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Structure of the immunoregulatory sialidase NEU1
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Sialic acids linked to glycoproteins and glycolipids are important mediators of cell and protein recognition
events. These sugar residues are removed by neuraminidases (sialidases). Neuraminidase-1 (sialidase-1 or
NEU1) is a ubiquitously expressed mammalian sialidase located in lysosomes and on the cell membrane.
Because of its modulation of multiple signaling processes, it is a potential therapeutic target for cancers and
immune disorders. Genetic defects in NEU1 or in its protective protein cathepsin A (PPCA, CTSA) cause the ly-
sosomal storage diseases sialidosis and galactosialidosis. To further our understanding of this enzyme’s func-
tion at the molecular level, we determined the three-dimensional structure of murine NEU1. The enzyme
oligomerizes through two self-association interfaces and displays a wide substrate-binding cavity. A catalytic
loop adopts an inactive conformation. We propose a mechanism of activation involving a conformational
change in this loop upon binding to its protective protein. These findings may facilitate the development of
selective inhibitor and agonist therapies.
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INTRODUCTION
Most extracellular and cell surface proteins are glycosylated. In ver-
tebrates, these glycans are often capped by terminal sialic acids, a
type of anionic sugar monomer. The most common sialic acid in
humans is N-acetylneuraminic acid. Because of their presence at
the outermost edges of glycoproteins and glycolipids and their
variety attained through multiple chemical modifications, sialic
acids serve important roles in cell and protein recognition andmod-
ulation of signaling at the cell membrane (1). They are added to
newly synthesized glycoproteins by sialyltransferases in the Golgi
and can be removed by neuraminidases (sialidases).

There are four mammalian sialidases that differ in their subcel-
lular localization and substrate preferences and, consequently, bio-
logical functions. Neuraminidase-4 (NEU4) is found on
mitochondria and possibly lysosomes or endoplasmic reticulum,
displays a broad substrate specificity, and participates in ganglioside
(glycolipid) catabolism (2–6). NEU3 degrades gangliosides at the
outer or inner leaflet of the plasma membrane (7–9). The cytosolic
NEU2 is the only mammalian sialidase of known three-dimensional
(3D) structure, but its physiological substrates are unclear (10, 11).
The ubiquitously expressed NEU1 is the most abundant homolog,
shares the least sequence similarity with its family members, and is
active on oligosaccharides, glycopeptides, and glycoproteins (1, 12–
16). It is located in lysosomes and on the cell surface (12, 14, 15,
17, 18).

NEU1 is unique among all known mammalian, microbial, or
viral sialidases, as it requires an accessory protein for activity—
the protective protein cathepsin A (CTSA; PPCA) (12, 19–23).
NEU1 and CTSA, along with β-galactosidase (GLB1), form a mega-
dalton-sized lysosomal multienzyme complex (15, 21, 24–31).
However, CTSA is sufficient for NEU1 activity, whereas GLB1 is
not necessary (12, 21–24, 27, 32). Accordingly, NEU1 and CTSA
can also associate into large complexes in the absence of GLB1
(21, 22). The role of CTSA is threefold: It facilitates the transport

of NEU1 to lysosomes (33), protects it from proteolytic degradation
(30), and was suggested to induce a conformational change in
NEU1, enabling its enzymatic activity (12, 22, 30, 33).

The study of NEU1 was initially motivated by its involvement in
two lysosomal storage disorders: sialidosis, caused by inherited
genetic defects in NEU1 (16); and galactosialidosis, a combined
GLB1 and NEU1 deficiency due to mutations in CTSA (20, 34).
The pathogenesis of galactosialidosis is mostly caused by the lack
of NEU1 activity stemming from the inability of CTSA to carry
out its protective roles (15, 34, 35). These diseases have variable se-
verity and age of onset, and are sometimes fatal.

Besides its catabolic activity in lysosomes, multiple additional
functions of NEU1 were later found at the cell membrane via desia-
lylation of glycans on various cell surface receptors and adhesion
proteins (1). Desialylation of these proteins enables or, in some
cases, inhibits ligand binding. Overall, as a positive regulator of in-
flammation and immune responses (1), NEU1 inhibition was pro-
posed as a potential therapeutic approach for disorders including
asthma (36), atherosclerosis (37–40), sepsis (41), immune thrombo-
cytopenia (42), renal inflammation in lupus (43), neuroinflamma-
tion (44), pulmonary fibrosis (45), and cardiomyopathy (46, 47). On
the other hand, generally increased tumor sialic acid levels and the
associated invasiveness, chemoresistance, and immune evasion
posit NEU1 activation as a potential strategy in cancer treatment
(1, 48–50). Stimulation of NEU1 activity has also been suggested
as potential approach to combating insulin resistance in type II di-
abetes (51) and for Alzheimer’s disease (52).

Design of selective NEU1 inhibitors (53, 54) and development of
NEU1 and CTSA supplementation therapies, which are at the pre-
clinical stage (35, 55–61), are hampered by an incomplete under-
standing of the enzyme’s properties. NEU1 forms oligomers and
is prone to aggregation (16, 23, 58); its mode of membrane associ-
ation is unknown; and its mechanism of activation by CTSA, unique
among all sialidases, has not been characterized at the molecu-
lar level.

Here, we report the crystal structure of murine NEU1. The
protein oligomerizes via two self-association interfaces, including
a hydrophobic surface important for its activity. The enzyme dis-
plays a wide substrate-binding cavity and adopts an inactive
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conformation in a catalytic loop. On the basis of structural and bio-
chemical analyses, we propose a mechanism of activation—binding
of CTSA near this loop induces a conformational change in NEU1
that enables catalysis. These insights may facilitate development of
NEU1 as a therapeutic target and expand our understanding of its
cellular functions.

RESULTS AND DISCUSSION
NEU1 adopts a β-propeller fold devoid of transmembrane
features
We produced NEU1 from multiple mammalian species in insect
cells and obtained the best crystals with the murine homolog
(86% sequence identity to human), allowing structure determina-
tion to a resolution of 3.5 Å (table S1). This level of detail enables
positioning of the protein backbone and bulky side chains with con-
fidence, but the orientations of many smaller side chains were
modeled approximately.

NEU1 consists of a single domain shaped as a six-bladed β-pro-
peller, with each β sheet composed of four strands (Fig. 1A). This
fold is typical of viral and bacterial sialidases (62, 63). NEU1 is part
of the GH33 family of glycoside hydrolases (64), which comprises
bacterial and eukaryotic enzymes (65–68) that release terminal sialic
acids from glycans or transfer these sugar residues onto other
glycans. This family contains the four mammalian sialidases, and
the murine NEU1 crystal structure is most similar to that of
human NEU2 (fig. S1A) (11) and, to a lesser extent, to the Aspergil-
lus fumigatus sialidase (67). Despite the low sequence identity
within this family, the β-propeller fold is highly conserved, with dif-
ferences arising in the multiple connecting loops on the top and
bottom faces. NEU1 shares 20 to 21% sequence identity with
NEU2, NEU3, and NEU4, which are 41 to 45% identical to each
other. The active site is located in a central cavity on one face of
the propeller and is described later. Murine NEU1 contains four po-
tential N-linked glycosylation sites; three glycans are clearly dis-
cernible in the structure and are conserved in the human

homolog. The protein is stabilized by three disulfide bonds (cyste-
ines 152 and 158, 212 and 224, 281 and 283).

NEU1 exists both as a soluble protein in the lysosomal lumen
and as a membrane-bound form on lysosomal membranes and
on the plasma membrane outer face (12, 17, 18, 30, 69) where it
modulates the activity of multiple cell surface receptors (1).
However, its mode of association with membranes is unknown. It
was proposed that the C-terminal Tyr-Gly-Thr-Leu segment corre-
sponds to a YXXΦ motif, a trafficking signal recognized by the AP3
adapter complex (14, 17) and found on the cytoplasmic end of
certain transmembrane proteins. As the NEU1 active site is facing
the lysosome lumen, this implies the protein contains at least one
transmembrane region. Recently, segments 139 to 159 and 316 to
333 of human NEU1 were suggested to span the membrane (69).
In the murine NEU1 structure reported here, these residues form
β strands at the core of the protein, and the C-terminal YGTL
peptide does not substantially extend away from the catalytic
domain (Fig. 1A). The crystal structure is therefore incompatible
with a transmembrane arrangement of the mature, functional
enzyme. NEU1 may instead associate with another protein that in-
teracts with membranes. Alternatively, its 47-residue N-terminal
signal peptide (SP) (30), which is atypically long among lysosomal
enzymes, may be inefficiently cleaved, resulting in a population of
luminal NEU1 attached to the membrane via an N-terminal signal
anchor. These possibilities remain to be experimentally
investigated.

A NEU1 catalytic loop adopts an inactive conformation
NEU1 removes terminal sialic acid residues from glycans on lyso-
somal degradation products and on cell surface proteins (Fig. 1B).
Viral, bacterial, and mammalian sialidases recognize the carboxyl-
ate moiety of sialic acids and carry out catalysis by a well-character-
ized mechanism (70). This negatively charged group is stabilized by
three conserved arginine residues (murine NEU1Arg72, Arg274, and
Arg335). The nucleophilic Tyr364, assisted by Glu258, displaces the
glycan leaving group, which is protonated by Asp97, resulting in a

Fig. 1. NEU1 structure. (A) Two views of the murine NEU1 crystal structure, with the catalytic residue in pink, disulfide bonds as dark yellow sticks, and N-linked glycans
(simplified for clarity) as white sticks. The N and C termini are labeled. The C-terminal YGTL segment is in yellow. (B) α-N-acetylneuraminic acid, a sialic acid that can be
cleaved from glycans by NEU1 (red line). Carbon atoms are labeled. The glycerol moiety comprises atoms 7, 8, and 9, and the N-acetyl group is attached to atom 5. (C) In
vitro enzymatic activity of purified human NEU1 on the small-molecule substrate 4-methylumbelliferyl-N-acetyl-α-D-neuraminic acid (4MU-NANA) at 1 mM in presence of
its activator protein, human CTSA. Values are the means and SDs of a representative of two experiments, each performed in triplicates. CTSA itself does not hydrolyze
4MU-NANA.
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covalent tyrosine-sialate intermediate. This adduct is then hydro-
lyzed by water, again with the help of Asp97. Although we were
unable to obtain high-resolution crystals of NEU1 with sialic acid,
a comparison to the structure of human NEU2 in complex with the
sialate-like inhibitor 2-deoxy-2,3-dehydro-N-acetylneuraminic acid
(DANA) (11) confirms that the positions and orientations of all
these residues are conserved in NEU1 (Fig. 2A), with the important
exception of Asp97.

In NEU2, Asp97 is found on a loop that is disordered in the apo
protein but points into the active site upon substrate binding (11).
The same ordered conformation is also modeled with very high
confidence in human and murine NEU1 by AlphaFold2, a structure
prediction tool (71). In contrast, in the apo murine NEU1 structure
reported here, the loop is ordered but folded away from the active
site, with Asp97 pointing backward (Fig. 2B and fig. S2A). Instead,
another acidic residue from this loop, Glu98, is positioned near the
substrate-binding pocket. This loop is not involved in crystal lattice
contacts. Mutation of the corresponding Glu104 in purified human
NEU1 did not substantially affect its activity in presence of its acti-
vator protein CTSA, whereas mutation of Asp103 (equivalent to
murine Asp97) decreased hydrolysis of the small-molecule substrate
100-fold (Fig. 2C). This suggests that the loop adopts an inactive
arrangement in apo NEU1 and must switch to an active conforma-
tion for substrate hydrolysis. All point mutations and enzymatic,
oligomerization, and coprecipitation assays reported here were
carried out with the human homolog based on the murine NEU1
structure.

NEU1 displays a wide substrate-binding cavity
Although the residues responsible for catalysis and stabilization of
the sialate carboxyl group are conserved across the sialidase

superfamily, amino acids that interact with the opposite side of
the substrate, namely, its N-acetyl and glycerol moieties (Fig. 1B),
are divergent (11). This likely stems from the diversity of sialic
acids, which can bear modifications such as acetyl groups at
several positions on the sugar backbone. Within the mammalian
sialidase subfamily, there are differences in substrate preferences
for modified sialic acids (72, 73), and the structure of murine
NEU1 allows rationalizing these observations. In human NEU2,
the glycerol moiety of the substrate contacts Glu218, Tyr179, and
Tyr181, whereas in murine NEU1, Tyr179 is replaced by His214,
Tyr181 is replaced by a threonine, and an additional residue
(Asp257 that is a leucine in NEU2) establishes two hydrogen
bonds with the glycerol group (Fig. 2A). Glu111 from NEU2 also in-
teracts with this group but is located on a helix that is missing in
NEU1. Mutation of His214 and Asp257 markedly reduced NEU1 ac-
tivity (Fig. 2C). The cavity accommodating the N5-acetyl group is
also substantially altered—lined by Asn132, Gly134, and the back-
bone of Leu133 in NEU1, or Met85 and Asn86 in NEU2.

In general, the area around the substrate glycerol and N5-acetyl
moieties is more widely open in NEU1 than in NEU2 (Fig. 2D),
mainly due to length differences in three loops around the active
site which cluster Glu111, Tyr181, and Gln270 around the sialic acid
in NEU2. Notably, this is unrelated to the conformational switch of
the loop bearing the catalytic Asp97 described earlier. This widely
open active site explains why substrateO9-acetylation reduces activ-
ity by up to 90% in NEU2, NEU3, and NEU4 but only 50% in NEU1
(72, 73). NEU1 is also the least affected by presence of an N5-gly-
colyl group, which is slightly larger than N5-acetyl (73).

These differences can be exploited for the development of inhib-
itors selective for NEU1 versus other mammalian or viral sialidases
(53, 54). For example, sialate-based inhibitors with bulky

Fig. 2. NEU1 active site. (A) The active site of apo murine NEU1 (green) is superimposed with the crystal structure of human NEU2 (yellow) in complex with the inhibitor
DANA (black; Protein Data Bank ID 1VCU) (11). DANA carbon atoms are labeled. Likely polar contacts between murine NEU1 and the homologous binding pose of DANA
are represented by black dashed lines, with the distance between the nucleophilic tyrosine residue and the anomeric carbon indicated by a pink dashed line. Square
brackets represent hNEU2; parentheses represent mNEU1. (B) Conformation of the loop bearing the acid/base catalytic aspartate residue in the crystal structures of apo
murine NEU1 (green) and human NEU2 with DANA (yellow) as well as the AlphaFold2 structure predictions of human NEU1 (pink; entry Q99519 v3) and murine NEU1
(violet; entry O35657 v3) (71). The white arrow indicates the difference in position of the catalytic aspartic acid residue. (C) In vitro enzymatic activity of purified human
NEU1 active site mutants on 4MU-NANA at 1 mM in presence of 64 μM (3.4 mg/ml) wild-type human CTSA. Values are the means and SDs of two or three experiments,
each performed in triplicates. (D) Substrate-binding pockets of murine NEU1 (green) and human NEU2 (yellow) in complex with DANA (black sticks). The homologous
binding pose of the inhibitor is also displayed for murine NEU1 (translucent black sticks).
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substitutions on O9 or N5 improve potency and selectivity for
NEU1, and these substituents were presumed to occupy a shared
hydrophobic pocket (Fig. 2D) (53, 54). Knowledge of the structure
of NEU1 may facilitate these efforts.

NEU1 oligomerizes through two self-association interfaces
Mammalian NEU1 associates with CTSA into poorly characterized
high–molecular weight complexes in vivo (21, 22) and, even in
absence of CTSA, forms large oligomers (23, 74). This propensity
to self-associate complicates biochemical and structural studies of
NEU1, but may, at the same time, provide clues about its ability
to form megadalton-size complexes with CTSA and potentially
other enzymes (21).

All recombinantly expressed mammalian NEU1 orthologs
studied here oligomerized at neutral pH. The murine NEU1
crystal lattice consists of spiral assemblies (fig. S3A) composed of
repeating dimers. This arrangement is maintained through two sep-
arate contact areas: a “beta” interface and a “loop” interface, oriented
134° apart (Fig. 3A). The 650-Å2 beta contact surface is formed by a
β strand establishing four backbone hydrogen bonds with its coun-
terpart from the adjacent NEU1 monomer and is further stabilized
by a small hydrophobic pocket on both sides (Fig. 3B). Leu409,
which was posited to be part of a YXXΦ sorting motif (17), is
buried by dimerization and would be inaccessible for sorting. The
800-Å2 loop interface is formed by three peripheral loops (distinct
from the active site loop bearing Asp97 described earlier) and is sub-
divided into a set of polar and charged contacts and a larger hydro-
phobic surface (Fig. 3C). To verify whether the spiral arrangement
of the murine NEU1 crystal lattice corresponds to the oligomers ob-
served in solution, the human NEU1 Leu57Asn and Ile249Tyr
mutants, designed to disrupt the beta and loop interfaces, respec-
tively, were separately analyzed by multi-angle light scattering
(MALS). Whereas the wild-type protein mostly formed high–mo-
lecular weight multimers at neutral and acidic pH, the mutants pre-
dominantly remained dimeric (fig. S3, B to D).

The NEU1 oligomerization mode is unrelated to viral sialidase
tetramers (62), disulfide-mediated NEU3 dimers (9), or the
various lattice interfaces observed in NEU2 crystal structures (11,
75, 76), raising the possibility that NEU1 self-association may be re-
quired for complex formation with CTSA. Alternatively, either the
beta or loop interface may first need to dissociate to bind to CTSA.
To explore these possibilities, the ability of human NEU1 interface
mutants to coprecipitate with CTSAwas assayed. At acidic pH, con-
centrated isolated wild-type NEU1 slowly precipitates, whereas iso-
lated CTSA remains soluble. It was found that coincubation of both
proteins at high concentration at acidic pH results in rapid, approx-
imately equimolar coprecipitation (Fig. 3D). This is not caused by
unfolding of the proteins, as the same conditions greatly increase
NEU1 enzymatic activity with CTSA. Rather, this aggregation
may be representative of the high–molecular weight complexes ob-
served in vivo (21, 22). The human NEU1 beta and loop interface
mutants Leu57Asn and Ile249Tyr, although exhibiting less aggrega-
tion by design (fig. S3D), were nevertheless able to coprecipitate
wild-type CTSA (Fig. 3D). This suggests that the NEU1 beta or
loop self-oligomerization interfaces are distinct from the NEU1
—CTSA contact surface(s) in their multienzyme complex. A
partial overlap cannot be excluded, however, as only one mutant
per interface was tested. This result also indicates that oligomeriza-
tion of NEU1 is not required for its interaction with CTSA.

Neither of the two NEU1 self-association interfaces are in direct
contact with its catalytic or substrate-binding residues, although the
loop contact surface is within 13 Å of the putative substrate glycerol
moiety. To determine whether NEU1 oligomerization is required
for its activity, substrate hydrolysis by the interface mutants was
assayed in presence or absence of CTSA. Unexpectedly, the
human Ile249Tyr loop interface mutant was inactive in presence of
CTSA and did not even display the low rate of CTSA-unassisted
substrate hydrolysis (1%) observed in wild-type NEU1 (Fig. 3E).
Possibly, ablation of the loop self-association interface results in
local disruption of the protein that propagates to the substrate-
binding site.

NEU1 does not form a simple 1:1 dimer with CTSA
The activation of NEU1 through association with CTSA was
previously investigated (23). Similar to the current results, isolated
CTSAwas dimeric, and isolated NEU1 adopted multiple oligomeric
states. Coincubation of both proteins was reported to produce a
104-kDa heterodimeric complex with one NEU1 and one CTSA
copy (23), implying that both NEU1 self-association interfaces, as
well as the CTSA homodimer, dissociate to allow complex
formation. This finding does not match the large aggregates
resulting in coprecipitation of both proteins described above or
the megadalton-size complexes in vivo (21, 22). To clarify this dis-
crepancy, we introduced a Tyr224Cys mutation, based on the CTSA
crystal structure (77, 78), at the core of the human CTSA homo-
dimer interface (fig. S4, A and B). This mutant self-dimerizes as
the wild-type but cannot dissociate later, because of the added co-
valent Cys244─Cys244 disulfide bond (fig. S4, C, D, and F). The
Tyr224Cys CTSA mutant coprecipitated with human NEU1
(Fig. 4A and fig. S4E) and activated the sialidase as efficiently as
wild-type CTSA (Fig. 4B). These results demonstrate that the
CTSA homodimer remains intact upon association with NEU1, as
is the case in the complex of CTSAwith another lysosomal glycosi-
dase, GLB1 (79). The likely presence of two NEU1-binding sites on
the symmetric CTSA dimer and, conversely, two CTSA-binding
surfaces on the symmetric NEU1 dimers (which further assemble
into oligomers) explains the formation of very large complexes, at
least at high concentrations of both proteins.

CTSA may activate NEU1 through an active site loop
rearrangement
NEU1 is unique among all known sialidases in that it requires an
accessory protein for activity. Whereas a third enzyme—the glyco-
sidase GLB1—has often been reported as a member of the high–
molecular weight NEU1-CTSA complex (15, 27), GLB1 is not nec-
essary for NEU1 activity (12, 21–24, 27, 32) and may compete with
NEU1 for access to CTSA (12, 32). Although CTSA also functions as
a protease, NEU1 is not activated via proteolysis (23, 24, 30, 80).
Rather, a CTSA-induced conformational change in NEU1 was hy-
pothesized as the activation mechanism (12, 22, 30, 33). The NEU1
structure reported here allows exploring this possibility.

Consistent with the in vivo findings, insect cell–produced
human NEU1 undergoes activation by CTSA. As previously report-
ed (23), their binding affinity is weak, failing to reach saturation
even at high CTSA concentration (Fig. 1C). This is in agreement
with endogenous CTSA levels being rate-limiting for NEU1 activity
(56, 81–82). As detailed earlier, comparison of the murine NEU1
crystal structure with that of human NEU2 bound to an inhibitor

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Gorelik et al., Sci. Adv. 9, eadf8169 (2023) 19 May 2023 4 of 10

D
ow

nloaded from
 https://w

w
w

.science.org at D
O

E
 O

ffice of Science on Septem
ber 04, 2024



revealed an inactive conformation of a loop bearing the catalytic
residue Asp97 (human Asp103)(Fig. 2B). The corresponding loop
transitions from disordered to ordered upon substrate binding to
NEU2 (11), but in other eukaryotic sialidases of the GH33 family,
this loop is productively positioned even without substrate (65–68).
This raises the possibility that CTSAmay facilitate a conformational
change in this loop in NEU1, as no other “inactive features” were
identified in the NEU1 crystal structure. We replaced this
segment in human NEU1 by the corresponding loop from human
NEU2, NEU3, or NEU4 with the aims of enabling CTSA-free activ-
ity or disrupting activation by CTSA, as these segments are dissim-
ilar in these other sialidases (Fig. 4C). The mutants formed
oligomers in solution as thewild-type (fig. S2, B and C) and retained
a low rate of CTSA-unassisted substrate hydrolysis comparable to
wild-type (Fig. 4D). Notably, substitution with the NEU3 loop in-
creased this baseline activity nearly three-fold, although it is still 40
times lower than that of wild-type NEU1 with CTSA. On the other

hand, none of the mutants displayed activation by CTSA, in accor-
dance with the idea that CTSA induces a conformational change
possibly by specifically interacting with this NEU1 loop (Fig. 4D).
Substitutions with the NEU3 and, especially, the NEU4 loop
reduced the ability of NEU1 to coprecipitate with CTSA (Fig. 4E),
further supporting this mechanism of activation, which remains to
be validated through structural studies of the NEU1-
CTSA complex.

To verify that the conformational switch of the catalytic loop is a
limiting factor for NEU1 activity, the substitution Ala106Asn was in-
troduced. This residue is not located on the enzyme’s surface or at
the substrate-binding site; however, a comparison of the murine
NEU1 crystal structure (inactive) with the AlphaFold2 structure
prediction (active form) suggests that Asn106 would clash with
parts of the protein only when in the inactive loop conformation
(Fig. 4F). This mutation could therefore shift the equilibrium
toward the active form in the absence of CTSA but may have no

Fig. 3. NEU1 oligomerization. (A) The murine NEU1 crystal lattice is formed by spiral oligomers established through two types of interfaces: beta (green) and loop
(purple). (B) Details of the beta dimerization interface, with one NEU1 monomer in green and another one in gray. Because of the relatively low resolution of the crystal
structure, any potential polar contact below 4-Å distance is indicated by black dashed lines. Murine NEU1 residue numbers are displayed; human numbering is offset by
+6. Amino acids are conserved at each position in both species, except murine Lys63 that is Arg69 in human. (C) Details of the loop dimerization interface, as in (B). Pi
stacking interactions are represented by yellow dashed lines. Murine Phe245, His250, and His252 are Tyr251, Gln256, and Asn258 in human. (D) Coprecipitation: Purified human
NEU1 dimerization interface mutants (4.4 mg/ml) were incubated with wild-type (WT) human CTSA (5.6 mg/ml) at pH 4 with 500 mM NaCl, centrifuged, and analyzed by
reducing SDS–polyacrylamide gel electrophoresis (PAGE). At acidic pH, CTSA undergoes proteolytic processing by trace proteases into a large and a small subunit (78). (E)
In vitro enzymatic activity of purified human NEU1 dimerization interface mutants on 4MU-NANA at 1 mM in presence or absence of 64 μM (3.4 mg/ml) wild-type human
CTSA. Values are themeans and SDs of two experiments, each performed in triplicates. The absolute NEU1 activity is 150-fold higher in presence than in absence of CTSA.
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effect in its presence, assuming that CTSA itself facilitates this con-
formational change in NEU1, as suggested above. Ala106Asn in-
creased activity 4.5-fold in isolated human NEU1, but only by
50% in presence of CTSA (Fig. 4G), supporting this mechanism.

Most sialidosis mutations likely disrupt the folding or
stability of NEU1
Almost 50 missense mutations in NEU1 have so far been identified
in patients with sialidosis (83). The structure reported here enables
assessing the effect of these alterations on the protein. Certain mu-
tations may respond to CTSA replacement therapy (58), which is in
preclinical development (58–59), whereas others may not be
rescued by exogenous CTSA. Most mutations are predicted to
affect the folding or stability of NEU1, and many others are possibly
in this category (fig. S1B). The variants Arg78Cys, Arg341Gly, and
Tyr370Cys disrupt substrate binding or catalysis directly and may

not respond to exogenous CTSA. Last, Arg305Cys/Pro and
Phe260Tyr are located at the loop self-association interface, support-
ing the notion that oligomerization may be important for NEU1
stability or function.

In conclusion, this study represents a step toward understanding
the mechanism of NEU1 activation by CTSA, unique among all sia-
lidases. NEU1 is inactive in the absence of CTSA, probably to
prevent degradation of sialylated glycans in the Golgi before reach-
ing lysosomes. The multienzyme complex forms at acidic pH and
likely contains CTSA dimers and NEU1 oligomers, and the
contact surface(s) between these two proteins is distinct from
their own self-association interfaces. Our results suggest that
CTSA binds near or at a NEU1 catalytic loop and induces a confor-
mational change in NEU1. This activationmodel remains to be con-
firmed by structural studies of the lysosomal multienzyme complex.
The NEU1 crystal structure reported here will also help assessing

Fig. 4. NEU1 activation by CTSA. (A) Coprecipitation: Purified human NEU1 (4.4 mg/ml) was incubated with human CTSA (5.6 mg/ml) at pH 5 with 500 mM NaCl,
centrifuged, and analyzed by reducing SDS-PAGE. “Glycan mutant” is Lys477Asn-Pro479Thr-Leu427Asn-Lys429Thr, which bears two additional N-linked glycans and
which was found to be incapable of activating NEU1 (negative control). At acidic pH, CTSA undergoes proteolytic processing by trace proteases into a large and a
small subunit (78). (B) In vitro enzymatic activity of purified human NEU1 on 4MU-NANA at 1 mM in presence of 20 μM (1.1 mg/ml) human CTSA. Values are the
means and SDs of two experiments, each performed in triplicates. (C) Sequence alignment of the loop bearing the acid/base catalytic aspartate residue (underlined)
within the NEU1 homologs. (D) In vitro enzymatic activity as in (B), but with 64 μM (3.4 mg/ml) human CTSA. Loop-2, Loop-3, and Loop-4 refer to replacement of an NEU1
active site loop by the corresponding segment from human NEU2, NEU3, and NEU4, as in (C). Values are themeans and SDs of a representative of one to four experiments,
each performed in triplicates. (E) Coprecipitation as in (A). (F) Comparison of the loop bearing the acid/base catalytic aspartate residue: inactive form in the crystal
structures of apo murine NEU1 (green) and active form in the AlphaFold2 structure predictions of murine NEU1 (violet; entry O35657 v3) (71). The Ala100Asn substitution
(white; human Ala106Asn) clashes with protein residues only in the inactive conformation (red circles). Several potential orientations of the Asn100 side chain are displayed.
(G) In vitro enzymatic activity as in (B), but with 64 μM (3.4 mg/ml) human CTSA. Values are the means and SDs of three experiments, each performed in triplicates.
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mutations that occur in sialidosis and their responsiveness to CTSA
supplementation and may assist the development of NEU1 replace-
ment therapies. For example, an obstacle to the production of re-
combinant NEU1 is its propensity to aggregate; however, a point
mutant in one of the self-association interfaces, designed to
improve solubility, unexpectedly caused loss of activity. Last, the
crystal structure will also facilitate the development of NEU1-selec-
tive inhibitors and probes by exploiting its comparatively wide sub-
strate-binding cavity or possibly by targeting its inactive
conformation. NEU1 activation or inhibition approaches have not
yet reached clinical stages but may hold promise for the treatment of
cancers and immune disorders.

MATERIALS AND METHODS
Protein constructs, expression, and purification
NEU1 and CTSA were expressed as secreted proteins in Sf9 insect
cells infected with recombinant baculovirus. For murine NEU1
(UniProt ID O35657), the endogenous 41-residue N-terminal
signal peptide (SP) was replaced by the melittin SP
MKFLVNVALVFMVVYISYIYA, followed by a hexahistidine tag
DRHHHHHHGS. The 47-residue SP of human NEU1 (UniProt
ID Q99519) and the 28-residue SP of human CTSA (UniProt ID
P10619) were also replaced as above. The genes were cloned down-
stream of a polyhedrin promoter.

Expression was carried out at 27°C for 66 hours in I-Max
medium (Wisent). Proteins were isolated from expression culture
media by immobilized metal affinity chromatography with
HisPur Ni-NTA resin (Thermo Fisher Scientific), washed with
buffer [25 mM tris-HCl (pH 7.5), 500 mM NaCl, and 10 mM im-
idazole], and eluted with buffer containing 250 mM imidazole. Pro-
teins were purified by size exclusion chromatography (SEC) on a
Superdex 200 Increase column (Cytiva) in buffer [10 mM tris-
HCl (pH 7.5) and 100 mM NaCl]. NEU1 was further purified by
anion exchange chromatography on a Mono Q column (Cytiva)
in buffer [10 mM tris-HCl (pH 7.5) and 100 to 300 mM NaCl],
diluted to 100 mM NaCl, and concentrated to 10 mg/ml. CTSA
was supplemented with 10 mM sodium acetate (pH 4.5) and con-
centrated to 20 mg/ml, as it underwent reversible aggregation at
high concentration at neutral pH.

X-ray crystallography
Crystallization of NEU1 from 11 mammalian species was attempt-
ed. Murine NEU1 crystallized in 1.25 M sodium acetate with 100
mM bis-tris-HCl (pH 6) (ranging from pH 4.6 to 7). Crystals
were briefly soaked in cryoprotectant composed of 75% crystalliza-
tion solution and 25% disodium malonate (4 M), followed by a
quick soak in a 50 to 50% mixture and flash freezing. X-ray diffrac-
tion data were collected at 100 K on beamline 24-ID-C with an
EIGER2 X 16 M detector at the Northeastern Collaborative
Access Team facility, Advanced Photon Source.

Data were processed by HKL2000 (84) with autocorrections
enabled. This option applies several corrective procedures including
ellipsoidal truncation which reduces high-resolution data complete-
ness depending on anisotropy. Diffraction was highly anisotropic;
this is made apparent in the number of reflections and completeness
values in “data collection” versus “refinement” in table S1. The
structure was solved by molecular replacement using Phaser (85)
in Phenix (86) with the structure of human NEU2 as search

model (Protein Data Bank ID 1VCU) (11), manually built in
Coot (87), and refined by phenix.refine (88) with noncrystallo-
graphic symmetry restraints. Crystallographic data collection and
structure refinement statistics are presented in table S1. Structural
images were prepared with PyMOL (The PyMOLMolecular Graph-
ics System, Version 2.5.2 Schrödinger LLC). Interface surface areas
were calculated with the Proteins, Interfaces, Structures and Assem-
blies (PISA) tool (89). Seven-angstrom resolution crystals of Guinea
pig NEU1were also obtained and found to be composed of the same
type of spiral oligomers as described for murine NEU1. Other
NEU1 homologs yielded no or weakly diffracting crystals

Assays
For enzymatic activity measurement, human NEU1 at 10 to 1000
nM was preincubated with human CTSA at up to 128 μM in
buffer [20 mM sodium acetate (pH 4.6) and 100 mM NaCl] for 1
hour at 22°C. The substrate 4-methylumbelliferyl-N-acetyl-α-D-
neuraminic acid (sodium salt; 4MU-NANA; Sigma-Aldrich,
M8639) was added at 1 mM, followed by incubation at 37°C for
30 min. The reaction was stopped with 250 mM glycine (pH 10),
and the fluorescence of the product 4-methylumbelliferone was
measured at 365-nm excitation and 450-nm emission. Activity
was quantified with a standard curve.

Purified NEU1 slowly precipitates at acidic pH, whereas isolated
CTSA remains soluble. When both proteins are mixed at acidic pH,
they rapidly coprecipitate, especially at high salt concentration.
Human NEU1 at 4.4 mg/ml was incubated with human CTSA at
5.6 mg/ml (equimolar) in buffer [100 mM sodium acetate (pH 4)
or sodium DL-malate (pH 5) and 500 mM NaCl] for 30 min at
22°C. The reaction was centrifuged at 21,000g for 10 min, and the
pellet was solubilized with 8 M urea. Samples were incubated with
SDS–polyacrylamide gel electrophoresis (PAGE) sample buffer
containing dithiothreitol (DTT) at 95°C or without DTT at 22°C
and analyzed by SDS-PAGE.

For SEC-MALS, 1 mg of human NEU1 or CTSA was incubated
in 500 μl of buffer [20 mM sodium acetate (pH 5) or tris-HCl (pH
7.5) and 100 or 500 mM NaCl) for 1 hour at 22°C, centrifuged, and
loaded on a 24-ml Superdex 200 Increase column at 4°C. Molecular
mass was measured in-line by a miniDAWN TREOS detector
(Wyatt Technology) with the ASTRA 5 software.

Supplementary Materials
This PDF file includes:
Figs. S1 to S4
Table S1

View/request a protocol for this paper from Bio-protocol.
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