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Abstract
Mutations in GBA, the gene encoding glucocerebrosidase, the lysosomal enzyme deficient in
Gaucher disease increase the risk for developing Parkinson disease. Recent research suggests a
relationship between glucocerebrosidase and the Parkinson disease-related amyloid-forming
protein, α-synuclein; however, the specific molecular mechanisms responsible for association
remain elusive. Previously, we showed that α-synuclein and glucocerebrosidase interact
selectively under lysosomal conditions, and proposed that this newly identified interaction might
influence cellular levels of α-synuclein by either promoting protein degradation and/or preventing
aggregation. Here, we demonstrate that membrane-bound α-synuclein interacts with
glucocerebrosidase, and that this complex formation inhibits enzyme function. Using site-specific
fluorescence and Förster energy transfer probes, we mapped the protein-enzyme interacting
regions on unilamellar vesicles. Our data suggest that on the membrane surface, the
glucocerebrosidase-α-synuclein interaction involves a larger α-synuclein region compared to that
found in solution. In addition, α-synuclein acts as a mixed inhibitor with an apparent IC50 in the
submicromolar range. Importantly, the membrane-bound, α-helical form of α-synuclein is
necessary for inhibition. This glucocerebrosidase interaction and inhibition likely contribute to the
mechanism underlying GBA-associated parkinsonism.
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1. Introduction
α-Synuclein (α-syn), the protein encoded by the SNCA gene, has been the topic of intense
research since the discovery of its genetic connection to early-onset autosomal dominant
Parkinson disease (PD) [1–5]. Tremendous efforts are specifically aimed at elucidating the
mechanism of amyloid formation as deposits of fibrillar α-syn constitute the major
proteinacious aggregates in Lewy bodies (LBs) [6, 7], the classical pathological hallmarks of
PD and related synucleinopathies including dementia with LB and multiple systems atrophy.
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Despite the substantial work, it is still not known whether the amyloid aggregates
themselves or intermediates formed during fibril formation are the cytotoxic agents.
Moreover, it is unclear if alterations in normal physiological function of α-syn [8–11] also
participate in pathogenesis.

As a consequence of the genetic association between Gaucher disease (GD) and PD [12–15],
increasing attention is now focused on glucocerebrosidase (GCase, Fig. 1A), the lysosomal
enzyme deficient in GD, and its involvement in PD. In fact, mutations in GCase are the most
common genetic risk factor for parkinsonism [16]. Patients with PD carrying GCase
mutations overall have an earlier onset of symptoms and more associated cognitive deficits
[16]. Importantly, neuropathological studies of GD patients with synucleinopathies
demonstrate the presence of mutant GCase in α-syn positive LBs [17], suggesting a
potential relationship between the two proteins.

Furthermore, results from mouse studies indicate that GCase deficiency can affect α-syn
clearance and cause abnormal protein accumulation [18–20]. Neuronal overexpression of
wild-type (WT) GCase appears to ameliorate α-syn pathology, suggesting GCase plays a
role in α-syn degradation [19]. These data support the hypothesis that α-syn turnover is
related to GCase levels and/or activity.

A recently proposed molecular mechanism by Mazzulli et al. entails a positive feedback
loop [21]. Enzyme inactivity leads to the buildup of glucosylceramide, which in turn
stabilizes the formation of α-syn oligomeric species, and the resulting abnormal α-syn
accumulation further reduces GCase trafficking, leading to more glucosylceramide
accumulation and α-syn aggregation.

In our own work, we identified a specific physical interaction between α-syn and GCase
under lysosomal solution conditions, mapping the interaction site to the C-terminal residues
of α-syn [22]. Notably, this complex formation is modulated by a common GD-related
mutation, N370S. As lysosomes play an important role in α-syn degradation [23–25], we
propose an alternate mechanism to explain the connection between the two proteins. We
hypothesize that the interaction of α-syn with WT enzyme could have a beneficial effect by
promoting lysosomal degradation of α-syn, or by inhibiting adverse α-syn aggregation.
Thus, mutations that decrease the amount of enzyme reaching the lysosome or weaken the
interaction, as seen with the N370S mutant, could reduce this benefit and increase the
probability of α-syn pathology.

Although we suggested a hypothetical interaction model of the α-syn–GCase complex on
the membrane surface of intralysosomal vesicles, experimental evidence was needed.
Moreover, since the membrane is important for both GCase activity [26–31] and α-syn
conformation [32–37], studies on protein-lipid interactions are particularly pertinent. While
the effects of GCase on α-syn homeostasis are the subject of considerable work, a role for
α-syn in enzyme function has not been established. Such information could have further
implications and indicate other mechanisms responsible for the increased PD risk. Towards
these goals, we examined the effect of membranes on the α-syn-GCase interaction and
assessed how α-syn influences GCase activity.

2. Material and methods
2.1 Protein expression and sample preparation

The WT human α-syn plasmid (pRK172) was provided by M. Goedert (Medical Council
Research Laboratory of Molecular Biology, Cambridge, UK) [38]. Single cysteine mutants
(G7C, V40C, E57C, L100C and Y136C) were generated using the Quick-Change site-
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directed mutagenesis kit (Stratagene) and verified by DNA sequencing. α-Syn variants were
prepared as previously described [39]. Taliglucerase alfa (recombinant GCase) was obtained
from Protalix Biotherapeutics Corp. (Carmiel, Israel). Myozyme (recombinant acid α-
glucosidase (α-glu A), Genzyme Corp. Cambridge, MA), was collected from remnants from
patient infusions. β- and γ-synucleins were purchased and used as received from rPeptide
(Bogart, GA). Recombinant apolipoprotein C-III was expressed and purified as described
[40]. The plasmid was provided by Philippa Talmud (University College London Medical
School, London, UK) [41]. Synthetic α-syn peptides (residues 1–15 containing W4 (N15)
and residues 118–140 containing C136 (C23)) were purchased from AnaSpec, Inc.
(Fremont, CA) and Bio-Synthesis, Inc. (Lewisville, TX), respectively. All protein samples
were prepared in appropriate buffer (50 mM 2-(N-morpholino)ethanesulfonic acid (MES),
25 mM NaCl, pH 5.5 or 50 mM sodium phosphate, 25 mM NaCl, pH 7.4), buffer
exchanged, and concentrated to desired concentration using Amicon Ultra YM3 and YM30
centrifugal filters (Millipore) for α-syn and GCase, respectively.

2.2 Protein and peptide labeling
Dansyl (Dns)-labeled proteins were prepared and purified as previously described [22]. In
addition, C23 was labeled using a similar procedure with minor modifications. Peptide
concentration was determined using a molar absorptivity (280 nm) = 2680 M−1 cm−1. The
labeling reaction time was 2 h. Excess Dns was removed with a Hi Trap desalting column
(GE Healthcare). Molecular weights of Dns-labeled proteins and peptides were confirmed
by ESI-MS (Biochemistry Core Facility, NHLBI). Concentrations of labeled-protein and
C23 peptide were determined using a molar absorptivity (336 nm) = 5700 M−1 cm−1 (Dns).

2.3 Lipid vesicles
Phospholipids: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), and bis(monooleoylglycero)phosphate, (BMP)
were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). Glucocerebroside (GluCer)
was purchased from Matreya, LLC (Pleasant Gap, PA). Phospholipid vesicles were made
with the following composition: POPC/BMP (1:1 molar ratio), POPC/POPS (1:1 molar
ratio), and POPC/POPS/GluCer (0.8:1:0.2 molar ratio). Chloroform solutions of lipid
mixtures were dried under a nitrogen stream for 5–10 min followed by vacuum desiccation
for 45 min. Dried samples were resuspended and solubilized in 50 mM MES, 25 mM NaCl,
pH 5.5 (fluorescence experiments) or in 50 mM sodium acetate, 142 mM K2HPO4, pH 5.5
(activity assays) via bath sonication for 5 min. Vesicles were spontaneously formed by
ultrasonication in a water bath (45 minutes, 50% duty cycle, microtip limit, Branson 450
Sonifier). Vesicle solutions were equilibrated overnight (14–24 h) at 37 °C. In the case of
POPS/POPC/GluCer vesicles, lipid mixtures were sonicated and equilibrated overnight at
65–70 °C. Vesicles were freshly prepared for each experiment. An average vesicle
hydrodynamic radius (POPC/POPS) was determined to be 45 nm by dynamic light
scattering (Wyatt DynaPro NanoStar; fifty 5 s acquisitions, 25 °C).

2.4 Fluorescence spectroscopy
Fluorescence spectra were measured using a Fluorolog-3 spectrofluorimeter (HORIBA
Jobin Yvon, Inc.) and conducted at 25 °C using a temperature controlled cuvette holder.
GCase titrations were performed in buffer (pH 5.5) in a fluorometer cell with inner
dimension of 3 × 3 × 25 mm. Concentrated GCase stocks were serially diluted (from 25 to
0.5 μM) while maintaining the concentration of DnsX-α-syn at 2 μM. A lipid-to-protein (L/
P) of 450 (0.9 mM) was used. Dns-α-syn was excited at 340 nm and emission was
monitored from 405 to 650 nm. Intrinsic GCase Trp fluorescence was excited at 295 nm and
monitored from 300 to 570 nm. Energy transfer is considered to be significant when Trp was
quenched at least 10%, with a concomitant increase in Dns quantum yield (QY).
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2.5 Circular dichroism spectroscopy
Measurements were collected on a Jasco J-715 spectropolarimeter (1 nm steps, 1 nm
bandwidth, 0.5 sec integration time, 50 nm/min, 25°C).

2.6 Activity assays
GCase activity was performed in 384-well flat dark bottom black polystyrene microplates
(Product #3712, Corning, NY). Fluorogenic substrate, 4-methylumbelliferyl β-D-
glucopyranoside (4MU-β-glu, Sigma Aldrich, St. Louis, MO) and lipid vesicles (POPC/
POPS) were mixed in assay buffer (50 mM sodium acetate, 142 mM K2HPO4, pH 5.5) with
GCase added last to a final volume of 15 μl. The concentration of each component varied in
different experiments as specified.

Typically, the concentration of GCase was 50 nM (except when otherwise noted) in the
presence of 350 μM POPS/POPC and 1 mM 4MU-β-Glu. The plates were incubated for 10–
15 min at 37 °C, shaking at 550 rpm. To stop the reaction and increase the pH, 15 μl of stop
solution (1 M NaOH, 1 M glycine) was added to each well. Emission was recorded
(excitation and emission wavelengths were 355 and 460 nm, respectively) using an
EnVision Multilabel Plate Reader (PerkinElmer, Waltham, MA). GCase activity was also
measured in the presence of 3 mM sodium taurocholate (NaTc). Similarly, α-glu A (50 nM)
activity was measured in the presence of 350 μM POPC/POPS and 1 mM 4MU-α-Glu.

GCase activity was assayed using its natural substrate and the Amplex Red Glucose assay
kit (Catalog #A22189, Invitrogen, Carlsbad, CA) as previously described [42]. This kit
detects the release of glucose from GluCer incorporated into POPC/POPS vesicles. All
activity data represent average results from two independent experiments each with two
replicates.

2.7 Data analysis
Total helical content was calculated as previously described [37]. The mean spectral
wavelength, <λ>, was calculated and fit to a simple two-state model to obtain apparent
dissociation constant (Kd(App)) as previously described using IGOR Pro 6.01 (Wavemetrics)
[22]. Equations for sigmoidal dose-response and nonlinear regression fitting were used to
obtain values for IC50 (GraphPad Prism 5.0). To determine the mode of inhibition by α-syn,
enzyme velocity vs. substrate concentration were fit using nonlinear regression to different
equations describing competitive, uncompetitive, noncompetitive and mixed inhibition
(GraphPad Prism 5.0). These models were compared based on P values and goodness of fit
(R2). In addition, Lineweaver-Burk plots were analyzed.

3. Results
3.1 Fluorescent probes of α–syn GCase interaction on the membrane

Based on our prior work [22], we postulated that N-terminal α-syn is membrane associated
on the surface of intralysosomal vesicles, forming an α-helical structure via its seven
imperfect amphipathic 11 aa repeats (Fig. 1B), while its C-terminal tail would interact with
GCase. To substantiate this hypothesis, we employed Dns-labeled α-syn at two C-terminal
sites, distal (Dns100) and internal (Dns136) to the previously identified region of interaction
(residues 118–137). Dns is an excellent probe of protein-protein interaction because the
fluorophore is exquisitely responsive to its local environment [39]. Since anionic lipids are
important for both the α-syn membrane interaction [43] and GCase activity [27, 29–31], and
PS specifically enhances activity, we chose POPC/POPS vesicles as a membrane model.
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Vesicle binding and α-syn secondary structural transformation were verified using circular
dichroism (CD) spectroscopy. As expected [37], the spectral characteristics exhibited typical
negative maxima for α-helical conformation upon the addition of vesicles (Fig. 1C top left
inset). A midpoint transition was observed at a lipid-to-protein ratio (L/P) ~ 65 ± 5
approaching saturation at L/P ~ 200 (Fig. 1C top left) with a maximal total helical content of
~ 66%.

We examined the interaction between membrane-bound α-syn (L/P = 450) and GCase. For
both Dns sites (Dns100 and Dns136), the fluorescence spectra are similar in the absence and
presence of vesicles consistent with an aqueous environment, confirming that the C-terminal
tail remains in solution. However, upon the addition of GCase, Dns emissive properties
become site- and lipid-dependent (Fig. 1C). In general, the Dns spectrum shifts to a higher
energy and increases in intensity upon enzyme interaction, indicating a change to a more
hydrophobic surrounding and a reduction in fluorophore mobility.

The titration curve obtained for Dns136 in buffer is nearly indistinguishable from our
previous data despite the use of different sources of recombinantly produced human GCase
(Fig. 1C top right). In the presence of vesicles, spectral changes are moderately attenuated.
At binding saturation, the mean wavelength change Δ<λ>) is smaller than that found in
buffer, indicating that the local environment of Dns136 is slightly more exposed to solvent
in the complex on the membrane surface. A larger apparent dissociation constant (Kd(app)) is
seen with membrane-bound compared to free α-syn in solution (8(1) vs. 1.0(1) μM).

The trend for Dns100 is opposite to that seen with Dns136, where binding is stronger and
spectral changes are larger for the membrane-bound form (Fig. 1C bottom left). In accord
with our previous nuclear magnetic resonance (NMR) data, residue 100 exhibits minimal
interaction with GCase in solution (Kd(app) ~ 40(1) μM). However, in the presence of
vesicles, a strong affinity (Kd(app) ~ 1.0(2) μM) is obtained, indicating that residue 100 has
become closer to the interacting site.

3.2 Binding of α-syn to the membrane impacts its interaction with GCase
To elucidate the role of the α-syn membrane binding domain on complex formation, we
used a synthetic peptide containing residues 118–140 (C23) with a cysteine at residue 136
derivatized with Dns (DnsC23). In buffer, DnsC23 shows a binding affinity similar to the
full length protein (Kd(app) ~ 2.0(2) μM, Fig. 1C bottom right) demonstrating that this region
alone is sufficient to bind GCase and that the first 117 residues are minimally involved, in
agreement with our Dns7 fluorescence and NMR data [22]. In contrast, binding of DnsC23
to GCase is greatly perturbed in the presence of vesicles (Fig. 1C bottom right). Despite its
affinity for GCase in solution, the C-terminal peptide alone is unable to interact with the
enzyme on the membrane surface, and clearly the remainder of the polypeptide is needed.

3.3 Förster energy transfer from GCase Trp to Dns-α-syn
To map complex formation from the perspective of GCase, we exploited its 12 intrinsic Trp
residues as Förster energy transfer donors (Fig. 1A) and Dns-labeled α-syn as the acceptor
(Fig. 1B). We prepared several Dns-variants at different sites spanning the α-syn sequence
including residues in the membrane-binding (7, 40, and 57) and putative GCase-interacting
(100 and 136) domains. Each Dns-variant was confirmed to have vesicle binding properties
similar to the WT protein by CD spectroscopy (Fig. S1).

The Förster distance for the Trp-Dns pair is 22 Å. Energy transfer should occur when the
Dns fluorophore is within a distance of 11–33 Å from any of the 12 Trp residues resulting in
Trp fluorescence quenching and Dns fluorescence enhancement. To validate our method, we
reexamined the protein-enzyme interaction in solution (Fig. 1D). WT α-syn was used as a
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negative control. The contribution from direct excitation (295 nm) of Dns is also shown for
all variants in the absence of GCase (Fig. 1D and S2).

As anticipated, significant energy transfer is only observed for Dns100 and Dns136 with
Dns136 exhibiting the higher QY increase (Fig. 1D and S2A). We established that the
enhancement observed is due to energy transfer, as it is greater than would be expected from
changes due to interaction with GCase alone (Fig. S2A). These data clearly show that the C-
terminal region is the site of interaction, as it is in close proximity to GCase. Consistent with
this, we observed the highest <λ> shift for Dns136 (~6 nm) followed by Dns100 (~2 nm),
whereas negligible changes were found for Dns7, Dns40, and Dns57 (Table S1).

Having established the utility of energy transfer to map the protein-enzyme interaction in
solution, we carried out similar measurements in the presence of vesicles. In accordance
with the fluorescence data (Fig. 1C), we observed greater enhancement for Dns100 than for
Dns136 (Fig. 1D and S2B). Interestingly, energy transfer also occurred for Dns7, Dns40,
and Dns57 (Fig. 1D and S2B). Unlike in solution, these residues now are in closer proximity
to GCase on the vesicle. By comparing changes due to selective Dns excitation (340 vs. 295
nm), we ascertained that the Dns fluorescence enhancement observed is due to energy
transfer from GCase, and not from changes due to enzyme interaction. The QY changes
caused by Dns excitation (340 nm) are significantly smaller than the observed intensity
increases (Fig. S2B).

We note that Dns57 undergoes a spectral shift, while Dns7 and Dns40 are essentially
unchanged, indicating that Dns57 directly interacts with GCase (Table S1). Though residues
in the membrane binding domain are lipid sensitive (Fig. S3), the observed spectral changes
can be directly attributed to inter-protein interactions or conformational changes upon
enzyme binding, as spectra comparisons are made from membrane-bound samples. Similar
to the behavior found in solution, this complex formation in the presence of vesicles is pH
dependent and selective for conditions typical of the lysosome (Fig. S4).

3.4 α-Syn inhibits GCase activity
To determine the effect of α-syn on GCase catalytic activity, we adapted the widely used
4MU-β-Glu assay to include phospholipid vesicles as mimics of intralysosomal vesicles
[31]. First, we obtained Km values for 4MU-β-Glu (0.6(1) mM) and POPC/POPS vesicles
(0.1(1) mM) to optimize the assay (Fig. S5). Based on these results, GCase activity was
measured using 1 mM 4MU-β-Glu and 350 μM POPC/POPS vesicles.

Upon addition of α-syn, inhibition was observed with a maximal inhibition of 76 ± 10% and
an estimated IC50 of 215 nM (95% C.I. = 140 – 320 nM, Fig. 2A top). In contrast, GCase
activity was unperturbed by the presence of C23 up to 10 μM (Fig. S6). Since this peptide
only interacts with GCase in solution and not on the membrane surface (vide supra),
inhibition is attributable to direct protein-protein interaction on the membrane. As a negative
control, we used a synthetic peptide containing the first 15 N-terminal residues derived from
α-syn (N15) that binds to the membrane [44], but does not interact with GCase (Fig. S6). As
an additional control, we used another membrane binding protein, apolipoprotein C-III and
also found no changes to GCase activity (Fig. S6).

To examine inhibition specificity, we investigated the other two members of the synuclein
family [45], β- and γ-syn (Fig. 2A top). All synucleins have a highly conserved N-terminal
domain (residues 1–44: 95.5 and 84% sequence identity for β-syn and γ-syn, respectively)
with variable central portion and C-terminus (overall 59 and 50% sequence identity for β-
syn and γ-syn, respectively, Fig. 2B). Both β-syn and γ-syn exhibit reduced inhibition with
comparable IC50 of 850 and 685 nM, respectively. Lastly, we verified that GCase inhibition
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occurs with its natural substrate by incorporating glucosylceramide (10% mol ratio) into
lipid vesicles. It is clear that the addition of α-syn greatly diminishes GCase activity on its
natural substrate (Fig. 2A, top inset).

3.4.1 Effect of phospholipid composition—To test the effect of phospholipid
composition, BMP, another negatively charged lipid, was chosen because it constitutes a
major phospholipid component found in intralysosomal vesicles [27, 46, 47]. Nearly
identical behavior was observed (Fig. 2A bottom). Finally, we demonstrated enzyme
specificity using another lysosomal hydrolase, α-glu A (Figure S6). As expected, α-syn had
no effect on α-glu A activity since they do not interact (Figure S7). These results clearly
indicate that α-syn selectively inhibits GCase activity, independent of substrate and lipid
composition.

3.4.2 Role of α-syn structure in GCase inhibition—We substituted POPC/POPS
vesicles with NaTc, a detergent used to emulsify the substrate 4MU-β-Glu and shown to
enhance GCase catalytic activity [48, 49]. Interestingly, the inhibitory effect of α-syn is
completely abolished in the presence of NaTc as compared to POPC/POPS (Fig. 3A). While
α-syn still binds to GCase (Kd (app) ~11(1) μM, Fig. 3B) in the presence of NaTc, α-syn
does not develop any α-helical secondary structure and remains disordered (Fig. 3B inset).
These results suggest that the specific conformational changes on the vesicle surface and α-
syn–GCase interaction are important for inhibition (Fig. 3C).

3.4.3 Mode of inhibition—We characterized the inhibitory effect of α-syn in detail by
measuring the GCase reaction velocity as a function of substrate concentration (0 – 4 mM)
at several protein concentrations (0, 0.15, 0.3, and 1.25 μM, Fig. 4A). By fitting the data, we
find that α-syn acts as a mixed inhibitor, increasing and decreasing apparent Km and Vmax,
respectively (Fig. 4B). Similar results were obtained by Lineweaver-Burk analysis (Fig. S8).

4. Discussion
4.1 α–Syn GCase interaction on the membrane

In prior work, we showed that the interaction between α-syn and GCase is site-specific and
occurs only in acidic solutions. We now extend our study to consider how membranes would
modulate this complex formation. Lipids function not only as the substrate for GCase in
intralysosomal vesicles, but also a surface for α-syn conformation alteration. For the first
time, we demonstrate that the two proteins associate both on and off the membrane, with
comparable affinity, with Kd(app) in the micromolar range.

Binding of α-syn to the membrane is critical for complex formation. In the absence of the
N-terminal membrane binding domain, α-syn and GCase do not associate on the membrane,
whereas in solution, this complex stays intact. Due to the likelihood of electrostatic
repulsion between the negatively charged membrane surface and the acidic C-terminal tail,
we suggest that at least some of the N-terminal membrane-binding residues, 1–95, are
required to anchor α-syn to the membrane, thereby promoting and/or stabilizing its binding
to GCase at the C-terminus.

In the presence of vesicles, the GCase interaction site on α-syn appears to shift to include
residues N-terminal to the buffer binding location, supported by the observed differences
between Dns100 and Dns136. Moreover, we interpret the fluorescence enhancement
exhibited by N-terminal Dns probes (7, 40, and 57) upon GCase binding as an expansion of
the interaction interface on α-syn. These fluorescence results clearly suggest that the
structure of the membrane-bound protein-enzyme complex is altered from that previously
characterized in buffer solution alone.
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Although explicit distances could not be obtained due to the presence of multiple donors, the
Förster energy transfer data (i.e. intensity enhancement) can be used to glean information
regarding proximity between different Dns sites and GCase. Taking our previous data into
consideration together with other factors including the orientation of α-syn and GCase at the
membrane interface, we propose a new schematic model for the membrane-bound α–syn
GCase complex (Fig. 5).

GCase is depicted as an ellipsoid (Fig. 5 right) with the active site pocket (shown as a white
oval) facing the membrane. The concave surface near loop 1, the proposed location of
enzyme-associating C-terminal α-syn residues [22], is also proximal to the membrane
surface (Fig. S9). Because there would be strong electrostatic repulsion between the
phospholipid headgroups and carboxyl sidechains on α-syn, we suggest that the C-terminal
tail is pulled away from the lipid surface, moving towards the aqueous interface along the
groove (white rectangle, Fig. 5 left). Given the disordered nature of the C-terminal tail, this
region can adopt a flexible conformation and wrap around GCase.

To orient the rest of the α-syn polypeptide, we considered the two structurally characterized
membrane conformations adopted by the first 100 residues, the bent or horseshoe [50–53]
and the extended helix [54–56]. The two structures are not mutually exclusive and it is
thought that they can interchange [57, 58]. Based on our data, we suggest that α-syn is more
likely to adopt an open horseshoe helix (Fig. 5). In the horseshoe helix model, there are two,
anti-parallel helices comprised of residues 3–37 (N-helix) and 45–92 (C-helix), with a short,
7-residue linker in between [53]. In accord with this model, probes in the helical regions,
Dns7, Dns40, and Dns57, are all membrane sensitive Δ<λ>), whereas the C-terminal probes
are unperturbed by the presence of phospholipids.

In the presence of GCase, Dns7 and Dns40 exhibit little to no changes, Dns57 is moderately
affected, and Dns100 and Dns136 are dramatically altered. From this, we infer that the N-
terminal membrane interaction is maintained, and that the GCase binding site has become
larger, potentially involving residue 57. The observed energy transfer between GCase and
N-terminal residues 7 and 40 indicates that these sites are within distances of 11 to 33 Å, but
not directly interacting with GCase. If α-syn is in a fully extended helix, then we would not
observe energy transfer from GCase to α-syn upon binding, as the distance for Dns7 would
be at least 55 Å from any nearest Trp. However, since we do not have explicit distance
constraints, many other models are possible. Nevertheless, this simplified and low resolution
view can be used to begin to understand why membrane bound α-helical α-syn inhibits
GCase activity.

4.2 α-Syn is a mixed inhibitor
Despite the current interest in defining the role of GCase in PD, our study is the first to
investigate whether α-syn has a direct effect on GCase function. We show that α-syn is a
potent GCase inhibitor only when it adopts an α-helical conformation. The observed mixed
mode of inhibition suggests that at the membrane interface, α-syn binding influences both
substrate accessibility and turnover.

It is plausible that on the one hand, direct association by the C-terminus can alter enzyme
conformation and lead to inhibition by α-syn. However, given that in the NaTc assay
activity is unchanged by α-syn, we suggest that other regions of α-syn maybe hindering or
altering either GCase-membrane interaction and/or conformational changes necessary for
function. Inhibition may also be as a result of steric hindrance by α-syn, occluding substrate
binding and/or product release. Alternatively, α-syn-lipid interaction can cause structural
perturbation of the bilayer [44], which could change the local lipid organization and
influence enzyme activity. As residue 57 is the only site found thus far to interact with both
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the membrane and GCase, we postulate that the C-helix is involved. The importance of
central and C-terminal domains is also highlighted by the stronger inhibitory effect by α-syn
compared to both β-syn and γ-syn. The only significant differences in amino acid sequences
are found within residues 59–140, particularly in the deletion of residues 74–84 in β-syn and
differences observed in the C-terminus in γ-syn. Nevertheless, future studies are necessary
to pinpoint the specific residues responsible for inhibition.

4.3 Implications for disease association
This study supports the notion that GCase deficiency can contribute to the pathogenesis of
the synucleinopathies. This newly identified inhibition of GCase activity by the membrane-
bound protein-enzyme complex offers a parallel explanation to the bidirectional model [21]:
mutations that reduce GCase levels or weaken α-syn interaction lead to reduced lysosomal
degradation, and result in an accumulation of α-syn and substrate, which then mediates the
interaction of the protein-enzyme complex on vesicles, leading to further loss of activity
(Fig. 6). Since the helical content and binding to vesicles of α-syn are dependent on lipid-to-
protein stoichiometry [43], we postulate that the accumulation of intralysosomal vesicles can
be another important link that affects α-syn GCase vesicle interaction and loss of activity.
Thus, the observed interplay between the α-syn GCase association and activity can be
another potential self-perpetuating mechanism connecting enzyme deficiency and the
accumulation of α-syn and substrate. A recent study found evidence that GCase activity is
significantly reduced in brain autopsy tissue from patients with sporadic PD [59], which
supports the hypothesis that increased α-syn levels can cause GCase deficiency directly,
even in the absence of mutant enzyme.

This link between membrane-bound α-syn and GCase could be one of many possible
mechanisms that connect GD and PD. However, since only a minority of GD patients or
carriers develops PD, other pathological factors are likely involved. Nevertheless, it is now
possible to search for proteins and other molecules that could modulate this α-syn GCase
interaction and to evaluate their effects on enzyme activity. Once identified, they will be
tested in cellular models to explore their impact on GCase activity, α-syn aggregation, and
cell health.
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GCase glucocerebrosidase

WT wild-type

α-glu A acid α-glucosidase

N15 α-syn peptide residues 1–15

C23 α-syn peptide residues 118–140

MES 2-(N-morpholino)ethanesulfonic acid

Dns dansyl

POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

BMP bis(monooleoylglycero)phosphate

GluCer glucocerebroside

QY quantum yield

4MU-β-glu 4-methylumbelliferyl β-D-glucopyranoside

<λ> mean spectral wavelength

Kd(App) apparent dissociation constant

CD circular dichroism

NMR nuclear magnetic resonance

NaTc sodium taurocholate
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Highlights

α-Synuclein and glucocerebrosidase interact at the membrane interface

Complex formation is selective at a lysosomal pH

Membrane-bound, α-helical α-synuclein inhibits glucocerebrosidase function

A new molecular connection between Parkinson and Gaucher diseases is proposed
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Fig 1.
α-Syn GCase interaction in the presence of vesicles. A, GCase crystal structure (PDB code
2NSX [60]). The intrinsic 12 Trp residues are shown in gray and were used as Förster
energy transfer donors. Active site residues (E235 and E340) are in yellow. Loops 1–3,
regions proposed to be important for substrate recognition and activity [60, 61], are
highlighted in blue. For clarity, residues 286–290 were omitted. B, Schematic representation
of α-syn primary sequence. The seven amphipathic imperfect repeat regions (blue) in the
membrane binding domain (gray) and the acidic C-terminal region (red) are denoted. The
location of Dns-labeling sites, residues 7, 40 and 57 (membrane binding domain) and
residues 100 and 136 (C-terminal domain) are indicated. The same color representation is
used in panels C and D. Location of peptide C23 (residue 118–140) is also indicated. C,
Normalized change in mean residue ellipticity Δ[θ]) as a function of lipid-to-protein ratio
(50 mM MES, 25 mM NaCl, pH 5.5, [WT α-syn] = 5 μM). Error bars indicate standard
deviations from two independent measurements (top left). POPC/POPS vesicles induced
secondary structure in α-syn (top left, inset). GCase titration curves for Dns136-α-syn (top
right), Dns100-α-syn (bottom left), and Dns136-C23 peptide (bottom right). The titration
curves were obtained from mean spectral wavelength (<λ>) in 50 mM MES, 25 mM NaCl
at pH 5.5 in the absence (●) or presence of 0.9 mM POPC/POPS vesicles (■). Error bars
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indicate standard deviations from two replicate samples. Fits are shown as lines. D, Förster
energy transfer from GCase to DnsX-α-syn. Measurements were performed in the presence
of 2 μM GCase (Trp donor, excited at 295 nm) and 5 μM DnsX-α-syn (Dns acceptor),
either in the absence or presence of vesicles at pH 5.5 (colored according to panel B).
Fluorescence spectra of GCase and DnsX-α-syn alone are shown in gray and green,
respectively. WT syn was used as a negative control.
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Fig 2.
α-Syn inhibits GCase activity. A, Relative GCase activity as a function of added α-, β-, and
γ-synuclein in the presence of 350 μM POPC/POPS vesicles ([GCase] = 50 nM and [4MU-
β-glu] = 1 mM, IC50 ~215, 850, and 685 nM, respectively). Top Inset, Effect of α-syn on
GluCer turnover by GCase ([GCase] = 50 nM and 350 μM POPC/POPS/GluCer vesicles).
Bottom, Relative GCase activity as a function of added α-syn in the presence of 350 μM
POPC/BMP vesicles ([GCase] = 50 nM and [4MU-β-glu] = 1 mM, IC50 ~230 nM). B,
Comparison of amino acid sequences of α-, β-, and γ-synuclein. N-terminal residues (1–44)
were omitted as the sequences are nearly identical (95.5 and 84% for β and γ-syn,
respectively). Differences are colored in red and the residue is colored yellow if the side
chain change retains similar charge. Alignment was made using the program ALIGN
available at www.uniprot.org/align/
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Fig 3.
Effect of α-syn secondary structure on GCase activity. A, Comparison of GCase activity in
the presence of NaTc (black) and POPC/POPS vesicles (gray) upon the addition of α-syn.
B, GCase titration curve obtained from mean spectral wavelength (<λ>) of Dns136-α-Syn
at pH 5.5 in the presence of 3 mM NaTc. Fit is shown as a line. Inset, Circular dichroism
spectra of α-syn in the presence of NaTc (black) and POPC/POPS vesicles (gray). C, A
schematic diagram depicting that while α-syn interacts with GCase in the presence of both
NaTc and POPC/POPS vesicles, only the α-helical vesicle-bound α-syn inhibits enzyme
activity.
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Fig 4.
Mechanism of inhibition by α-syn. A, GCase (10 nM) reaction velocity as a function of
added 4MU-β-glu in the presence of 0 μM (●), 0.15 μM (■), 0.3 μM (▲) and 1.25 μM (▼)
α-syn. Fits to Michaelis-Menten equation for mixed inhibition are shown as lines. B, Plot of
apparent Vm(app) vs. Km(app) extracted from fits.
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Fig 5.
Schematic model of the α-syn–GCase complex at the membrane interface. Left, View from
the top. Membrane binding and α-helical domains of α-syn (residues 1–37 and 51–92) are
represented as cylinders and connected by a flexible linker. The disordered C-terminal tail is
drawn black. This open horseshoe structure is adapted from the sodium dodecyl sulfate
micelle-bound structure (PDB code 1XQ8 [53]). The five fluorescent probes are colored
coded to indicate membrane-binding (blue: Dns7 and Dns40), GCase-binding (red: Dns100
and Dns136) and membrane-and-GCase binding (purple: Dns57). In this model, α-syn
residues 118–140 reside in the groove between domains I and III of GCase (See Fig. S9 for
more detailed renderings). Right, View from the side. The GCase active site is represented
by yellow triangle. The relative orientations (tilt) of the helices on the bilayer need not be
identical since there is a flexible hinge connecting them.
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Fig 6.
Molecular links between glucocerebrosidase and α-synuclein. In normal functional
lysosomes, wild-type GCase interacts with α-syn, facilitating degradation. In some cases,
mutant and/or decreased levels of wild-type GCase increase the probability of α-syn
accumulation, as well as the buildup of glucocerebroside (GluCer). The inhibitory effect of
α-syn may lead to a secondary loss of enzyme activity, which would further compound the
problem.
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