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ABSTRACT: Fucosylated glycoconjugates have critical roles in biological processes, but a limited availability
of a-L-fucosidase has hampered research on this human enzyme (h-Fuc) at a molecular level. After
overexpressing h-Fuc in Escherichia coli as an active form, we investigated the catalytic function of this
recombinant enzyme. Based on sequence alignment and structural analysis of close homologues of h-Fuc,
nine residues of glutamate and aspartate in h-Fuc were selected for mutagenic tests to determine the
essential residues. Among the mutants, D225N, E289Q, and E289G lost catalytic activity significantly;
their k., values are 1/5700, 1/430, and 1/340, respectively, of that of the wild-type enzyme. The Brgnsted
plot for k.,/K,, for the E289G mutant is linear with 3, = —0.93, but that for k., is biphasic, with 3, for
poor substrates being —0.88 and for activated substrates being —0.11. The small magnitude of 3}, for the
activated substrates may indicate that the rate-limiting step of the reaction is defucosylation, whereas
the large magnitude of the latter 3, value for the poor substrates indicates that the rate-limiting step of
the reaction becomes fucosylation. The kinetic outcomes support an argument that Asp®*® functions as a
nucleophile and Glu®® as a general acid/base catalyst. As further evidence, azide significantly reactivated
D225G and E289G, and '"H NMR spectral analysis confirmed the formation of -fucosyl azide and a-fucosyl
azide in the azide rescues of D225G and E289G catalyses, respectively. As direct evidence to prove the

function of Glu**®
MS analysis.

Fucose-containing carbohydrates are involved in such
critical physiological activities as oncogenesis (/, 2), blood
coagulation cascade and clot dissolution (3—35), and host-
microbial interactions (6, 7). a-L-Fucosidases (EC 3.2.1.51)
are responsible for the removal of L-fucosyl residues from
the nonreducing end of glycoconjugates. A severe deficiency
of o-L-fucosidase causes fucosidosis that can produce mental
and motor retardation (8). Several pathological conditions
including inflammation (4, 9), cancer (/0—12) and cystic
fibrosis (13, 14) are also related to an atypical activity of
a-L-fucosidase. Human o-L-fucosidases (h-Fuc)' are thus of
substantial interest because abnormal fucosidase activity in
serum was shown to serve as a diagnostic marker of early
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, an accumulation of fucosyl-enzyme intermediate was detected directly through ESI/

colorectal (2, 12) and hepatocellular cancers (10, 15). A
treatment of a-L-fucosidase to breast cancer cells also showed
impairment of the interaction between these tumor cells and
their microenvironment, which might consequently modulate
metastasis (/6).

o-L-Fucosidases occur commonly in nature with varied
substrate specificities. Those from mammalian tissues and
marine gastropods have broad substrate specificity: they
cleave a1—2 linkages to galactose and al—3, al—4, and
ol —6 linkages to N-acetylglucosamine (/7—19), whereas
the enzymes from microorganisms and almond emulsion
remove only the al—2 linkage to a galactose (20, 217). All
known retaining o-L-fucosidases are classified into the
glycoside hydrolase family 29 (GH-29), whereas the invert-
ing a-L-fucosidases are grouped in GH-95 (http://www.cazy.
org/fam/ acc_GH.html) (22).

Human a-L-fucosidases have been purified from various
cells, fluids, and tissues; their kinetic, electrophoretic, and
immunological properties were reported (23). In general,
h-Fuc is a multimeric protein derived from two closely
related polypeptide subunits of mass ~50—60 kDa and has
variable carbohydrate composition and possibly other post-
translational modifications (24—26). a-L-Fucosidase from
blood plasma is a sialoglycoprotein that contains ~7—8%
carbohydrate by mass. Although the exact functions of the
carbohydrate component are ambiguous, not only the stability
and kinetic properties of the enzyme but also the protein
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FIGURE 1: Proposed mechanism of a-L-fucosidase. A two-step, double-displacement mechanism is proposed involving two essential amino
acid residues, one functioning as a nucleophile and another as a general acid/base.

folding, intracellular transport, secretion, and generation of
multiple molecular forms are suggested to be influenced by
the level of glycosylation (27—29).

cDNA clones containing the coding sequence of h-fuc were
isolated and identified (30—32). The open reading frame
encodes human liver tissue o-L-fucosidase having 461 amino
acids and containing a signal peptide with 22 amino acids
(30). The expression of the recombinant enzyme was reported
only as a fusion protein forming an inclusion body (33).
Because of a lack of this enzyme and of the complicated
substrate synthesis, a detailed catalytic mechanism and the
essential residues of h-Fuc involved in the catalysis have
been little investigated (34). h-Fuc from liver is a retaining
enzyme (35). Moreover, o-L-fucosidase from Thermus sp.
Y5 (36), Pecten maximus (37), Sulfolobus solfataricus (Ss-
Fuc) (38), and Thermotoga maritima (Tm-Fuc) (39) were
proved to possess the same catalytic preference. Two key
active site carboxylic acid residues are involved in the
catalytic reaction and utilize a double displacement mech-
anism in which an a-L-fucosyl intermediate is formed and
hydrolyzed. Both steps proceed via transition structures with
substantial oxocarbonium ion character (40); a proposed
mechanism appears in Figure 1. In the first step (fucosyla-

tion), one carboxylic acid residue serving as a nucleophile
attacks the anomeric carbon of the fucoside, while another
acting as an acidic catalyst protonates the fucosidic oxygen,
thereby promoting the leaving of the aglycon moiety; thus
is formed a covalent fucosyl-enzyme intermediate. In the
second step (defucosylation), the general acid becomes a
general base that assists the decomposition of the fucosyl-
enzyme intermediate, proceeding through a general base-
catalyzed attack of water at the anomeric center to release
the fucose. The identification of these catalytic essential
residues is of primary importance for an understanding of
the detailed mechanism at a molecular level on which these
enzymes function. Kinetic analysis of artificial substrates,
each with a glycose moiety attached to a leaving phenol, is
generally employed to investigate the enzymatic catalysis
in detail. An extended Brgnsted relationship is typically
measured. As enzymes in the same family possess a
presumably similar catalytic mechanism (47), solving the
mechanistic action of a particular enzyme might help in
understanding the reaction pattern of the family.

In this work, we overexpressed human o-L-fucosidase in
Escherichia coli as an active form and developed an effective
method to synthesize artificial substrates. Tm-Fuc is the
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closest bacterial relative of mammalian o-L-fucosidase of
which the crystal structure has been determined (42).
Although Tm-Fuc shares 38% sequence identity with its
human counterpart, we found the residues responsible for
the catalytic acid/base not to be conserved for these two
enzymes. Equipped with structural information of Tm-Fuc,
we used a sequence alignment of close homologues of h-Fuc
to select rationally the candidates for mutagenesis. Combined
with site-directed mutagenesis and kinetic experiments, the
catalytic function and the essential residues of h-Fuc were
examined and identified.

EXPERIMENTAL PROCEDURES

Search for Candidates of Catalytic Essential Residues. In
addition to human and T. maritima, in total six UniProt (43)
annotated animal fucosidases from CAZy GH-29 with
sequence identity less than 70% were selected for sequence
analysis. The UniProt accession numbers of the studied
fucosidases are T. maritima QIWYE2 (Tm-Fuc), Halocyn-
thia roretzi Q8TAT71 (Hr-Fuc), Schistosoma japonicum
Q86FHY (Sj-Fuc), Pongo abelii QSRFIS (Pa-Fuc), Droso-
phila melanogaster Q9VTI4 (Dm-Fuc), Caenorhabditis
elegans P49713 (Ce-Fuc), and Dictyostelium discoideum
P10901 (Dd-Fuc). As the tested h-Fuc differs slightly from
the corresponding UniProt P04066, the position of a residue
is specified according to NCBI M29877. The boundaries of
the TIM barrel domain (IPR017853) of each protein were
set based on the InterPro database (http://www.ebi.ac.uk/
interpro/). The multiple sequence alignment of fucosidases
was performed with a Praline server and options of a standard
progressive strategy and a PSIPRED-based secondary struc-
ture prediction (http://zeus.cs.vu.nl/programs/pralinewww/).
The propensity of the PSIPRED fS-strand (or o-helix) was
defined as the ratio of the number of predicted E (or H) to
the number of h-Fuc close homologues (n = 7) within an
aligned column. The 3D structure of h-Fuc was predicted
using the Swiss-model server (http://swissmodel.expasy.org/)
with default settings. A comparison of the predicted h-Fuc
structure and Tm-Fuc was performed with the combinatorial
extension (CE) method (http://cl.sdsc.edu/). The Co—Ca
distance between Tm-Fuc D224 and selected Glu/Asp was
obtained on averaging the distances calculated from PDB
lodu, 1hl8, and 1h19. A residue near the end of the f5-strand
of the TIM barrel with its equivalent Tm-Fuc Ca—Ca
distance less than 20 A was identified as a candidate for
catalytic essential residues.

Materials. Vector pPCMV.SPORT6 containing a human
tissue o-L-fucosidase gene (h-fuc) (NCBI accession number
M29877) (Stragene, La Jolla, CA), pET vector system
(Invitrogen, Carlsbad, CA), Vent DNA polymerase (New
England Biolabs, Ipswich, MA) for PCR reactions, restriction
endonucleases and T4 DNA ligase (Roche Applied Science,
Basel, Switzerland), protein marker standards of small
molecular mass for electrophoresis (GE Healthcare, Piscat-
away, NJ), buffers and chemicals for synthesis (Sigma-
Aldrich, St. Louis, MO, or E. Merck, Gibbstown, NJ), and
columns and gels for protein purification (GE Healthcare)
were obtained from the indicated sources. Synthetic sub-
strates were characterized with '"H NMR (300 MHz, Bruker
Avance) and mass (positive EST mode, QTOF; Micromass,
Manchester, U.K.) spectra.

Liu et al.

Reconstruction of Human a-L-Fucosidase (h-Fuc) in
pET22b(+). Vector pPCMV.SPORT6 containing the human
o-L-fucosidase gene served as a DNA template for PCR
amplification. The upstream (5’-CTGCAGCACATATGGT-
GCGTCGGGCCCAGCCTC-3") and downstream (5’-GG-
TACCGGATCCTCACTTCACTCCTGTCAGCT-3) prim-
ers, containing Ndel and Kpnl restriction sites as underscored,
respectively, were employed to amplify the A-fuc gene coding
the mature protein. The first 22 amino acids in the intact
gene constitute the signal peptide that was omitted from the
DNA amplification. The amplified DNA fragment (~1.4 kb)
was subcloned into pET22b(+) for protein expression.

Site-Directed Mutagenesis in Vitro. The h-fuc gene was
mutated with a kit (QuikChange; Stratagene) for site-directed
mutagenesis. The primers to generate the mutations (under-
scored) were as follows: E70G(+), 5'-CCCGCCTGGGGC-
AGCGGCTGGTTCTGGTGGCAC-3’, and E70G(—), 5'-
GTGCCACCAGAACCAGCCGCTGCCCCAGGCGGG-
3’; E79G(+), 5-GCACTGGCAGGGCGGGGGGCGGCC-
GCAG-3’, and E79G(—), 5’-CTGCGGCCGCCCCCCGCC-
CTGCCAGTGC-3"; E135G(+), 5’-ACGACAAAGCATCA-
CGGCGGCTTCACAAAC-3, and E135G(—), 5-GTTTGT-
GAAGCCGCCGTGATGCTTTGTCGT-3"; D158G(+), 5'-
TGGGGCCTCATCGGGGCTTGGTTCGTGAA-3’, and D-
158G(—), 5-TTCACCAACCAAGCCCCGATGAGGCCC-
CA-3; D225G(+), 5-CTGATATGGTCTGGCGGGGAGT-
GGGAAT-3’, and D225N(—), 5-ATTCCCACTCCCCGT-
TAGACCATATCAG-3"; D258G(+), 5'-GGTGGTAGTAA-
ATGGCCGATGGGGTCAG-3’, and D258G(—), 5’- CTGA-
CCCCATCGGCCATTTACTACCACC-3"; E275G(+), 5'-
GGATACTATAACTGTGGAGATAAATTCAAGCC-3’, and
E275G(—), 5-GGCTTGAATTTATCCCTACAGTTATAG-
TATCC-3’; D276G(+), 5-GATACTATAACTGTGAAG-
GCAAATTCAAGC-3, and D276G(—), 5-GCTTGAATT-
TGCCTTCACAGTTATAGTATC-3"; E289G(+), 5’-CAG-
ATCACAAGTGGGGGATGTGCACCAG-3’, and E289Q(—),
5’-CTGGTGCACATCTGCCACTTGTGATCTG-3". All mu-
tations were confirmed with DNA sequencing. For those
mutations for which significant enzyme activity was lost, the
entire mutated genes were sequenced to confirm that only
the intended mutations had occurred.

Expression and Purification of Recombinant Human o.-L-
Fucosidase Protein. E. coliBL21(DE3) cells bearing pET22_h-
fuc plasmid were cultivated overnight in LB medium (50
mL, with 10 g of trypton, 5 g of yeast extract, and 5.5 g/LL
NaCl, pH 6.5, 37 °C). This culture (5 mL) was inoculated
into the same medium (1 L) supplemented with ampicillin
(final concentration 0.1 mg/mL). The expression of o-L-
fucosidase was induced on addition of isopropyl thio-/3-D-
galactoside (1 mM, IPTG) for 8 h during which the ODg
value attained 2.4—2.6. Cells were harvested and then
resuspended in sodium acetate buffer (20 mL, 20 mM, pH
5.5) for sonication. The crude proteins in the supernatant
were precipitated on addition of ammonium sulfate to 85%
saturation. The precipitant was resuspended in sodium acetate
buffer (10 mL, 20 mM, pH 5.5). The solution was desalted
on a column (HiTrap). The filtrate (15 mL) was loaded onto
a cation-exchanged column (HiTrap SP, 2.6 x 40 cm) that
was preequilibrated with sodium acetate buffer (20 mM, pH
5.5). Enzymes were eluted with acetate buffer and a linear
gradient concentration of NaCl (0—1.0 M, 5 mM/min). The
fractions with o-L-fucosidase activity (with NaCl at 450—550
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Scheme 1: Preparation of Aryl o-L-Fucosides”
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R= 4-cyanophenyl, phenyl, 3-nitrophenyl, 4-nitrophenyl, 2-methyl-4-nitrophenyl,

2-fluoro-4-nitrophenyl.

“ Reagents and conditions: (a) Ac,0, pyridine, ~25 °C, 8 h; (b)
H,N,—HOAc, DMF, ~25 °C, 30 min; (c) CI,CCN, Cs,CO;, HyCCl,,
~25 °C, 8 h; (d) ROH (acceptor), TMSOTY, 4 A MS, H,CCl,, —20
°C, 30 min; (e) NaOMe, MeOH, ~25 °C, 30 min.

mM) were collected, concentrated 25-fold, and preequili-
brated with sodium phosphate buffer (20 mM, pH 6.2) for
further chromatography. A sample (5 mL) was loaded onto
an anion-exchange column (HiTrap Q, 1.6 x 20 cm)
preequilibrated with sodium phosphate buffer (20 mM, pH
6.2). Proteins were eluted with a phosphate buffer and a
linear gradient of concentration of NaCl (0—1.0 M, 6.5 mM/
min). Fractions (200—300 mM NaCl) with activity were
pooled (5 mL final) and concentrated 10-fold for further
chromatography. A sample (1 mL) was loaded onto a column
(Sephadex G-75, 1.6 x 20 cm) and eluted with sodium
acetate buffer (20 mM, pH 5.5) containing NaCl (10 mM).
Fractions with activity were collected and concentrated and
kept at 4 °C for further tests. All purifications were performed
at ambient temperature (~25 °C). To minimize enzyme
cross-contamination during purification, a fresh column was
used to purify each mutant. For the expression and purifica-
tion of D225 and E289 mutants, the corresponding plasmids
with a Hise tag at the C-termini were constructed. A column
(HiTrap HP, 1 x 5 cm) was used for purification of the
protein in one step. The eluted protein was concentrated 15-
fold and maintained at 4 °C for further tests. The concentra-
tion of the protein was determined according to the BCA
(bicinchoninic acid) method, as described in the manufac-
turer’s protocol (Sigma; BCA-1 kit), followed by measure-
ment of absorption by the chromophore at 280 nm. The
molecular mass of the purified enzyme was estimated with
SDS—PAGE according to Laemmli (44).

Synthesis of the Substrate. 2-Chloro-4-nitrophenyl o-L-
fucopyranoside (CNPF) was synthesized according to a
published method (45). All other aryl a-L-fucopyranosides
including phenyl o-L-fucopyranoside (PF), p-cyanophenyl
o-L-fucopyranoside (pCPF), m-nitrophenyl a-L-fucopyrano-
side (mNPF), p-nitrophenyl a-L-fucopyranoside (pNPF),
2-methyl-4-nitrophenyl a-L-fucopyranoside (MeNPF), and
2-fluoro-4-nitrophenyl o-L-fucopyranoside (FNPF) were
synthesized according to our protocol as outlined in Scheme
1. The synthesis began with the selective removal of the
anomeric acetyl group in peracetylated a-L-fucopyranosides
1 with hydrazine acetate (46). Subsequent treatment of the
resulting hemiacetal with excess of trichloroacetonitrile in
large excess and in the presence of Cs,CO; (8 h, ~25 °C)
(47) produced the thermodynamically stable 2,3.4-tri-O-
acetyl-L-fucopyranosyl 2,2,2-trichloroacetimidate (TAF) 2
(48). TAF was then coupled with various phenols in the
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presence of TMSOTT to afford the corresponding peracety-
lated aryl o-L-fucopyranosides 3 as the single anomer. After
deprotection with NaOMe, aryl a-L-fucopyranosides 4 were
obtained. Detailed procedures will be published elsewhere.
All substrates were purified with column chromatography;
their structures were confirmed with NMR spectra, which
yielded the following data.

FNPF, '"H NMR (300 MHz, CD;0D) 6/ppm: 1.07 (d, J =
6.5 Hz, 3H, H-6), 3.81 (m, H-4, 2H, H-5), 3.94 (dd, J =
3.5,9.6 Hz, 1H, H-3), 4.08 (dd, / = 7.3, 9.6 Hz, 1H, H-2),
5.77 (d, J = 3.16 Hz, 1H, H-1), 7.37 (d, J/ = 9.2 Hz, 1H,
ArH), 8.06 (dd, J = 2.6, 9.2 Hz, 1H, ArH), 8.85 (d, J/ = 2.6
Hz, 1H, ArH). CNPF, 'H NMR (300 MHz, CD;0D) 6/ppm:
1.13 (d, J/ = 6.6 Hz, 3H, H-6), 3.74—3.83 (m, 2H, H-4, H-5),
3.95 (dd, J = 3.6, 9.6 Hz, 1H, H-3), 4.33 (dd, / = 7.6, 9.6
Hz, 1H, H-2), 5.71 (d, J = 3.78 Hz, 1H, H-1), 7.31 (d, J =
9.2 Hz, 1H, ArH), 8.08 (dd, J = 2.6, 9.2 Hz, 1H, ArH),
8.85(d, J = 2.6 Hz, 1H, ArH). pNPF, 'H NMR (300 MHz,
CD;0D) d/ppm: 1.22 (d, J = 6.0 Hz, 3H, H-6), 3.72—3.8
(m, 2H, H-4, H-5), 3.94 (dd, J = 3.0, 9.0 Hz, 1H, H-3),
4.30 (dd, J = 7.2, 9.1 Hz, 1H, H-2), 5.87 (d, J = 4.0 Hz,
1H, H-1), 7.33 (d, J = 8.7 Hz, 2H, ArH), 8.32 (d, J = 9.3
Hz, 2H, ArH). MeNPF, 'H NMR (300 MHz, CD;0D)
O/ppm: 1.20 (d, J = 6.4 Hz, 3H, H-6), 2.37 (s, 3H, CHj3),
3.72—3.78 (m, 2H, H-4, H-5), 3.96 (dd, J = 3.6, 9.6 Hz,
1H, H-3), 4.02 (dd, J = 7.6, 9.6 Hz, 1H, H-2), 5.70 (d, J =
4.88 Hz, 1H, H-1), 7.28 (d, / = 9.8 Hz, 1H, ArH), 8.08 (dd,
J=12.6,9.6 Hz, 1H, ArH), 8.11 (d, / = 2.6 Hz, 1H, ArH).
mNPF, '"H NMR (300 MHz, CD;0D) d/ppm: 1.25 (d, J =
7.0 Hz, 3H, H-6), 3.66—3.72 (m, 2H, H-4, H-5), 3.8 (dd, J
= 3.5, 9.6 Hz, 1H, H-3), 4.16 (dd, J = 6.9, 9.3 Hz, 1H,
H-2), 5.73 (d, J = 3.6 Hz, 1H, H-1), 7.41—7.37 (m, 1H,
ArH), 7.50—7.45 (m, 1H, ArH), 7.94—7.90 (m, 2H, ArH).
pCPF, 'H NMR (300 MHz, CD;0D) &/ppm: 1.21 (d, J =
6.8 Hz, 3H, H-6), 3.7—3.76 (m, 2H, H-4, H-5), 3.87 (dd, J
= 3.0, 9.0 Hz, 1H, H-3), 4.16 (dd, J = 7.2, 9.1 Hz, 1H,
H-2), 5.83 (d, / = 3.6 Hz, 1H, H-1), 7.12 (d, J = 8.7 Hz,
2H, ArH), 7.65 (d, J = 8.9 Hz, 2H, ArH). PF, 'H NMR
(300 MHz, CD;0D) 6/ppm: 1.25 (d, J = 7.0 Hz, 3H, H-6),
3.74—3.82 (m, 2H, H-4, H-5), 3.97 (dd, J = 3.6, 9.0 Hz,
1H, H-3), 4.3 (dd, J = 7.2, 9.5 Hz, 1H, H-2), 5.74 (d, J =
3.6 Hz, 1H, H-1), 7.07—6.81 (m, 3H, ArH), 7.33—7.21 (t,
2H, ArH).

Kinetic Experiments. Enzymatic activity was determined
in sodium acetate buffer (50 mM, pH 5.0, 37 °C) on
monitoring the hydrolysis of p-nitrophenyl a-L-fucopyrano-
side (pNPF, 0.5 mM) to release p-nitrophenol (or p-
nitrophenolate). Reactions were monitored at the isosbestic
point (348 nm) of p-nitrophenol and p-nitrophenolate with
a spectrophotometer (Hewlett-Packard 8453) equipped with
a circulating water bath at 37 °C. One unit of enzyme is
defined as the amount required to release p-nitrophenol (1
umol for 1 min) from the substrate. For kinetic experiments,
all reactions were performed in sodium phosphate buffer (50
mM, pH 6.8, 37 °C). The Michaelis parameter was evaluated
for each synthetic substrate with nonlinear regression analysis
(EnzFitter program) (49). Reaction rates were determined
(in triplicate, pH 6.8, 37 °C) with each of six substrates at a
concentration in a range 0.1—1 mM for wild-type enzyme
and 0.03—1 mM for E289G. The wavelengths employed and
molar absorption coefficients (M™' cm™!) at those wave-
lengths for each substrate are CNPF, €(420 nm) = 3038;
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FNPF, €400 nm) = 2806; pNPF, €400 nm) = 7280;
MeNPF, €(400 nm) = 6300; mNPF, (380 nm) = 385; pCPF,
€(270 nm) = 3101; PF, €(277 nm) = 228.

Activation of h-Fuc Mutants with Azide. The rates of
hydrolysis of CNPF, FNPF, and pNPF by E289G in the
presence of azide (0—2 M) were examined with a substrate
(0.1—1.0 mM) in phosphate buffer (50 mM, pH 6.8, 37 °C).
The absorption coefficients of the corresponding phenols at
pH 6.8 are listed above. At the tested conditions, the reaction
was linear during the first 5 min of incubation. All kinetic
data are calculated as the mean of at least two experiments
and were further fitted with nonlinear regression analysis
(49).

'H Nuclear Magnetic Resonance (NMR) Analysis of the
Rescue Product. The hydrolysis of CNPF by E289G in the
presence of sodium azide was monitored with NMR spectra
(samples at 30 °C). To monitor the chemical rescue by NMR,
we prepared the E289G mutant, CNPF, and sodium azide
in a deuterated phosphate buffer (5 mM, pH 6.8). After the
spectrum of CNPF was recorded, the reaction was initiated
on adding E289G and sodium azide (final concentrations 1.4
mg/mL and 1.5 M, respectively); the final concentration of
CNPF was 7.5 mM. 'H NMR spectra were recorded as a
function of time.

The chemical rescue reaction catalyzed with D225G was
performed with sodium azide (1.5 M) and substrate FNPF
(64 mM) in phosphate buffer (50 mM, pH 6.5, 37 °C). The
reaction mixture containing product S-fucosyl azide was
collected and concentrated. Acetylation of the concentrated
mixture with acetic anhydride was conducted overnight (~25
°C). The peracetylated 3-fucosyl azides were further purified
on a chromatographic column and analyzed with 'H NMR
spectra (solvent DCCls; its signal served as internal reference
standard). '"H NMR signals are assigned as follows: 4.58 (d,
J =18.5Hz, 1H, H-1), 5.03 (dd, J = 3.3 Hz, 1H, H-3), 5.13
(dd, J = 1.7, 8.6 Hz, 1H, H-2), 5.25 (d, J = 4.3 Hz, 1H,
H-4), 391 (q, / = 5.4, 13.0 Hz, 1H, H-5), 1.23 (d, / = 6.4
Hz, 3H, H-6).

Mass Spectral Analysis. With a quadrupole time-of-flight
mass filter we scanned the mass spectrum with a ratio m/z
of mass to charge in a range 100—2500 units, scan speed
2 s per step, and interscan duration 0.1 s per step. In all
ESI-MS experiments, the quadrupole scan mode was applied
(capillary needle at 3 kV, source block temperature 80 °C,
desolvation temperature 150 °C). The mass of proteins in
their desalted forms used for these measurements was
normally within a range 5—10 ug.

CD Spectra of Recombinant Human «-L-Fucosidase.
Spectra were measured with a spectropolarimeter (JASCO
J-815, cell length 1 mm, 25 °C) from 200 to 300 nm and
corrected for the buffer background; 16 spectra were recorded
and averaged. The concentration of proteins used for CD
measurement was 1 mg/mL.

RESULTS AND DISCUSSION

Structure Modeling and Multiple Sequence Alignment.
With the available structure and function information, Tm-
Fuc, the closest bacterial relative mammalian counterpart,
served as a template to identify the candidates for catalyti-
cally essential residues of h-Fuc (42). Tm-Fuc is a two-
domain protein: the N-terminal domain (7—359) adopts a
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TIM-barrel-like fold and the C-terminal (360—447) domain
adopts a S-sandwich-like fold (42). Instead of eight helices,
the eight parallel S-strands in the barrel center are surrounded
by six helices. o5 and a6 were missing or could not be
modeled. Nucleophile D224 and catalytic acid/base E266 are
located at the ends of 4 and f36, respectively. Because the
catalytic pocket of Tm-Fuc is located at the TIM-barrel
domain, the h-Fuc 3D structure prediction and multiple
sequence alignment were performed for the segments of the
TIM-barrel domain only. Except regions 45—64 and 177—188
(numbered according to Tm-Fuc), the Swiss-modeled struc-
ture of h-Fuc (data not shown) is similar to the structure of
Tm-Fuc (PDB 1hI8) (rmsd = 0.8 A; Z-score = 7.3). It was
thus adequate to use Tm-Fuc as a template.

A set of h-Fuc close homologues was aligned using
Praline, a multiple sequence alignment method that takes
predicted secondary structure information into account during
alignment. Multiple methods (including T-Coffee, ClustalW,
and MUSCLE) of sequence alignment were also used to align
these sequences, and similar alignments were obtained. The
results derived from Praline alignment and the functionally
important information of Tm-Fuc (42) are shown in Figure
2. As the alignment indicates, the residues of the nucleophile
(D224 of Tm-Fuc) and nearby residues are highly conserved
whereas the conservation of catalytic acid/base and nearby
residues is much less evident. Except residues in the region
of Tm-Fuc 45—64, most residues playing an important role
in the interaction between Tm-Fuc and fucose are also
conserved within the h-Fuc close homologues. On the basis
of their sharing similar sequence/structure and their conser-
vation of a catalytic pocket and nucleophile, it was possible
to select rationally the candidates of the general acid/base
residue. Including D225, in total 13 positions with
conserved D, E, and mixed D and E, shown in Figure 2,
might be structurally or functionally important. According
to a general catalytic property of TIM barrel proteins, the
catalytic important residues are commonly located near
the ends of the (-strand of the TIM barrel. Conserved
residues that are remote from these locations are thus less
likely to be catalytically important residues. The distance
between the carboxyl groups of nucleophile and catalytic
acid/base residues is typically about 6 A. As no experimen-
tally determined 3D structure of h-Fuc was available, the
average Ca—Co distance (dcg—cq) between Tm-Fuc D224
and the equivalent D/E served to evaluate the candidacy of
a catalytic acid/base. The truncation distance was set at 20
A. According to the proximity to the end of the f-strand
and dcq-cq, three conserved residues, D225, D258, and E289
in h-Fuc, were identified as candidates. E275 and D276,
which are possible equivalents of Tm-Fuc E266 although
the homology is not evident, are also suggested.

Expression, Purification, and Characterization of Recom-
binant h-Fuc. The h-fuc gene encoding the mature protein
of human o-L-fucosidase (h-Fuc) was subcloned into
pET22b(+). The resulting plasmid was transformed into the
E. coli BL21(DE3) strain and cultivated in LB medium (37
°C, pH 6.5). The recombinant enzyme, expressed as a soluble
form, was further isolated to become highly homogeneous
with purification in several consecutive steps, including
precipitation with ammonium sulfate and use of chromato-
graphic columns in a series. The final yield was 5%; 33-
fold purification was achieved. The purity of the recombinant



Recombinant Human a-L-Fucosidase

Biochemistry, Vol. 48, No.

1, 2009

PDB lodu_A

Tm-Fuc/7-356

Hr-Fue/55-392
Sj—Fuc/33-369
Pa-Fuc/31-366
Dm—Fuc/33-368
Ce—Fuc/17-350
Dd-Fue/20-361
h-Fue/31-365

(0 Helix
Hl Strand

FDE lodu_A

Tm-Fuc/7-356

Hr—Fuc/55-392
$j-Fuc/33-369
Pa—Fuc/31-366
Dm—Fuc/33-368
Ce-Fuc/17-350
Dd-Fuc/20-361
h-Fuc/31-365

E3 Helix
Hl Strand

PDB lodu_A

Tm—Fuc/7-356

Hr—Fue/55-392
$j=Fuc/33-369
Pa—Fuc/31-366
Dm—Fuc/33-368
Ce-Fue/17-350
Dd-Fuc/20-361
h-Fuc/31-365

B

A VW
AKFG IgIgWGI‘1'S\"PG'WATPTGELGK\’PMDAWFFQI\'PYAEWYEXSLRI KESPTWE
AKFGIFMHWGVFSVPSY-—-V. DEWFW WYWKGDNPN-EKVVE

KYEPNWDSLDKRPLPAWYREAKIGIEIHWGVFSVPSF R TE WMWQGDTKSMPEIPE
RFDPTWESLDARQLPA AKFGIETHWGVFSVPSF—-G SEWFW WYWQKE—KIPKYVE
RYQPNWASLDQRPLPQWYIDAKVGIFLHYGVYSVPSF-———G SEWFW TNWENL—RNPEYVQ
DYTPDWESLDNRPLPSWYIDSKFGIFCHWGLYSVPAF R SEWMW WYWEGTQPD-KDVVN
QYGPTWDQINSRPLPGWYWDVKFGIRIRFGIYSVPARANGGY--————- AEWYW———- WILKENPSSDGGATQR
RYTPDWPSLDSRPLPA {FGVEIHWGVFSVPAW-—-G SEWFW WHWQGE—GRPQYQR

* & %

YHVKTYGENFEYEKFADLFTAEKWDPQEWADLFRRAGAKYVIPTT I&%)GFC LWGTKYT-DFNSVKRGPKRE
YMEKNYPPDFTYSDFAASFRAELYDPNYWADLFAESGAKYVV] LTSKEEGFT\"WGSK& SWNWNAVDIGPERY
YMRKYYEPDFAYADFAKQFRAELFQPDEWADLFVESG: iRYV‘i.'LTAMGFC\“WPS\'\SWQW\SSi\IGPI\ RELVG
FMKDNYPPSFKYEDFGPLFTAKFFNANQWADIFQASGAKY IVLTSKHHKGFTLWGSEYSWNWNATDEGPKR]
FMQRNYRPDFTYQEFASQFTAELFNATEWALLFEDSGARYVVLT SKHHDGFTLWPS KNSYGWNSMDVGPEREIVK

{ 161

seoke
[ e e OEEHEE -
3
L AKAVREA-GLRFGVYSGG

K-——FNTTFYPEQVSYPQMI
WAETGENPTTQVYVDEILMEQL
{KN—GFKTQHFVSAKTMPELY

VR GThIRC}‘]]*]GDFRDC\'DRFT—PS}\LQTHh

| 292

(3 Helix

Hl Strand

PDB lodu_A

Tm-Fuc/7-356 228 -PEKGEEDLKYLF-AYYYNKHP GSV2
Hr-Fuc/55-392 256 —-SSDYFSSRAPEFIAWLYNDSPVKEHVVV
5j-Fuc/33-369 235 -PDTYWKST—-EFLAWLYNESPVEIITVVTNER
Pa—Fuc/31-366 231 APDQYWNST—GFLAWLYNESPVREITVVTNIRY
Dm—Fuc/33-368 233 APAKYWRSE—EFIAWLYNDSPVRETVVT
Ce—Fuc/17-350 215 KSDDYWKAK—EFLAWLYNSSPVERRVVVNERY

Dd-Fue/20-361
h-Fuc/31-365

227

QLSNYWKST—EFLSWLYTNSSVEINTVIVNE
230 CPDTYWNST——NFLSWLYNDSPVEEVVV] Tl‘

NBRWGTGCPCKHGGYFSCDDHYR-PGKLVRHK

RWGFGTACMHGDFYNCADRFN-PGVLQAHK
RWGTGTMGKHGGFMTYSDHYD-PGKLLEKK

GAGSIYKHGGFYTCSDRYN-PGHLLPHK!

RWGSECRDENGGFYTGADHFN-PYKLQSHK!
GQNSSCHHGGYYNCEDKFE-PQSLPDHK

Ea Helix
Bl Stirand

PDB lodu_A
Tm—Fuc/7-356 293 NRN
Hr—Fuc/55-392 329
Sj—Fuc/33-369 306
Pa-Fuc/31-366 303
Dm=Fue/33-368 305
Ce-Fue,/17-350 287
Dd-Fue/20-361 298

h-Fuc/31-365 302

IY 356
VY 392
IY 369
IY 366
IY 368
IF 330
h IY 361
GAIY 365

(= Helix
B Sirand

fGY 302
\ 286
¥GY 297

f 301

135]
186
163

163]
148
156
161

227
235
234
230
232
214

226

229

328)
305

304

115

FIGURE 2: Multiple sequence alignment of the TIM barrel domain of 7. maritima and human a-L-fucosidase close homologues. Secondary
structure elements (SSE) of Tm-Fuc based on PDB lodu are shown at the top of the alignment, and the propensity of PSI-Pred SSE of close
homologues of h-Fuc is expressed at the bottom. Catalytic nucleophile and general acid/base of Tm-Fuc are denoted V¥, and the residues
that interact with fucose within the catalytic pocket (1odu) are denoted V. The columns containing D and E only are shown in black; the
columns with positional homology to the Tm-Fuc catalytic pocket are shown in gray. These columns are labeled with % if the equivalent
residues are identical or with : if they are similar. The UniProt accession numbers of the studied fucosidases follow: T. maritima QO9WYE2
(Tm-Fuc), H. roretzi Q8TA71 (Hr-Fuc), S. japonicum Q86FH9 (Sj-Fuc), P. abelii QSRFIS (Pa-Fuc), D. melanogaster Q9VTJ4 (Dm-Fuc),
C. elegans P49713 (Ce-Fuc), and D. discoideum P10901 (Dd-Fuc). As the tested h-Fuc differs slightly from the corresponding UniProt

P04066, the position of a residue is specified according to NCBI M29877.
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h-Fuc (homogeneity >95%) was analyzed with SDS—PAGE,
and its molecular mass was confirmed with ESI/MS (data
not shown). Although the expression of h-Fuc in E. coli was
reported by de Carlos et al. (33), the recombinant protein
was an insoluble glutathione S-transferase fusion protein.
Cultivation of the culture with LB medium (pH 6.0—6.5) is
a crucial condition to maintain the recombinant h-Fuc in
active form. A greater pH (=7.0) yielded a soluble but only
inactive enzyme. The recombinant h-Fuc was stable up to
55 °C with incubation (4 h, pH 7.0); the optimum temper-
ature for h-Fuc is approximately 55 °C. The stability of the
enzyme to pH was investigated with pNPF as the substrate.
In general, the enzyme was stable at pH 2.5—8.0 for 4 h;
the enzyme activity decreased greatly for pH greater than
8.0 or less than 2.0. An assay of pH-dependent activity
showed that the recombinant enzyme had optimum activity
at pH 4.8—5.2 (data not shown). The features exhibited above
are comparable with the native human liver enzyme, but the
activity differs somewhat. For instance, at pH 5.0, the
catalytic activity of recombinant h-Fuc (K, = 0.105 mM,
k.o = 48.6 s71) with pNPF as substrate was 12 times that of
a counterpart purified from human liver tissue (K, = 0.43
mM, ke, =16.3 s71) (29, 50).

Mutagenic Study of h-Fuc. The first solved protein
structure of o-L-fucosidase was from 7. maritima (Tm-Fuc)
(42). This structure provides valuable information as a basis
for speculation about the catalytic mechanism and essential
residues of the enzyme. Tm-Fuc possesses identity ~38%
with h-Fuc and thus allows a reliable modeling of h-Fuc
based on the crystal structure of Tm-Fuc. Comparison of
these structures showed that large differences are present at
the periphery of the catalytic site, which might result in an
enlarged access to the catalytic site of h-Fuc, and for which
a distinct substrate binding was suggested (42).

Based on both structural information for a Tm-Fuc—product
complex and for a covalent glycosyl-enzyme intermediate
and kinetic and mutagenesis experiments, Asp*** and Glu?%
of Tm-Fuc were identified to function as the catalytic
nucleophile and the acid/base catalyst, respectively. As
almost all known retaining a-L-fucosidases are grouped in
GH-29, this Tm-Fuc structure is prospectively valuable to
unwind the catalytic function of an enzyme in this family,
including human o-L-fucosidase (h-Fuc). Extensive amino
acid alignment of various a-L-fucosidases reveals that the
catalytic nucleophile is highly conserved whereas the acid/
base catalyst had no reliable consistency. Asp®*® (Asp?** in
Tm-Fuc) seems to serve as the nucleophile in h-Fuc, but the
residue that functions as the general acid/base catalyst is
obscure. Nine residues in h-Fuc, Glu’, Glu”, Glu'*>, Asp'3,
Asp??, Asp?8, Glu?”, Asp*’S, and Glu?®, having a carboxylic
acid side chain and derived from structure modeling and
multiple sequence alignment (as described in a preceding
section), were chosen for mutagenic tests. All potential
aspartates and glutamates were converted into asparagine,
glutamine, or glycine through site-directed mutagenesis. The
kinetic parameters of h-Fuc and its mutants are summarized
in Table 1. Values of k., and K,, of the mutants were
insignificantly influenced, other than those mutations at
Asp?® and Glu?®. The secondary structures of wild-type
h-Fuc and its mutants, such as D225G, D276N, and E289G,
were analyzed according to their CD spectra; the results
indicate that no significant perturbation of the structure
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Table 1: Kinetic Parameters of pNPF Catalyzed with Wild-Type and
Mutant h-Fuc*

kcal I(m/l\/17l

enzyme keads™! kel o K/mM s~ Keadd Kind %o
wild type 17.1 £0.3 100 0.28 £0.02 61070 100
E70G 169 +£0.2 99 0.28 £0.01 60360 99
E79G 16.3+£0.2 95 0.30 £0.01 54330 89
E135G 16.0 £0.3 93 0.28 £0.03 57140 94
D158G 16.9 £ 0.1 99 0.28 £0.01 60360 99
D258G  13.5+0.2 79 0.27 £0.02 49485 81
E275G 16.9 £ 0.1 99 0.28 £0.02 60360 99
D276G  16.7+0.2 97 0.28 £0.01 59290 97
D225G 0.003 £ 0.001 0.017 1.04 £+ 0.06 2.9 0.0047
D225N 0.003 £ 0.001 0.017 1.06 £ 0.04 2.8 0.0046
E289Q 0.039 + 0.005 0.23 0.11 £0.02 364 0.60

E289G 0.048 £0.004 0.28 0.12£0.02 417 0.68

“ Assays were performed in sodium phosphate buffer (50 mM, pH
6.8, 37 °C).
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FIGURE 3: CD spectra of human o-L-fucosidase and its mutants.
Mutants of D225G (O), E289G (@), and D276G (O) exhibit CD
spectra similar to that of the wild-type enzyme (solid line).

occurred (Figure 3). When pNPF served as substrate, the
activity (ke/Kn) of D225N and D225G was about 1/21000
that of the wild-type enzyme, whereas K, values increased
only 3.7-fold, indicating Asp®?® to be the catalytic nucleophile
of h-Fuc. This prediction is consistent with the test on
bacterial o-L-fucosidases (38, 39). Further evidence to
support this conclusion is presented in a succeeding section.
The hydrolysis of pNPF catalyzed with E289Q (or E289G)
yielded 428-fold (342-fold), 2.5-fold (2.3-fold), and 168-fold
(146-fold) decreases of ke, Kin, and ke,/ Ky, respectively. The
small value of K., likely indicating an accumulation of
fucosyl-enzyme intermediate (57), and the loss of activity
of mutants might imply an important role played by Glu?®.

Substrate Reactivity. With broad specificity of the aglycon
moiety, to determine the kinetic parameters of the enzyme
for hydrolysis of various aryl substrates bearing leaving
groups with varied pK, is a common strategy in an investiga-
tion of the mechanistic action of glycoside hydrolase (51, 52).
The catalysis of a GH family with a two-step, double
displacement mechanism typically involves formation of a
glycosyl-enzyme intermediate on glycosylation followed by
deglycosylation on decomposition of the intermediate. The
aglycon moiety is cleaved during glycosylation in the reaction
(Figure 1). The rate of reaction of this glycosylation is
dictated by the leaving group ability of the aglycon. A
reasonable correlation between the pK, of the phenol and
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Table 2: Kinetic Parameters of Aryl a-L-Fucosides Catalyzed with Wild-Type h-Fuc and E289G“

keads™! Kn/mM kead Kin/s™' M1 log(kea)/s ™! log(kea/ Kn)/s™' M™!
substrate pK. WT E289G WT E289G WT E289G WT E289G WT E289G
CNPF 542  188+02 0.14 +£0.02 0.27 £0.02  0.052 +0.007 69630 2800 1.27 —0.85 4.84 3.45
FNPF 620 182+03 0.124+0.02 0.28 £0.02  0.078 £ 0.009 65000 1500 1.26 —0.92 4.81 3.18
pNPF 7.18 171 +£03  0.05+0.01 0.28 £0.02 0.12£0.01 61070 416 1.23 —1.30 4.78 2.62
MeNPF 7.42 13.6 +04 0.012 +£0.002 048 £0.03 0.21 £0.02 28330 50 1.13 —2.00 4.45 1.70
mNPF 8.39 9.0+ 0.6 0.0032 %+ 0.0005 0.34+0.04 0.17 £0.01 26470 21 0.95 —2.52 4.42 1.32
pCPF 8.49 89+0.5 0.0022 £ 0.0005 0.71 £0.05 0.33+0.03 12535 6 0.95 —=2.70 4.1 0.78
PF 9.99 5.5+09 0.0001 £ 0.00003 1.18 £0.11  0.41 +£0.04 4240 02 074 —4.00 3.63 —0.70

“ Enzymatic assays were performed in sodium phosphate buffer (50 mM, pH 6.8, 37 °C).

rate parameters dominated by the glycosylation step is
expected: this correlation is expected to be observed at all
pK, values of the leaving group for k.,/K,,. If glycosylation
completely determines ke, ﬁlg similar to that for k../Kp
should be obtained, whereas if deglycosylation completely
determines k., this parameter should be independent of the
substrate. Because the substrate synthesis is complicated, the
substrate reactivity of a-L-fucosidase, including bacterial and
mammalian enzymes, has never been investigated. We
developed a facile protocol to prepare chromophoric sub-
strates, which allows us to characterize the catalysis of h-Fuc
in detail. The rate-limiting step of hydrolysis catalyzed by
the recombinant h-Fuc was solved on using aryl a-L-
fucopyranosides with varied leaving phenols (pK, values
5.42—9.99). The kinetic parameters of the enzymatic reaction
toward substrates are summarized in Table 2. Little variation
of the K,, values (0.27—1.18 mM) and k., (5.5—18.8 s71)
was observed. From calculations with these data we con-
structed the Brgnsted relation, which is useful for an
understanding of the mechanism of enzyme action (52—56).
Based on k. values, an extended Brgnsted plot was
established on plotting the logarithm of k., against pK, of
the leaving phenol (Figure 4a). A plot with a slightly
downward trend was obtained, with a slope —0.13 signifying
the value of Brgnsted parameter Bi,. As ke, values of the
tested substrates vary over a factor of 3, the small magnitude
of ﬁlg (derived from k.,) might indicate that fucosylation is
the rate-limiting step, involving a substantial proton transfer
from the general acid residue to the oxygen of the leaving
phenol. However, to further confirm this viewpoint, more
experiments such as secondary kinetic isotope effect and
nucleophilic competition will need to be performed.

To verify the catalytic role of Glu?®°, we employed the
E289G mutant also for an assay of substrate reactivity; we
obtained a biphasic Brgnsted plot (Figure 4a). The catalytic
activity of E289G toward a poor substrate (with a leaving
phenol of pK, > 7) correlated well with the pK, of the leaving
phenol with i, = —0.88, indicating that the formation of a
fucosyl-enzyme intermediate (in the fucosylation step)
became the rate-limiting step, whereas values of k., for
activated substrates (with a leaving phenol of pK, < 7) were
almost constant, indicating that defucosylation is rate-limiting
when activated substrates are hydrolyzed. In principle, the
hydrolysis of poor substrates, such as pCPF and PF, requires
assistance of a strong acid from the general acid/base catalyst
in the fucosylation step. The rate of fucosylation is much
smaller than for activated substrates, such as CNPF and
FNPF, which require less assistance from a general acid/
base residue. The variation of the rate-limiting step on E289G
catalysis toward a poor substrate is attributed to an absence

.2 TS N NS N S SN N N N B

pK, of phenols

FIGURE 4: Brgnsted plots of wild-type o-L-fucosidase (O) and
E289G (@). Plots of log(k..) (a) and log(k../Ky) (b) against pK, of
the leaving phenol.

of a general acid/base residue. The hydrolysis of CNPF and
FNPF (activated substrates) catalyzed with E289G exhibited
K., values 0.05 and 0.08 mM, respectively, smaller than that
of the wild-type enzyme, K, = 0.28 mM, reflecting an
accumulation of the fucosyl-enzyme intermediate during the
enzymatic reaction. This condition is appreciated if one notes
that K, can be represented as [E][S]/2[ES]; the greater the
accumulation of the fucosyl-enzyme intermediate, the smaller
is thus the K, value. For an activated substrate the rate of
fucosylation is much increased with an effective leaving
phenol (relative to that of a poor substrate) with less
assistance from the general acid/base catalyst, whereas the
second step remains slow as the basic residue, expected to
activate the water molecule for catalysis in the wild-type
enzyme, is then lacking. The second-order coefficient k,/
K., for the rate is composed of rate coefficients along the
reaction pathway from the free enzyme to the first chemical
step (i.e., fucosylation). It is thus useful to probe the
fucosylation with respect to the degree of bond cleavage via
the Brgnsted constant, which is the slope of an extended
Brgnsted plot: log(kc./Ky) vs pK, of the phenols. A plot
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FIGURE 5: Plot of k. vs concentration of sodium azide for aryl
fucosides catalyzed with E289G: CNPF (O), FNPF (O), and pNPF
(@).

(Figure 4b) reveals a Brgnsted parameter of value f,, =
—0.27 for the catalysis of the wild-type enzyme. This small
magnitude of B, indicates that a little negative charge
developed on the oxygen atom of the leaving phenol,
resulting from proton donation by the acid/base catalyst; no
proton donation would have occurred when the general acid/
base residue was removed in the E289G mutant. The catalytic
efficiency (ke./K.,) for the tested substrates tends conse-
quently to be highly sensitive to the leaving ability of a
phenol group. A much larger magnitude of the Brgnsted
parameter, 3, = —0.93 (Figure 4b), was thus observed in
the catalysis of E289G.

Rate Enhancement by Azide. As shown above, the rate-
limiting step of the wild-type h-Fuc-catalyzed hydrolysis of
the tested substrates (pK, of leaving phenols 5.42—9.99) is
defucosylation (Figure 1). Except for an activated substrate
(e.g., CNPF and FNPF) that scarcely requires assistance from
a general acid, the lack of the acid/base catalyst makes the
fucosidic bond in a poor substrate difficult to hydrolyze and
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consequently alters the rate-limiting step of the reaction to
fucosylation (Figure 4a). For an activated substrate, removal
of the acid/base catalyst results in defucosylation becoming
even more rate-limiting. An accumulation of the fucosyl-
enzyme intermediate consequently becomes observable and
is reflected in a decreased K., value. Two other strategies
commonly applied to investigate the presence of a glycosyl-
enzyme intermediate are direct measurement of the molecular
mass of the protein by mass spectrometry (discussed in a
later section) and chemical rescue with small nucleophiles.

Chemical rescue of the activities of D225G and E289G
was employed to elucidate the functions for both residues.
Replacing the essential groups with a small glycine residue
presumably results in space in the active site sufficient that
a small nucleophile becomes accommodated in this cavity
near the o-face of the substrate (in the case of E289G) or
the S-face of the fucosyl-enzyme intermediate (in the case
of D225G). The activities of such mutated enzymes might
be partially recovered if the small ion functions as a
nucleophile or a general base. Enhancement of the rate on
adding an external nucleophile was observed in some
a-fucosidases, such as Ss-Fuc (57) and Tm-Fuc (39), and
many other glycoside hydrolases (58, 59). We employed
sodium azide to reactivate D225G and E289G. A preliminary
test using pNPF (1 mM) as the substrate showed that, in the
presence of sodium azide (1 M), the activities of E289G and
D225G were enhanced 30-fold and 6-fold, respectively,
whereas the wild-type enzyme exhibited no significant
variation. We used azide for extensive rescue tests also on
E289G with CNPF, FNPF, and pNPF as substrate. In the
presence of azide, the plateau in the increase of k., for the
hydrolysis of activated substrates with E289G and azide at
a large concentration (Figure 5) cannot be due to saturation
of a binding site for azide because the final rates vary
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FIGURE 6: '"H NMR spectral analysis of enzymatic products derived from azide rescue. (a) The reaction was catalyzed with E289G; the
reaction mixture was employed directly for NMR spectral measurement with these assignments: C1-H of o-fucose, 4.48 (d, J = 3.9 Hz);
C1-H of S-fucose, 5.12 (d, J = 8.1 Hz); C1-H of a-fucosyl azide, 4.68 (d, J = 4.2 Hz). (b) The reaction was catalyzed with D225G. The
peracetylated [3-fucosyl azide was isolated and analyzed with the assignments shown on the spectrum. The typical C1-H is at 4.58 ppm (d,

J = 8.5 Hz).
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FIGURE 7: Apparent molecular mass of the E289G mutant after
incubation with pNPF (8.5 mM) overnight. The signal correspond-
ing to molecular mass 51650 units pertains to the unlabeled E289G
mutant. The signal corresponding to molecular mass 51797 units,
147 units greater than that of E289G, pertains to an enzyme labeled
with a fucosyl residue. E289G was constructed with a Hise tag at
the C-terminus of the polypeptide chain. The molecular mass of
the Hise tag E289G is calculated to be 51648 units.

markedly for each substrate. The curvature is likely due to
another rate-determining step: with increasing concentration
of azide, the rate of defucosylation increases, until fucosy-
lation becomes rate-determining. The final rate observed
(plateau value) correlates with the leaving group ability of
the phenol, as would be expected if fucosylation becomes
rate-limiting at the increased azide concentration.

This rate enhancement implies that azide ion might
function as a nucleophile or a general base to activate the
catalysis of the mutants. When azide serves as a nucleophile,
a glycosyl azide might be produced. On the basis of the
configuration of the glycosyl azide derived from the
catalytic reaction of the mutant, one can determine the
function of the essential residue. The anomeric configu-
ration of the glycosyl azide is retained in the case of
catalysis conducted by the mutant at a general acid/base
residue, whereas the nucleophile mutant might yield the
inverted ones (56). The temporal course of a NMR spectral
experiment for an azide rescue on E289G catalysis showed
that both o-fucosyl azide (doublet at 4.68 ppm, J = 4.2 Hz,
corresponding to the C1 proton of the a-anomer) and fucose
(for the p-pyranose, 5.12 ppm, J = 8.1 Hz; for the
o-pyranose, 4.48 ppm, J = 3.9 Hz) were formed during the
reaction (Figure 6a). Based on assignment of signals and
integration of the signal for the C1 proton on the sugar ring,
the ratio fucosyl azide/fucose was 0.18. The detection of
a-fucosyl azide produced from E289G catalysis confirms that
Glu® is the general acid/base catalyst of h-Fuc. The
peracetylated S-fucosyl azide, derived from a direct acety-
lation of the reaction product catalyzed with D225G and
having a typical doublet at 4.58 ppm (J = 8.5 Hz,
corresponding to the C1 proton of the S-anomer) (38), was
detected on reactivation of the D225G catalysis (Figure 6b).
The fucosyl azide produced by the D225G mutant was found
to have a configuration inverted relative to the substrate,
leading us to conclude that Asp®? is the catalytic nucleophile
of h-Fuc.

Direct Evidence of Glu®® as the Acid/Base Catalyst. The
main function of the general acid/base catalyst is to polarize
a water molecule, especially for an activated substrate,
thereby enhancing the nucleophilicity of the water molecule
when it attacks the putative fucosyl-enzyme intermediate.
Removing the acid/base catalyst likely produces an ac-
cumulation of the intermediate. This expectation is supported
by an observation of a small K, value, 0.063 mM, for CNPF
with E289G. An ESI-MS measurement provided direct and
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conclusive evidence for this condition. As Figure 7 shows,
a major protein signal corresponding to a molar mass 51797
Da was newly observed after incubation overnight of E289G
with pNPF. The observation of an expected increase 147
units in molar mass, which was absent in the control
experiment using wild-type h-Fuc, confirmed that a fucosyl
residue became covalently labeled on the enzyme. This result
clearly provides the first strong evidence that Glu?*’ is the
general acid/base catalyst of human o-L-fucosidase. Although
h-Fuc and Tm-Fuc possess substantial identity of amino acid
sequences, the corresponding residues functioning as the
general acid/base catalyst in both enzymes are inconsistent.
Drawing further deductions about this discrepancy is difficult
because the identification of E266 as the general acid/base
catalyst in Tm-Fuc was strongly supported by the crystal
structure of a covalent fucosyl-enzyme intermediate and the
kinetic investigation of the E266A mutant (42).
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