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Abstract

The intrinsically disordered protein (IDP), a-synuclein (aS), is well-known for phospholipid
membrane binding-coupled-folding into tunable helical conformers. Here, using single-molecule
experiments in conjunction with ensemble assays and a theoretical model, we present a unique
case demonstrating that the interaction-folding landscape of a.S can be tuned by two-dimensional
(2-D) crowding through simultaneous binding of a second protein on the bilayer surface.
Unexpectedly, the experimental data show a clear deviation from a simple competitive inhibition
model, but are consistent with a bimodal inhibition mechanism wherein membrane binding of a
second protein (a membrane interacting chaperone, Hsp27, in this case) differentially inhibits two
distinct modules of aS-membrane interaction. As a consequence, aS molecules are forced to
access a hidden conformational state on the phospholipid bilayer in which only the higher-affinity
module remains membrane-bound. Our results demonstrate that macromolecular crowding in two
dimensions can play a significant role in shaping the conformational landscape of membrane
binding IDPs with multiple binding modes.

Peripheral membrane binding of many intrinsically disordered proteins (IDPs) and/or
disordered regions (IDRs) in multi-domain proteins is critical for proper subcellular
localization and initiating downstream signaling cascades in biology!Xl. Membrane binding
of IDPs/IDRs often leads to folding, and is functionally tuned by post-translational
modifications, interaction electrostatics and partner binding[t?: 21, While it is known that
multiple binding modes can coexist in protein-lipid association[3], little is known about how
a common effector, such as a third component protein binding to the bilayer, modulates
these individual modes.

In this study, we focus on the intrinsically disordered protein (IDP), a-synuclein (aS)[4 that
undergoes binding-coupled-folding into a tunable ensemble of conformations upon
interaction with anionic phospholipid membranes and membrane mimics[3?: 51, Abundantly
expressed in the central nervous system and linked to Parkinson's disease (PD)[®], .S is in
dynamic equilibrium between disordered cytosolic and ordered membrane bound
fractions[3P]. The primary structure of .S features 140 amino acid residues, where only the
N-terminal ~ 100 residues are principally involved in membrane interactions[3?l. This
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segement of a.S structure can adopt alternative partner-dependent helical conformationst™,
while the C-terminal tail remains mostly unbound and disordered[®2 5. 81, The N-terminal
segment can be further subdivided into two motifs that interact with anionic phospholipid
bilayers distinctively[3]. Here, we demonstrate that simultaneous membrane binding of a
second protein (here a lipid interacting molecular chaperone) can differentially modulate the
interaction-coupled-folding of these two a.S motifs, giving rise to a bimodal inhibition in
this ternary protein-lipid system.

Although molecular chaperones are well-known for their roles in folding and quality-control
of native, functional states of proteins[®, their impact on IDP coupled interaction-folding
landscapes remains elusive. Here, we tested the idea that a lipid-interacting chaperone from
the small heat shock protein (SHSP) family may regulate aS-membrane binding and folding
via interaction with the common partner, i.e., the phospholipid bilayer. To this end, we chose
to investigate the effects of the membrane interacting Hsp27, one of the two ubiquitously
expressed human sHSPs and a major stress inducible molecular chaperone in neurons(10]
that has been biologically linked to a.S by several reports[02 111, To examine whether this
chaperone has any effect on the membrane binding-induced-folding of aS, we performed
steady-state ensemble fluorescence anisotropy experiments. We used Small Uhilamellar
phospholipid Vesicles (SUVs) that are composed of a well-characterized anionic
phospholipid binding partner of a.S, phosphatidylglycerol (PG) [12] with sizes comparable to
synaptic vesicles [13] (Fig. S1). We found that a.S binds to PG SUVs (signaled by an
increase in anisotropy due to slower molecular tumbling; Fig. 1A) with a dissociation

constant (Kgs) of ~2.5nM jn SUVs (~ 50 UM in lipid; stoichiometry (Lipid/aS)~ 120; Sl
Note-1). Interestingly, aS binding to the SUVs is substantially reduced in the presence of

Hsp27 (Fig. 1A, B; Table S1). The apparent Kgs increased from ~ 2.5 nM (in SUV5) to ~ 15
nM (/in SUVS) in response to an increase in [Hsp27] from 0 to 10 uM (Fig. 1B; Table S1),
indicating a monotonic decrease in binding affinity as a function of increasing [Hsp27].
Next, we probed for the effect of Hsp27 on the coupled-folding of a.S by single-molecule
Férster Resonance Energy Transfer (SmFRET) using PG SUVs as well as SUVs composed
of other physiologically relevant phospholipids (Figs. S2 and S3). As anticipated from our
ensemble fluorescence measurements, we observed that Hsp27 substantially increases the
relative population of the unbound disordered state. Together, these results suggest that
Hsp27 inhibits the coupled aS-membrane association and folding.

Next, we investigated the mechanistic basis of the inhibitory action of Hsp27. In agreement
with previous literature reports on membrane-binding of other members of the SHSP
family [24], Hsp27 binding to the phospholipid bilayer was confirmed by a bulk vesicle-to-

protein FRET method (Fig. 2A), with an apparent dissociation constant (Kg“’p”) of ~12nM
in SUV/ (~ 250 uM in lipid, stoichiometry (Lipid/Hsp27) ~ 65; SI Note-1). Comparable
binding affinities were also obtained with sSmFRET and fluorescence anisotropy (S| Note-2;
Fig. S4). On the other hand, when we tested whether Hsp27 interacts with the monomeric
disordered state of a.S, both ensemble and single-molecule experiments failed to show
evidence for a direct interaction (SI Note-3; Fig. S5). Thus, our data are consistent with a
model where Hsp27 inhibits a.S binding to membranes by sterically blocking the binding
sites (SI Note-1). If that is the case, a competitive model should be sufficient to
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quantitatively describe the observed inhibitory effect of Hsp27. Numerical simulation (Sl

Note-4) using a mathematical model revealed a linear relationship between Kgs with
[Hsp27] for simple competitive inhibition (Fig. S6), with the slope signifying the efficacy of
the inhibition (Fig. S6b). In contrast, our experimental data (presented in Fig. 1B) revealed a

clear nonlinearity, showing that K‘;S has a steeper slope at lower Hsp27 concentrations (< 4
uUM), compared to higher Hsp27 concentrations (> 5 pM). Given that previous NMR reports
suggest aS binding to membranes is mediated by two distinct helical motifs [3 8], we
postulated that the nonlinearity observed in Fig. 18 may be due to differential inhibition of
alternative a.S binding motifs by Hsp27. To test this hypothesis, we next studied two a.S
fragments, referred to as the N-terminal motif (residues 1-25; a SN and the central motif
(residues 26-97; aSNAC) 31 |n the absence of Hsp27, the a SNAC was observed to bind PG
SUVs with ~ 15 fold higher affinity (Kp = 0.61 nM /in SUVsor 12 uM in lipid; Fig. 3A)
than the aSN" (K = 9.16 nM /n SUVs or 178 uM in lipid; Fig. 3B), and when titrated

with increasing [Hsp27], linear Kgs vs [Hsp27] relationships were observed for individual
motifs (/nsetsin Fig. 3A,B). These data suggest that a competitive inhibition mechanism is
sufficient to explain the inhibitory action of Hsp27 for the individual motifs (Fig. S6b).
Further analysis of the fragment data revealed a significantly different inhibition efficacies
for aSNter s a SNAC a5 derived from the individual slopes (/77) of the inhibition plot
(Mys-N-ter /Mas-NAC ~ 100, Fig. 3A,B). This is consistent with the fact that a SN has more
than an order of magnitude lower binding affinity than the aSNAC for PG SUVs (SI Note-4).
Therefore, consistent with this model (Figs. S6&7), we suggest that the observed
nonlinearity for a vs[Hsp27] for the full-length oS (aSFL; Fig. 1B) is a manifestation of
bimodal inhibition of aS-SUV interaction by Hsp27.

Our model indicates that the ratio between fragment Kp values (K5 N~ /K5~ NAC) wi|
increase from ~15 to ~100 with increasing [Hsp27] from 0 to 10 uM (Fig. S6c¢), i.e., the two
binding modes will be progressively decoupled by Hsp27. This implies that with increasing
concentrations of Hsp27, the SUV-a SN interaction will be selectively disrupted and a.S
molecules will be forced into a “hidden” (termed as F*) state where only the central helix is
bound to the lipid bilayer (SI Note-4; Fig. S6c). To test this experimentally for full-length
aS, next we performed two independent sets of ensemble vesicle-to-protein FRET
experiments, where we placed the acceptor dye either at residue 7 for reporting on the N-
terminal helix (aSF-7), or at residue 84 for reporting on the central helix (aSFL84: Fig. S8).

Without Hsp27, both these labeling positions yielded similar binding affinities (KgS ~25

nM in SUVsor 50 UM in lipid). Increasing [Hsp27] resulted not only in an increase in Kgs,
but also a concomitant decrease in the FRET signal for aSFL-7 at a pseudo-saturation level

(~ 60%; Fig. S8a; Table S1). For aSF-84, only an increase in the K was observed with
increasing [Hsp27] (Fig. S8b; Table S1). These observations are consistent with the bimodal
competitive inhibition mechanism for Hsp27 discussed above. The inhibition mode
primarily observed in the above titrations is one where a SN s largely inhibited without
disrupting the aSNAC, thereby populating the F* state (Fig. 4). This results in an increase in
the average distance between the lipid-bilayer and the a SN, signaled by a corresponding
decrease in the FRET for aSFL-7 at pseudo-saturation, but not for aSFL-84,
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To detect the F* state directly, next we employed SmFRET experiments where we dual-
labeled a SFL-3/51 with the Alexa488/Alexa594 dye pair. These labeling positions were
designed to reduce the overlap of the bound population peaks with the zero peak in SMFRET
histograms (Fig. S2), and to provide better resolution of structural changes in bound aS.
Similar to our previous smFRET resultsl’], the disordered (U) state of a.S formed an
extended helical (F) state upon SUV binding at high lipid concentrations (> apparent

K571 Fig. 3C). smFRET histograms for the dual-labelled aS™--3/51 showed non-zero
peaks at Epggt Values of ~0.45 and ~0.80 for the U and F states, respectively. When we
titrated with increasing [Hsp27], the population of a.S gradually shifted to a new state at
lower EpreT (~ 0.30, Fig. 3C) from the F state, which we assigned as the F* state. Finally, as
predicted by the model, a peak corresponding to the F* state was also observed without
Hsp27, but only at very high protein/lipid ratio (7.e., high packing density) (Fig. S9), here
due to steric blocking by adjacent aS monomers. Therefore, our smFRET data directly
validate the bimodal inhibition model where Hsp27 drives the membrane-bound a.S
molecules to populate a hidden conformation by differentially modulating two membrane
binding motifs of aS.

In conclusion, our results reveal that two distinct regions of an IDP with substantially
different affinities for the membrane provide an additional layer of complexity in the IDP
interaction-folding landscape that could be tuned by a third component in protein-membrane
interactions. Although our current study identified a lipid interacting molecular chaperone as
a bimodal competitive inhibitor in IDP-lipid association, our mechanistic model is generally
applicable for any peripheral membrane binding protein with comparable affinities.
Furthermore, our results can be viewed as a unique example of population of an alternative
conformational state due to partial escape of an IDP from enhanced crowding on a surface.
While structural reorientation of proteins due to crowding on a bilayer surface was
previously predicted by theory[15], our results provide a first direct demonstration of such an
effect, here within a more complex context of multi-module IDP binding-coupled-folding.
This interaction-folding landscape is likely to be modulated further via protein post-
translational modifications[16] and membrane composition variation[32 171, Given that
several IDP systems bind and fold on biological membranes where many membrane proteins
are typically present!*8l occupying a significant fraction of the membrane surface areall%],
the observed 2-D crowding effect is a key factor to consider for understanding the
conformational ensembles of such dynamic protein systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of the effect of Hsp27 on SUV binding-coupled-folding of a.S
(A) Steady state fluorescence anisotropy of dye-labeled aSG7C reporting on SUV-binding,

with increasing [Hsp27]. Three representative [Hsp27] are shown for clarity. (B) Increasing

[Hsp27] leads to a decreased a.S binding to SUVs with a net increase in apparent /i
(Supplementary Table S1). Error bars represent one sigma (o) standard deviation (n = 3).
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Figure 2. Characterization of Hsp27-membrane interaction by vesicle-to-protein FRET
Schematic representation of the vesicle-to-protein FRET assay (fgp). (A) Representative

emission spectra showing increased acceptor fluorescence (Fa) as a result of FRET due to
PG SUV binding of Hsp27 (bottorn). (B) Binding isotherm of Hsp27-vesicle (POPG)

interaction using vesicle-to-protein FRET assay with an apparent K7*"* of 12.4+0.43 nM
(242184 a.M in lipid). Error bars represent one sigma (o) standard deviation (n = 3).
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Figure 3. Hsp27 differentially modulates membrane interactions of the aSNter and aSNAC
fragments, and drives aS to populate a “hidden” conformation on the lipid bilayer

(A) Steady state fluorescence anisotropy of Alexa594-labeled a SN€G7C reporting on PG
SUV binding. The points are the experimental data, line is a fit to the Hill model, yielding
Kp=9.16 £ 0.58 nM in SUV/(178.78 + 11.41 uM in /ipid). The inset shows a linear
relationship for Kp vs[Hsp27]; slope (mm)=2178.6 (+ 76.3). (B) Steady state fluorescence
anisotropy of Alexa594-labeled a. SNAC-G84C reporting on PG SUV binding. The points are
the experimental data, line are fit to the Hill model, yielding Kp = 0.61 £ 0.02 nM in SUV
(11.98 £ 0.46 uM in /ipid). The insetshows a linear relationship for Kp vs[Hsp27]; slope
(m)=22.9 (x 0.9). Error bars represent one sigma (o) standard deviation (n = 3). Adjusted
R2 for the fits in the insets of A and B were ~ 0.99. (C) smFRET histograms of the dual-
labeled full-length a.$3/°1 showing transition of the U state (panel (i); Egget 0.76) to F state
(panel (ii); Eprer 0.45) in presence of 250 pM PG SUVs. In presence of Hsp27, the F state
transitioned to the F* state (panel (v); Epget 0.30)) with increasing [Hsp27]. Shown here are
representative SmMFRET histograms at three different [Hsp27]: 0.5 uM (panel (iii)), 1 pM
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(panel (iv)) and 2.5 uM (panel (v)). Solid lines are Gaussian fits of the data. The SmFRET
histograms are compiled using triplicate data sets.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 October 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Banerjee et al. Page 10

G S O R

;:ﬁ'w'rmwuxﬁb(mvxﬂxmﬁjx&tj

Figure 4. A schematic representation of the modulation of membrane binding-coupled-folding of
aS by Hsp27 via 2-D crowding

The disordered state of aS (U) transitions to an extended helical state when bound to the
phospholipid bilayer. Hsp27 selectively inhibits the formation of the N-terminal helix
without disrupting the central helix binding to the bilayer by bimodal inhibition.
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