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Lysosomal neuraminidase-1 (NEU1) forms a multienzyme
complex with �-galactosidase and protective protein/cathepsin
A (PPCA). Because of its association with PPCA, which acts as a
molecular chaperone, NEU1 is transported to the lysosomal
compartment, catalytically activated, and stabilized. However,
the mode(s) of association between these two proteins both en
route to the lysosome and in the multienzyme complex has
remained elusive. Here, we have analyzed the hydrodynamic
properties of PPCA, NEU1, and a complex of the two proteins
and identified multiple binding sites on both proteins. One of
these sites onNEU1 that is involved in binding to PPCA can also
bind to otherNEU1molecules, albeit with lower affinity. There-
fore, in the absence of PPCA, as in the lysosomal storage disease
galactosialidosis, NEU1 self-associates into chain-like oli-
gomers. Binding of PPCA can reverse self-association of NEU1
by causing the disassembly of NEU1-oligomers and the forma-
tion of a PPCA-NEU1 heterodimeric complex. The identifica-
tion of binding sites between the two proteins allowed us to
create innovative structural models of the NEU1 oligomer and
the PPCA-NEU1 heterodimeric complex. The proposed mech-
anism of interaction between NEU1 and its accessory protein
PPCAprovides a rationale for the secondary deficiency ofNEU1
in galactosialidosis.

Mammalian neuraminidases have been classified as lysoso-
mal (NEU1),4 cytosolic (NEU2), plasma membrane (NEU3),
andmitochondria/lysosomal (NEU4) based on their subcellular
distributions, pH optimum, kinetic properties, responses to
ions and detergents, and substrate specificities (1–3). Of the

four sialidases, onlyNEU1 is ubiquitously expressed at different
levels in various tissues and cell types (4–7). The importance of
these proteins in normal cellular physiology is illustrated by the
numerous metabolic processes that they control, including cell
proliferation and differentiation, cell adhesion, membrane
fusion and fluidity, immunocyte function, and receptor modi-
fication (8–21).
NEU1 initiates the intralysosomal hydrolysis of sialo-oligo-

saccharides, -glycolipids, and -glycoproteins by removing their
terminal sialic acid residues. In human and murine tissues,
NEU1 forms a complex with at least two other proteins, �-ga-
lactosidase and the protective protein/cathepsin A (PPCA)
(22). By virtue of their association with PPCA, NEU1 and �-ga-
lactosidase acquire their active and stable conformation in lyso-
somes. However, PPCA appears to function as a crucial chap-
erone/transport protein for NEU1. Because NEU1 is poorly
mannose 6-phosphorylated, it depends on PPCA for correct
compartmentalization and catalytic activation in lysosomes
(23–25). Only a small amount of PPCA and �-galactosidase
activities is found in the NEU1-PPCA-�-galactosidase com-
plex, which instead contains all of the NEU1 catalytic activity
(24–27). By understanding how and when NEU1 and PPCA
interact, how they regulate each other in different cell types,
and what determinants control their association, we may gain
important insight into their significance in physiologic and
pathologic conditions.
The absence of NEU1 is associated with two neurodegenera-

tive diseases that involve glycoprotein metabolism; sialidosis,
which is caused by structural lesions in the lysosomal NEU1
locus (28), and galactosialidosis (GS), a combined deficiency of
NEU1 and �-galactosidase which is caused by the absence of
PPCA (22). Patients with sialidosis and those withGS have sim-
ilar clinical and biochemical features, and both diseases are
characterized by multiple phenotypes that are classified
according to the age of onset and severity of the symptoms.
Previously, we generated two animal models of primary or

secondary NEU1 deficiency,Neu1�/� mice and Ppca�/� mice.
Both mouse models have a profound loss of Neu1 activity in
multiple tissues and develop clinical, biochemical, and patho-
logic manifestations resembling those seen in patients with
severe sialidosis and GS (29–31).Neu1�/� mice are phenotyp-
ically similar but not identical to Ppca�/� mice and, like chil-
dren with the disease, exhibit a time-dependent splenomegaly
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associated with extramedullary hematopoiesis (30, 31). We
found that the cause of these phenotypic abnormalities is the
gradual loss of retention of hematopoietic progenitors within
the bone niche due to exacerbated lysosomal exocytosis of bone
marrow cells. The latter process is negatively regulated by
NEU1 activity (31).
The mode of interaction between PPCA and NEU1 and the

mechanism of catalytic activation are not well understood.
Here we present biochemical, analytical, and structural analy-
ses of NEU1, PPCA, and the PPCA-NEU1 complex by using
purified baculovirus (BV)-expressed wild-type and mu-
tagenized recombinant enzymes and synthetic peptides.

EXPERIMENTAL PROCEDURES

Cell Culture, Antibodies, and Recombinant Proteins—Fibro-
blasts from a patient with early infantile galactosialidosis were
deposited in the European Cell Bank (Rotterdam, The Nether-
lands). Fibroblasts were maintained in culture in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serumand antibiotics (100 units/ml penicillin, 100�g/ml strep-
tomycin) at 37 °C (5% CO2). Macrophages were isolated from
the bone marrow of Ppca-null mice as previously described
(32). Antibodies against NEU1 and PPCA were produced and
affinity-purified as described previously (32). PPCA and NEU1
were expressed in insect cells and purified to near homogeneity
as previously described (32, 33).
Site-directed Mutagenesis and Retroviral Constructs—Wild-

type Ppca and Neu1 cDNA constructs have been previously
described (4, 34).Ppca cDNAwas in vitromutagenized to intro-
duce the following single amino acid substitutions: R20A,
A251E, L354D, K355Q, W382A, and P451A. To generate the
cDNA mutants, we performed two rounds of PCR using Ppca
oligonucleotide primers with specific nucleotide mutations
encoding each of the PPCA amino acid substitutions. The
nucleotide exchanges were confirmed by automated sequence
analysis. Wild-type and mutant Ppca and Neu1 cDNAs were
subcloned into the 5� internal ribosomal entry sequence (IRES)
of theMSCV-IRES-GFP retroviral vector, and retroviruseswere
generated and expressed in human fibroblasts as previously
described (35).
Enzyme Activity Analysis and Immunoblotting—Retrovirally

transduced fibroblasts were harvested and lysed in water con-
taining Complete EDTA-free protease inhibitors (Roche
Applied Science). NEU1 catalytic activity was measured using
the synthetic substrate 4-methylumbelliferyl-�-D-N-acetyl-
neuraminic acid as described earlier (36), and total protein con-
centration was measured using the BCA assay and bovine
serum albumin as a standard (Pierce). Cell lysate samples were
resolved on 12.5% polyacrylamide gels under denaturing con-
ditions, transferred onto polyvinylidene difluoridemembranes,
and incubated with anti-NEU1 and/or anti-PPCA affinity-pu-
rified antibodies and peroxidase-conjugated goat-anti-rabbit
secondary antibody (Jackson ImmunoResearch, West Grove,
PA). NEU1 and PPCAwere visualized usingWestern Lightning
Chemiluminescence Reagents (PerkinElmer Life Sciences).
Immunocytochemistry—Fluorescence-sorted retrovirally

transduced GFP� fibroblasts were seeded directly onto Super-
frost/Plus microscope glass slides (Fisher) at about 60% conflu-

ence. One day later the slides were processed according to the
method of vanDongen et al. (37) by using affinity-purified anti-
NEU1 antibody and cyanine 3-conjugated goat-anti-rabbit IgG
secondary antibody (Jackson ImmunoResearch). The stained
slides were examined using a fluorescence microscope as
described earlier (4).
ElectronMicroscopy of NEU1 Protein—Purified BV-NEU1 (1

mg/ml) in 50 mM sodium acetate (pH 5.0, 100 mM NaCl) was
adsorbed to carbon-coated grids, negatively stained with 1%
aqueous uranyl acetate, and imaged with a Phillips 301 electron
microscope operated at 60 kV.
In Vitro Activation of NEU1—Purified insect cell-expressed

recombinant NEU1 and PPCA (mature and precursor forms)
were separately dialyzed against phosphate-buffered saline (pH
7) or 50 mM sodium acetate (pH 5.0, 100 mM NaCl). NEU1 and
PPCA (pH 5 or 7) were mixed at �1:1 (8 �g each) to a 1:7 ratio
(8 and 56 �g, respectively) in either 50 mM sodium acetate (pH
5, 100mMNaCl) or 50mMMES (pH6.5, 100mMNaCl) in a total
volume of 100 �l per sample. The protein samples were incu-
bated for 24 h at 4 °C, room temperature, or 37 °C, after which
the neuraminidase activity was measured as described above.
The denatured and reduced proteins were resolved on a 12%
SDS-polyacrylamide gel and stained with 0.1% Coomassie Bril-
liant Blue (w/v) in 40% methanol, 10% acetic acid (v/v).
Synthetic Peptide Synthesis—Apanel of 72 sequential 15-mer

NEU1 peptides (4) and 88 sequential 15-mer PPCA peptides
(34), each overlapping with the following peptide by 10 resi-
dues, were synthesized using an Advanced Chemtech 396 syn-
thesizer. The N-terminal signal peptides of NEU1 and PPCA
were not included in the peptide synthesis. The peptide amides
were synthesized on 4-hydroxymethylphenoxyacetyl-4�-meth-
ylbenzyhydrylamine-amide resin (Applied Biosystems, Inc., Fos-
ter City, CA), and the Fmoc (N-(9-fluorenyl)methoxycarbonyl)
amino acids were coupled using 1-hydroxybenzotriazole/2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate chemistries. N-terminal acetylation was performed using
acetic anhydride and 1-hydroxybenzotriazole. Peptides were
cleaved from the resin in 91% trifluoroacetic acid containing 2%
phenol, 2% ethanedithiol, and 5% thioanisole. The peptides
were precipitated and washed twice with diethyl ether. Peptide
concentrations for CD and surface plasmon resonance (SPR)
were determined using quantitative amino acid analysis.
Surface Plasmon Resonance—Binding studies were performed

using a Biacore 3000 surface plasmon resonance instrument
(GE Healthcare). Purified insect cell-expressed PPCA and
NEU1 proteins were covalently attached to a CM-5 chip (Bia-
core) using standard amine couplingmethods in 10mM sodium
acetate at pH 5.5. The remaining reactive sites were blocked
with ethanolamine. A reference cell was prepared similarly in
the absence of protein.
Binding ofNEU1, PPCA, orNEU1 synthetic 15-mer peptides

was measured by flowing protein or peptides in 10 mMHEPES,
150mMNaCl, 3mMEDTA, and 0.005% surfactant P20 (HBS-EP
buffer, Biacore) at 20�l/min in sequence through the reference
and protein-containing flow cells at 25 °C. The pH of the
HBS-EP buffer was adjusted with 1 M HCl for each pH tested.
Synthetic peptides were at a concentration of 0.1 mg/ml, and
sample and system buffers were supplemented with 500 mM
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NaCl, 5% DMSO, and 10 mg/ml dextran sulfate 10 to improve
peptide solubility and reduce background binding. The system
and sample-diluting buffers were set at the pH being tested. A
blank containing onlyHBS-EP buffer at the appropriate pHwas
also run. Regeneration of the chip surface to remove bound
protein or peptides consisted of two 500-�l injections of
HBS-EP buffer at pH 7.4. The flow cells were maintained at
25 °C.Data reported are themaximumdifferences in SPR signal
between the flow cells containing coupled protein and the ref-
erence cells. Any contribution of the HBS-EP buffer to the sig-
nal was removed by subtracting the blank (HBS-EP buffer)
injection from the reference-subtracted signal. The binding
level was determined as the maximum signal in the binding
phase. Because of the extremes of pH used in these studies,
some loss of binding capacity was observed between injections,
amounting to �1% loss of binding per injection. For measure-
ments of binding levels for pH titration and peptide binding
studies, the top value at the end of the binding phasewas used as
the binding value. Data analysis was done using software and
kinetic models supplied with the Biacore 3000 instrument.
Analytical Ultracentrifugation—Purified insect cell-ex-

pressedNEU1 andPPCAwere dialyzed against the ultracentrif-
ugation buffers, 50 mM sodium acetate, pH 5, or phosphate-
buffered saline, 100 mM NaCl, pH 7.0, and subjected to
sedimentation velocity in a ProteomeLab XL-I analytical ultra-
centrifuge with an eight-hole Beckman An-50 rotor and cells
containing sapphire windows and charcoal-filled Epon double-
sector center pieces (Beckman Coulter, Fullerton, CA). The
buffer dialysate was used as optical reference. The loading vol-
ume of �400 �l was identical for the reference and sample
chambers of the double-sector centerpiece, and the final load-
ing protein concentrations were 1.8 to 0.15mg/ml. The density
and viscosity of the ultracentrifugation buffers at 4 °C were cal-
culated from their respective compositions, and the partial spe-
cific volume at 4 °C, andmolecular weights of the proteins were
calculated based on the amino acid composition using the soft-
ware SEDNTERP (38). After equilibration at 4 °C at rest, the
rotor was accelerated to 50,000 rpm and fringe-displacement
data at time intervals of 1.0 min were collected with the Ray-
leigh interference system for 10 h and analyzed with SEDFIT
software using the model for continuous sedimentation coeffi-
cient distribution c(s) with deconvolution of diffusion effects
(39, 40) The sedimentation coefficient distribution c(s) was cal-
culated with maximum entropy regularization at a confidence
level of p� 0.7 and at a resolution of sedimentation coefficients
of n � 100–120. The positions of the meniscus and bottom as
well as time-invariant and radial noises were fitted. A two-di-
mensional size-shape distribution, c(s, f/f0) (with the first
dimension the s distribution and the second the f/f0 distribu-
tion)was also calculatedwith an equidistant f/f0 grid of 0.1 steps
that varied from 1.0 to 2.8, a linear s-grid that varied from 0.5 to
15 S, and Tikhonov-Phillips regularization (41). The distribu-
tions were transformed to c(s,Mr) and c(s,f/f0) distributions,
whereMr is themolecular weight, f/f0 is the frictional ratio, and
s is the sedimentation coefficient, and plotted as contour plots.
This analysis was with regularization. The dotted lines of the
c(s,Mr) distribution plots indicate lines of constant f/f0. The
distributions were not normalized (41).

Structural Modeling of the NEU1 Oligomer and the Het-
erodimeric Complex of PPCA and NEU—A structural model of
human NEU1 was generated using the comparative method
(42). Initial modeling was performed using the fold-recognition
program LOOPP (43, 44), which used an alignment protocol
based on the scoring scheme of the structural template of bac-
terial sialidase from Micromonospora viridifaciens (PDB code
1EUR) (45). Subsequently, an atomic model was generated
using MODELLER, Version 9v4 (46, 47).
Data obtained from the surface plasmon resonance peptide

scanning from both NEU1 and PPCA sides were used to build
the structural models of the NEU1 oligomer and the PPCA-
NEU1 complex. Two templates were used to model the struc-
ture of the PPCA-NEU1 heterodimeric complex with 1:1molar
ratio; 1) computer-generated model of human NEU1 and 2)
crystallographic structure of the precursor PPCA monomer,
PDB code 1IVY (48). After visualization of the contacts and
preliminary analysis of the surface interactions with the com-
puter graphics programCOOT (49), several three-dimensional
models were suggested based on the optimal packing of the
individual monomers. Attempts were undertaken to discrimi-
nate between variousmodels using the protein-protein docking
servers ClusPro (50), RosettaDock (51, 52), and Gramm-X (53,
54), with the knowledge-score algorithms based on surface
complementarity, energy optimization, and fast Fourier trans-
formation methodologies, respectively.

RESULTS

PPCA-induced Activation of NEU1—NEU1 gains full cata-
lytic activity in the lysosome through its binding to PPCA and
assembly within the multienzyme complex, which most likely
triggers conformational changes essential for catalysis. The
timing of the proteolytic processing of the 54-kDa PPCA zymo-
gen into the mature two-chain, 32/20-kDa enzyme remains
unknown, as does whether this process is a prerequisite for
activation of the 46-kDa NEU1. No mutations have been iden-
tified that prevent the proteolytic processing and activation of
PPCA. Instead, all patients with GS present with deficiencies in
cathepsin A and NEU1.
To better understand themechanism ofNEU1 activation, we

examined the ability of purified precursor PPCA and mature
PPCA to activateNEU1 in solution. At pH6.5 and 5.0, we added
increasing quantities of PPCA to a constant amount of NEU1,
in ratios of 1:0.7 to 1:7, to assess the effect on NEU1 activity. To
analyze whether time or temperature was important for cata-
lytic activation, we incubated the samples for 1 or 24 h at room
temperature or 37 °C and then assayed NEU1 activity. Increas-
ing amounts of bovine serum albumin added to NEU1 as a
control had no effect on the enzyme activity (not shown). At pH
6.5, NEU1 activity increased with the PPCA concentration
independent of time, temperature, and whether the precursor
or mature PPCA formwas present, except that incubation with
mature PPCA for 24 h at 37 °C resulted in overall lower NEU1
activity (Fig. 1, A and B).
At pH 5, a similar temperature-independent increase in

NEU1 activity was measured after 1 h of incubation with either
form of PPCA (Fig. 1, C and D), but the addition of mature
PPCA followed by 24 h of incubation at 37 °C led to a steady
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decline in NEU1 activity (Fig. 1D). SDS-PAGE analysis showed
the increasing appearance of a degradation product (�36 kDa)
in NEU1 samples that had beenmixed with an equal amount of
mature PPCA and incubated at 37 °C for 1 or 24 h (Fig. 1E).
These resultsmay explain the relatively short half-life of endog-
enousNEU1 inmammalian cellsmaintained in culture (23) and
suggest that mature PPCA may trigger the inactivation and
degradation of this protein.
Expression of Mutant PPCA Variants in GS Fibroblasts—The

mode of interaction between PPCA and NEU1 and the sites of
their binding are unknown.To identify amino acid residues on the
PPCAprecursor thatbindNEU1,we tookadvantageof the tertiary
structure of PPCA (55). We assumed that the solvent-accessible
surface of the PPCA structure, as calculated by GRASP (48, 56),
would be tailored for its NEU1-protective task.We created sin-
gle amino acidmutations of surface residues that are conserved
in human and mouse PPCA but not in other nonmammalian
members of the serine carboxypeptidase family that have no
protective function toward other proteins (34, 48). The amino

acid substitutions were as follows:
R20A, A251E, L354D, K355Q,
W382A, and P451A. The individual
mutations were modeled onto the
structure of precursor PPCA to
ascertain that the overall structure
of the mutant proteins was pre-
served (data not shown).
PPCA—Null fibroblasts were trans-

duced with bicistronic MSCV vec-
tors containing GFP, wild-type
NEU1 cDNA, and either wild-type
or mutant PPCA cDNA. These co-
expression experiments were de-
signed to test whether any of the
PPCA variants interactedwith wild-
type NEU1 and whether the inter-
action promoted transport of NEU1
to the lysosome. PPCA mutants
that are correctly compartmental-
ized and processed in lysosomes
into amature, active enzyme should
be structurally uncompromised but
may still be defective in binding to
NEU1.
Immunoblots showed that all

PPCA mutant proteins were pro-
cessed to the mature subunits and,
hence, were efficiently trans-
ported to the endosomal/lysoso-
mal compartment, although they
were expressed at different levels
(Fig. 2A). As expected, NEU1 was
not detected inGS fibroblasts trans-
duced with NEU1 alone because of
the lack of endogenous PPCA (Fig.
2B). In most cases, however, the
level ofNEU1 inGS cells transduced
with a mutant PPCA exceeded that

of cells transducedwithwild-type PPCA (Fig. 2B). These results
were in agreement with the enzyme activities measured in
transduced cells. The cathepsin A activity of four mutants
equaled or exceeded that of wild-type PPCA, whereas two
mutants (R20A and W382A) showed lower cathepsin A activ-
ity. In all cases, NEU1 was at the most only partially activated
(Fig. 2C). The inability of these PPCA variants to fully activate
NEU1may have resulted from their reduced affinity toward the
protein. However, each PPCA variant coimmunoprecipitated
with NEU1 (data not shown and Ref. 23), confirming that none
of the amino acid substitutions completely abrogated binding
between the two proteins. Overall, these results suggest that
our initial structural predictions were correct and that some of
the selected residues, alone or in combination, participate in
the interaction between NEU1 and PPCA.
Uptake of BV-expressedWild-type orMutant PPCAbyMouse

Ppca-deficient Macrophages—To investigate the capacity of
three PPCA variants (R20A, L354D, P451A) to correct NEU1
activity via the endocytic route, we overexpressed the mutant

FIGURE 1. In vitro catalytic activation of NEU1 by PPCA. A–D, increasing quantities of precursor or mature
PPCA (5.6 –56 �g) were added to NEU1 (8 �g) at pH 6.5 (A and B) or pH 5 (C and D) in a total volume of 100 �l.
The protein mixtures were incubated for 1 h at room temperature (blue plot), 24 h at room temperature (red
plot), or 24 h at 37 °C (black plot). NEU1 activity was then measured. NEU1 activity is expressed as nmol sub-
strate/h/mg of NEU1. E, Coomassie Blue-stained SDS gel with precursor PPCA (5.6 �g) mixed with an equal
amount of NEU1 (lanes 1 and 2) or mature PPCA (5.6 �g) mixed with an equal amount of NEU1 (lanes 3–5).
Protein mixtures were incubated for 0, 1, or 24 h at 37 °C as indicated, before loading on the SDS gel.
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proteins in insect cells, purified them to near homogeneity, and
used them in uptake experiments in Ppca-deficient macro-
phages. These variants were selected because they showed dif-
ferent protective activity toward NEU1 in GS fibroblasts: R20A
(low cathepsin A activity, no NEU1 activity), L354D (normal
cathepsin A activity, intermediate NEU1 activity), and P451A
(normal cathepsin A activity, no NEU1 activity).Wild-type and
Ppca�/� primarymacrophages were used as recipients because
they internalize insect cell-produced enzymes (32). Using this
approach, we bypassed the requirement forNEU1 and PPCA to
interact before their compartmentalization in endosomes/lyso-
somes and were able to exclusively assess their endosomal/ly-
sosomal behavior.
The activity/stability of wild-type NEU1 endocytosed by

Ppca�/� or Ppca�/� macrophages considerably exceeded the

endogenous levels in both recipient cell types, and internalized
NEU1 was equally stable for at least 24 h (Fig. 3A). The coad-
ministration of wild-type PPCA and wild-type NEU1 had an
adjunctive effect on theNEU1 activity and increased its half-life
to more than 24 h (Fig. 3A).
Immunoblot analysis of macrophage lysates confirmed the

enzyme activity results (Fig. 3, B–E). NEU1 was detected as a
doublet when PPCA was either absent (Fig. 3B) or present at
endogenous levels (Fig. 3C) but appeared as a single polypep-
tide when PPCA levels were increased by uptake of exogenous
PPCA (Fig. 3E). Thus, PPCA levels are rate-limiting in terms of
NEU1 activity and lysosomal stability when excess NEU1 is
present (Fig. 3B).

Similar uptake experiments were performed using BV-ex-
pressedPPCAvariants combinedwith an equal amount of puri-

FIGURE 2. Expression of MSCV-PPCA mutants in GS fibroblasts. GS were
single- or double-transduced with MSCV-based bicistronic (GFP) retroviral
vectors containing wild-type Neu1 cDNA (NEU1) and either wild-type PPCA
(PPCA) or mutant PPCA (R20A, A251E, L354D, K355Q, W382A, P451A) cDNAs.
The cells were fluorescence-sorted for transduced GFP-expressing cells. Flu-
orescence-sorted cells were analyzed on immunoblots with anti-PPCA (A)
and anti-NEU1 (B) antibodies. C, the activities of cathepsin A (CA; black bars)
and NEU1 (gray bars) were measured in homogenates of the transduced GS
fibroblasts, nontransduced normal fibroblasts (Control), and nontransduced
GS fibroblasts. Cathepsin A activity is expressed as nmol of substrate/min/mg
total protein; NEU1 activity is expressed as nmol substrate/h/mg of total
protein.

FIGURE 3. Half-life of endocytosed NEU1 in Ppca�/� and Ppca�/� macro-
phages. Macrophages were maintained in culture in 6-well plates in the pres-
ence of either purified NEU1 alone (25 �g) or a mixture of BV-NEU1 and BV-
PPCA (25 �g each) for 16 h. The medium was then replaced with enzyme-free
medium. Cells were harvested at 0, 1, 3, 5, 7, and 24 h and assayed for NEU1
activity (A). NEU1 uptake was measured in Ppca�/� macrophages (red plot) or
Ppca�/�macrophages (blue plot), and PPCA-NEU1 uptake was measured in
Ppca�/� macrophages (black plot). NEU1 activity is expressed as nmol of sub-
strate/h/mg of total protein. B–E, harvested cell lysates were also analyzed on
immunoblots with anti-PPCA and anti-NEU1 antibodies.
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fiedNEU1.Uptake of PPCA-L354Dor -P451A restored cathep-
sin A activity to levels that were similar to those obtained with
the wild-type PPCA precursor (Fig. 4A). On immunoblots, the
endocytosed mutants appeared to be processed as efficiently as
the wild-type protein (Fig. 4B). The expression level and cata-
lytic activity of PPCA-R20A indicated that this variant was
unstable in the lysosome, although it still partially activated
NEU1 (Fig. 4A).
Binding of NEU1 toWild-type andMutant PPCAs by Surface

Plasmon Resonance—We next tested whether the mature form
of BV-expressed wild-type PPCA bound NEU1 by using SPR.
We coupled purified NEU1 to a sensor chip and measured the
binding of mature PPCA (pH range 7.5-4.5). Binding was min-
imal at neutral pH but increased steadily as the pH decreased
(Fig. 5A). The binding of precursor PPCA (not shown) and that
of mature PPCA to NEU1 was similar, albeit the relative bind-
ing of the mature form was lower at all tested pH values.
We repeated these assays using three PPCAmutants (PPCA-

R20A, -L354D, -P451A). All three showedmaximumbinding to
NEU1 at pH 4.5, but their binding affinities were 4–8-fold less
than that of wild-type PPCA (Fig. 5A). This finding indicates
that either a large surface area or multiple contact sites may be
required for interaction of the two proteins. Although these

PPCA amino acid substitutions appear to be sufficient to sub-
stantially impair the binding of PPCA to NEU1 in a cell-free
system, in mammalian cell expression assays the effects of the
same mutations was less pronounced. Therefore, under physi-
ological conditions other enzymes that are part of the multien-
zyme complex, most notably �-galactosidase, may influence
the stability of the NEU1-PPCA bond (57).
Identification of PPCA- and NEU1-binding Sites—To com-

plement the SPR results, we performed a SPR-peptide screen
against full-lengthNEU1 protein. Thismethod helps to identify
motifs and amino acid residues that are essential for protein-
protein interaction (58, 59). We designed 88 synthetic 15-mer
peptides covering the entire sequence of PPCAand overlapping
each other by 10 amino acids. We then analyzed the ability of
each to bind NEU1 coupled to a sensor chip. The screen
revealed N-terminal and C-terminal regions of PPCA that con-
tainedmultiple peptides specific for NEU1 binding. The N-ter-
minal peptide 11 (residues 51–65; VLWLNGGPGCSSLDG)
gave a high binding value of 118, whereas the C-terminal pep-
tides 65 (residues 321–335; ALNIPEQLPQWDMCN) and 74
(residues 371–385; VDMACNFMGDEWFVD) had binding
values of 110 and 190, respectively (Fig. 5B). Three of the vari-
ants that were coexpressed with NEU1 in mammalian cells
(PPCA-L354D, -K355Q, -W382A) lay within the C-terminal
region of PPCA that shows binding to NEU1. Neither PPCA
region involved in binding to NEU1 coincided with the internal
2-kDa “excision peptide” (residues 280–298; LPLKRM-
WHQALLRSGDKVR) that is proteolytically removed during
maturation of the protein (48, 60). Peptide 65 is only 22 amino
acids from the excision peptide; therefore, the cleavage of the
excision peptide may change the conformation of the adjacent
regions in the mature form of PPCA and in turn influence its
ability to bind NEU1.
Following a similar strategy, we scanned the NEU1 primary

structure for PPCA-binding sites by screening the ability of 72
synthetic 15-mer peptides of NEU1 to bind to a sensor chip
containing either mature or precursor PPCA. NEU1 peptides
with relative binding values greater than 40 were considered to
bind specifically. Overall, the relative binding of the peptides to
precursor PPCA was greater than that to the mature enzyme
(Fig. 5,C andD). Eight peptides bound to precursor PPCAwith
a relative binding of 45 to 250, which is severalfold higher than
the basal level of peptide binding (Fig. 5C). Peptides 13 (residues
61–75; AKFIALRRSMDQGST) and 48 (residues 23–250;
NQNNYHCHCRIVLRS) also bound tomature PPCA (Fig. 5D).
Peptide 48 bound slightly better to precursor than mature
PPCA,whereas peptide 13 showed the reverse affinity; thus, the
NEU1 peptides that interact with the precursor but not with
mature PPCA may have recognized a region embedded within
the excision peptide.
To identify potential self-binding sites on NEU1, we tested

the SPR binding of the 72 synthetic NEU1 peptides to the full-
length NEU1 protein. In this assay a relative binding value
greater than 80 signified specific binding. Four NEU1 peptides
had binding values greater than 90 (Fig. 5D), suggesting that
NEU1 competes with PPCA for the same binding site(s) on
otherNEU1molecules. This finding supports our earlier report
in which we showed the presence of NEU1 in large crystal-like

FIGURE 4. Uptake of insect cell-expressed wild-type and mutant PPCA by
Ppca�/� macrophages. Macrophages were maintained in culture in 6-well
plates in the presence of purified wild-type (WT) or mutant BV-PPCA and
wild-type BV-NEU1 (25 �g each) for 2 days. Cells were then harvested and
assayed for cathepsin A (CA; black bars) and NEU1 (gray bars) activity (A).
Cathepsin A activity is expressed as nmol of substrate/min/mg of total pro-
tein; NEU1 activity is expressed as nmol of substrate/h/mg of total protein.
B, the cell lysates were analyzed on immunoblots for the presence of endo-
cytosed enzymes with anti-PPCA and anti-NEU1 antibodies. Untreated cells
are shown in lane 1.
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aggregates within the endoplasmic reticulum; however, this
occurred only when the enzyme was overexpressed in the
absence of PPCA (4). Coexpression of PPCA with NEU1 pre-
vented the formation of these crystal-like bodies and resulted in
the lysosomal localization of both proteins (4). Thus, by binding
to NEU1 in the endoplasmic reticulum, PPCA prevents the
clustering of NEU1 and promotes its transport to the lysosome.
Hydrodynamic Properties of PPCAandNEU1—Using analyt-

ical ultracentrifugation (AUC), we characterized the hydrody-
namic properties of PPCA, NEU1, and putative complexes in a
mixture of both proteins in solution to investigate their behav-

ior and binding in amore physiolog-
ical state. These measures included
the sedimentation coefficients, mo-
lecular masses, and shapes of the
proteins in solution. Sedimentation
velocity analysis separates particles
athighresolutioninasize-andshape-
dependentmanner. The sedimenta-
tion coefficient is the rate of sedi-
mentation per unit of centrifugal
field for a particle, and the frictional
ratio (f/f0) is the ratio of the transla-
tional frictional coefficient of the
particle to that of a spherical parti-
cle of the same mass and volume
(61). Although the sedimentation
coefficient is related to molecular
mass, the frictional ratio is related
to molecular shape. Typically, the
hydrated frictional ratio ranges
from 1.3 (for nearly globular
hydrated proteins) to 2.0 (for very
elongated or glycosylated pro-
teins) (62).
We first assessed the sedimenta-

tion properties of precursor PPCA
and NEU1 separately and then in a
1:1mixture at pH 5. The sedimenta-
tion profile of PPCA showed a single
major peak, indicating that the pro-
tein exists as a homodimer in solu-
tion (Fig. 6A). In contrast, NEU1
showed a sedimentation profile
consisting of as many as seven sepa-
rate peaks, each representing differ-
ent-sized species with sedimenta-
tion values at 4 °C (s4 values)
ranging from 1.5 to 11 S (Fig. 6B).
These peaks appeared to be differ-
ent forms of self-association, i.e. the
first peak represents a monomer,
and the last, an oligomer containing
at least 10monomers. Furthermore,
NEU1 (0.45–1.8mg/ml) at pH 7was
also distributed among 5 or 6 major
overlapping peaks (s4 value range,
1.50–10 S) (Fig. 6D). At lower pro-

tein concentration (0.15mg/ml), only the 4 lower-order species
remained. This finding indicates that NEU1 self-associates into
oligomers of increasing mass (length) in a reversible, concen-
tration-dependent manner. The best-fit (f/f0)w value decreased
slightly with decreasing NEU1 concentration and coincided
with lower oligomeric complexity, indicating that the different-
sized oligomers dynamically interconverted under thermody-
namic control. However, the data did not allow the assignment
of accurate molar masses (association states) to each peak.
Using the samemethod, we tested the protein binding in the

1:1 mixture of NEU1 and PPCA at pH 5. Remarkably, the mix-

FIGURE 5. Identification of binding sites between NEU1 and PPCA by SPR-peptide scanning. A, purified
NEU1 was covalently coupled to a SPR sensor chip. Binding of PPCA was measured by flowing purified wild-
type (black plot) or mutant precursor PPCAs (red, green, and blue plots) at pH ranging from 4.5 to 7.5 through the
reference and the NEU1-containing flow cells (A). B, SPR binding of a series of 88 synthetic PPCA peptides
(15-mer with 10-residue overlap) was measured by flowing the peptides in sequence through the reference
and protein-containing flow cells. C and D, SPR binding of a series of 72 synthetic NEU1 peptides to precursor
PPCA (C), mature PPCA (D), and NEU1 (E). Data reported are the differences in SPR signal between the flow cells
containing protein and the reference cells. The binding level was determined as the maximum signal in the
binding phase. Peptides that gave binding values that were higher than the nonspecific background values are
indicated.
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ture of the two proteins resulted in very homogeneous sedi-
mentation profile, compared with that of NEU1 alone. NEU1
oligomers were absent, and only 1main peak was detected with
an s4 value of 3.72 S, corresponding to a molar mass of 104 kDa
(Fig. 6C). Strikingly, the 3.27-SNEU1dimeric species present in
theNEU1-alone profile was absent in the PPCA-NEU1mixture
and was presumably consumed in a new PPCA-NEU1 het-
erodimeric complex, with a predictedmolar mass of 102.9 kDa.
The values of s4 andmass of the PPCAhomodimer were similar
to those of the PPCA-NEU1 heterodimer, suggesting that the
104-kDa species in the PPCA-NEU1 profile could be a PPCA
homodimer. However, this possibility would not account for
the apparent loss of oligomeric NEU1.
To ascertain which proteins are contained in the 104-kDa

peak, we integrated the concentration (in fringes) of the mate-
rial under the specified peaks for PPCA-alone andPPCA-NEU1
mixtures.When comparedwith the quantified input of the pro-
teins, the 104-kDa species could only be the PPCA-NEU1 het-
erodimer in a 1:1 ratio. Mass spectrometric analysis of the 104-
kDa species showed that PPCAandNEU1were present in equal
molarity (not shown), which is consistent with a PPCA-NEU1
heterodimer. The drastically changed size distribution profile
of NEU1 upon the addition of PPCA suggests that NEU1 has
higher affinity for PPCA than for other NEU1 molecules. In
agreement with the results from the SPR peptide screen, the
different association states of NEU1 suggest that this protein
contains two different binding sites that can bind to other
NEU1 molecules. This is also supported by the analysis of the
contour plots ofNEU1 (pH7; 1.80mg/ml), which identified two
NEU1 homodimers of different shapes, one extended (s4 � 3.05

FIGURE 7. Molar masses of PPCA, NEU1, and a complex of PPCA and NEU1.
Velocity data for NEU1 at pH 5 (A), PPCA at pH 5 (B), the PPCA-NEU1 mixture at
pH 5 (C), NEU1 at pH 7 and 1.8 mg/ml (D), and NEU1 at pH 7 and 0.45 mg/ml (E)
were fitted to a two-dimensional size-and-shape distribution model, (c(s,f/f0)).
Contour plots, frictional ratio versus sedimentation coefficient (left panels),
and molecular weight versus sedimentation coefficient (lines represent con-
stant f/f0 values) (right panels) were generated from the c(s,f/f0) analysis. The
differently colored contours represent c(s,f/f0) values from 0.0 fringes/S
(white) to maximum-value fringes/S (red), with increasing color temperature
indicating higher values.

FIGURE 6. Sedimentation properties of PPCA, NEU1, and a complex of
PPCA and NEU1. c(s) profiles of PPCA (A), NEU1 (B), the PPCA-NEU1 complex
(C), and NEU1 at various concentrations (D), i.e. 1.8 (black line), 0.45 (red line),
and 0.15 mg/ml (blue line) were obtained. Sedimentation-velocity profiles
(fringe displacement) were fitted to a continuous sedimentation coefficient
distribution model c(s). Experiments were conducted in 50 mM sodium ace-
tate, pH 5, 100 mM NaCl at 4 °C and at a rotor speed of 50,000 rpm. The best-fit
weight-average frictional ratio (f/f0)w was determined from the c(s) analysis,
and a single value was assumed. Total loading concentrations for NEU1,
PPCA, and the PPCA-NEU1 mixture were 0.58, 0.22, and 0.25 mg/ml,
respectively.
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S; f/f0 1.46; molecular mass� 94 kDa) and the othermore glob-
ular (s4 � 3.65 S; f/f0 � 1.25; molecular mass � 96 kDa).

To determine themolarmasses ofmultiple and single species
in solution, we calculated amore reliable two-dimensional size-
and-shape distribution, c(s,f/f0) (with one dimension being the s
distribution and the other being the f/f0 distribution) with the
velocity data of NEU1, PPCA, and the mixture of NEU1 and
PPCA (Fig. 7, A–E). The best-fit values and estimates of the
c(s,f/f0) analyses are shown in Table 1. Contour plots of s versus
f/f0 and s versusMr showed that at pH 5, PPCA (Fig. 7B) and the
PPCA-NEU1 complex (Fig. 7C) resolved in single major peaks,
with an identical s4 value of 3.77 S. This analysis also revealed
that the mass value for the PPCA homodimer was 110 kDa and
that of the PPCA-NEU1 heterodimer was 100 kDa; both values
are in agreement with their predicted molar masses of 110.8
and 102.9 kDa, respectively (Table 1). Similar results were
obtained at pH 7 (not shown). We observed that the molecular
shape of the PPCAhomodimer wasmore extended (f/f0 � 1.34)
than that of the PPCA-NEU1 heterodimer (f/f0 � 1.24).
Structural Models of the NEU1 Oligomer and the PPCA-

NEU1 Heterodimeric Complex—The SPR data showed that
two of the 5 NEU1 peptides that had the highest affinity for
binding to PPCA also bound NEU1. Thus, PPCA and NEU1
compete for the same binding site(s). This is also supported
by the AUC results. Furthermore, because NEU1 contains
two binding sites that can bind to other NEU1 monomers, it
preferentially forms oligomers in the absence of PPCA. The-
oretically, both ends of the oligomers are accessible to other
NEU1 molecules, which potentially allows for unlimited
growth. Using the empiric model of the NEU1 monomer, we
have generated a new model of NEU1 oligomers that closely
matches the analytical data.We first determined that the two
binding sites on the surface of NEU1 are not opposite to each
other but rather are at an angle of less than 90°. Therefore,
the oligomers are predicted to form a spiral-like structure
(Fig. 8A). We then translated this hypothetical spiral packing
of the NEU1 oligomer into a structural model without
clashes or overlaps (Fig. 8B). Electron microscopic analysis
of purified NEU1 protein gave validity to this model by
showing elongated chains of as many as 10 NEU1 monomers
(Fig. 8D). Electron microscopy of PPCA alone showed no
chain-like structures, whereas the addition of PPCA to
NEU1 led to a near-complete disappearance of the chain-like
NEU1 structures (data not shown).

To ascertain whether the synthetic PPCA- and NEU1-inter-
acting NEU1 peptides were solvent-accessible, we located their
positions in an empiric structural model of NEU1. This model
was based on the structure ofM. viridifaciens sialidase, which is
predicted to share a high degree of structural similarity with the
mammalian enzyme (4, 45). An initial model of theNEU1mon-
omer was obtained using the fold-recognition server LOOPP
(43), with the bacterial sialidase (45) as a template. The model
was then converted into an atomic model of NEU1 using the
programMODELLER (47). On this model, at least a portion of
each peptide is exposed to the surface, indicating that the pep-
tides are potentially in position to bind PPCA or NEU1 (Fig.
9A). Interestingly, the peptides appear to form two attachment
bands on the surface; these include peptides 33, 34, 42, 48, and
70 and peptides 13 and 19 (Fig. 9B).

NEU1 peptides 33, 34, and 42 bind only to precursor PPCA,
whereas NEU1 peptides 13 and 48 bind only to mature PPCA.
This suggests that peptides 33, 34, and 42 should be placed in
close proximity to the excision peptide of PPCA in a hypothet-
ical model of the PPCA-NEU1 heterodimer.
Initial three-dimensional visualization of the contacts

between the two proteins, removing clashes and optimization
of packing with the computer program COOT (49), resulted in
several potential models of the PPCA-NEU1 heterodimer. Fur-
ther selections were made using the information on the inter-
acting NEU1 peptides and the PPCA variants identified above.
The position of the binding peptides at the surface of the NEU1
model suggests that there are potentially two contact sites
between PPCA and NEU1. Therefore, two models were finally
selected. The first model shows peptides 33, 34, and 42 inter-
acting with the PPCA excision peptide and peptide 48 interact-
ing with the PPCA peptide 65 (Fig. 9C). The second model is
based on contacts between the NEU1 peptides 13 and 70 with
the PPCA peptide 74 and the Pro-451 residue on PPCA, which
was the only residue that consistently interfered with PPCA-
NEU1 binding in the mutation studies (Fig. 9D). The 2 models
were within the top 10 of the most probable structures after
running the Rosetta docking server (52). The AUC analysis of
the PPCA-NEU1 mixture suggests the existence of only one
PPCA-NEU1 heterodimeric complex. However, because it is
uncertain whether AUC is sensitive enough to discriminate
between the two heterodimeric models, either or both het-
erodimeric forms may coexist physiologically.

TABLE 1
Best-fit values and estimates of the c(s,f/f0) analyses of NEU1, PPCA, and the PPCA-NEU1 heterodimeric complex

Sample (mg/ml) pH s4a (Svedberg) s20,w0 b (Svedberg) f/f0c (s20,w0 ) Mr
d Protein complex

kDa
NEU1 (0.25) 5 3.20 (0.11) 5.15 1.43 (1.43) 93 (95) Dimer

4.40 (0.08) 7.08 1.65 (1.65) 185 (190) Tetramer
PPCA (0.22) 5 3.77 (0.16) 6.07 1.34 (1.30) 110 (111) Dimer
PPCA-NEU1 (0.25) 5 3.77 (0.147) 6.07 1.24 (1.28) 100 (103) Heterodimer
NEU1 (0.45) 7 3.05 (0.10) 4.94 1.46 (1.49) 94 (95) Dimer

3.65 (0.07) 5.91 1.25 (1.25) 96 (95) Dimer
4.72 (0.07) 7.77 1.90 (2.00) 270 (285) Hexamer

a Sedimentation coefficient at 4 °C (s4) taken from the ordinate maximum of each peak in the best-fit c(s,f/f0) distribution. The relative amount of each species is given in
parenthesis.

b Converted s values of the best-fit c(s,f/f0) distribution data to s20,w0 values. Standard conditions: 20 °C, water as the solvent, and zero protein concentration were used.
c Frictional ratio (f/f0) obtained from the calculated c(s,f/f0) distribution, and the ratio was calculated with SENTERP.
d Molar mass values were obtained from the calculated c(s,f/f0) distribution and transformed to the c(s,Mr) distribution (41).
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DISCUSSION

Using purified proteins in a cell-free system, we showed that
precursor PPCA and mature, active PPCA are both capable of
activating NEU1 in a concentration-dependent manner. In the
absence of PPCA, NEU1 bound to �-galactosidase; however, in
this case the two enzymes did not form a highMr complex (57).
NEU1 also bound to a deletion mutant of PPCA that corre-
sponded to the 20-kDa C-terminal part of PPCA; yet again, no
highMr complex was formed. In contrast, another PPCA dele-
tion mutant corresponding to the 32-kDa N-terminal portion
of the protein failed to bind NEU1 (57). Thus, the C-terminal

portion of PPCA, which includes the Pro-451 residue that is
important for the interaction with NEU1, appeared to contain
an important NEU1 binding domain, and both the 20- and
32-kDa PPCA subunits are essential for the formation of a high
Mr complex.

Our SPR peptide-scanning and AUC experiments revealed a
new and complex mechanism in which PPCA and NEU1 com-
pete for the same binding sites on other NEU1 molecules. Dif-
ferences between the precursor and mature forms of PPCA
toward binding NEU1 suggest that stable binding already
occurs en route to the lysosome but may conformationally

FIGURE 8. Mechanism of NEU1 oligomerization. A, each NEU1 monomer (red circles) has two binding sites on its surface (1 and 2). Monomers bind to each
other and form a spiral chain that varies in length. PPCA homodimers (green spheres) compete for binding to NEU1-binding sites 1 or 2 at the ends of the NEU1
chain. B, this results in the formation of PPCA-NEU1 heterodimers and a shorter NEU1 oligomeric chain. C, a structural model of the NEU1 oligomer. Peptide 1
(cyan) of the first molecule interacts with peptide 2 (dark blue) of the second molecule. A free peptide 1 of the second molecule interacts with a free peptide 2
of the third molecule and so on. The distance between the tips of these peptides and the center of the molecule is 25–26 Å, and they are oriented at roughly
70° in relation to each other. D, electron micrograph of purified BV-NEU1 protein confirms the spiral chain structure of the NEU1 oligomers. Scale bar, 7 nm.
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change in the acidic environment of this organelle. There is
evidence that NEU1 is present in the multienzyme complex in
an oligomeric conformation while remaining associated with
PPCA and that oligomerization is required for acquisition of
NEU1 catalytic activity (57). Oligomerization or multimeriza-
tion is not a common feature among the nonviral sialidases, but
it is not unique either. A trans-sialidase from the protozoan
parasiteTrypanosoma cruzi is present in host organisms in two
distinct catalytically active forms; that is, a monomeric form
with low molecular mass and a multimeric form with a molec-
ular mass greater than 400 kDa (63). Only the multimeric
enzyme contains a large C-terminal domain that is essential for

oligomerization. Interestingly, although NEU1 is homologous
to this trans-sialidase, it lacks homology to the C-terminal oli-
gomerization domain. Therefore, we conclude that there is no
similarity between the mechanisms of oligomerization of these
two enzymes.
Most lysosomal hydrolases are synthesized as zymogens or

precursors with low catalytic activity that are proteolytically
processed in the lysosome into amature, fully active enzyme. In
contrast, NEU1 does not get processed, which suggests that
anothermechanismmay prevent its premature catalytic activa-
tion (4). The identification of binding sites on NEU1 that have
affinity for both PPCA and other NEU1 molecules would sup-
port a model in which heterodimerization with PPCA is essen-
tial not only for the routing of the enzyme to the lysosome but
also could prevent premature self-association and catalytic
activation in an early biosynthetic compartment. However, the
1:1 heterodimeric conformation betweenPPCAandNEU1may
not be maintained in lysosomes, because the multienzyme
complex appears to contain unequal amounts of the two
enzymes; it contains all NEU1 activity but very little CA activity
(64). Our structural models of the NEU1 oligomer and the
PPCA-NEU1 heterodimeric complex suggest that in the high
Mr multienzyme complex PPCA could bind to both ends of
NEU1 oligomers. This mode of association could prevent the
uncontrolled growth of NEU1 oligomers or the premature dis-
assembly into inactive low molecular mass forms of the
enzyme.
In closing, our study gives new insight into the unique inter-

actions between the serine carboxypeptidase/chaperone PPCA
and the lysosomal sialidase NEU1. We also provide plausible
structural-interaction models of these two enzymes. Although
our computer-generated structural models do not contradict
the analytical and biochemical data, the precise orientation of
the NEU1monomers remains uncertain. A thorough crystallo-
graphic study will be necessary to confirm or reject these puta-
tive models.
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