant, the I425X library was generated. This
155 site was found to also improve sialyltransferase activity of
156 Pd2,6ST in the same work that identified the importance of
157 Thr356.32 However, no improved α2−6-neosialidase variants
158 were found from this library.
159 The Effect of CMP and Observation of CMP-Neu5Ac
160 Formation. The effect of CMP concentration on Pd2,6ST
161 S232L/T356S/W361F triple mutant α2−6-neosialidase activity
162 (Figure S2) indicated that the presence of 0.5 mM CMP was
163 close to optimum. At this CMP concentration, the formation of
164 CMP-Neu5Ac as an intermediate during the cleavage of
165 Neu5Acα2−6LacβMU was detected by high resolution mass
166 spectrometry (Figure S3). This provided additional evidence
167 for the two-step, reverse sialylation followed by CMP-sialic acid
168 hydrolysis process proposed for the sialidase activity of GT80
169 family multifunctional sialyltransferases.28

170 The pH Profile of Pd2,6ST S232L/T356S/W361F
171 Neosialidase. The pH profile study of the neosialidase activity
172 of the Pd2,6ST S232L/T356S/W361F mutant was carried out

f2 173 using Neu5Acα2−6LacβMU as the substrate (Figure 2). The

174 optimal pH was found to be between 5.2 and 6.0. This agreed
175 with previous pH profiles of sialyltransferase-catalyzed sialidase
176 activity,24 suggesting that the engineering process did not
177 significantly alter the optimal pH.
178 Kinetics Studies. Three Pd2,6ST mutants including
179 W361F, S232L/W361F, and S232L/T356S/W361F were
180 kinetically characterized for neosialidase activity using

t1 181 Neu5Acα2−6LacβMU as the substrate (Table 1). The use of

182 this probe with a different aglycon was a precaution to avoid
183 mistaking improved recognition of the indole in 1 for improved
184 neosialidase activity.36 Gratifyingly, the Pd2,6ST S232L/
185 T356S/W361F triple mutant displayed 101-fold improved
186 α2−6-sialidase activity compared to the wild-type enzyme. The
187 high activity of the Pd2,6ST triple mutant was due to almost

188entirely an increase in kcat. However, the kinetic constants for
189the intermediate mutants show that each mutation had a greatly
190different effect on kcat and KM. The W361F mutation resulted in
191a 2.35-fold increase in sialidase activity via a decrease in kcat but
192a larger decrease in KM. Addition of the S232L mutation had
193little effect on KM but greatly enhanced kcat and provided the
194largest single-round gain in activity. The additional T356S
195mutation provided another large gain for kcat but also increased
196the KM nearly to that of the wild-type enzyme. Relative to the
197activity of human NEU2 (hNEU2),17,20 an α2−3/6/8-sialidase,
198the Pd2,6ST S232L/T356S/W361F neosialidase displayed
199nearly 22-fold higher activity on a similar Neu5Acα2−6-
200containing probe. The donor hydrolysis activity of the triple
201mutant was found to have increased 337-fold from the wild-
202 t2type (Table 2).

203The Substrate Specificity of Pd2,6ST S232L/T356S/
204W361F Neosialidase. The sialidase substrate specificity of the
205Pd2,6ST S232L/T356S/W361F triple mutant was investigated
206by high-performance liquid chromatography (HPLC) analysis
207using probes containing varied sialyl linkages (α2−3/6/8);
208different sialic acid forms including Neu5Ac, Neu5Gc, and 2-
209keto-3-deoxy-D-glycero-D-galacto-nononic acid (Kdn); and
210various internal glycans (GalβpNP and GalNAcβpNP). The
211Pd2,6ST S232L/T356S/W361F triple mutant was selective
212toward α2−6-linked sialic acid while retaining some promiscu-
213 f3ity to the sialic acid form and internal glycan (Figure 3). For
214example, among Neu5Acα2−3/6GalβpNP (compounds 2 and
2153) and Neu5Acα2−8Neu5Acα2−3GalβpNP (compound 4)
216tested, only Neu5Acα2−6GalβpNP (2) was a suitable sialidase
217substrate for the Pd2,6ST S232L/T356S/W361F. Activities
218toward Neu5Acα2−3GalβpNP (3) and Neu5Acα2−
2198Neu5Acα2−3GalβpNP (4) were 400-fold and 303-fold,
220respectively, lower than Neu5Acα2−6GalβpNP (2; Table
221S1), suggesting the high selectivity of the Pd2,6ST-derived
222neosialidase toward α2−6-sialyl linkage. The triple mutant was
223able to cleave α2−6-linked Neu5Gc in Neu5Gcα2−6GalβpNP
224(6) at 12% of the activity of Neu5Acα2−6GalβpNP (2),
225although its sialidase activity toward Kdnα2−6GalβpNP (5)
226containing an α2−6-linked Kdn was 1020-fold lower than 2.
227Quite interestingly, the neosialidase activity of the Pd2,6ST
228S232L/T356S/W361F triple mutant was 1.9-folder higher
229toward Neu5Acα2−6GalNAcβpNP (7) than for Neu5Acα2−
2306GalβpNP (2).
231Recognition of Egg Yolk Sialoglycopeptide. To
232demonstrate the utility of Pd2,6ST S232L/T356S/W361F
233toward more complex glycoconjugates, the neosialidase was
234tested against egg yolk sialoglycopeptide, a hexapeptide with a
235biantennary complex-type N-linked glycan containing α2−6-
236linked sialic acid on each antenna. Detection of the desialylated
237glycopeptide by HPLC (Figure S4) and high resolution mass
238spectrometry (Figure S5) confirmed that the engineered

Figure 2. pH profile of Pd2,6ST S232L/T356S/W361F neosialidase.

Table 1. Kinetic Parameters for Pd2,6ST Mutant
Neosialidase Activity in the Presence of 0.5 mM CMP

enzymes and mutants kcat (min
−1) KM (mM)

kcat/KM (min−1

mM−1)

Pd2,6STa 8.2 ± 0.3 7.6 ± 0.5 1.1
Pd2,6ST W361F 2.5 ± 0.2 1.0 ± 0.3 2.6
Pd2,6ST S232L/
W361F

84 ± 4 1.1 ± 0.1 76

Pd2,6ST S232L/
T356S/W361F

(7.0 ± 0.2) × 102 6.3 ± 0.2 1.1 × 102

hNEU2b 10.8 ± 0.6 2.1 ± 0.2 5.1
aReported previously.24 bReported previously using Neu5Acα2−
6GalβpNP as the substrate.17

Table 2. Kinetic Parameters for the CMP-Neu5Ac
Hydrolysis Activities of Pd2,6ST and Pd2,6ST S232L/
T356S/W361F Neosialidase

enzymes and mutants kcat (min−1) KM (mM)
kcat/KM

(min−1mM−1)

Pd2,6STa (4.0 ± 0.9) × 102 45 ± 14 8.8
Pd2,6ST S232L/
T356S/W361F

(1.1 ± 0.01) × 104 3.7 ± 0.1 3.0 × 103

aReported previously.35
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239 neosialidase can recognize and cleave α2−6-linked sialic acid
240 from complex sialylated glycoconjugates.
241 Concluding Remarks. The reprogramming of natural
242 enzymes for non-natural functions is an important area of
243 interest for enzyme engineering.37 By exploiting the reversibility
244 of glycosyltransferase activity and the evolvability of glycosyl-
245 transferase substrate promiscuity, we have demonstrated that
246 glycosyltransferases can be conveniently engineered into
247 efficient neoglycosidases with specificities not known to exist
248 in nature. This strategy will likely provide a valuable source of
249 new enzymes to supplement known exoglycosidases, partic-
250 ularly for the selective cleavage of sugar residues from natural
251 product glycosides or complex carbohydrates.
252 The Pd2,6ST-derived neosialidase developed here catalyzes
253 the removal of sialic acid with high selectivity toward α2−6-
254 linkages and promiscuity toward both Neu5Ac and Neu5Gc via
255 a mechanism different from all known sialidase mechanisms.
256 The engineered mutant will be a valuable addition to
257 glycobiology, assisting in the elucidation of sialoglycan structure
258 and function.
259 We are pleasantly surprised to discover three beneficial
260 mutations across just six investigated residues within the active
261 site of Pd2,6ST. This implies that the sialyltransferase activity of
262 the enzyme is quite robust toward active site mutations and that
263 the discrimination of nucleophilic water is quite sensitive to
264 mutations. However, the Pd2,6ST triple mutant did not display
265 the expected α2−6-sialidase activity toward Kdn even though
266 Pd2,6ST was efficient in synthesizing Kdnα2−6-containing
267 sialosides in high yield.38 These data suggest that the mutations
268 that improve neosialidase toward Neu5Ac-containing probe
269 Neu5Acα2−6GalβX (1) may have also altered the substrate
270 specificity toward Kdn-containing compound Kdnα2−
271 6GalβpNP (5).
272 The blue-white screening method used for the neosialidase
273 engineering can be easily modified for the engineering of other

274neoglycosidases using suitable X-based probes. The throughput
275and simplicity of this method make the engineering of
276neoglycosidases practical for nonspecialists in the absence of
277expensive equipment such as automated liquid handling
278systems and microplate reader spectrophotometers. It is
279particularly convenient that the disaccharide-X probes can be
280synthesized from commercially available monosaccharide-X
281building blocks using wild-type glycosyltransferase activity.
282In conclusion, Pd2,6ST S232L/T356S/W361F neosialidase
283has been generated by sequential saturation mutagenesis and
284screening using a high-throughput blue-white colony assay.
285This triple mutant displays over 100-fold improved sialidase
286catalytic efficiency relative to the wild-type enzyme while
287retaining linkage selectivity of the wild-type sialyltransferase
288activity. The mutant can catalyze the cleave of α2−6-linked
289sialic acid in egg yolk sialoglycopeptide efficiently. This enzyme
290is a useful new tool for studying the structure and function of
291sialoglycans, and the engineering strategy may be proven useful
292to researchers interested in obtaining enzymes with glycosidase
293specificities not already known to exist in nature.

294■ METHODS
295Materials. Chemicals were purchased and used as received. NMR
296spectra were recorded in the NMR facility of the University of
297California, Davis, on a Bruker Avance-800 NMR spectrometer (800
298MHz for 1H, 200 MHz for 13C). Chemical shifts are reported in parts
299per million (ppm) on the δ scale. High resolution (HR) electrospray
300ionization (ESI) mass spectra were obtained using a Thermo Electron
301LTQ-Orbitrap Hybrid MS at the Mass Spectrometry Facility at the
302University of California, Davis. N-Acetylneuraminic acid (Neu5Ac)
303was from Inalco (Italy). Cytosine 5′-triphosphate (CTP) was
304purchased from Hangzhou Meiya Pharmaceutical Co. Ltd. X-Gal
305was purchased from Sigma. Egg yolk sialoglycopeptide was purchased
306from TCI America. Neu5Acα2−6GalβpNP (2), Neu5Acα2−
3073GalβpNP (3),16 Kdnα2−6GalβpNP (5),16 Neu5Gcα2−6GalβpNP
308(6),16 Neu5Acα2−6GalNAcβpNP (7),16 Neu5Acα2−8Neu5Acα2−
3093GalβpNP (4),20 and Neu5Acα2−6LacβMU24 were synthesized as
310described previously. Neisseria meningitidis CMP-sialic acid synthetase
311(NmCSS)39 and Photobacterium species α2−6-sialyltransferase
312(Psp2,6ST)40 were expressed and purified as reported previously.
313Mutagenesis. Pd2,6ST libraries were constructed using either the
314Q5Mutagenesis Kit (D229X and W361X) or the QuikChange II Site
315Directed Mutagenesis kit using the following primers: D229X_f:
316NNKGGTTCTTCTGAATATGTAAGTTTATATCAATGG,
317D229X_r: ATCATACAAACTAATATGAGAAATTTTCAC-
318CTTCTCG, S232X_f: 5′ AATTTCTCATATTAGTTTGT-
319ATGATGATGGTTCTNNKGAATATGTAAGTTTATATCAATG-
320GAAAGATACAC 3′, S232X_r: 5′ GTGTATCTTTCCATTGATAT-
321AAACTTACATATTCMNNAGAACCATCATCATACAAACTAA-
322T A T G A G A A A T T 3 ′ , T 3 5 6 X _ f : 5 ′
323ACAATATTCACAATCCCCACTACCAAACTTTATTTTTNNK-
324GGCACAACAACTTTTGCTG 3′, T356X_r: 5′ CAGCAAAAGT-
325TGTTGTGCCMNNAAAAATAAAGTTTGGTAGTGGGGATTGT-
326GAATATTGT 3′, W361X_f: 5′ NNKGCTGGGGGGGAAACG 3′,
327W361X_r: 5′ AGTTGTTGTGCCGGTAAAAATAAAGTTTGG 3′,
328A403X_f: 5′ GACTACGATCTATTTTTCAAGGGGCATCCT-
329NNKGGTGGCGTTATTAACG 3′, A403X_r: 5′ CGTTAATAAC-
330GCCACCMNNAGGATGCCCCTTGAAAAATAGATCGTAGTC
3313′, I425X_f: 5′ TGATATGATCAATATTCCAGCCAAGNNKTC-
332ATTTGAGGTCTTGATGATGACGG 3′ , and I425X_r: 5′
333CCGTCATCATCAAGACCTCAAATGAMNNCTTGGCTGGAAT-
334ATTGATCATATCA 3′. The assembled DNA was transformed into
335E. coli 10 G electrocompetent cells (Lucigen). Ten percent of the
336transformed cells were plated on LB agar plates supplemented with
337ampicillin in order to determine the number of total transformants.
338The remaining transformed cells were diluted into fresh LB media (10
339g L−1 tryptone, 5 g L−1 yeast extract, and 10 g L−1 NaCl)

Figure 3. Relative activities of Pd2,6ST S232L/T356S/W361F toward
sialosides (2−7) with various sialic acid forms, internal glycans, and
sialyl linkages. Error bars represent standard deviations from
duplicated assay results.
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340 supplemented with ampicillin and grown overnight at 37 °C 250 rpm,
341 and the plasmid DNA was isolated. This DNA was transformed into
342 homemade chemically competent E. coli BL21(DE3) cells.
343 One-Pot Two-Enzyme Synthesis of Neu5Acα2−6GalβX (1). A
344 reaction mixture in a total volume of 20 mL containing Tris-HCl
345 buffer (100 mM, pH 8.5), 5-bromo-4-chloro-3-indolyl-β-D-galactopyr-
346 anosides (X-Gal, 50 mg, 0.122 mmol), Neu5Ac (57 mg, 0.184 mmol),
347 CTP (97 mg, 0.184 mmol), DMF (7%), MgCl2 (20 mM), NmCSS39

348 (2.5 mg), and Psp2,6ST40 (4.0 mg) were incubated in a shaker at 30
349 °C for 18 h. The reaction was stopped by adding 20 mL of 95%
350 ethanol followed by incubation at 4 °C for 30 min. After
351 centrifugation, the supernatant was concentrated and purified using
352 a C18 column on a CombiFlash Rf 200i system eluted with a gradient
353 of 0−100% acetonitrile in water for 20 min and a 30 mL min−1 flow
354 rate. The fractions containing the desired product were collected and
355 dried to give Neu5Acα2−6GalβX as a white powder (81 mg, 92%). 1H
356 NMR (800 MHz, MeOD): δ 7.18 (d, J = 8.8 Hz, 1 H), 7.14 (bs, 1 H),
357 7.04 (d, J = 8.8 Hz, 1 H), 4.58 (d, J = 8.0 Hz, 1 H), 3.93−3.40 (m, 11
358 H), 2.77 (d, J = 12.8 and 4.8 Hz, 1 H), 1.92 (s, 3 H), 1.53 (t, J = 12.0
359 Hz, 1 H). 13C NMR (200 MHz, MeOD): δ 173.96, 173.13, 136.65,
360 133.36, 125.39, 123.78, 117.98, 113.36, 111.81, 111.11, 104.08, 100.40,
361 73.96, 73.37, 72.93, 71.52, 71.17, 68.84, 68.49, 68.08, 62.98, 62.42,
362 52.66, 41.18, 21.14. HRMS (ESI) m/z calcd for C25H31BrClN2O14
363 [M−H]−: 697.0653. Found: 697.0609.
364 Library Screening. Mutant libraries were transformed to BL21-
365 (DE3) chemically competent cells and plated on LB-agar plates
366 supplemented with ampicillin. Following overnight incubation at 37
367 °C, colonies were lifted onto 0.45 μm 47 mm Mixed Cellulose Esters
368 Surfactant-Free Membrane Filters (Millipore). These nitrocellulose
369 filters were carefully placed colony-side-up on LB-agar plates
370 supplemented with ampicillin and 0.1 mM IPTG, and these plates
371 were incubated for 3 h at 37 °C. Meanwhile, the original LB-agar
372 plates were incubated for 3−5 h at 37 °C until the colonies regrew and
373 then stored at 4 °C as master plates. The filters were then suspended
374 over chloroform vapors for 10 min, briefly air-dried, and placed
375 colony-side-up on 55 mm Whatman filter paper soaked with 0.5 mL of
376 the assay solution. For the first two rounds, the assay solution
377 contained 3 mM Neu5Acα2−6GalβX, 0.5 mM CMP, 100 mM MES at
378 pH 5.5, and MgCl2 (10 mM). For the third and fourth rounds, the
379 assay solution contained Neu5Acα2−6GalβX (3 mM), Tris-HCl (pH
380 7.0, 100 mM), and MgCl2 (10 mM). Reactions were conducted at 37
381 °C with regular examination of the filters for the development of blue
382 color.
383 Overexpression and Purification. Flasks containing 1 L of
384 autoclaved LB media supplemented with ampicillin (100 μg mL−1)
385 were inoculated with 1 mL of overnight cultured E. coli BL21(DE3)
386 cells harboring the mutant plasmids. The 1 L cultures were grown at
387 37 °C until OD600 nm reached 0.6 to 1.0, then expression was induced
388 with isopropyl β-D-1-thiogalactoside (IPTG) to a final concentration
389 of 0.1 mM and the cells shaken at 20 °C overnight. Cells were
390 harvested in a Sorvall Legend RT centrifuge at 4000 rpm for 30 min,
391 resuspended in 20 mL of Tris-HCl (pH 7.5, 100 mM), and lysed by
392 sonication with the following method: amplitude at 65%, 10 s pulse on
393 and 20 s pulse off for 18 cycles. The lysate was collected after
394 centrifugation at 8000 pm for 30 min and then loaded onto a Ni2+-
395 NTA affinity column at 4 °C that was pre-equilibrated with six column
396 volumes of binding buffer (50 mM Tris-HCl buffer, pH 7.5, 10 mM
397 imidazole, 0.5 M NaCl). The column was washed with 10 column
398 volumes of binding buffer and 10 column volumes of washing buffer
399 (50 mM of Tris-HCl buffer, pH 7.5, 50 mM of imidazole, 0.5 M of
400 NaCl) sequentially to wash away the nonspecific binding protein. The
401 target protein was eluted using Tris-HCl buffer (50 mM, pH 7.5)
402 containing 200 mM of imidazole and 0.5 M NaCl. Fractions
403 containing the purified protein were combined and dialyzed against
404 Tris-HCl buffer (20 mM, pH 7.5) supplemented with 10% glycerol.
405 The enzyme solutions were aliquoted, flash frozen in liquid N2, and
406 stored at −20 °C.
407 Neosialidase Kinetics. Reactions were performed in duplicate at
408 37 °C for 10 to 30 min with Tris-HCl (100 mM, pH 6.0), MgCl2 (10
409 mM), CMP (0.5 mM), enzyme (7.0 μM Pd2,6ST W361F, 0.32 μM

410Pd2,6ST S232L/W361F, 0.070 μM Pd2,6ST S232L/T356S/W361F),
411and varying concentrations (0.5, 1.0, 2.0, and 5.0 mM) of Neu5Acα2−
4126LacβMU. Reactions were stopped by adding an equal volume of
413prechilled methanol. The mixtures were incubated on ice for 30 min
414and centrifuged at 13 000 rpm for 5 min. Supernatants were analyzed
415with a P/ACE MDQ capillary electrophoresis (CE) system equipped
416with a UV−vis detector (Beckman Coulter, Fullerton, CA). The CE
417procedure utilized a 75 μm i.d. capillary, 25 kV/80 μÅ, and 5 s vacuum
418injections; was monitored at 315 nm; and used sodium tetraborate (25
419mM, pH 9.4) buffer as the running buffer. The apparent kinetic
420parameters were obtained by fitting the experimental data from
421duplicate assays into the Michaelis−Menten equation using Grafit 5.0.
422Donor Hydrolysis Kinetics. Reactions were performed in
423duplicate at 37 °C for 10 to 30 min with Tris-HCl (100 mM, pH
4248.5), MgCl2 (10 mM), enzyme (0.030 μM Pd2,6ST S232L/T356S/
425W361F), and varying concentrations (2.0, 5.0, 10.0, and 20.0 mM) of
426CMP-Neu5Ac. Reactions were stopped by adding an equal volume of
427prechilled methanol. The mixtures were incubated on ice for 30 min
428and centrifuged at 13 000 rpm for 5 min. Supernatants were analyzed
429with a P/ACE MDQ capillary electrophoresis (CE) system equipped
430with a UV−vis detector (Beckman Coulter, Fullerton, CA). The CE
431procedure utilized a 75 μm i.d. capillary, 25 kV/80 μÅ, and 5 s vacuum
432injections; was monitored at 254 nm; and used sodium tetraborate (25
433mM, pH 9.4) buffer as the running buffer. The apparent kinetic
434parameters were obtained by fitting the experimental data from
435duplicate assays into the Michaelis−Menten equation using Grafit 5.0.
436pH Profile. Reactions were performed in duplicate at 37 °C for 30
437min with a suitable buffer (100 mM MES from pH 4 to 6 or 100 mM
438Tris-HCl from pH 6.5 to 8.5), MgCl2 (10 mM), Neu5Acα2−
4396LacβMU (1 mM), and CMP (0.5 mM). Reactions were stopped by
440adding an equal volume of prechilled methanol. The mixtures were
441incubated on ice for 30 min and centrifuged at 13 000 rpm for 5 min.
442Supernatants were analyzed with an Infinity 1290-II HPLC equipped
443with a UV−vis detector (Agilent Technologies, CA). The HPLC
444procedure utilized a ZORBAX Eclipse Plus C18 Rapid Resolution HD
4451.8 μm particle 2.1 × 50 mm column (Agilent Technologies, CA), an
446isocratic flow of 1 mL min−1 for a 9% acetonitrile and 91% aqueous
447solution containing 0.1% TFA, and an injection volume of 2 μL. The
4484-methylumbelliferone absorbance signal was monitored at 315 nm.
449CMP Concentration Effect Assays. Reactions were performed in
450duplicate at 37 °C for 30 min in MES buffer (100 mM, pH 6.0)
451containing MgCl2 (10 mM), Neu5Acα2−6LacβMU (1 mM), CMP
452with a concentration varying from 0.1 mM to 25.0 mM (0.1, 0.2, 0.5,
4531.0, 2.0, 5.0, 10.0, and 25.0 mM), and Pd2,6ST S232L/T356S/W361F
454(0.130 μM). Reactions were stopped by adding an equal volume of
455prechilled methanol. The mixtures were incubated on ice for 30 min
456and centrifuged at 13 000 rpm for 5 min. Supernatants were analyzed
457using an Infinity 1290-II HPLC equipped with a UV−vis detector
458(Agilent Technologies, CA). The HPLC procedure utilized a
459ZORBAX Eclipse Plus C18 Rapid Resolution HD 1.8 μm particle
4602.1 × 50 mm column (Agilent Technologies, CA), an isocratic flow of
4611 mL min−1 for a 9% acetonitrile and 91% aqueous solution containing
4620.1% TFA, and an injection volume of 2 μL. The 4-methylumbellifer-
463one absorbance signal was monitored at 315 nm.
464Desialylation of Egg Yolk Sialoglycopeptide. Reactions were
465performed at 37 °C for 60 min with MES buffer (100 mM, pH 6.0),
466MgCl2 (10 mM), CMP (0.5 mM), Pd2,6ST S232L/T356S/W361F
467(0.0 or 13.0 μM), and egg yolk sialoglycopeptide (1 mM). Reactions
468were stopped by thermal denaturation of the enzyme at 60 °C for 10
469min. The mixtures were incubated on ice for 30 min and centrifuged at
47013 000 rpm for 5 min. Chromatographic separation and detection were
471achieved with an Infinity 1290-II HPLC equipped with a UV−vis
472detector (Agilent Technologies, CA). The HPLC procedure utilized a
473ZORBAX Bonus-RP Rapid Resolution HD 1.8 μm particle 2.1 × 100
474mm column (Agilent Technologies, CA), a gradient flow of 0.7 mL
475min−1 of 0.3 to 8% acetonitrile over 6 min in aqueous solution
476containing 0.1% TFA, and an injection volume of 1 μL. The peptide
477bond absorbance signal was monitored at 214 nm. High resolution
478(HR) electrospray ionization (ESI) mass spectra were obtained using a
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479 Thermo Electron LTQ-Orbitrap Hybrid MS at the Mass Spectrometry
480 Facility in the University of California, Davis.
481 Linkage Specificity Assays for the Pd2,6ST Mutants.
482 Reactions were performed in duplicate at 37 °C for 30 min in MES
483 buffer (100 mM, pH 6.0), MgCl2 (10 mM), CMP (0.5 mM), and 1
484 mM substrate. Enzyme concentrations were 0.030 μM for 2, 0.30 μM
485 for 7, 3.0 μM 6, and 30.0 μM for 3−5. These conditions provided
486 testing at initial rates (1.2−24% yield) for each substrate. Reactions
487 were stopped by adding an equal volume of prechilled methanol. The
488 mixtures were incubated on ice for 30 min and centrifuged at 13 000
489 rpm for 5 min. Supernatants were analyzed with an Infinity 1290-II
490 HPLC equipped with a UV−vis detector (Agilent Technologies, CA).
491 The HPLC procedure utilized a ZORBAX Eclipse Plus C18 Rapid
492 Resolution HD 1.8 μm particle 2.1 × 50 mm column (Agilent
493 Technologies, CA), an isocratic flow of 1 mL min−1 for a 9%
494 acetonitrile and 91% aqueous solution containing 0.1% TFA, and an
495 injection volume of 2 μL. The para-nitrophenyl absorbance signal was
496 monitored at 315 nm.
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