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ABSTRACT: Aspergillus fumigatus is an airborne fungal pathogen. We previously cloned
and characterized an exo-sialidase from A. fumigatus and showed that it preferred 2-keto-3-
deoxynononic acid (KDN) as a substrate to N-acetylneuraminic acid (Neu5Ac). The
purpose of this study was to investigate the structure−function relationships of critical
catalytic site residues. Site-directed mutagenesis was used to create three mutant
recombinant enzymes: the catalytic nucleophile (Y358H), the general acid/base catalyst
(D84A), and an enlargement of the binding pocket to attempt to accommodate the N-
acetyl group of Neu5Ac (R171L). Crystal structures for all enzymes were determined. The
D84A mutation had an effect in decreasing the activity of AfKDNase that was stronger
than that of the same mutation in the structurally similar sialidase from the bacterium
Micromonospora viridifaciens. These data suggest that the catalytic acid is more important in
the reaction of AfKDNase and that catalysis is less dependent on nucleophilic or
electrostatic stabilization of the developing positive charge at the transition state for
hydrolysis. Removal of the catalytic nucleophile (Y358H) significantly lowered the activity
of the enzyme, but this mutant remained a retaining glycosidase as demonstrated by nuclear magnetic resonance spectroscopic
analysis. This is a novel finding that has not been shown with other sialidases. Kinetic activity measured at pH 5.2 revealed that
R171L had higher activity on a Neu5Ac-based substrate than wild-type KDNase; hence, leucine in place of arginine in the
binding pocket improved catalysis toward Neu5Ac substrates. Hence, whether a sialidase is primarily a KDNase or a
neuraminidase is due in part to the presence of an amino acid that creates a steric clash with the N-acetyl group.

Aspergillus species are filamentous fungi that have emerged as a
cause of serious disease in patients with underlying medical
conditions such as cystic fibrosis or immune suppression.1

Aspergillus fumigatus is the most prevalent airborne fungal
pathogen in developed countries and is responsible for
approximately 90% of life-threatening cases of invasive
pulmonary aspergillosis in immunocompromised patients.2

The first step of A. fumigatus pathogenesis is inhalation of
airborne conidiospores (conidia) by a susceptible individual
followed by attachment of conidia to lung tissue proteins.3

Glycans on the surface of A. fumigatus conidia contain terminal
N-acetylneuraminic acids (Neu5Ac) that are α2,6-linked to
underlying galactose residues. These sialic acids are responsible
in part for mediating the attachment of conidia to host lung
cells and basal lamina proteins such as fibronectin.4,5 The
removal of conidial sialic acids significantly decreased the rate
of uptake of spores by cultured murine macrophages and type 2
pneumocytes compared to controls.5 These data indicate that
sialylated molecules on the conidial surface act as ligands for
both professional and nonprofessional phagocytes.
Although sialic acids are mostly found in higher eukaryotes,

they are also found in many species of bacteria,6−8 fungi,4,9−11

and protozoans.7,12,13 These microorganisms, both pathogenic

and nonpathogenic, have evolved to synthesize these negatively
charged sugars de novo or capture them from the environment
for use as a carbon or nitrogen source. Some pathogenic
microorganisms have evolved to use sialic acid by coating
themselves in sialic acid to resist components of the host innate
immune response.7,13,14 In addition, certain pathogenic bacteria
utilize cell surface sialic acids to interact specifically with
different host−cell surface receptors;6 for example, Campylo-
bacter jejuni, the bacterium that causes Guillain-Barre ́
syndrome, interacts with host macrophages by binding to
sialoadhesins (Siglec-1).15

A. fumigatus grown in chemically defined media lacking
sources of sialic acid displayed N-acetylneuraminic acid
(Neu5Ac) on the surface of conidia,4,5 suggesting that de
novo synthesis of sialic acid occurs in this fungus. However,
sialic acid biosynthetic genes have not yet been identified by us
or others in any of the A. fumigatus strains sequenced to date.16

A gene encoding a sialidase (EC 3.2.1.18), a glycosyl hydrolase
that cleaves glycosidic linkages of sialic acid, was identified in
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the genome sequence of A. fumigatus. Subsequent studies
revealed that the A. fumigatus sialidase was a functional protein
that structurally resembled bacterial sialidases.17

Many microbial pathogens secrete sialidases, enzymes that
hydrolyze sialic acid from oligosaccharides. The released sialic
acids are then imported into the cell or directly linked to cell
surface glycoconjugates.7 Sialidases also have an important role
in bacterial nutrition.18,19 Sialidase activity has been identified
in other pathogenic fungi such as Fonsecaea pedrosoi and
Sporothrix schenckii.10,20,21 Compared to bacterial sialidases, the
A. fumigatus sialidase had lower activity in cleaving Neu5Ac
from glycan substrates. Kinetic analysis of the recombinant A.
fumigatus sialidase (AfKDNase) revealed that its preferred
substrate is not Neu5Ac but rather 2-keto-3-deoxy-D-glycero-D-
galacto-nononic acid (KDN), another naturally occurring sialic
acid that has an OH group in place of the N-acetyl group at C-
5.22 KDN is found in almost all types of glycoconjugates where
KDN residues are often in place of Neu5Ac and frequently
found among lower vertebrates and bacteria.23 Very little is
known about the catabolism of KDN; however, it was shown
that the KDNase-producing bacterium Sphingobacterium multi-
vorum used KDN as a sole carbon source.24 KDNase has also
been identified in several species of mollusks and in rainbow
trout.23 To date, the catalytic mechanism of KDNases has not
been fully investigated.
The active sites of sialidases and trans-sialidases found in

viruses, bacteria, and eukaryotes all possess several key features
that are essential for catalysis: a strictly conserved cluster of
three arginines that bind the carboxylate group of the substrate
via electrostatic interactions, a distal glutamate residue that
forms a salt bridge with one of the conserved arginine
residues,25 and a tyrosine-glutamic acid dyad and an aspartic
acid that act as the general acid/base catalyst. All known natural
sialidases catalyze the hydrolysis of the substrate with retention
of the anomeric configuration, an observation that is
compatible with this family of enzymes operating via a standard
double-displacement mechanism.25−27

Though all sialidases have a similar tertiary structure,
members of this family of enzymes share a low degree of
sequence identity. All active sites of sialidases that hydrolyze
Neu5Ac have a hydrophobic pocket to accommodate the N-
acetyl group of the substrate, but the exact residues that form
this pocket are generally not conserved. The crystal structure of
the recombinant A. fumigatus sialidase/KDNase (AfKDNase)
showed that the arginine pocket accommodates the smaller
hydroxyl group at C-5 in KDN.22 Comparison of the crystal
structure of AfKDNase with Micromonospora viridifaciens
(bacterial) sialidase (MvS) indicated that the presence of
arginine 171 (not part of the triarginine cluster) in place of
leucine in this pocket, as in MvS, may prevent rAfS from
holding the Neu5Ac substrate in place for efficient catalysis.
Previous mutagenesis work on MvS showed that mutating

the critical nucleophilic tyrosine in the active site substantially
altered the mechanism of the enzyme by changing it from a
retaining to an inverting glycoside hydrolase.26 Similarly, it has
been shown that a natural nucleophilic variant of the TcTS,
which is inactive, has a tyrosine to histidine substitution.28

Interestingly, a mutation of the general acid/base catalyst in
MvS from an aspartic acid to a glycine did not affect the
function of the enzyme significantly.29 In this study, we
examined the effect of selected active site mutations on the
structure and activity of the A. fumigatus sialidase/KDNase.
Specifically, we examined a mutation of the active site

nucleophile (Y358H) and an acid catalyst mutant (D84A)
(Figure 1). In addition, we studied the kinetics and structure of

the R171L mutant of AfKDNase to determine whether
modifying the pocket to resemble that of the M viridifaciens
sialidase resulted in greater activity in cleaving Neu5Ac
compared to KDN.

■ EXPERIMENTAL PROCEDURES
All chemicals were of analytical grade or better and were
purchased from Sigma-Aldrich unless noted otherwise. 8-
Fluoro-4-methylumbelliferyl β-D-galactopyranoside [Gal β-FM,
3 (Scheme 1 of the Supporting Information)] was made by
following a published procedure.30 Cytidine 5′-triphosphate
disodium salt was purchased from 3B Scientific Corp.
Pyrophosphatase from baker’s yeast (Saccharomyces cerevisiae)
was purchased from Sigma-Aldrich. Escherichia coli Neu5Ac
aldolase was purchased from Codexis, and CMP-Neu5Ac
synthase from Neisseria meningitidis was expressed according to
the literature (not purified).31 Photobacterium sp. JT-ISH-224
α-2,6-sialyl transferase was a kind donation from M. Gilbert
(National Research Council, Ottawa, ON). 1H and 13C nuclear
magnetic resonance (NMR) spectra were recorded on a Bruker
600 MHz spectrometer, and chemical shifts are given in parts
per million and coupling constants (J) in hertz. Melting points
were determined on an MPA100 automated melting point
system. Optical rotations were measured on a Perkin-Elmer 341
polarimeter and are reported in units of grams per 100 mL.

Expression and Purification of AfKDNase Mutants for
Kinetic and Structural Studies. The KDNase gene from A.
fumigatus clinical isolate ATCC 13073 was originally cloned
into the pET28A+ vector (EMD chemicals Inc., San Diego,
CA) and expressed in E. coli (DE3) cells.17 Point mutations
were introduced via site-directed mutagenesis to generate the

Figure 1. Amino acids in the AfKDNase catalytic domain targeted for
site-directed mutagenesis. Two amino acids (Y358 and D84) are
believed to be the catalytic nucleophile and the general acid,
respectively, that are essential for the hydrolase reaction. The arginine
residue (R171) is believed to be the key amino acid reducing the
efficiency of Neu5Ac cleavage by AfKDNase.
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Y358H, R171L, and D84A mutants using the QuikChange
Lightning mutagenesis kit (Agilent Technologies). Briefly, E.
coli cells expressing KDNase in a pET28A+ vector were grown
in Luria broth with 50 μg/mL kanamycin at 37 °C, while being
shaken at 220 rpm. Once the culture OD600 had reached 0.5,
protein expression was induced with 0.5 mM IPTG (isopropyl
thio-β-D-galactopyranoside) and the sample incubated over-
night at room temperature.
Cells were then harvested as previously described.17 Briefly,

E. coli cultures were collected by centrifugation at 3000g for 20
min at 4 °C. Following lysozyme treatment and sonication, the
suspension was centrifuged. The lysate containing the ex-
pressed six-His-tagged KDNase was added to 1 mL of nickel-
nitrilotriacetic acid agarose (Ni-NTA) (Qiagen), and the
KDNase was eluted in 5 mL of elution buffer [50 mM Tris-
HCl, 100 mM NaCl, and 20 mM imidazole (pH 8.0)].
Imidazole and nonspecific proteins were removed by gel
filtration chromatography (ÄTKAFPLC, GE Healthcare, with
Hi-Prep 26/60 Sephacryl S-100H resin and a column size of
320 mL) with cleanup buffer [50 mM Tris-HCl and 100 mM
NaCl (pH 8.0)] at 4 °C. Fractions collected were analyzed by
12% sodium dodecyl sulfate−polyacrylamide gel electro-
phoresis. Selected fractions containing only KDNase were
concentrated by using a 30000 molecular weight cutoff
centrifugal filter (Millipore, Billerica, MA). The concentrated
protein solution was frozen using liquid nitrogen and stored at
−80 °C.
Determination of the Optimal pH for Each Mutant.

The optimal pH values of the purified enzymes were
determined by the amount of 4-methylumbelliferone released
from KDN-MU and Neu5Ac-MU by AfKDNase in buffers with
varying pH values. The buffers 40 mM sodium formate (pH 3−
3.5), 50 mM sodium acetate (pH 4−5), 16 mM sodium tartrate
(pH 5.2), 32.5 mM 2-(N-morpholino)ethanesulfonic acid
(MES) (pH 6−7), 40 mM 3-(N-morpholino)propanesulfonic
acid (MOPS) (pH 6.5), and 50 mM Tris-HCl (pH 7.5−9)
were used. The ionic strength of all buffers was maintained at
100 mM with NaCl, and all buffers were prepared for use at 37
°C. The amount of 4-methylumbelliferone released during the
enzyme reaction was detected by a fluorescence microplate
reader (SpectraMax M2e, Molecular Devices) at excitation and
emission wavelengths of 365 and 450 nm, respectively. The
amount of fluorescence detected was adjusted to reflect the
molar concentration of the substrate cleaved using standard
curves generated with 4-methylumbelliferone (Fluka) over a
range of concentrations (1−150 μM) in the different
aforementioned pH buffers.
Kinetic Activity Assays. The activities of enzyme

preparations were determined by the cleavage of the synthetic
sialic acid substrate, 4-methylumbelliferyl α-D-N-acetylneura-
minic acid (Neu5Ac-MU) (Rose Scientific, Edmonton, AB), 4-
methylumbelliferyl α-2-keto-3-deoxynonic acid (KDN-MU),
and the α2,6 isomer of 8-fluoromethylumbelliferyl α-2-keto-3-
deoxy-D-g lycero -D-galac to -nononylgalactopyranoside
(KDNα2,6GalβFMU).
Reaction mixtures with Neu5Ac-MU and KDN-MU were set

up in 96-well plates by adding the substrate over a range of
concentrations (50−800 μM), purified recombinant enzyme,
and the specific reaction buffer for a total volume of 100 μL. In
reaction mixtures with KDNα2,6GalβFMU, 200 μM substrate
was used. Aspergillus oryzae β-galactosidase (Sigma) (0.1%) was
added to each mixture. Plates were incubated at 37 °C for 45
min, and the amount of 4-methylumbelliferone released was

determined using a fluorescence microplate reader (SpectraMax
M2e, Molecular Devices) at excitation and emission wave-
lengths of 365 and 450 nm, respectively.
Extended kinetic activity experiments were conducted for up

to 600 min for reactions with R171L or D84A and
KDNα2,6GalβFMU to ensure that enzymatic activity reached
completion. Each enzyme reaction mixture had a total volume
of 500 μL; each was set up in a quartz cuvette that contained
200 μM substrate and 0.1% A. oryzae β-galactosidase (Sigma)
in the appropriate reaction buffer. The fluorescence over the
course of the reaction was measured using a Cary Eclipse
fluorescence spectrophotometer. All kinetic experiments were
performed in triplicate. A 50 mM sodium acetate/100 mM
sodium chloride buffer was used for kinetic experiments at pH
4.0, and a 16 mM sodium tartrate/100 mM sodium chloride
buffer was used for experiments at pH 5.2.
Fluorescence produced during the course of the reaction was

related to the concentration of Neu5Ac-MU, KDN-MU, or
KDNα2,6GalβFMU cleaved by comparison with a standard
curve of 4-methylumbelliferone (Fluka) or 8-fluoro-4-methyl-
umbelliferone (synthesized starting from 2,3,4-trifluoronitro-
benzene purchased from TCI America).30

Standard curves generated with 4-methylumbelliferone over a
range of concentrations (1−150 μM) were made using pH 4.0
and 5.2 buffers, and the standard curve made with 8-fluoro-4-
methylumbelliferone at concentrations between 5 and 400 μM
was made using pH 4.0 buffer. To ensure the amount of A.
oryzae β-galactosidase used was sufficient and that the reaction
was a zero-order reaction, 0.1% A. oryzae β-galactosidase was
incubated with 150 and 350 μM 8-fluoro-4-methylumbelliferyl
β-D-galactopyranoside (Gal β-FM) and the activity was
observed by fluorescence spectrometry using excitation and
emission wavelengths of 365 and 450 nm, respectively. The
observed results from these experiments did exhibit zero-order
enzyme kinetic activity (data not shown); therefore, it was
assumed that the reaction with A. oryzae β-galactosidase and
GalβFMU would not interfere with the reaction between the
mutant KDNases and KDNα2,6GalβFMU.

Determination of Retaining or Inverting Activity of
the Y358H Mutant by 1H NMR. 1H NMR spectroscopy was
used to examine the formation of the product from the
hydrolysis of KDN-MU by the Y358H mutant. NMR spectra
were recorded on a 600 MHz Bruker spectrometer. The
reaction mixture consisted of 0.34 μg of Y358H mutant
AfKDNase, 0.01% bovine serum albumin (BSA) (BioShop
Canada), and 0.5 mg of KDN-MU, made up to 600 μL with a
solution of 20 mM homopiperazine-1,4-bis(2-ethanesulfonic
acid) (Santa Cruz Biotechnology, Inc.) at pD 4.0, and placed in
a 5 mm NMR tube. Prior to the addition of the enzyme, the
magnetic field was manually shimmed and a 1H NMR spectrum
was acquired. The magnetic field was reshimmed and retuned
after the addition of the enzyme to improve the signal-to-noise
ratio. Shimming took ∼15 min, during which the enzyme
reaction started. The reaction mixture was incubated at 296 K,
and all NMR spectra were recorded continuously over a period
of 2 h (16 scans and 2 min per spectrum).

Determination of Crystal Structures of Mutants.
Crystals of the mutant proteins were formed and cryoprotected
for freezing and X-ray data collection as described previously
for wild-type AfS.22 All data were collected at 100 K in house
(Rigaku-MSC Micromax-007 X-ray generator and Saturn 944+
CCD detector). MOSFLM32 was used to integrate the data; the
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crystals of the mutant proteins were isomorphous with the wild
type and belonged to space group P21.
The apo model [Protein Data Bank (PDB) entry 2XCY] was

refined in REFMAC533 against data collected for each of the
mutant structures (AfSY358H, AfSD84A, and AfSR171L). For the
R171L mutant, crystals were soaked in 500 mM sialidase
transition state analogue 2-deoxy-2,3-dehydro-N-acetylneura-
minic acid (Neu5Ac2en) for 20 min prior to data collection.
Modeling of the protein and the soaked ligands was conducted
in Coot34 and further refined with REFMAC5. The resulting

models were validated by Coot and MolProbity.35 Data
collection and refinement statistics are listed in Table 1.

■ RESULTS AND DISCUSSION

To investigate the structural and functional significance of the
key amino acid residues in the active site of the AfS, three
mutant enzymes, Y358H, D84A, and R171L, were constructed
and expressed in E. coli, and their crystal structures were
determined. Kinetic analysis was conducted for all enzymes,

Table 1. X-ray Data Collection and Refinement Statistics

AfSD84A AfSY358H AfSR171L−Neu5Ac2en complex

Data Collectiona

X-ray source in house in house in house
X-ray wavelength (Å) 1.542 1.542 1.542
resolution (Å) 12.4−1.84 (1.94−1.84) 12.4−1.84 (1.94−1.84) 12.4−1.84 (1.94−1.84)
unit cell dimensions

a (Å) 75.9 75.9 75.9
b (A) 57.8 58.1 58.0
c (Å) 94.6 94.4 94.6
β (deg) 99.9 99.9 99.9

no. of observations 273633 274759 302861
redundancy 2.0 (1.8) 2.2 (1.9) 2.2 (2.0)
completeness (%) 98.9 (94.4) 98.5 (92.0) 99.2 (96.9)
Rmerge (%)

b 5.5 (14.2) 8.8 (21.2) 8.6 (27.8)
I/σI 18.2 (7.5) 11.0 (5.0) 13.8 (4.2)

Refinement
no. of reflections used 70126 65819 66869
no. of atoms 7201 7158 7253
no. of protein atoms 6039 5981 6010
no. of water molecules 1162 1165 1396
no. of ligand atoms not available not available 20
average B factor (Å2) 9.9 9.9 12.1

protein 7.5 7.6 9.5
water 22.4 21.8 28.9
ligand not available not available 13.5

R factorc 0.143 0.173 0.155
Rfree

d 0.178 0.224 0.194
root-mean-square deviation in bond lengths (Å) 0.009 0.010 0.009
root-mean-square deviation in bond angles (deg) 1.14 1.24 1.19
aValues in parentheses correspond to values for the highest-resolution shell. bRmerge = ∑hkl∑i|Ihkl,i − ⟨Ihkl⟩|/∑hkl⟨Ihkl⟩.

cR factor = (∑||Fo| − |Fc||)/
(∑|Fo|).

dRfree = (∑||Fo| − |Fc||)/(∑|Fo|). Rfree was calculated from 5% of the reflections excluded from the refinement.

Table 2. Kinetic Parameters of the A. fumigatus Sialidase/KDNase Wild-Type Enzyme and the Three Mutant Enzymes
Generated in This Studya

sialidase substrate kcat/Km (M−1 s−1) substrate kcat/Km (M−1 s−1)

AfKDNase KDN-MU (1.82 ± 0.09) × 105b(ref 22) NANA-MU 22.3 ± 3.0b (ref 17)
KDN-MUb 47.7 ± 3.6 NANA-MU (pH 5.2) 53.3 ± 4.2
KDNα2,6GalβFMU (8.0 ± 0.6) × 103

R171L KDN-MU 75.2 ± 7.7 NANA-MU 2.3 ± 0.1
KDN-MUb 0.33 ± 0.02 NANA-MUb 74.2 ± 1.4
KDNα2,6GalβFMU 1.62 ± 0.04

Y358H KDN-MU 26.8 ± 0.9 NANA-MUb 14.5 ± 1.1
KDNα2,6GalβFMU 8.9 ± 0.3

D84A KDN-MU 11.6 ± 0.6 NANA-MUb 19.0 ± 1.7
KDNα2,6GalβFMU 0.2 ± 0.1

MvS KDN-Mu (1.03 ± 0.36) × 103 NANA-MU (7.2 ± 1.4) × 106b (ref 29)
aValues obtained with a bacterial (M. viridifaciens) sialidase under the same conditions are shown for comparison. bKinetic experiments from this
study were performed at pH 5.2 using 16 mM sodium tartrate (pH 5.2) buffer. All other experiments were completed using 50 mM sodium acetate
(pH 4.0) buffer, or pH 3.5 (ref 17).
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and the results were compared to the values for both wild-type
AfKDNase and MvS.
pH Optima of R171L, Y358H, and D84A. Before the

kinetic parameters of the mutant enzymes were determined, the
pH optimum for each of the enzymes was determined, and the
results are shown in Figure 2S of the Supporting Information.
With 4-methylumbelliferyl α-D-KDN (KDN-MU) (pKa ∼ 1.58)
as the substrate, the pH optimum of all mutant enzymes was
4.0, the same as for wild-type AfKDNase. The wild-type
enzyme exhibited some activity at pH 5.2 (kcat/Km = 47.7 M−1

s−1), but the nucleophilic mutant (Y358H) and the general
acid/base mutant (D84A) were essentially nonfunctional at this
pH. R171L was the only mutant enzyme that exhibited any
activity at pH 5.2 (kcat/Km = 0.43 M−1 s−1). In contrast, the pH
optimum was 5.2 for all mutant KDNase enzymes with 4-
methylumbelliferyl α-D-Neu5Ac (Neu5Ac-MU) (pKa ∼ 1.55)
as the substrate, whereas the pH optimum was 3.5 for the wild
type.17 Unlike the wild-type enzyme for which some activity
could be detected between pH 3.0 and 5.2, enzyme activity was
observed at pH 5.2 only for the mutant enzymes.
Kinetic Analysis of the R171L, Y358H, and D84A

Mutants of A. fumigatus Sialidase/KDNase. Michaelis−
Menten parameters for R171L, Y358H, and D84A were
measured with the following substrates: KDN-MU, Neu5Ac-
MU, and KDNα2,6GalβFMU [4 (synthesis outlined in Scheme

1 of the Supporting Information)]. The catalytic efficiency
(kcat/Km) was measured for all three mutants using the three
different substrates, and the data are presented in Table 2.
With KDN-MU as a substrate, R171L had a catalytic

efficiency of 75.2 M−1 s−1 at pH 4.0; however, at pH 5.2, the
catalytic efficiency decreased more than 2 orders of magnitude
to 0.33 M−1 s−1. The catalytic efficiencies of Y358H and D84A
were 26.8 and 11.6 M−1 s−1, respectively. At pH 5.2, Y358H
and D84A had no detectable catalytic activity on KDN-MU.
The catalytic efficiencies of the mutant enzymes on KDN-MU
were significantly lower than that of the wild-type enzyme [kcat/
Km of (1.82 ± 0.09) × 105 M−1 s−1].22 However, at pH 5.2, the
wild-type enzyme has a catalytic efficiency (kcat/Km of 47.7 M−1

s−1) similar to that of R171L at pH 4.0.
At pH values more than 0.5 pH unit from pH 5.2, the mutant

enzymes cleaved Neu5Ac-MU either at a very low catalytic
efficiency or at levels that were below detectable limits: at pH
4.0, the kcat/Km was 2.3 M−1 s−1 for R171L and undetectable for
D84A and Y358H. In contrast, the wild-type enzyme was able
to cleave Neu5Ac-MU with similar kinetic efficiency at pH 3.5
(kcat/Km = 22.3 M−1 s−1)17 and pH 5.2 (kcat/Km = 53.3 M−1

s−1). However, at the pH optimum of 5.2, the catalytic
efficiency for the mutants with Neu5Ac-MU was within an
order of magnitude of that of the wild-type enzyme: kcat/Km =

Figure 2. Crystallographic analysis of the R171L mutant in a complex with Neu5Ac2en. The top panel shows a 1.84 Å Fo − Fc electron density
stereoview contoured at 1.8σ for the ligand bound in monomer A of the asymmetric unit. The bottom panel shows a stereoview showing interactions
of Neu5Ac2en with the active site of monomer A.
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74.2 M−1 s−1 for R171L, kcat/Km = 14.5 M−1 s−1 for Y358H, and
kcat/Km = 19.0 M−1 s−1 for D84A (Table 2).
With the natural substrate analogue, KDNα2,6GalβFMU, at

pH 4.0, the activity of all mutant enzymes was ∼1000-fold
lower than that of wild-type AfKDNase. Wild-type A. fumigatus
KDNase had a kcat/Km of 8000 M−1 s−1. Although the catalytic
efficiencies of R171L and Y358H were similar (kcat/Km values
of 1.6 and 8.9 M−1 s−1, respectively), D84A had an even lower
catalytic efficiency on KDNα2,6GalβFMU (kcat/Km of 0.2 M−1

s−1). In this coupled enzyme reaction, the release of 8-fluoro-4-
methylumbelliferone by β-galactosidase was not rate-determin-
ing for KDNα2,6GalβFMU because the concentration of β-
galactosidase did not affect the rate (data not shown). We
compared the ratios of the catalytic efficiencies of KDN-MU
and KDNα2,6GalβFMU for the wild-type enzyme and the
mutant enzymes: that of the wild-type enzyme was 22.8 ± 2.0,
and the ratios for the mutant enzymes were 46.4 ± 4.9
(R171L), 3.01 ± 0.14 (Y358H), and 58 ± 29 (D84A). These
observations rule out contamination of mutant enzymes by WT
because mutant enzymes containing a small amount of WT
would yield a ratio that was the same as that of WT.
Crystal Structures of R151L, Y358H, and D84A. The

three-dimensional structures of the three mutants determined
by X-ray crystallography to a resolution of 1.84 Å show that the
changes made to either the tyrosine or the aspartic acid in the
active site and the replacement of the arginine with a leucine in
the C-5 hydroxyl group binding pocket did not affect the
overall structure of the enzyme. All three mutant enzymes were
expressed, purified, and crystallized via the same procedures
that were used for the wild-type KDNase.22

R171L Mutant KDNase. Analysis of the AfKDNase crystal
structure suggested that modification of arginine 171 to a
leucine should allow accommodation of the N-acetyl group of
Neu5Ac. A crystal structure of the mutant in the presence of
the Neu5Ac-related tight binding inhibitor, Neu5Ac2en, shows
that this is indeed the case (Figure 2), but the ligand was
present in only one of the monomers in the asymmetric unit of
the crystal and had a low occupancy (0.6) in the other.
Nevertheless, expanding the binding pocket in R171L resulted
in an enzyme that is 100-fold more active than a KDNase at pH
5.2, while AfS had a similar level of activity with both substrates
(Table 3). At the pH optimum of 4.0, the wild type enzyme had

8000-fold higher activity on KDN-MU compared to R171L.
Therefore, converting the arginine to a leucine made AfS a
worse KDNase. These data indicate that the close interaction
between the arginine in the binding pocket and the C-5
hydroxyl group of the sugar is essential for catalysis.
Previous phylogenetic analysis revealed that the A. fumigatus

KDNase shares a common ancestor with bacterial sialidases in
the phyla Actinobacteria and Bacteroidetes.17 Previous work
has shown that the sialidase from Sphingobacterium multivorum,
a member of Bacteroidetes, is also a KDNase.24 We predicted
that other KDNases would have a steric clash with the N-acetyl

group of Neu5Ac. We modeled the three-dimensional
structures of selected known sialidases (Clostridium perf ringens,
Streptococcus pneumoniae, and M. viridifaciens) as well as
putative KDNases (Aspergillus terreus, Trichophyton rubrum,
and Trichophyton equinum, Sphingobacterium sp. 21, and
Streptomyces avermitilis) with A. fumigatus KDNase. From the
structures, arginine was found in all of the putative KDNases at
the same position in the active site as R171, whereas in the
known sialidases, the amino acid residue interacting with the N-
acetyl group was serine. ClustalW2 alignments showed that in
each case, the putative KDNases had an arginine at the same
position in the sequence (Figure 3S of the Supporting
Information). Experimental validation will be required to
confirm the preferred substrate of these enzymes.
The cavity around the N-acetyl group of Neu5Ac2en is

certainly larger in the R171L mutant than in the wild type
(Figure 3A,B); however, the indole ring of W202 is only 3 Å

from the Neu5Ac2en methyl group, and this suggests that the
mutation of W202 to a smaller hydrophobic amino acid might
open the cavity further.

Y358H Mutant KDNase. The removal of the catalytic
nucleophile reduced the activity of AfS by more than 1000-fold
compared to that of the wild type (Table 2). This result is
similar to that found with the MvS tyrosine mutants (Y370A,
Y370D, and Y370G); in the MvS mutants, removal of the
nucleophile resulted in a 102-fold decrease in activity. A more

Table 3. Ratios of the Catalytic Efficiencies of Wild-Type
KDNase and the R171L Mutant Using either KDN-MU or
NANA-MU as the Substrate

kcat/Km(KDN‑MU)/kcat/Km(NANA‑MU)

pH 4.0 pH 5.2

WT 8160 0.89
R151L 33 0.01

Figure 3. Effects of mutations on the cavity around C-5 of the ligand.
In both images, Neu5Ac2en is modeled from the superposition of an
MvS−Neu5Ac2en structure on AfS. (A) Wild-type AfS showing the
clash with R171. (B) Structure of the R171L mutant showing a slightly
larger cavity.
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profound decline (105-fold) in kinetic activity was found in the
Y347F Clostridium perf ringens small sialidase compared to that
of the wild type36 and in the Trypanosoma cruzi Y342F and
Y342T mutants in which activity was eliminated.28

The replacement of the nucleophilic tyrosine in the MvS
active site with a small negatively charged or hydrophobic side
chain altered the mechanism of the enzyme by turning it into
an inverting sialidase.26 In contrast, the A. fumigatus Y358H
mutant enzyme remains an active retaining KDNase (Figure 4).
The hydrolysis of KDN-MU to form KDN was monitored as a
time course reaction using 1H NMR spectroscopy in deuterated
buffer at pD 4.0. The H3eq proton of αKDN-MU showed the
characteristic doublet of doublets (δ 2.82, J3e,3a = 12.7 Hz, J3e,4 =
4.7 Hz). As seen in the first spectrum recorded after the
addition of enzyme, an upfield chemical shift occurs for the
H3eq resonance of the initial hydrolysis product (δ 2.68)
resulting from cleavage of the umbelliferyl leaving group
(Figure 4). Over time, αKDN mutarotates to the equilibrium
mixture that favors the thermodynamically more stable βKDN
with the appearance of the H3eq resonance at δ 2.20. The
structure of the Y358H mutant showed little change from that
of the wild type (Figure 5A,B). As can be clearly seen in the
crystal structure, the replacement of the tyrosine with a
histidine residue results in substitution of the nucleophilic
oxygen with a more distal nitrogen atom (Figure 5D). Although
histidine may act as a nucleophile, in the deglycosylation step
(hydrolysis of the enzyme-bound intermediate) for the wild-
type enzyme the tyrosinyl leaving group (with catalysis by the
glutamate) is a good leaving group whereas the histidinyl (even
when protonated) is a much worse leaving group. Only
extensive isotope studies would reveal whether His is acting as a
nucleophile or whether the reaction proceeds via a carbocation.
This result, when taken with the decrease in activity of the
Y358H mutant (6300-fold for KDN-MU), suggests that some
transition state stabilizing for glycosylation by AfS results from
weak nucleophilic attack occurring on the anomeric center of
the KDN substrate by the tyrosine but likely none by the

histidine residue. In other words, moving the nucleophilic
group farther away likely changed the mechanism to a
dissociative SN1 reaction. It is known that the lifetime of an
N-acetylneuraminylium ion, which is >3 × 10−11 s−1 (sialic acid
cation),37 is at least 10-fold longer than that for a
glucopyranosylium ion38 and that a glucopyranosylium ion is
a viable intermediate in non-nucleophilic environments.39,40 As
a result, we conclude that the YH mutant AFS could operate via
a dissociative SN1 mechanism in a fashion similar to that of the
Mv sialidase Y370F mutant.41 Alternatively, it is possible that
the glutamate residue changes its function from acid/base to
nucleophilic catalysis. Again detailed kinetic isotope effect
studies would be required to confirm this point.

D84A Mutant KDNase. The third catalytic residue in the
enzyme active site is the conserved aspartic acid residue that
acts as a general acid/base catalyst. Mutation of this amino acid
to alanine in AfKDNase decreased its activity by 15000−50000-
fold. The effect of altering the acid/base catalyst was much
more pronounced in the case of AfKDNase than it was for
similar mutations made in MvS (D92G, D92A, and D92S),
which resulted in an only ∼10−20-fold decline in activity,29 and
the T. cruzi trans-sialidase (D59A), which showed kcat/Km

values similar to those of the wild-type enzyme.42 As one can
see in Figure 2B, the D84A mutation did not cause significant
rearrangement of the active site of the AfKDNase (Figure
5A,C,E), a conclusion that is similar to that reached about the
D92G mutation in MvS.29 Together, these data suggest that the
general acid/base is more important catalytically in the
reactions of the A. fumigatus KDNase than it is for Mv
sialidase. It is possible that this phenomenon is related to the
lower pH optimum of the A. fumigatus enzyme (pH 4.0), where
the general acid residue will have a greater degree of
protonation than that of the sialidase from M. viridifaciens
(pH 5.2)26 or the trans-sialidase from T. cruzi (pH 7.6).42

Figure 4. Y358H mutant of the AfKDNase is a retaining sialidase as determined by 1H NMR. Hydrolysis of KDN-MU to form KDN was monitored
over a time course. The spectra reveal the gradual depletion of the substrate followed by the production of α-KDN. The accumulation of β-KDN at
135 min results from mutarotation of α-KDN to yield the equilibrium mixture that favors the more stable β-anomer of the sugar.
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■ CONCLUSIONS

Structure can often help predict function. A single amino acid
change to enlarge the binding pocket in the R171L mutant
converted the AfKDNase into a more efficient sialidase.
However, the activity of the R171L mutant is still significantly
lower with sialic acid as a substrate than KDN; therefore,
additional amino acid changes will be necessary to accom-
modate the N-acetyl group of sialic acid. We hypothesize that
an additional mutation to reduce the size of tryptophan 202
would most likely improve the sialidase activity of the
AfKDNase (Figure 3C). Despite the close structural similarity
of the active sites of the A. fumigatus KDNase with the bacterial
sialidase from M. viridifaciens, mutants of two active site
residues generated different results with the two enzymes. For
example, unlike the M. viridifaciens sialidase and T. cruzi trans-
sialidase in which mutation of the active site tyrosine changed
the enzyme from a retaining to an inverting sialidase, the
Y358H mutant of AfKDNase remained a retaining sialidase. In
addition, the Y358H mutant retained appreciable enzymatic
activity, unlike the protozoan enzyme for which the mutation of
the nucleophile eliminated catalytic activity. Because the

optimal pH of AfKDNase is 4.0, lower than those of other
known sialidases, it was not unexpected that mutation of the
acid in the catalytic center (D84A) caused a decrease in the
activity of AfKDNase greater than that caused by aspartate
mutations in the M. viridifaciens sialidase or T. cruzi trans-
sialidase. These data represent the first detailed kinetic analysis
of any KDNase and improve our understanding of the
influences that active site structure have on sialidase activity
and substrate selectivity.
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